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In spite of the large number of droplet-based microfluidic tools that have appeared in recent years, their

penetration into non-specialist labs remains limited to a small number of applications. This is partly due to

the lack of a generic platform that integrates all of the necessary operations for end-users, and partly to

the increasing complexity that emerges as several operations are combined together. Here we report the

development of a platform that provides the capabilities of multiwell plates in a two-dimensional array of

nanoliter droplets: encapsulation, time-resolved monitoring and variation of well contents, as well as the

ability to selectively extract the contents of any of the wells. We demonstrate these capabilities by encap-

sulating thousands of individual bacterial cells in droplets that are stored on a two-dimensional array of

surface-energy anchors. Bacterial culture can be performed either in liquid or hydrogel droplets, both of

which allow precise quantification using either standard measurements or digital enumeration. Using

hydrogels allows the removal of the external oil that surrounds the aqueous drops, for instance in order to

apply a gradient of antibiotics across the droplet population. This defines a protocol to obtain an antibiogram

in a single experiment. Finally, the liquid to gel transition provides a robust way to selectively extract any

droplet from the array, by melting it with a focused laser. When combined with further off-chip culture or

genotyping, this platform provides a unique culturing environment to relate phenotype and genotype mea-

surements on monoclonal colonies.

Introduction

In the early days of microfluidics, much effort was devoted to
the development of new methods enabling elementary opera-
tions on a fluid sample. For example, in the area of droplet
microfluidics, different methods of droplet production were
invented in the early 2000s, from T-junction breakup1 to cap-
illary flow-focusing2 and planar flow-focusing.3 Beyond drop-
let production, various techniques of droplet sorting were also
proposed, either by dielectrophoresis,4 by optical means,5 or
through the use of surface acoustic waves,6 in addition to
methods for merging or breaking the drops, or mixing their
contents.7,8 Once the protocols for individual operations were
established, they could be combined together to create plat-
forms that integrated multiple operations. For example, a
platform combining droplet production and sorting was used
to perform directed evolution of enzymes, enabling the

screening of libraries of ∼107 enzymes and the selection of
rare mutants with enhanced catalytic rates.9 Such protocols
are only possible through the use of microfluidics techniques,
and the further development of microfluidics is expected to
enable the emergence of other applications, in particular in
the field of microbiology.

Nevertheless, the ubiquitous platform for quantitative
measurements in biology labs remains the multiwell plate
rather than microfluidic devices. In addition to its versatility
and ease of use, the multiwell format features several key
functionalities: (i) samples are isolated in their respective
wells; (ii) the contents of each well can be monitored in time;
(iii) the contents can be stimulated multiple times by
pipetting further compounds into the wells; and (iv) the popu-
lation from a singlewell can be retrieved at any time for fur-
ther processing. To date, the two microfluidic systems that
come closest to achieving this whole range of functionalities
are single-phase, valve-based devices,10 and electrowetting-on-
dielectric (EWOD) chips.11–13 Both valve-based and EWOD sys-
tems are programmable, which allows them to address a
broad range of problems. This comes at the cost of a complex
microfabrication processes, and an increasing complexity in
the device manipulation when the number of reaction steps
becomes large.
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There has recently been a rise in awareness to the impor-
tance of developing simpler microfluidic protocols, while
maintaining a high standard on the device robustness.14,15 In
line with these preoccupations, one approach that has
attracted broad attention is droplet microfluidics.16–23 Com-
pared with valve-based and EWOD devices, droplet micro-
fluidic systems rely on easier microfabrication and are more
suited to handling large numbers of reactions. Several
droplet-based renditions of a multiwell plate have been pro-
posed, in the form of static arrays of droplets. Many of these
variations consist in designing quasi-2D geometries, where
linear channels are connected to in-line or side pockets for
droplet storage.16,23–29 In other cases, droplets are stored in
truly 2D chambers. These ensure a high degree of robustness
since they are very tolerant to flaws or impurities. Indeed, in
a linear channel the presence of a single defect or dust can

block all downstream flow, while in a wide chamber the liq-
uid simply flows around the impurity. In such 2D geometries,
storage is performed either using traps30,31 or simply by pack-
ing the droplets in large chambers.32–34 In all cases, sample
encapsulation and droplet monitoring are readily achieved.
Yet, only a couple platforms allow the addition of a new stim-
ulus to the encapsulated cells,16,28,29 and none offer solutions
for single-droplet retrieval.

Here, we present a novel droplet-microfluidic device cover-
ing the complete range of operations of a standard multiwell
plate. The platform enables sample compartmentalization,
monitoring, stimulus, and retrieval, while providing access to
nearly 1500 independent experiments in parallel on a 2 cm2

area. The device microfabrication and the platform operation
were aimed to be as simple as possible. For this, we revisit
the elementary methods of droplet-based microfluidics, from

Fig. 1 Description of the microfluidic device and protocol for droplet production: (a) typical design of a microdroplet multiwell device. The
central chamber has dimensions 0.5 × 4.8 cm and contains a 2D array of 115 × 13 surface-tension anchors. Square anchors have side dimension d
= 120 μm, spaced by δ = 240 μm. The chamber height is h1 = 35 μm and the anchor height h2 = 135 μm. (b) The device, which fits on a microscope
slide, is connected to two inlets and one outlet. (c) Time-lapse of the drop formation process. At t = 0, the cell sample fills the microfluidic cham-
ber entirely, and is being pushed by fluorinated oil (FC40 + 0.5% surfactant) using a hand-pushed syringe. The arrow indicates the oil flow direc-
tion. When the interface penetrates between two anchors, it deforms and then breaks, which leaves a well-calibrated droplet in the anchor. The
cell sample is coloured in red for better visualisation. Scale bar: 200 μm. (d) Cross-sectional schematic of the breaking process on anchors. The
aqueous sample initially fills large regions and then gets divided into isolated droplets that fill each of the anchors. (e) Experimental histogram of
the normalized droplet volumes on one chip. The orange line is the best Gaussian fit to the data, leading a standard deviation σ = 0.02.
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droplet production and storage to droplet sorting. We intro-
duce a novel way of creating a chemical gradient across the
droplet array, and demonstrate the capacities of this device
by culturing thousands of individual bacteria in parallel on a
single chip, encapsulated in liquid or agarose droplets.

Results and discussion
Microfluidic device and protocol

The device developed here consists of a wide chamber with a
2D geometry, connected to two inlets and one outlet. An array
of 1495 square indentations (anchors) was etched on the
chamber ceiling, at a density of ∼800 anchors cm−2, see
Fig. 1a and b. This geometry was chosen to provide regions
of low confinement, within the anchors, surrounded by re-
gions of high confinement. These “confinement gradients”
allow the production of large forces, by providing local min-
ima of the surface energy of the aqueous–oil interfaces.35,36

Before the beginning of an experiment, the whole device
is rendered hydrophobic and filled with a fluorinated oil. The
experiment begins when the aqueous cell suspension is
injected into the device, forming a puddle of aqueous phase
that fills the entire chamber. Then, fluorinated oil is flowed
into the chip, pushing the cell suspension out of the cham-
ber (Fig. 1c and Movie S1†). As the water–oil interface ad-
vances, some of the aqueous phase is trapped in each of the
anchors. This deforms the puddle locally, until the geometry
of the interface reaches a critical shape beyond which a drop-
let breaks off and remains in the low confinement region
(Fig. 1d). Using an oil flow rate of 10 μL min−1, droplets are
created at 10 Hz, such that the whole chip is loaded within 3
minutes. Note that in contrast to our previous work,21 where
anchors were round, here we designed square-shaped an-
chors. This geometry allows the oil to drain out quicker of
the anchors, due to the presence of corners.

Droplets formed by breaking up a large puddle on surface-
energy anchors have a precisely controlled size. In our setup,
droplets have a mean volume of 2 nL, with standard devia-
tions ranging between 2% and 5% (see Fig. 1e for the droplet
size distribution on one chip, and Fig. S1 and S2† for more
data). The dispersion in droplet size varies slightly from chip
to chip, and depends on the precision in microfabrication
and on the quality of the hydrophobic surface treatment. The
good monodispersity is due to the mechanism of break-up,
detailed in ref. 21. Briefly, the aqueous puddle adapts its
shape to minimize the surface energy in the channel. For
small interface deformations, the puddle can find static equi-
librium shapes. But as the oil pushes the interface further
from the equilibrium position, the local shape forms thin
necks that remain connected to the anchors. When these
necks extend beyond a critical deformation, they cannot
reach an equilibrium shape anymore, which causes them to
break up and to leave a droplet in the anchor. This scenario
takes place even for quasi-static motion of the interface and
is mainly dependent on the device geometry. It is nearly inde-
pendent of physical parameters – such as fluids viscosities,

visco-elasticity, or surface tension – and of the velocity at
which the oil phase is driven.21 In a large chamber, droplet
size heterogeneity is partly due to the flow-induced deforma-
tion of the PDMS. In our experiments, we found that using
flow rates of 10 μL min−1 or lower led to satisfactory
monodispersity.

Cell culture

In the rest of the article, we focus on droplets encapsulating
bacteria with their appropriate growth medium. Bacterial pro-
liferation within the droplets can easily be observed, as the
drops remain immobile in their traps. Thus, the contents of
each anchor can be imaged and re-visited at any time point.

Cells of a fluorescent strain of Escherichia coli (E. coli
pGlo, expressing a plasmid encoded GFP with ampicillin re-
sistance) are encapsulated in liquid droplets of LB broth to
validate the microfluidic setup as a viable microbial culture
platform. As in standard liquid cultures, cells grow in their
planktonic state and are freely moving within the droplet. A
time-lapse sequence of such a condition is shown in Fig. 2a
(see Fig. S3† for an enlarged version). Each droplet plays the
role of an independent, miniature liquid batch culture. In
this operating mode, the device fills the functions of a high-
density microwell plate, by allowing the parallelization of
thousands of cultures, while guaranteeing continuous visual
access to all of them.

The microfluidic device can also be used in a different
manner, by working with droplets that mix low-gelling aga-
rose with cells resuspended in growth medium. This mode
mimics the way Petri dishes are used with an agar layer, for
colony inspection, mutant isolation or cell enumeration. The
protocol for breaking agarose droplets on the anchors is ex-
actly the same as for liquid droplets, as the break-up process
is not influenced by the physical properties of the fluids at
play. Droplets are formed at room temperature, when agarose
is in its liquid state. The immobilized agarose droplets are
then gelled by placing the device at 4 °C for 30 minutes. After
gelation, the microfluidic chip is placed in an incubator at 37
°C, a temperature that allows the bacteria to proliferate while
the agarose droplets remain in their gel state. In gelled drop-
lets, single E. coli bacteria grow to form compact 3D micro-
colonies, as shown in Fig. 2b, and can readily be observed in
bright field and fluorescence imaging.

The 3D microcolonies formed by different bacterial spe-
cies present different morphologies. As examples, we show in
Fig. 2c monoclonal bacterial colonies from single E. coli, Ba-
cillus subtilis and Pseudomonas fluorescens cells, after 16
hours of culture. While E. coli and P. fluorescens form com-
pact round shaped micro-colonies, B. subtilis colonies de-
velop in dendritic patterns. Colonies of P. fluorescens have a
rough aspect and a lower optical density than colonies of E.
coli. This visual inspection recalls the signature of different
colonies on agar-coated Petri dishes, where colonies of differ-
ent species may present different shapes, patterns and
colors.
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In addition to cells and culture medium, the droplets can
also contain any molecule of interest. As an example, E. coli

pGlo (fluorescent) and WT (non-fluorescent) cells were co-
encapsulated in gel droplets containing three concentrations
of ampicillin (0, 5 or 50 μg ml−1, Fig. 2d). In the absence of
ampicillin, both WT and pGlo mutants grow as round shaped
colonies (Fig. 2d-panel 2). At an ampicillin concentration of
5 μg ml−1, cell growth of E. coli WT is impaired but not
completely abolished, as shown by the small and filamentous
shape of non-fluorescent WT colonies, typical of stressed bac-
teria. Under the same conditions, pGlo mutants still form
round shaped micro-colonies, as their growth is not modified
(Fig. 2d-panel 3). When the ampicillin concentration inside
the droplet is set to 50 μg ml−1, only mutants are able to grow
(Fig. 2d-panel 4).

Enumeration methods

Apart from allowing species to be visually inspected, the
microfluidic device extends the quantification capabilities of
classical techniques in several important ways, both for enu-
merating the bacteria in a sample or for detecting rare events
within a mix. Since the quantification hinges on the control
of unwanted contaminations, we begin by testing the device
robustness against contamination. This is confirmed since
no micro-organisms are observed in the droplets, after 16
hours of incubation, when we do not specifically put bacteria
in them (Fig. 2d-panel 1).

There are three ways of enumerating bacteria, which re-
quire different microscopy resolutions. When devices are in-
oculated, single bacteria can be observed under the micro-
scope at a 40× magnification, as shown in Fig. 2c: detection
of the droplet contents can take place without waiting for the
colonies to grow. This mode of bacterial detection however
requires high optical resolution, with access to length scales
∼1 μm. To detect bacteria with lower (e.g. 10×) magnification
objectives, enumeration can be carried out on bacterial
micro-colonies after 10–20 hours of growth, see Fig. 2d-
panel 2. Note that more than one bacterium per droplet can
be encapsulated and still form distinguishable, independent
micro-colonies. By seeding on average 7 cells per droplet, it is
possible to detect a single mutant colony among more than
10 000 WT colonies. This is almost two orders of magnitude
higher than what is currently achievable in a single Petri
dish, where the threshold for mutant detection is of one mu-
tant per 200 wild-type cells.37

The above methods are “analog”: they are based on identi-
fying and counting each encapsulated colony (or single cell)
in order to estimate the initial cell concentration. Yet, the
large number of wells available on the micro-chip also allows
a “digital” approach to be used, and obtain quantitative mea-
surements of the initial sample.38 In this approach, the con-
tents of each well are treated as a digital signal, i.e. either
taking a one or zero value, depending on the presence or ab-
sence of signal of interest. This approach has been applied to
the quantification of nucleic acids (digital PCR) and was
shown to provide higher sensitivity and better quantification
than analog techniques.39

Fig. 2 Characteristic images of growth in different conditions: (a)
growth of fluorescent E. coli pGlo mutants in a liquid droplet
containing Luria-Bertani (LB) broth. Cells grow in their planktonic state
and can move freely within the droplet. Top: Bright field image. Bot-
tom: Fluorescence image. Scale bar: 50 μm. (b) When cultured in a
gelled agarose droplet, the same bacteria grow as a 3D colony (see
Movie S2†). Top: Bright field image. Bottom: Fluorescence image. Scale
bar: 50 μm. (c) Left picture: Single E. coli pGlo bacterium, seeded in a
gel droplet. Other pictures: after 16 hours of growth, three species of
bacteria grow as 3D colonies with different shapes. (d) 3D colonies of
WT (non-fluorescent) and pGlo mutants (fluorescent) co-encapsulated
in gelled droplets. Images taken after 16 hours of growth. The initial ra-
tio of WT : pGlo is always 100 : 1, and the amount of ampicillin in the
droplets is varied. Panel 1: Test for external contamination. No colonies
grow in the device when no bacteria are inoculated in droplets. Panel
2: Mutants and WT grow in the absence of ampicillin. Panel 3: In the
presence of ampicillin at a concentration of 5 μg mL−1, mutants form
3D colonies, while WT grow as filaments. Panel 4: When the concen-
tration of ampicillin is increased to 50 μg mL−1, only the mutants grow
and form 3D colonies, while WT growth is suppressed. Scale bar: 50
μm.
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The basic principle of a digital approach relies on the
Poisson theory for finding a rare event in a random experi-
ment. Assuming that cells are homogeneously distributed in
the original suspension, that droplets are monodisperse, and
that the number of cells in a given droplet is independent
from the contents of other droplets, the distribution of the
number of cells per droplet follows a Poisson law.40 The
probability of finding k colonies in a droplet is then given by:

(1)

where λ is the average number of colonies per droplet. The
probability of having an empty droplet is therefore:

(0) = e−λ, (2)

which allows us to estimate the initial number of cells per
droplet, , by counting the fraction p̂− of empty droplets on
the chip:40

 ≃ −ln(p̂−). (3)

The 95% confidence interval on  can likewise be estimated,
see Material and methods. For the microfluidic device
containing 1495 independent droplets of volume 2 nL, the
range of concentrations that can be estimated with a relative
error smaller than 20% spans two orders of magnitude, from
∼7 × 104 to ∼3 × 106 cells per mL.

We experimentally verify that the number of cells per
droplet follows a Poisson distribution by counting the num-
ber of colonies in each solidified gel drop, as shown in
Fig. 3a–c. The resulting distribution is fitted with a Poisson
distribution using λ as the sole fitting parameter. We observe
a good agreement between the measured and fitted distribu-
tions, which can be attributed to the weak physical interac-
tions between bacteria during the loading process and to the
good monodispersity of the compartment sizes in the chip.

As a proof of concept of the digital enumeration method,
a sample of E. coli with an initial known concentration of 1
cell per nL is loaded on the device and scanned on a low-

Fig. 3 Digital enumeration: (a) snapshot of the chip with 1495 individual droplets containing 3D colonies of fluorescent bacteria. Scale bar: 2 mm.
(b) Zoomed view on the anchors, the droplets, and the encapsulated fluorescent 3D bacterial colonies. Left: Bright field image. Right: Fluorescence
image. Scale bar: 100 μm. (c) Experimental distribution of the number of colonies per droplet (dots), and best fit to a Poisson distribution (bars). λ =
1.58 indicates that there are on average 1.58 cells per drop. (d) Low-resolution image taken on a slide scanner. A digital approach allows the con-
centration in the initial sample to be extracted from the number of positive droplets for a wide range of concentrations. Over the non-empty wells
detected, we measured 941 positive and 135 negative droplets. Here, the estimated number of initial cells per droplet is  ∈ [1.92; 2.25].
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resolution slide scanner after 24 h incubation at 37 °C. We
count N+ = 941 positive anchors on the fluorescence image
(Fig. 3d), and N− = 135 empty droplets. This leads to an aver-
age initial number of bacteria per droplet and its associated
95% confidence interval of  = 2.07 ± 0.015 cells per droplet
(see Material and methods). The droplet volume being 2 nL,
we indeed recover the expected concentration of cells in the
initial sample, that is 1.0 × 106 cells per mL.

Compared with the direct visualisation of the colonies in
each droplet, the digital approach simplifies the work flow by
allowing us to work with lower resolution images, which
makes them fast to acquire and analyse. Indeed, the slide
scanner has a spatial resolution of 6.5 μm, which is sufficient
to differentiate positive and negative droplets, although not
sufficient to count the colonies within each drop. More im-
portantly, this allows us to obtain a quantification of cells
cultured in liquid medium, without requiring the gel to sepa-
rate the different colonies within each drop.

Dynamic measurements of population growth

Finally, time-resolved measurements of colonies within the
array provide the ability to make dynamical analysis on the
droplet contents. As an example, we show how the platform
can be used to extract growth parameters of bacterial colo-
nies. As shown in Fig. 4, nearly 1000 fluorescent monoclonal
colonies of B. subtilis in liquid droplets are monitored over
time by scanning the entire chip every 30 minutes on a mo-
torized microscope (also see Movie S2†). The total fluores-
cence intensity is measured in each droplet as a proxy for the
total number of bacteria in the drop, leading to the growth
curves shown in Fig. 4a. In this figure, each green curve rep-
resents the evolution of the total fluorescence intensity of a
single droplet, the thick blue curve shows the average behav-
iour at each time step, and black curves highlight randomly
chosen example traces. Droplets where no fluorescence is
detected are not shown in the figure. We observe a variability
in final colony sizes as well as in the growth dynamics, which
contrasts with the classical batch culture in which only the
average behaviour would be detected.

We determine the usual bacterial growth parameters41 to
quantify the variability: the final colony size, corresponding
to the fluorescence level of the drop after it reached a station-
ary phase; the lag time tlag, period during which no growth is
observed due to the adaptation time to the new environment,
and to the fluorescence level being below the detection
threshold;42 the maximum growth rate g, which is the maxi-
mum slope of the growth curve; the specific growth rate μmax,
corresponding to the maximum value of the logarithmic
growth rate; and the doubling time τ = ln 2/μmax. For more de-
tails on the definition of growth parameters, see Materials
and methods.

As shown in Fig. 4b, the values of each parameter are dis-
tributed around a well-defined peak. The spreading in each
distribution highlights the inherent stochasticity in bacterial
growth. The device thus allows to observe the dispersion of

growth behaviours and in particular to detect events falling
in the tails of the distribution, which would be hidden in
classical batch measurement. All distributions are unimodal
and no sub-populations can be detected, implying that the
initial number of bacterial cells per droplet – ranging from 1
to 7 cells per droplet – does not appear to influence the

Fig. 4 Growth curve statistics: (a) growth of B. subtilis colonies
monitored by fluorescence in 848 independent liquid droplets. Points
are taken every 30 min. Five random black curves are highlighted for
better reading. The thick blue curve corresponds to the mean intensity
at each time step. (b) Histograms of four parameters characterizing
bacterial growth: final colony size, lag time tlag, maximum growth rate
g and specific growth rate μmax. (c) We find a strong correlation
between the maximal growth rate g and the final colony size, but no
correlation between other parameters, such as μmax vs. tlag. Other
figures showing the absence of correlation between parameters can
be found in the ESI.†
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growth behaviour. Parameter values measured in our device
are similar to the ones measured in batch, indicating that
the device does not induce any change in the growth behav-
iour of the bacterial culture (see Table 1).

Tracking individual growth curves enables to determine
correlations – or lack thereof – between the growth parame-
ters, an important knowledge for building models of bacterial
growth. The data we recorded show that the lag time has no
influence on the specific growth rate μmax, the maximum
growth rate g, or on the final colony size (see Fig. 4c and Fig.
S4†). The only strong correlation we find is between g and
the final colony size, see Fig. 4c. There is no correlation be-
tween the specific growth rate μmax and the final colony size
(Fig. S4†).

On-chip antibiogram

Much of the interest in performing parallel experiments
using traditional multiwell plates lies in the ability to impose
different conditions in each well. Several approaches can be
explored to produce variable contents within the droplets.
Here, we show how to produce an antibiotic gradient in the
chip, which allows us to determine the minimum inhibitory
concentration (MIC), at which all cells are killed, in a single
experiment.

Generating a gradient in the microfluidic chip requires
two modifications to the above experimental protocol. First, a
double inlet distribution channel is added to one end of the
chamber (see Methods, Fig. 8 and Fig. S5†).By forcing two so-
lutions to flow side by side into the distribution channel, a
gradient of concentration is produced, as described in detail
in ref. 43. Second, a phase switch is performed, i.e. we re-
place the oil surrounding the anchored gel droplets with an
aqueous phase, after gelation has occurred. During the phase
switch, gelled droplets remain anchored due to the gel's elas-
ticity, and water-soluble molecules present in the aqueous
phase diffuse into the gel beads, eventually reaching the
cells.

Then, in order to perform an antibiogram, the chip is
loaded with an E. coli suspension as previously, and droplets
are gelled within the anchors. Afterwards, a co-flow of LB cul-
ture medium and of LB with the drug gentamycin (c = 25 μg
mL−1) is imposed, replacing the oil phase. A gradient of
gentamycin establishes across the width of the microfluidic
chamber, with drug concentrations ranging between zero and
21 μg mL−1 for this particular geometry. Maintaining con-

stant flows of LB and LB with gentamycin ensures that the
antibiotic gradient is stable and each row of the 2D array is
exposed to a constant concentration, see Fig. S5.† After 4
hours of gradient exposition, the chamber is washed with
pure LB culture medium. Then, the aqueous phase is re-
placed by a new oil phase, thereby re-encapsulating the hy-
drogel droplets and preventing communication between
them. The device is incubated at 37 °C for one day, after
which it is imaged on a slide scanner, see Fig. 5a.

The concentration profile of gentamycin is plotted in
Fig. 5b as a function of the well position in the chamber. Our
two-dimensional array of anchors consists of 13 rows and
115 columns, so that 13 different drug conditions can be
probed on the chip, and each condition is repeated 115
times. The percentage of surviving cells, as determined by
fluorescence, is shown in the same graph for each drug con-
centration. The number of survivors starts to decrease for
concentration greater than 9 μg mL−1, and no cells survive
for concentrations larger than 17 μg mL−1, which defines the
MIC for this bacterial strain in this conditions.

Extraction of individual colonies

A recurring desire of microbiologists is to be able to extract a
single droplet from the array for further culture or analysis.

Table 1 Comparison between the measurements of lag times (tlag), dou-
bling times (τ) and specific growth rates (μmax) for culture on device and
batch culture. For on chip culture, the mean values of each parameter
are given with an error corresponding to the standard deviation of the
data set (Fig. 4b)

Data set State tlag (h) τ (min) μmax (h
−1)

Device Liquid 3.37 ± 0.68 21 ± 2 2.01 ± 0.18
Batch Liquid ∼2 30 1.38

Fig. 5 On-chip antibiogram: (a) zoom on the microfluidic chip.
Fluorescence signal after 4 h exposure of an E. coli culture to a
concentration gradient of gentamycin, and two days of culture in LB
medium without antibiotic at 37 °C. The lower part of the chip
corresponds to the high antibiotic concentration region while the
upper part is the low concentration region. Cells on a given row on
the chip are exposed to the same, well-defined drug concentration. (b)
Gentamycin concentration (orange squares, right y-axis), and percent-
age of droplets where E. coli grow (blue circles, left y-axis), as a func-
tion of the row number.
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This operation is particularly difficult in most microfluidic
approaches and remains a blocking point for the adoption of
microfluidics by biologists. Here we take advantage of our 2D
geometry to selectively recover individual droplets out of the
chip, since extracting a single droplet from the array does not
disturb the rest of the anchored drops.

The extraction protocol relies on selectively melting an in-
dividual agarose droplet by heating it with a focused laser.
The infrared laser is directed through the microscope objec-
tive to a spot size of around 2 μm and can be positioned at
any location within the field of view of the microscope (see

methods for detailed setup). Therefore by focusing the laser
spot within a particular droplet for a few seconds, the aga-
rose is melted only within the chosen drop. Then by impos-
ing an oil flow beyond a critical value of 280 μL min−1, the
liquid droplet is pushed outside of its trap and recovered in a
microcentrifuge tube outside of the device, as shown in Fig. 6
and Movie S3.† In contrast with the work reported by Fradet
et al.,44 the anchor dimensions and the difference in rigidity
between liquid and gel drops here makes the recovery pro-
cess robust and fast. During this process all the gelled drop-
lets remain immobilized inside the chip, rigidly constrained
in their respective traps. The protocol can be repeated to re-
cover as many droplets as needed out of the chip. To ensure
that no cross contamination occurs during retrieval, a wash-
ing step with oil is generally performed between each droplet
recovery.

As a proof of concept, a chip with agarose droplets encap-
sulating pGlo mutants is incubated overnight, such that bac-
teria form individual colonies. Then, a droplet containing a
colony is recovered in a microcentrifuge tube, along with the
oil used to extract it. From this step on, two different paths
are explored: either the extracted bacteria are subcultured, or
a polymerase chain reaction (PCR) is performed. For
subculturing, LB broth is added to all tubes containing a sin-
gle droplet and samples are incubated two days at 37 °C un-
der agitation. Bacterial growth of the expected strain was ob-
served only for droplets containing a microcolony, see
Fig. 6c. This result indicates that the retrieval process does
not alter the viability of the extracted cells. For PCR amplifi-
cation on the recovered droplets, the expected amplicon was
detected for positive samples (tubes containing a single posi-
tive droplet), while no DNA fragment was amplified for nega-
tive droplets, see Fig. 6d. Even though further optimizations
are needed to reduce the risk of cross-contaminations, the
universal microfluidic platform is the first device enabling
such a wide range of high-throughput phenotypic measure-
ments that can be directly correlated to genotypic analyses
out of the chip.

Conclusion

As the field of microfluidics matures, a large number of basic
operations have become available, such as droplet produc-
tion, sorting, splitting, or merging for example. These basic
operations are then combined together to create platforms
that integrate several operations into a coherent device for a
range of applications. Here we present a microfluidic plat-
form that is unique in several important respects. First, it is
highly versatile and allows a wide range of manipulations
and measurements to be performed. Second it allows a large
number of time-dependent observations and manipulations
to be run in parallel, either in order to explore the inherent
variability of biological samples, e.g. when working on the
single-cell level, or by applying variable forcing on the cells.
Third, it allows the selective recovery of any one of the drop-
lets for further culture or analysis. Finally and most

Fig. 6 Selective droplet extraction: the desired droplet is liquefied
using an infrared laser, and a flow of oil is applied. This leads to the
untrapping of the selected droplet, while all other droplets, still gelled,
are stuck in their traps. The liquid droplet is recovered with oil in an
eppendorf tube at the exit of the microfluidic device. (a) Sketch of the
setup. (b) Snapshots of the droplet recovery. The droplet indicated by
an arrow and colored in red for better visualization has been liquefied
using the laser. At t = 0, a flow of 280 μL min−1 is imposed. Scale bar,
200 μm. (c) After overnight incubation, bacteria have grown in tubes
where bacteria-filled droplets were recovered (+), not in tubes where
empty droplets were recovered (−). (d) Droplet contents can be ampli-
fied. DNA from a single bacteria-filled droplet (+) are detected on the
gel and not from empty droplets (−).
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importantly, the microfluidic device is very simple to fabri-
cate and to use, which will favor its adoption beyond the field
of microfluidics.

The capabilities of this platform are demonstrated in the
case of bacterial culture and manipulation. We show that
bacterial cells can be encapsulated into nL-scale droplets and
cultured for several days, while having direct visual access to
the contents of each droplet at all times (Fig. 2). This enables
different analysis methods to be implemented, either by
detecting individual cells or colonies, or by making inte-
grated measurements at the scale of an anchor (Fig. 3). The
geometric approach to droplet production in situ (Fig. 1) en-
sures reproducible droplet production even if the rheological
properties of the aqueous solution are varied. This has
allowed the same protocols to be employed with gel solutions
that can later be solidified. This phase change provides sev-
eral added functionalities, such as the ability to bring exter-
nal stimuli to the sample by replacing the oil phase with an
aqueous phase (Fig. 5), or the ability to extract any droplet
from the two-dimensional array by selectively melting it and
pushing it out with the external flow (Fig. 6).

The platform presented here is generic: it is not tailored
to address a particular biological problem but provides in-
stead a novel approach to perform microfluidics generally. Al-
though there exist microfluidic designs that allow the indi-
vidual elementary operations enabled by our device, the
integration of droplet production, storage, changing the
droplet contents and droplet recovery in a single device has
not been showcased with current techniques. Yet, these oper-
ations are critical for biology protocols and constitute the
microfluidic counterparts of the functionalities fulfilled by
multiwell plates. This will provide opportunities for a variety
of biological applications, from drug screening to antibody
production to unravelling interactions between co-cultured
bacterial strains. Furthermore, recovering previously moni-
tored droplets and performing a whole genome amplification
on their contents will directly link a cellular phenotype to its
genotype.

Material and methods
Microfluidic device

The microfluidic chip consists in a 2D chamber of height h1
= 35 μm, with two inlets and one outlet, see Fig. 1a. The
chamber ceiling is patterned with a 2D array of grooves (or
“anchors”) of typical size d = 120 μm and height h2 = 135 μm.
Space between the anchors was set to δ = 240 μm.

Molds were made using the dry-photoresist process de-
scribed in Fradet et al.44 First, a photoresist layer of height h
= 35 μm (Eternal Laminar) was laminated onto a clean glass
coverslip, using an office laminator (PEAK PS320) set at 100
°C, and exposed to UV (Hamamatsu Lightningcure LC8)
through a photomask to obtain the desired microfluidic
chamber design. Then, two photoresist layers of height 50
μm were laminated on the top of the first layer and exposed
to UV through a mask with the design of the 2D array of

traps. Last, the mold was developed in a bath of water
containing 1% (w/w) of carbonate potassium (Sigma-Aldrich).
All microfluidic chips were molded in polydimethylsiloxane
(PDMS, Dow-Corning Sylgard 184).

Once cured, PDMS chips were sealed to glass coverslips by
plasma bonding. The chips were rendered hydrophobic by
surface treatment with an electronic coating EG-1720 (Acota
Ltd, Knights Way, Shrewsbury, UK): the microfluidic devices
were filled with the solution and heated at 110 °C for 30 mi-
nutes. Surface treatment was repeated 3 times to ensure effi-
cient hydrophobicity.

Droplet formation

For droplet formation, a first syringe (SGE–R Analytical Tech-
nologies, 1 mL) containing fluorinated oil (FC-40, 3M Fluoro-
inert) with 0.5% (w/w) pegylated surfactant (008-
FluoroSurfactant, RAN Biotechnologies) was connected to in-
let 1 of the microfluidic device. A second syringe (SGE–R Ana-
lytical Technologies, 100 μL) containing the cell suspension
in 1.5% (w/w) low-gelling agarose (Agarose Type IX, Sigma-Al-
drich) was connected to inlet 2, see Fig. 1a. The process of
droplet formation comprises 3 steps: (i) the chamber is first
entirely filled with oil; (ii) the oil flow is stopped and the cell
sample is flown in at a flow rate of 10 μL min−1, eventually
entirely filling the microfluidic chamber; and (iii) the cell
sample flow is stopped and a flow of oil pushes the cell sam-
ple towards the exit at a flow rate that increases between 10
and 50 μL min−1, creating droplets of the cell sample
immobilised on each trap, see Fig. 1c and 3a, and Movie S1.†

The microfluidic chip was then immersed into a water
bath to prevent evaporation, and incubated at 37 °C for the
duration of the experiment. In the case of agarose droplets,
an additional step was required prior to incubation: the chip
was placed at 4 °C during 30 minutes to ensure agarose gela-
tion. After 16 hours at 37 °C, a very conservative estimate of
the droplet average volume change shows a 12% decrease in
volume, with more than 80% of droplets showing less than a
4% decrease in volume.

Bacterial strains, growth and PCR conditions

Three bacterial strains were grown in our device: Bacillus
subtilis GM2919,45 Escherichia coli HB101 K-12 (pGLO™ Bac-
terial Transformation Kit, Biorad) and Pseudomonas
fluorescens F113 (a kind gift of Claire Prigent-Combaret and
Sebastien Renoud, UMR 5557, Ecologie Microbienne Lyon).
Cells were grown overnight (180 r.p.m.) in an incubator set at
28 °C for P. fluorescens and at 37 °C for E. coli and B. subtilis.
Luria-Bertani (LB) medium was supplemented with arabinose
0.2% for E. coli and the relevant antibiotic as follows:
gentamycin 25 μg mL−1 (P. fluorescens), spectinomycin 100 μg
mL−1 (B. subtilis), ampicillin 100 μg mL−1 (E. coli). Cell cul-
tures were harvested in late exponential phase and
resuspended to a concentration of 1.0 × 106 cells per mL or
1.0 × 107 cells per mL, depending on the number of cells
expected per droplets. 15 μL of the cell suspension were
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mixed with 15 μL of sterile water for liquid droplets, or with
15 μL of a 3% (w/w) low-melting agarose solution for gel
droplets.

Dynamic measurements of bacterial growth in droplets
were made on the B. subtilis GM2919 strain, which has its
fluorescence gene directly integrated in the genome.

PCR amplifications of 16S rRNA genes of E. coli strain
were done according to the Taq polymerase manufacturer
(New England Biolabs, Ipswich, MA) in 25 μL using the 1492r
(5′-TACCTTGTTACGACTT) and the 27f (5′-
AGAGTTTGATCCTGGCTCAG) primers. The amplification cy-
cle consisted in initial step of 5 min at 98 °C; 35 cycles of 10
s at 98 °C, 15 s at 55 °C and 1 min at 72 °C; followed by a fi-
nal elongation step of 2 min at 72 °C. Extracted droplets were
resuspended in 10 μL of sterile water and 5 μL of the suspen-
sion were used as PCR sample.

Microscopy and laser setup

The microfluidic chip was analyzed with a Nikon Eclipse Ti-U
microscope, equipped with a motorized XYZ stage, using an
EM-CCD (Andor Technologies) and the accompanying NIS
software. The motorisation enabled large scans of the entire
chip with a 10× magnification (see Fig. 3a). Both bright field
and fluorescence images were taken at each XY position (see
Fig. 3a enlargement). A focus surface was programmed by the
NIS software to set the focus on droplets median plan for
each position.

To liquefy the agarose droplets of interest, a continuous
infrared laser at λ = 1480 nm (Fitel Furukawa FOL1424) was
mounted on a Nikon TE2000 microscope, such that the laser
beam passes through the microscope's objective, as described
in Cordero et al.46 The laser position on the microfluidic chip
was adjusted in real-time using 2 galvanometric mirrors
(Cambridge Technologies 6210H), controlled by a custom-
made LabView program.

Image analysis

For fluorescence measurements, the fluorescence signal is
integrated on the entire image to ensure no signal loss. Fig.
S6† shows the integrated signal as a function of the z-focus.
As seen on the figure, fluorescent measurement does not vary
by more than 2%, confirming that not being perfectly in fo-
cus for each drop does not lead to any loss of information.

The raw data consist in brightfield and fluorescence im-
ages, with each field of view containing multiple anchors (see
Fig. 3(b)). A custom-made MATLAB program processes the
images to follow bacteria growth. Individual wells are
detected using bright-field images, and their fluorescence
content is integrated, allowing for growth curves to be plotted
(Fig. 4).

Cell enumeration

Counting the number of cells in a device (Petri dish or micro-
fluidic chip) enables to estimate the concentration of cells in
an original sample. When N cells are counted in a device, the

width of the 95% confidence interval on N scales as .
The relative precision of the measure therefore scales as

: counting a larger number of cells leads to a

better precision. In the device, a very conservative estimate of
the largest initial number of cells per droplet leading to the
growth of spatially segregated, individual colonies, was of the
order of 5 cells per droplet, i.e. more than 7500 cells total.
This is almost 100 times more than what can be grown on a
Petri dish, so that the precision on N is about 10 times better
in the microfluidic chip than in a Petri dish. Moreover, when
using Petri dishes to estimate an unknown concentration
from a sample, the sample is serially diluted with the aim to
obtain a Petri dish with typically 10 to 200 individual cells,
leading to the growth of 10 to 200 colonies. The dynamical
range allowing for an estimation of the concentration is
therefore of 1 order of magnitude in traditional settings. In
the microfluidic device, this dynamical range was enhanced
by one to two orders of magnitude, since the device could
contain up to 7500 colonies.

Digital enumeration

For digital enumeration, the microfluidic chip was placed on
a fluorescence slide-scanner (SensoSpot®-Fluorescence,
Sensovation AG, Germany). By knowing the number of empty
droplets, the Poisson theory enables us to estimate the initial
number n0 of bacteria cells per droplet. Let us define pk the
probability that n0 = k. As pk follows a Poisson distribution,
we have:

(4)

with λ the expected value for n0. λ depends on the initial cells
concentration in the initial sample c0 and the mean droplet
volume vd: λ = c0vd.

The experimental ratio of positive drops to

the total number of drops is used to build an estimator  of
λ, for the initial sample cells distribution within the droplets.
By noticing that p̂ = 1 – p0, one can deduce:

 ≃ −ln(1 − p̂) (5)

The error made by taking  instead of λ can be evaluated sta-
tistically. The 95% confidence interval of the real ratio of pos-
itive drops to the total number is [pmin, pmax] = [p̂ − 1.96σp̂, p̂

+ 1.96σp̂], with the standard deviation of p̂.40

Thus, from this interval and eqn (5) we can calculate our
95% confidence interval on λ.

Growth curve analysis

For each experiment, five characteristic parameters are
extracted from the bacterial growth curves (Fig. 4): the final
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fluorescence level (or colonies sizes) ymax, the lag time tlag,
the maximum growth rate g, the specific growth rate μmax

and the doubling time τ. Fig. 7 shows the methods to per-
form the measurements.

The maximum growth rate is the maximum slope of the
growth curve:

(6)

The lag time is the duration of the lag phase. In practice,
it is defined as the intersection between the tangent at the
maximum exponential growth phase with the x-axis:41

(7)

The specific growth rate is typically define as the maxi-
mum rate of the logarithm of the growth curve:47

(8)

The doubling time corresponds to time required to double
the fluorescent intensity during the maximum exponential
growth phase:

(9)

Antibiogram

Implementing the antibiogram requires minor chip modifica-
tions. The outlet part is replaced by a distribution channel
perpendicular to the main chamber, see Fig. 8. After droplet
breaking and gelation using the standard protocol, the oil

phase is replaced by an aqueous phase. A co-flow of LB broth
and LB broth with gentamycin (25 μg mL−1) is flowed at 2 × 3
μL min−1 through inlets 3 and 4, resulting in a L continuous
concentration gradient orthogonally to the flow direction43

with concentration ranging from 0 to 21 μg mL−1. Each row
experiences a well-defined antibiotic concentration, as
presented on Fig. 5. The calibration for the gentamicin con-
centration has been prior made with fluorescein in the same
chip. As the fluorescein and the gentamicin present a similar
structure, it has been assumed that they have the same diffu-
sion coefficient. As the Péclet number is over 400, the
gentamycin does not transversally diffuses more than 27% of
the distance between 2 anchors during its flow through the
chamber. It ensures the constant concentration along each
row. The gradient is maintained for 4 hours within the cham-
bers, before rinsing the remaining antibiotic with LB broth.
The aqueous phase is finally replaced with oil and the chip
incubated at 37 °C to observe survivors.
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