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We present a novel millifluidic droplet analyser (MDA) for precisely monitoring the dynamics of
microbial populations over multiple generations in numerous (=10%) aqueous emulsion droplets
(~100 nL). As a first application, we measure the growth rate of a bacterial strain and determine the
minimal inhibitory concentration (MIC) for the antibiotic cefotaxime by incubating bacteria in a fine
gradient of antibiotic concentrations. The detection of cell activity is based on the automated detection
of an epifluorescent signal that allows the monitoring of microbial populations up to a size of ~10° cells.
We believe that this device is helpful for the study of population dynamic consequences of microbe-
environment interactions and of individual cell differences. Moreover, the fluidic machine may improve
clinical tests, as it simplifies, automates and miniaturizes the screening of numerous microbial
populations that grow and evolve in compartments with a finely tuned composition.

Introduction

Controlled operations of liquids at the micro scale are now
surpassing the standard chemical and biological assays in
laboratories. The various kinds of chemical or biological tests
that are conventionally performed in millilitre and microlitre
volumes (using test-tubes and microtitre plates) are now
available in nanolitre or picolitre droplets.”® Droplet-based
fluidics is nowadays a high-performance technological upgrade
of the well-known compartmentalization concept,®'® which has
been used for directed evolution'' and genome sequencing
applications.’* A key feature of this approach is that reactants
and products are localized, thanks to the confinement, and that
it leads to high product concentrations owing to small volumes.
Moreover, for biological applications, phenotype and genotype
are linked.

Encapsulation of microbial populations into droplets and the
monitoring of their behavior is of great interest for both
fundamental microbiology**® and clinical tests.'” In particular
the experiments with single cells*® are likely to be helpful in
studies of the genetic and phenotypic variability of microor-
ganisms.’®2! On the other hand, use of the droplet-based
concept for clinical assays can boost them to a new level in
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terms of precision and time efficiency. For instance, it can
simplify the determination of resistance of bacterial isolates to
antimicrobial agents.?** This involves the determination of the
minimal inhibitory concentration (MIC) of an antibiotic, which
is conventionally performed either in microtitre plates, by using
a serial 2-fold dilution method,?® or by using antibiotic discs.?®
The MIC is then determined by a visual check of the growth/
no-growth boundary between neighboring cultures, giving
a binary yes/no response. Recently, Boedicker ef al. demon-
strated the possibility to perform antibiogram assays in drop-
lets on a chip.”

Here, we present a novel millifluidic droplet analyser (MDA)
that is designed to perform a variety of precise clinical and
microbiological assays of microbial populations of sizes up to
~10° in more than 103 replicate droplets. The device represents
a scale-up from the microfluidic approach, operating with larger
droplets, but maintains the fundamental principles of fluid control
and high throughput. A similar concept was also used earlier for
the cultivation of monoclonal cell populations.®*” The MDA
provides automation, increased precision and high performance,
compared to classical techniques for microbiological analysis. In
its present state, the fluidic machine performances are roughly
similar to fully-automated microplate readers, but its lower cost
offers an attractive and alternative tool. The MDA is capable of (i)
pharmacodynamic assays in droplets via a fine tuning of each
droplet composition (e.g., MIC tests); (ii) creating a gradient of
initial population sizes, ranging from 10°-10° cells/drop; (iii)
monitoring of microbial growth over many generations (including
the detection of possible cooperation during growth in the pres-
ence of antibiotics***?°). Moreover, a straightforward imple-
mentation of a droplet sorter can be realized in order to select
specific colonies from the droplet train.
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Materials and methods
Concept

In contrast to microfluidic approaches working with picolitre
reservoirs, droplets in millifluidic systems have volumes of
around 100 nL.??73%31 Therefore, the technology is adapted to
much larger total volumes by switching from microchannels used
in PDMS chips to commercially available transparent fluori-
nated ethylene propylene (FEP) tubes with an inner diameter
(ID) of 0.5 mm (see Fig. 1S, ESIY).

The use of the FEP tubing ensures a good wettability of the
continuous phase, and prohibits droplets sticking on the wall
during operation of the device. A key feature of this technology is
the assembly of various modules with a specific function (droplet
formation, droplet fusion, droplet fragmentation, etc.) like in
microfluidic systems,*? but with fluidic components used in the
field of chromatography (Upchurch Scientific and VICI Valco
Instruments) and electric valve actuators (LFR and LFV-Series
micro inert valves, LEE Company) for controlling fluid flow
direction (see Fig. 1S, ESIT). For instance, the cross-junctions of
the device (Cross A, Cross B in Fig. 1), used for droplet forma-
tion, are commercially available tools (P-634, Upchurch Scien-
tific). The FEP tubes are connected to the cross-junctions via
flangeless fittings with standard Y/, —28 thread (flangeless nut and
ferrule: P-245X and P-200X respectively, Upchurch Scientific).
Other interconnections in the circuit, i.e. syringes, electric valves,
and wastes, are realized utilizing the same fittings.

The MDA operates more than 10° separate water-in-oil
droplets that act as “mini incubators” for the encapsulated living
cells. In the present configuration, the fluidic machine is adapted
to study the growth of microorganisms via the detection of
a fluorescent signal. Therefore, we use a strain containing
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a fluorescent protein reporter that allows the measurement of
population size in each drop.?® As was mentioned above, droplets
are produced in cross-junction geometry and form a one-
dimensional train where each droplet represents an element of
a numeric sequence. Because the size of the droplets slightly
exceeds the inner diameter of the FEP tube (length of the droplet
~0.75 mm versus tube ID 0.5 mm), their order is preserved
during the experiment. The linear geometry therefore leads to
a self-labelling of each aqueous reservoir that contains living
cells. Identification of the droplets allows us: 1) to form
a “database” for each bacterial population in the drop train; 2) to
accumulate the growth data for each population; 3) to poten-
tially access a population of interest by sorting and isolating
specific droplets at the end of the experiment.

A sketch of the MDA is presented in Fig. 1. It consists of two
basic interconnected modules: a drop maker and a detector.

Drop maker

The drop maker module is aimed to form a large number of
isolated aqueous droplets containing microorganisms in pre-
defined microenvironments. It provides a control over the initial
population size N, (inoculum) and environmental conditions
(e.g. nutrients, antibiotics, drugs, ezc.) of each drop. The proce-
dure of droplet formation is as follows (see Fig. 1a): Solutions of
bacteria, nutrients and antibiotics are prepared and stored into
three separate syringes (Syringe-Antb., Syringe-LB,
Syringe-Bact.). These solutions are injected by independent high-
precision syringe pumps (neMESY'S, Cetoni) and are then mixed
at a cross junction (Cross A). The train of uniform droplets
containing bacteria and dispersed in hydrofluoroether oil
(HFE-7500, 3M) (Syringe-Oil) is formed at a cross-junction
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Fig. 1 Schematic description of the millifluidic device. (a) Drop-maker: this module is used for encapsulating the bacteria into droplets with a tuneable
culture medium composition. Components like antibiotics, nutrients and bacteria are independently injected and then mixed at cross-junction Cross 4.
Water-in-oil droplets are formed at Cross B by using HFE oil as the continuous phase. Mineral oil droplets are also formed and act as spacers between
aqueous reservoirs. A droplet train with alternating droplets of mineral oil and culture medium with bacteria is displayed in Inset 7. (b) Detector: this
module measures the growth of the bacterial populations over time. The module consists of a back-and-forth circuit, equipped with electric valves (V1,
V2 and V3) and a fluorescent detection system. The droplet train is pushed toward the detector by injecting HFE oil into the circuit (Syringe-Oil). As the
droplet passes the detector, the fluorescent signal emitted from each droplet is recorded (Inset 7).
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(Cross B, Fig. 1S(a), ESIt). To avoid the coalescence of the
neighboring reservoirs and the wetting on the tube’s wall, 0.006%
of highly biocompatible tri-block copolymer surfactant is added
to the HFE phase. In order to spatially separate the neighboring
bacterial populations, spacer droplets of mineral oil (M5904,
Sigma Aldrich) are injected at Cross B between the aqueous
drops (see inset 7 in Fig. 1a). This step is crucial for the perfor-
mance of the whole machine because the high density of the
droplets causes the appearance of so-called “traffic jams” in the
tubes* and may lead to the possible overlapping of the fluores-
cent signals from the neighboring bacterial populations during
detection. Therefore, mineral oil and aqueous solution with
bacteria appear as a one-dimensional train of about 2000 drop-
lets in alternating order. The frequency of droplet formation is
maintained constant at /= 13 Hz, using the following flow rates
QHFE = 6 mL hfl, QMO =6 mL hf]7 Qw =4 mL h~! for the
injection of HFE oil, mineral oil and bacterial suspension,
respectively. The flow rate Qw represents the sum of the flow
rates for injection of bacteria Qp, pure medium Q; g, and anti-
biotics Qann. When the required number of droplets has been
produced, the formation process is stopped. About 200-300
droplets at both extremities of the train are removed (using the
electric valves V2, V3 to control the flow, Fig. la-b) in order to
make a buffer volume free of emulsion drops. Finally, two plugs
of mineral oil are injected at both ends of the droplet train in
order to avoid any boundary effect like a higher oxygen transfer
from the HFE oil to the drops.

Screening assays. Here, we demonstrate the MDA’s capabil-
ities to perform precise measurements of bacterial resistance to
antibiotics, which are of interest for microbiological and clinical
applications. The fine-tuning of the microenvironments for
bacterial growth is provided by a gradual change of antibiotic
concentrations from droplet to droplet, while the initial bacterial
population size N, is kept constant. In order to maintain the
droplet volume constant during the formation of the antibiotic
gradient, the total flow rate of the droplet components has to
remain the same (Qw = 4 mL h™'). This is achieved by inde-
pendently injecting three aqueous solutions that finally compose
the droplets: medium with bacteria Qp, pure medium Qj g, and
medium with antibiotics Q. The flow rate of the phase con-
taining the bacteria is maintained constant during the formation
of the entire train (Qpaet = 2 mL h™'). While the flow rate of the
phase containing the antibiotics is decreasing, the injection of
pure nutrient medium is simultaneously increasing at a comple-
mentary rate. Fluorescent markers (green fluorescent colloids
having a diameter of 3 pm) are added to the antibiotic solution in
order to evaluate the antibiotic concentration in each drop. The
formation of an antibiotic gradient across a 10-fold dilution is
reported in Fig. 2. The green curve in Fig. 2a shows a one-step
change of the flow rate Qan. of the syringe from 1 mL h™' to
0.1 mL h™". In turn, the red curve displays the simultaneous
change of the flow rate Qpg (nutrients) from 1 mL h~! to
1.9 mL h™'. Fig. 2b displays the resulting profile of fluorescent
signal (shown in red color; the inset of the figure shows the signal
from the antibiotic concentration as function of droplet number),
reflecting a 10-fold decrease of antibiotic concentration along the
train of droplets. The resulting gradient differs from a step-like
profile due to inertia in the response of the fluidic circuit linked to
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Fig.2 Formation of a gradient of antibiotics. (a) Step-like change of the
flow rates used to inject the antibiotics (shown in green) and LB medium
(red). The resulting concentration of antibiotics is quantified by incor-
porating fluorescent colloidal particles in the antibiotic solution. (b)
Concentration of antibiotics as a function of time after the flow rate
switch shown in (a). Inset: Relation between fluorescent signal (linked to
the concentration of antibiotics) and droplet number. Note that the noise
of the fluorescent signal readout is estimated as 0.1 V (data not shown).

elastic deformations of the solid walls (mainly the tube) and the
syringe pump itself. As far as the value of the fluorescent signal is
proportional to the amount of injected antibiotics, the concen-
tration of the antibiotic in each droplet can be estimated. For the
present example of 10-fold dilution, about 800 droplets compose
the gradient (see inset in Fig. 2b). This method for obtaining
a gradient can be applied to screen different ranges of antibiotic
concentrations, but can also be extended to other applications,
like the formation of a precise gradient of initial cell number or
nutrient concentration along the droplet train.

Detector

Changes in cell number are deduced via the measurement of
fluorescence inside each droplet. The detection module, shown in
Fig. 1b, consists of a fluorescence detector and a so-called “back-
and-forth” circuit. The detector in the MDA is equipped with
a photomultiplier tube (PMT). The excitation light is provided
by a mercury lamp which is filtered by an excitation filter (ExF)
(wave lengths around ~490 nm) and focused by a 20 x-objective
on the transparent FEP tube containing the train of droplets. The
tube center is positioned at the focal plane of the objective lens
resulting in a light spot diameter close to 1 mm. The emitted
fluorescent light passes through a dichroic mirror (DM) and an
emission filter (EmF, wavelengths around ~525 nm) and is
finally collected by the photocathode of the PMT. Because the
detection point is fixed, we initiate the motion of the droplet train
towards the detector by injecting the continuous phase at a given
flow rate. The droplets are therefore sampled one by one at
a fixed frequency. An example of the fluorescent signal that is
emitted from the bacteria entrapped in the droplets is reported in

This journal is © The Royal Society of Chemistry 2011
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Fig. 1b (Inset II). The growth history of each bacterial pop-
ulation can be followed by repeating the scan of the train during
several hours. This is realized by using a back-and-forth strategy.
The fluidic circuit consists of a closed loop containing the
droplets, and a 3-way electric valve (V1) to control the flow
direction. When the scan of the full train of droplets in the
“forth” direction is completed, valve VI is automatically
switched, initiating the reverse motion of the droplets in the
circuit and providing a subsequent “back” run of drop sampling.
The sampling frequency is controlled via the continuous flow rate
Onre. In the present application, Qg is equal to 4 mL h~! and
results in a sampling frequency of about 4 Hz. Each droplet is
passing through the detecting spot around 8 times per hour.
Therefore, the number of cells contained in each droplet is
measured every 7 to 8§ min.

After the first scan, each droplet in the train acquires a serial
number that identifies the droplet for subsequent measurements.
Information about changes of the fluorescent signal of the
bacterial populations is gradually accumulated via performing
multiple runs during 10 to 12 h. Acquisition of the analogical
signal from the PMT and the control of the electric valves are
performed using data acquisition hardware and a specially
developed Lab View program.

Bacteria

Capabilities of the device are demonstrated using Escherichia coli
strain MC4100-YFP, containing the constitutively-expressed
yellow (yfp) allele of GFP inserted in the ga/K locus in the
bacterial chromosome.?**' The relationship between the fluo-
rescent signal and the number of cells within the droplets is
reported in Fig. 3. The calibration is obtained by using solutions
with known concentrations of bacteria that are deduced from
optical density measurements with a UV spectrometer. These
solutions are immediately used to form droplets which are then
rapidly measured by using the MDA machine. Fig. 3 shows that
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Fig. 3 Calibration of the number of bacteria inside the droplets as
a function of their fluorescent signal. The detection limit N* of the
detection module is close to 2000 cells per droplet.

the fluorescent signal depends linearly on cell number. Moreover,
we determine that the detection limit N* of the device, which is
the minimal population size in droplets that can be detected, is
close to 2000 cells/droplet. The protocol of the cell culture and
manipulation for growth experiments is described in more details
in the supplementary information.

The dynamics of growth and the final population size are
influenced by the amount of nutrients, the concentration of
antibiotics and by the external conditions (e.g. temperature,
aeration).3*** Here, all the experiments are performed at a fixed
temperature of 37 °C by setting the fluidic machine in
a temperature-controlled chamber. The growth conditions for
the bacteria in the droplets are different from those prevailing
in standard test tubes or microtitre plates. First, the absence of
hard-surface walls in the droplets and the hydrodynamic mix-
ing of injected components reduce the probability of filamen-
tous growth and prevent bio-film formation on a wall, which
affect the resistance of bacterial populations to antibiotics.?*
Second, the access of cells to oxygen inside droplets is probably
limited due to the encapsulation of the droplets inside a tube
and the presence of mineral oil slugs at both ends of the droplet
train. Although E. coli is a facultative anaerobic organism,
aeration is known as one of the factors to affect the average
doubling time t of the population and the final biomass
produced.*

Results and discussions
Growth Kkinetics

As a first test of the fluidic machine, we measure the growth of
more than 1000 populations from an initial concentration, Ny, of
1000 cells/droplet in LB medium. The growth curves reported in
Fig. 4a show the conventional lag, exponential and stationary
phases of bacterial growth.** In our experiments, an apparent lag
phase reflects the time needed for the bacterial populations to
reach the size equivalent to detection limit N*; thus, we assume
that the time contribution needed for physiological adaptation to
the growth conditions in the droplet is negligible, because cells
were taken from exponentially growing cultures using the same
growth medium (see ESIf). The increase of the bacterial
population size during exponential phase over time is described
by N(t) ~ Ny 2", where 7 is the average doubling time of the
population.®* As soon as the available nutrients that enable
growth are exhausted, the cells enter into the stationary phase,
eventually followed by a death phase. We note that the transition
to stationary phase occurs at nearly the same time (i.e. ~350 min)
for all populations. In addition, the growth curves reach
a plateau that is characterized by a narrow distribution of the
final biomass Ngna = 2.7 x 10 ° cells/droplet, with a coefficient
of variation of Nju. = 9000 cells/droplet. Fig. 4b displays the
distribution of estimated doubling times 7, calculated for each
population in the train. The average doubling time of bacterial
droplet populations is 33.8 min with a standard deviation of
0.3 min, which is comparable to the values, measured in standard
culturing methods.*® The high reproducibility of growth curves
and small variance of T demonstrate that the growth conditions
are homogeneous across droplets and the fluorescent signal is
measured with high accuracy.
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Fig. 4 Growth of the bacteria in droplets. (a) Growth curves of the bacteria in droplets, measured for 1 193 populations. Initial population size of
E. coli is Ny = 1000 cells/droplet. The growth dynamics consist of a lag phase, an exponential phase and a stationary phase, which are indicated in
different colors. N* is marked with a red dashed line as the lowest population size of bacteria that can be detected by the system. (b) Distribution of the

doubling time t among the 1 193 bacterial populations.

MIC assays

Here, we demonstrate the capability of the MDA to determine the
MIC of this E. coli strain for the antibiotic cefotaxime (CTX). The
MIC of a bacterial population is one of the widely used pharma-
codynamic parameters that characterizes resistance levels and
determines the antibiotic dose to be administered. In standard MIC
assays (96-wells microplate protocol), a fixed inoculum of bacteria
is injected into media with different concentrations of antibiotic.
The MIC is defined as the lowest concentration of antibiotic
applied that inhibits visible growth of the bacterial population. A
step-wise change of antibiotic concentrations (usually 2-fold, i.e.
100% concentration difference of adjacent concentrations) deter-
mines the precision of the MIC estimate. Here, we determine the
MIC with a precision of about two orders of magnitude higher (i.e.
~1% difference in adjacent antibiotic concentrations); the step-size
in our device is expected to be around AC ~ (Cyax — Cvn)/Nép,
where Cyax and Cyy define the range of antibiotic concentra-
tions and N?p is the number of droplets (steps) composing the
gradient. This statement is displayed in Fig. 2S (ESIY), where the
cefotaxime concentration is calibrated against drop number for
MDA and number of dilution steps for the microplate. One can see
that the MDA performs N¢p = 800 steps to cover the concentra-
tion range of 0.0015-0.03 pg CTX mL~', while the microplate
technique offers only N¢ = 6.

The MIC assay for CTX using an Ny = 10 cells/droplet are
shown in Fig. 5. In order to find the MIC, a gradient of CTX
concentrations in the range of 0.0015-0.03 pg (CTX) mL~' was
formed in a train of Np = 1320 droplets. In contrast to the
growth curve measurements where all populations face the same
conditions, now bacteria in the droplets encounter gradually
increasing antibiotic stress. Fig. 5a and 5b show the profile of
fluorescent signal for all droplets at the beginning of the exper-
iment (7= 0 min) and after 7 h (7' = 400 min), respectively. The
plots can be visually divided in two parts, shown in blue and red
respectively. The boundary between these two parts coincides

with the MIC level. On the right hand side (blue), antibiotic
concentrations were sufficiently low to allow bacterial growth. In
contrast, the signal remains unchanged in droplets on the left
hand side (red), where the concentration of CTX is equal to or
higher than the MIC. Bacterial growth is partially suppressed in
the so-called sub-MIC region, and stays weakly affected at lower
CTX concentrations. The dynamics of the microbial populations
affected by the antibiotics are presented in Fig. 5c. The figure
displays a color-coded series of growth curves of the bacteria in
the droplets with a gradient of CTX concentrations. We define
MIC as the concentration of antibiotic inside the first droplet
that does not reveal positive growth above the detection limit N*
(red dashed line in Fig. 5¢). In that case, the MIC is determined at
0.009 ng CTX mL~'. In order to check the reproducibility of the
MIC determination, we performed three assays for No = 10 cells/
droplet using the MDA machine. Obtained values of MIC reveal
weak deviations (<5%) from the reported value 0.009 pg CTX
mL~". For comparison, the CTX MIC for this strain measured in
a standard MIC assay in 100 pL cultures in a microtitre plate is
slightly higher, 0.03 pg mL~". The precision of this estimate is
limited by the methodology: namely, 2-fold serial dilution
determines the step-size and accuracy of the measurement (see
Fig. 2S, ESIt). The discrepancy between droplets and microplate
methods is probably caused by differences in growth conditions
(e.g. inoculum size) and different criteria for the MIC determi-
nation (visual check versus fluorescent detection).

The detailed graph provides a comprehensive characterization of
the population dynamic behavior of the bacteria in the antibiotic
gradient. For instance, one can observe that variation in CTX
concentration hardly influences the growth rate. In contrast, the
final population size at sub-MIC concentrations is strongly affected.
A similar tendency has been previously shown,?” where the authors
hypothesized that in the presence of antibiotics bacteria consume
more glucose to maintain the same microbial population size. This
maintenance energy increases with antibiotic concentration.

This journal is © The Royal Society of Chemistry 2011
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more than 1000 microbial populations inside aqueous reservoirs
of ~100 nL. The linear geometry of the system provides a self-
labelling of each droplet, and therefore of each cell population.
The experimental approach allows one to perform quantitative
statistical analyses of cell population growth, as well as a detailed
screening of the effect of medium composition on growth.

We demonstrate the capabilities of the automated fluidic
machine by quantifying the distribution of the doubling time of
monoclonal populations of E. coli and by determining the
resistance level (MIC) of bacteria to an antibiotic with unprec-
edented precision. We believe that the new MDA can become
useful in academic laboratories or in industries as an efficient tool
with a relatively low cost for screening the survival and growth
kinetics of microorganisms under various culture conditions.
Moreover, we are currently developing detection systems based
on light scattering to extend the existing capabilities of the
machine to microbial strains without fluorescent markers, as well
as detection systems for the simultaneous monitoring of multiple
fluorescent signals to quantify microbial fitness during direct
competition. Finally, we are implementing a droplet sorter for
the selection of specific populations based on their growth
dynamics. This module may be suitable for drug screening
applications or for transferring populations of microorganisms
in serial-dilution evolution experiments.
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