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Traditional methods for the enrichment of microorganisms rely on growth in a selective liquid medium or
on an agar plate, followed by tedious characterization. Droplet microfluidic techniques have been recently
used to cultivate microorganisms and preserve enriched bacterial taxonomic diversity. However, new
methods are needed to select droplets comprising not only growing microorganisms but also those
exhibiting specific properties, such as the production of value-added compounds. We describe here a
droplet microfluidic screening technique for the functional selection of biosurfactant-producing
microorganisms, which are of great interest in the bioremediation and biotechnology industries. Single
bacterial cells are first encapsulated into picoliter droplets for clonal cultivation and then passively sorted at
high throughput based on changes in interfacial tension in individual droplets. Our method expands
droplet-based microbial enrichment with a novel approach that reduces the time and resources needed
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Introduction

Microorganisms produce metabolites that exhibit a variety of
biological activities. Many of them are hormones, or
compounds with antimicrobial, antitumor, herbicidal,
pigment, and insecticidal properties. There has been
increasing research and industrial interest in bacterial
surfactants — amphipathic chemical agents produced by living
organisms as their secondary metabolites that can decrease
surface and interfacial tension."” Many environmental strains
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for the selection of surfactant-producing bacteria.

of microorganisms can produce biosurfactants since they are
key agents for increasing the bioavailability of hydrophobic
compounds, which can serve as a carbon source for microbial
growth.! Therefore, bacteria producing biosurfactants can
access the hydrophobic phase and metabolize a variety of
aliphatic hydrocarbons and polycyclic aromatic hydrocarbons
(PAHs). Bacteria producing surfactants have also found many
commercial applications, especially in remediation for the
removal of hydrocarbon pollutants and heavy metals from the
environment.”> Purified bacterial surfactants have been used
to control pathogens in food products,’ as emulsion-
stabilizing agents in the food industry,* for drug delivery,” as
a potent and environmentally friendly biopesticide against
plant pathogens,® and in the cosmetic industry.”

Existing approaches for screening of microorganisms
producing biosurfactants include: i) spread assay tests, ii)
emulsification tests, iii) hemolytic assays, and iv) surface
tension measurements.’ However, these methods are time-
consuming, low-throughput, non-quantitative, and
characterized by relatively low selection accuracy. Typically,
they necessitate microliter or milliliter volumes of samples,
with one measurement taking from several seconds to a few
minutes. Additionally, the cells of interest must be first
enriched from a complex consortium of environmental
microorganisms before screening the functional properties of
bacterial cultures. Traditionally, strains of bacteria are
enriched via cultivation on solid media (e.g., agar plates) or
in liquid cultures. Among the above-mentioned methods,
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only hemolytic assays can be conducted concurrently with the
cultivation of bacteria on agar plates, though the throughput is
typically limited to a few hundred colonies per single plate.
Multiple studies also reported significant differences in
bacteria cultivability using liquid or solid media, with the
reduced recovery of strains grown on agar.® On the other hand,
bulk liquid culture in rich media might result in a bias towards
fast-growing strains overtaking the ones slowly growing® that
are potential biosurfactant producers.

To the best of our knowledge, there are no available high-
throughput methods for screening of microorganisms
producing biosurfactants that could overcome the above-
mentioned limitations of enrichment in bulk liquid cultures
and on agar plates. Droplet microfluidics has been recently
applied for the successful selection of bacterial strains with
higher taxonomic richness and larger representation of rare
species,"™"" in comparison to standard methods of
enrichment. However, these methods are mainly based on the
growth of bacteria measured by cell concentration or optical
readouts. Cell density measurements provide data on bacterial
abundance in microdroplets but do not distinguish bacterial
strains depending on their metabolic activity or functional
properties. Optical-activated droplet sorting can be applied for
measuring cell concentration - e.g., light scattering assay for
detecting the growth of antibiotic-resistant bacteria'” or optical
density assay for selecting slowly growing bacteria from
complex gut microbiome isolate.'* Additionally, optical
methods can be used for measuring selected aspects of the
metabolic activity of living cells. Mahler et al. demonstrated the
enrichment of microorganisms producing antibiotics via
fluorometric assay to detect inhibition of the growth of reporter
cells.” In another example, a similar fluorescence-activated
droplet sorting (FADS) technique was applied to screen
microbes producing PET-degrading enzymes.'* However, the
number of biochemical assays that can be measured by optical
readouts in microdroplet format is still very limited."
Consequently, the active sorting of droplets cannot easily be
done for most functional screens of microbial cultures,
including a selection of bacteria producing biosurfactants.

Here, we demonstrate a new application of passive droplet
microfluidics for the enrichment of surfactant-producing
bacteria. Our system is based on a method called “sorting by
interfacial tension” (SIFT)'®'" - a label-free and passive
technology that has been developed by the Abbyad group and
so far used for several exciting demonstrations, such as i)
isolation of single cells based on their metabolism,"”
including cancer cells,'® and ii) sorting of droplets containing
esterase enzymes.'® In another example, the group of Amar
Basu demonstrated that migration of droplets in a surfactant
gradient could be employed to sort droplets with and without
bovine serum albumin based on differences in surface
tension.’®?® Here, in our specific application, the passive
sorting is based on the phenomenon that biosurfactants
reduce the interfacial tension of each positive droplet
containing bacteria producing biosurfactants (Fig. 1). We also
investigated the impact of various parameters on the efficacy
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of droplet sorting, such as i) the concentration of water-
soluble biosurfactants, ii) the volume of droplets, iii) oil flow
rates needed for droplet sorting, iv) the time taken to
cultivate bacteria in microdroplets, and v) the impact of
continuous oxygenation of droplet culture. Finally, we
validated our method via robust enrichment of the
surfactant-producing bacterial strain from a mock
consortium of bacteria.

Materials and methods
Bacteria cultivation

We used two strains of bacteria for the development and
validation of the method: i) Bacillus sp. ANT_WA51 (ref. 21)
strain for the generation of positive microdroplets, and ii)
Escherichia coli BL21 strain as a negative control strain as it
does not produce biosurfactants. Detailed protocols for
bacteria cultivation and bulk surface tension measurements
are provided in the ESLf

Fabrication of microfluidic devices

Microfluidic chips were fabricated using standard SU-8
photolithography and PDMS-based soft lithography - full
protocols can be found in the ESLf

Droplet generation and cultivation of encapsulated bacteria

Bacterial cells were diluted in liquid LB medium to the
appropriate concentration, and the suspension was
transferred to sterile tubing and attached to a glass syringe
filled with PBS buffer. Droplets were generated in a high-
throughput microfluidic droplet flow-focusing generator with
flow rates of 500 pL h™" for the oil phase composed of Novec
HFE-7500 (3M) with 2% 008-FluoroSurfactant (RAN
Biotechnologies) and total 300 uL h™* for cells in an aqueous
medium (since our design had two aqueous inlets, we used
two syringes providing bacteria suspension at a flow rate of
150 puL h™" each). Around 200 pL of emulsion for each sample
was collected in a dedicated chamber®® and incubated at
room temperature for 24 hours, unless noted otherwise. For
oxygenation of the emulsion, a peristaltic pump (Reglo ICC,
Ismatec) was used, with dedicated Tygon tubing of 0.38 mm
L.D, 0.9 mm O.D (Ismatec) that was next tightly connected to
the PTFE tubing 0.4 mm 1.D, 0.9 mm O.D (Bola Bohlender)
and polyethylene tubing (Smiths Medical) of the incubation
chamber (Fig. S2t). The system was closed by putting two
sides of tubing into a 5 mL stock of 2% FluoroSurfactant in
HFE-7500 to prevent air bubbles and to provide oxygen
dissolved in the oil to the emulsion. A detailed protocol for
oxygen supply to the emulsion is provided in the ESLf}

Passive droplet sorting

Before the passive sorting process, gas-tight syringes
(Hamilton) were filled with oil, attached to PTFE tubing,
and placed tightly on syringe pumps (Nemesys, Cetoni).
The outlet tubing of the droplet incubation chamber was

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Design of a microfluidic chip for passive sorting of droplets showing decreased interfacial tension. (a) Scheme with the overview of the
workflow: A - two-strain mix in a 1:100 ratio; B - encapsulation of bacteria cells; C - off-chip incubation; D - high-throughput passive sorting
of positive (E) and negative (F) droplets based on interfacial tension. (b) Schematic bacteria growth and biosurfactant production in a
microdroplet. (c) The architecture of the passive sorter. 1 - Spacing oil inlet; 2 - diluting oil inlet; 3 - emulsion reinjection inlet; 4 - sorting oil
inlet; 5 and 6 - outlets for negative and positive droplets, respectively. (d) Snapshots of the sorting process. Figures (a and b) were prepared

with http://BioRender.com.

connected to the microfluidic device for the emulsion
transfer. The tubing for oil delivery from syringes onto
the chip was also attached to oil inlets. Then, the pumps
started to push oil and emulsion into the chip, and in
most of the experiments, the emulsion was sorted
passively with the following flow rates: 480 pL h™" for
spacing oil (2% FluoroSurfactant in HFE-7500), 20 uL h™
for diluting oil (2% FluoroSurfactant in HFE-7500), 2500-
3000 uL h™ for sorting oil (pure HFE-7500), and 50-100
uL  h™ for the emulsion pushed with oil (2%
FluoroSurfactant in HFE-7500). Videos were captured using
a fast camera (AX-100, Photron) and an inverted
microscope (CKX53, Olympus). Selected videos were
analyzed using Image] software to determine the values of
the displacement factor (a detailed description of image
analysis can be found in the ESI}).

This journal is © The Royal Society of Chemistry 2024

Determination of enrichment factor

Two bacterial strains, Bacillus sp. ANT_WA51 and E. coli
BL21, were separately cultured overnight, centrifuged (4000
rpm, 8 min) and rinsed with 0.9% NaCl saline solution, then
mixed as a mock consortium in a ratio of 1:100, suspended
in LB medium to achieve a concentration corresponding to
approximately A = 0.1, and encapsulated in 100 pL
microdroplets. After overnight oxygenated cultivation, the
emulsion was transferred to the microfluidic device, and
around 20000 droplets were sorted for 3 minutes to collect
approximately 20 positive droplets, in sterile 1.5 mL tubes, in
two replicates. The volume of oil in each sample was adjusted
to 250 pL by flushing the used tubing with filtered HFE-7500.
Next, 62.5 pL 1H,1H,2H,2H-perfluoro-1-octanol (PFO) (Alfa
Aesar), and 200 pL of sterile 0.9% NacCl saline solution was

Lab Chip, 2024, 24,1947-1956 | 1949
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added to the emulsion. The two-phase mixture was then
vortexed for 90 seconds to break the emulsion and
centrifuged for 60 seconds to let the aqueous and oil phases
separate. Next, the aqueous phase was diluted by 10x, 100X,
and 1000x, then plated on Petri dishes with LB agar (Miller)
medium supplied with 10% (v/v) defibrinated horse blood
(GRASO Biotech) for hemolytic assay,>® in which surfactants
produced by bacteria cause beta-hemolysis visible as a
transparent zone around a colony. Plates were incubated at
room temperature for two days and then analyzed by visual
counting of colonies. Colony-forming units were counted for
each plate with a distinction between negative (no hemolysis
zone around a colony) and positive (showing a hemolysis
zone).

Results and discussion

Development of the method for the selection of bacteria
producing biosurfactants included i) designing and testing
the tension-based passive droplet sorter, ii) optimization of
cultivation inside picoliter droplets, iii) finding the best
parameters for droplet sorting, and finally, iv) demonstration
of enrichment of biosurfactant-producing bacteria from a
mock microbial consortium.

The design of the tension-based passive droplet sorter

Fig. 1c presents the layout of the microfluidic chip, which is
a modified version of the SIFT system developed by the
Abbyad group.'®™® The passive droplet sorter contains a
reinjection chamber with inlets for diluting oil and emulsion,
an inlet for spacing oil, a droplet spacing junction, a sorting
chamber with a supply of sorting oil, and two outlets for
droplet collection. The sorting process began with the
reinjection of the droplet emulsion through the droplet inlet
and the diluting oil in the reinjection chamber. Next, the
spacing oil was introduced to accelerate droplets in the
direction of the sorting module and space them evenly to
avoid droplet collisions that negatively affect the sorting
process. As the droplets entered the sorting module, they
were squeezed into a pancake shape because the height of
the sorting module chamber (24 pm) was smaller than the
diameter of the 100 pL droplet, (equivalent to around 58 um
diameter for a spherical droplet of that volume, calculated
with a dedicated formula provided in the ESIf). However,
upon encountering a deeper rail (51 um) inclined at a 45°
angle to the flow direction, the droplets underwent a shape
change to minimize their overall surface area. The rail then
retains the confined droplets with a force proportional to the
change in surface area. The positive droplets with lower
interfacial tension were pushed off the rail early by sorting
oil towards a positive outlet, unlike the negative droplets that
flow along the rail till its peak. Positive droplets are directed
to the separate outlet channel and can be collected off-chip
in a tube for further culture upscaling and characterization
of sorted bacteria. The droplet sorting can be triggered by
changing the flow rate of sorting oil, as shown in Fig. S3.f
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The sorter design underwent several modifications, in
comparison to previously published versions of interfacial
tension-based sorters (Table $31)."°'® The width of the
sorting device was reduced from 1.5 mm to 0.75 mm, and
the sorting rail was repositioned closer to the channel
entering the chamber, which provides microdroplets to the
sorting device. An additional diluting oil stream was
introduced to the droplet reinjection chamber (inlet 2,
Fig. 1c) to make an emulsion less densely packed and
improve the subsequent spacing of droplets prior to sorting.
Furthermore, a dilution of emulsion with oil also reduced
unwanted fragmentation of droplets, especially positive ones
containing high concentrations of biosurfactants. However,
small satellite droplets remain visible in the videos depicting
the sorting process (e.g. Videos S1 and S2+). We observed that
satellites are primarily formed during the transport of
droplets with high biosurfactant content, which exhibit lower
stability. Typically, these satellite droplets are too small to be
sorted on the rail and instead flow directly into the positive
channel. However, given their predominant origin from
positive droplets containing  bacteria producing
biosurfactants, the sorting efficiency remains unaffected in
our application, as demonstrated in the enrichment
experiment (Fig. 5). We achieved a droplet sorting frequency
of up to 250, which is a higher value than 30 droplets per
second in the SIFT systems presented before."®'” The
increased sorting frequency might be attributed to the larger
interfacial tension between aqueous samples and continuous
phase oil used in this study. This allowed faster flows of
droplet emulsion while still achieving accurate sorting. The
potential influence of other factors, such as the modified
geometry of the sorting chamber and an increased depth of
the rail, on the enhanced sorting throughput requires further
investigations and systematic comparison of various
geometries of the microfluidic modules.

Optimization of the flow parameters for the most efficient
sorting

After several iterations of design and testing, we selected a
final version of the sorting module and decided to optimize
other parameters impacting the sorting efficiency, such as
the droplet volume and flow rates of emulsion and oils. We
chose a model organism, Bacillus sp. ANT_WA51, for the
droplet-sorting optimization process. Bacillus sp. ANT_WA51
is a psychrophilic strain that produces a mixture of
biosurfactants  consisting mainly of surfactin and
fengycin.>"** Like pure surfactin, the mixture of
biosurfactants produced by this strain can reduce the surface
tension of growth media to 27-28 mN m™".?"*® During the
optimization process and determination of the sorting
accuracy, we always used two populations of droplets:
negative droplets containing pure LB medium, and positive
droplets with encapsulated Bacillus sp. ANT_WA51 cells from
overnight bulk liquid culture. Microdroplets of the same
volumes were generated with dedicated flow-focusing chips

This journal is © The Royal Society of Chemistry 2024
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and collected in a simple droplet chamber, allowing facile
reinjection.>*>?°

First, we determined the optimal volume of sorted
droplets. The highest accuracy was observed for the 80-100
pL range of microdroplet volumes for tested sorter
geometries. Microdroplets smaller than 80 pL were pushed
off the rail too quickly, causing false positive errors and a
loss of sorting specificity. In contrast, droplets with volumes
larger than 100 pL were anchored too firmly to the rail and
were prone to false negative sorting errors. Additionally, large
droplets were less stable and prone to the fragmentation of
spacing oil, and their sorting frequencies were generally
lower. As a result of a series of experiments (Table S4t),
microdroplets with a volume of 100 pL were chosen for
further analysis and optimization.

Next, we tested various flow rates of the spacing and
sorting oils and determined the maximum throughputs for
reliable sorting. For that purpose, we recorded and analyzed
a series of videos with droplet-sorting experiments, and the
numbers of true/false positive and true/false negative
droplets were counted separately for each collection channel.
As a true positive, we considered droplets with a bacterial
colony collected in the positive channel, and false positives
were empty droplets that flew to the positive channel.
Accordingly, the empty droplets in the negative channel were
regarded as true negative events, and the droplets with
colonies in the negative channel were considered false
negative events. Then, we calculated i) sensitivity as a ratio of
true positive sorting events to the total number of droplets
with colonies (sum of true positives and false negatives), and
ii) specificity, which was the ratio of true negative events to
the total number of empty droplets (sum of true negatives
and false positives). Finally, we determined the accuracy as
the ratio of true positive and true negative sorting events to
the total number of droplets. We recorded sorting processes
for a range of emulsion flow rates corresponding to various
droplet frequencies of 100-350 droplets per second, and

sensitivity

400

specificity
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sorting oil flow rates of 1000-4000 uL h™'. The flow rates for
diluting and spacing oil were fixed at 20 uL h™" and 480 uL
h™, respectively. During the experiment, we injected negative
(composed of pure LB media) and positive (with visible
colonies) droplets at a ratio of 9:1 to simulate the conditions
of real screening experiments, where only a small fraction of
droplets is sorted. Next, we analyzed the videos and manually
counted negative and positive droplets sorted to both outlet
channels. The highest accuracy, specificity, and sensitivity
were achieved for total oil flow rates in the range of 2500-
3000 uL h™ and droplet frequencies of up to 200-250 Hz
(Fig. 2 and Table S77).

Impact of biosurfactant concentration on sorting process

For the determination of a range of surfactant concentrations
that can trigger the sorting of droplets, we chose surfactin, as
it is a widely known lipopeptide biosurfactant produced by
bacteria from the Bacillus genus and can efficiently reduce
the surface tension of water solutions from around 72 mN
m™" down to 27 mN m "> Another value characterizing
each surfactant is the critical micelle concentration (CMC),
which defines a concentration above which the surfactant
molecules aggregate and form micelles. CMC values of
surfactin vary in the literature from 10 mg L™ to 20 mg
L™".>”?% In this assay, we used an intermediate CMC value of
surfactin equal to 15.9 mg L™ reported by Zou et al.>® Based
on that value, a series of 100 pL droplet emulsions with 0.01
CMC, 0.1 CMC, 1 CMC, 10 CMC, 50 CMC, and 100 CMC were
generated and sorted. Depending on the concentration of
surfactin, microdroplets were detaching from the rail at
various points, and the lateral distance between this
detachment point and the initial position of the droplet was
defined as a displacement value (Fig. 3c). Displacement
equaled 0 when a droplet detached from the rail at the same
width as the entry of the droplet supply channel. If the
droplet flowed along the rail till the end, then the
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Fig. 2 Demonstration of sorting sensitivity (a), specificity (b), and accuracy (c) for various total flow rates of oils (dilution, spacing, and sorting).
Various sorting frequencies were obtained by changing the emulsion flow rate, and the spacing and diluting oil flow rates were adjusted

proportionally.
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Fig. 3 Demonstration of sorting accuracy for various concentrations of surfactin expressed in CMC values (critical micelle concentration). (a)
Standard deviation-based stack images made of videos captured during the passive sorting of surfactin diluted in LB medium, encapsulated in
concentrations ranging from 0.01 CMC (0.159 ug mL™) to 100 CMC (1.59 mg mL™). (b) A snapshot of the sorting process of 10 CMC surfactin. (c)

Displacement of droplets depending on surfactin concentration.

displacement value equaled 1. Displacement values lower
than 0.6-0.7 usually resulted in the sorting of droplets to the
positive outlet. Counterintuitively, the surfactin
concentration that allows for passive sorting turned out to be
around 50 CMC and not 1 CMC, as might be expected from
bulk measurement data available in the literature.>® This
observation might suggest that sorting accuracy can not be

lowest

directly predicted by using static surface tension measured in
bulk conditions. The microdroplet emulsion, characterized
by its elevated surface-to-volume ratio, demands a higher
biosurfactant concentration to reach interface saturation and
to trigger droplet sorting. However, quantitative assessment
of this phenomenon is experimentally challenging and
beyond the scope of this study.

Optimization of the cultivation of bacteria in droplets

We decided to perform growth optimization using an
emulsion consisting of only positive microdroplets to verify
the efficiency of cultivation across the whole emulsion. For
that purpose, we chose a cell concentration of 1 = 5,
corresponding to 5 cells per droplet on average, which,
according to the Poisson distribution, implied a 99.3%
probability that a randomly chosen microdroplet would
contain at least one bacteria cell. However, our early attempts

1952 | Lab Chip, 2024, 24,1947-1956

to passively sort droplets containing Bacillus sp. ANT_WA51
cells showed that not all droplets were sorted into the
positive channel. Following the observations of Mahler and

Zurek?®-3°

that oxygen availability in droplet emulsions is a
key factor in the homogeneous growth of aerobic bacteria
and the production of secondary metabolites, we decided to
compare the growth of bacteria and biosurfactant production
in static conditions, as well as with continuous oxygen
supply. For that purpose, the kinetics of biosurfactant
production by Bacillus sp. ANT_WA51 in a bulk culture
supplied with oxygen by shaking the flask was first compared
to an oxygen-limited bulk culture in a tightly closed tube, not
subjected to shaking. The oxygen supply supported surfactant
production measured by a decrease in the surface tension of
culture supernatant.”**° According to this bulk assay (Table
S57), ANT_WA51 produce
biosurfactants after 4 hours of cultivation with an oxygen
supply. However, it is important to note that bulk
measurements were conducted at the liquid/air interface

Bacillus  sp. started to

using the Wilhelmy plate method. These results should be
viewed as indicators of the changes in interfacial tension that
may be taking place for droplets in oil on the chip.

To measure the biosurfactant production in microdroplet
culture depending on oxygen supply, we incubated the
emulsion containing Bacillus sp. ANT_WA51 cells using the

This journal is © The Royal Society of Chemistry 2024
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setup with a peristaltic pump providing a constant oil flow to
the emulsion.>® Two populations of droplets were incubated:
the first one in a static condition and the second one under
the 20 uL min~" flow of the 2% RAN fluorosurfactant in HFE-
7500 oil that provided oxygen to the emulsion. Next, we
performed passive sorting for oxygenated and static
emulsions every two hours to determine the displacement
factor and an optimal incubation time for Bacillus sp.
ANT_WA51. During this experiment, we used a sorting oil
flow rate of 2500 puL h™" and a droplet frequency of around
150 Hz. The optimal cultivation time for the Bacillus sp.
ANT_WAS51 strain was assessed for 24 hours, based on the
displacement for sorting the oxygenated emulsion (Fig. 4).
This result stands in contrast to the 4-8 hours needed to
achieve minimal surface tension in an oxygenated bulk
culture, as outlined in Table S5.f However, as illustrated in
Fig. 3, the sorting of droplets is triggered for biosurfactant
concentrations much higher than 1 CMC measured in bulk
conditions. The oxygenated emulsion showed similar
displacement values to the static one (Fig. 4). However,
oxygen supply increased the homogeneity of trajectories of
sorted microdroplets. As biosurfactants are complex
compounds classified as secondary metabolites, their
production usually occurs during the stationary phase."*'
Low oxygen concentration slows down bacterial cell growth
and might result in delayed onset of the stationary phase
coupled with biosurfactant production. Limited oxygen
supply in static conditions might additionally result in false
negative caused by heterogeneous growth in
microaerobic conditions, which is consistent with the
observations made by Mahler et al. and Zurek et al.>**° for
the cultivation of environmental strains and microbial
growth coupled with protein expression, respectively.

events

a) static emulsion b)

Normalized droplet count
Normalized droplet count
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However, we also observed some variations in biosurfactant
production within the oxygenated emulsion, visible at the 10-
and 12-hour time points. This variability could potentially be
attributed to the phenotypic differences of the cultures
originating from single cells encapsulated in droplets at the
beginning of the assay. Bacteria possess the ability to
undergo differentiation, resulting in the emergence of
subpopulations that may exhibit distinct phenotypes despite
being genetically identical. An example of such
differentiation into diverse cell types is exemplified by
Bacillus subtilis species®® to which the strain Bacillus sp.
ANT_WA51 belongs.*

Validation of the sorting accuracy by enrichment of positive
strain Bacillus sp. ANT_WA51 from a mock microbial
consortium

In the final stage of the project, we enriched the bacteria
cultures originating from single cells encapsulated in
droplets. Since a single-cell encapsulation follows Poisson
distribution and most droplets are negative, we first had to
demonstrate that biosurfactants do not diffuse among
microdroplets during off-chip and long-term bacteria
cultivation. Analysis of videos captured during the first
attempts to passively sort approximately 2000 microdroplets
containing diluted culture (1 = 0.1) provided information on
each microdroplet's flow trajectory, as well as false positive
events, which could be caused by the transfer of
biosurfactant from positive microdroplets to negative one.
These false positive events were not observed in the recorded
videos, which means that the potential transfer of
biosurfactants between droplets during bacteria cultivation is
insufficient to impact sorting results.

oxygenated emulsion ‘

Time [h]
02

4
Oe

OO0
N==0
ANO

I

00 01 02 03 04 05 06 0.7 08 09 1.0

Displacement

0.0 0.1

02 03 04 05 06 0.‘7 08 09 1.0
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250 um
—

Fig. 4 Displacement of positive droplets during cultivation in (a) static emulsion, and (b) with an additional oxygen supply. Droplets contained
Bacillus sp. ANT_WAS51 in LB medium at an initial cell concentration of 5 x 107 cells per mL on average (corresponding to A = 5), incubated for 24
hours in static conditions or with the oil flow rate set to 20 pL mint. The sorting of positive droplets occurs at displacement values below

approximately 0.6.
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'negative’ droplet
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'positive' droplet

Fig. 5 Demonstration of the enrichment of positive strains from the two-strain mock consortium. Initial ratio 1:100 of mixed strains before
sorting is illustrated with a Petri dish with bacterial population that consists mostly of E. coli BL21 colonies, and just one colony of Bacillus sp.
ANT_WAGS51 that can be distinguished by a halo around a colony. The passive sorting process was applied to the emulsion of a 2-strain mix at 1 =
0.1. After the passive sorting, nearly all the colonies were formed by Bacillus sp. ANT_WA51 with a visible hemolysis zone (halos) around colonies.

Next, we performed an enrichment experiment for the
selection of rare positive cells from the excess bacteria that
do not produce biosurfactants. For that purpose, two
bacterial strains, Bacillus sp. ANT_WA51 and E. coli BL21,
were mixed as a mock consortium in a ratio of 1:100 and
encapsulated in 100 pL microdroplets at 1 = 0.1. After
overnight-oxygenated  cultivation, the emulsion was
transferred to the microfluidic device, and around 20000
droplets were sorted for 3 minutes to collect around 20
positive droplets, which were plated on Petri dishes with LB
agar medium supplied with 10% (v/v) defibrinated horse
blood (see Method section). Surfactin can break down
erythrocytes and free hemoglobin particles, which is visible
as halos around positive bacterial colonies.*® Enrichment
factors were calculated using two methods described
previously by Baret et al. and Zinchenko et al.**** and were
around 4250 and 119, respectively (Table S6t). Those high
values prove that our method successfully enriches the
bacteria producing biosurfactants.

Conclusions

Passive droplet sorting is a promising approach characterized
by the simplicity of the experimental setup, lower cost, and
label-free detection of biological process outcomes. However,
due to lower throughput and a limited array of possible
assays, passive sorting is still less frequently used than
optically-activated droplet sorting.***® Here, we expanded the
application range of sorting based on the interfacial tension
(SIFT) method (Table S3t), which has been used for passive
sorting based on pH changes in microdroplets, including
sorting of live and dead eukaryotic cells. We demonstrated
that this approach could also be applied for environmental
microbiology purposes to perform high-throughput screening
for microorganisms secreting metabolites of interest that
significantly decrease surface tension.

1954 | Lab Chip, 2024, 24, 1947-1956

To increase the throughput of droplet sorting, we
experimentally tuned the microdroplet volume, and flow
rates spacing and sorting oil to efficiently select droplets
containing biosurfactant mixtures produced by the
psychrophilic strain Bacillus sp. ANT_WA51. As a result, we
reached passive sorting of up to 250 droplets per second. Our
attempts to the additional increase the droplet sorting
frequency in the 0.75 mm wide sorting module led to
excessive sorting errors due to droplet collisions at the rail
and fragmentation of droplets with spacing oil, as
demonstrated in Video S3.f However, future studies focused
on optimizing the depths and dimensions of sorting module
elements, as well as the composition of the oil phase and
droplet volume, might contribute to the further improvement
of the sorting rate.

Apart from the characterization of physicochemical factors
affecting passive sorting, we focused on adjusting the growth
conditions of the bacteria microdroplet format. We
demonstrated that additional oxygen supply via a flow of
fluorocarbon oil through an emulsion with bacterial cells
resulted in more homogeneous production of biosurfactant
across microdroplets in the emulsion. We showed that
single-bacteria cells encapsulated in microdroplets could
efficiently grow and produce biosurfactants. However, only
droplets with a concentration of biosurfactant exceeding the
equivalent of 50 CMC (0.795 mg mL™") of surfactin could be
sorted. Therefore, we assumed that bacteria-producing
biosurfactants are sorted only when the biosurfactant
concentration in a microdroplet is higher than this value.
However, this dependency might be complex and rely on
various types and structures of biosurfactant molecules,
possible  interactions  between  biosurfactants  and
fluorosurfactants, and other factors influencing the dynamic
interfacial tension in a flowing microdroplet. A Dbetter
understanding of the physics and chemistry of the SIFT
method is beyond the scope of this work, though it is worth

This journal is © The Royal Society of Chemistry 2024
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evaluating in further research and will lead to additional
improvement of the throughput of the system presented
here.

The technology was validated by the enrichment of rare
positive microbial cells. We obtained very high enrichment
factors equaling 4250 and 119, depending on the calculation
method used.*®?* Those high values mean that our passive
droplet sorting method is highly effective in enriching rare
bacterial cells of interest, providing that they grow in a liquid
medium encapsulated in droplets.

One of the disadvantages of the current version of the
system is the inability to select bacterial strains requiring
induction for biosurfactant production, such as Pseudomonas
species producing rhamnolipids.® Such an induction step is
usually performed by adding a hydrocarbon compound,
which might be a challenging step in microdroplet format
and will probably require the generation of multiple
emulsions. In the next iterations of the system, we plan to
introduce the induction of biosurfactant production inside
microdroplets by e.g., encapsulating small hydrocarbon

droplets inside aqueous growth media droplets or
introducing water-soluble inductors.

Despite those limitations, we believe that many
microorganisms constitutively producing biosurfactants,

especially those growing slowly, can be efficiently selected
with the current version of the system. The experimental
strategy developed here will be used in the future to conduct
screening campaigns from environmental samples to isolate
novel strains of bacteria and other microorganisms
producing biosurfactants.
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