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ABSTRACT: This paper proves that dodecylresorufin (C12R) outperforms resorufin (the conventional form of this dye) in droplet
microfluidic bacterial assays. Resorufin is a marker dye that is widely used in different fields of microbiology and has increasingly
been applied in droplet microfluidic assays and experimets. The main concern associated with resorufin in droplet-based systems is
the dye leakage into oil phase and neighboring droplets. The leakage decreases the performance of assays as it causes averaging of
the signal between the positive (bacteria containing) and the negative (empty) droplets. Here we show that C12R is a promising
alternative to conventional resorufin as it maintains higher sensitivity, specificity and signal-to-noise (SNR) ratio over time. These
characteristics make C12R a suitable reagent for droplet digital assays and for monitoring microbial growth in droplets. Keywords:

droplet microfluidics, bacteria viability assay, resorufin, dodecylresorufin, droplet emulsion

INTRODUCTION

Here, we demonstrate that dodecylresorufin (C12R) is an
attractive alternative to resorufin as a metabolic marker of
bacteria that are encapsulated in micro-droplets. C12R exhibits
less leakage between the droplets. This in turn provides for
higher stability of the fluorescent signal over time, increased
signal to noise ratio and better accuracy of the assay in terms
of increased true-positive and true-negative rates, as compared
to the same assays executed with resorufin.

Droplet microfluidics has increasingly been demonstrated as
a suitable tool in diverse applications in microbiology, includ-
ing: i) detection’™ and identification® of bacteria, ii) antibi-
otic susceptibility studies with endpoint measurement,*>®7 iii)
continuous monitoring of growth,* iv) studies of interactions
between microbial communities,"*™ and v) high-throughput
screening of novel molecules***® or of microbial cells for traits
of interest.’®” The main advantages of droplet microfluidics
over conventional techniques include faster detection and the
ability to carry out single-cell and high-throughput analysis.

Usually, in resorufin-based assays in microbiology, sub-
strates presenting low intensity of fluorescence are converted
to highly fluorescent resorufin by bacterial metabolism or by
specific enzymes. Three different substrates have been de-
scribed so far in droplet-based assays. One of such substrates
is resazurin that is also the main component in AlamarBlue®
and PrestoBlue® viability assays. Aerobic organisms metabol-
ically convert (reduce) resazurin to fluorescent resorufin. The
dye has therefore been widely used as an universal viability
indicator.'®* The exact mechanism of reduction is not known,
whether it occurs intracellularly via enzyme activity or in the

medium as chemical reaction. Several reductase enzymes have
been linked, but not fully confirmed being responsible for
conversion.?

Resazurin-based assays have also been combined with drop-
let microfluidics in antibiotic susceptibility studies."™® Sec-
ondly, the resorufin can be complexed with fluorescence-
guenching component, allowing for the release of the dye by
specific bacterial enzymes as demonstrated in droplet digital
platform for bacterial enumeration® and in enzymatic kinetic
analysis.*** Third popular substrate in droplet resorufin as-
says is the Amplex® Red reagent. It is converted to resorufin
in a two-step process. Specific microbial oxidase enzymes
produce hydrogen peroxide which promotes the conversion of
the substrate to resorufin by peroxidase — an enzyme added to
the reaction.””** Amplex® Red reagent has been used in drop-
let assays to measure enzymatic activity” and in high-
throughput screening of microbes for metabolic production®’?
or consumption®® of specific substrates.

In all of the assays mentioned above, the detectable product
is resorufin. Unfortunately, there is a significant challenge in
maintaining stable concentration of resorufin in droplets as the
dye molecules are prone to leak through the liquid-liquid
interface. As a result, measured signal is averaged between
droplets and the reliability of the assay is decreased.”** It has
been proposed that the dye “leakage” into neighboring drop-
lets is facilitated by micellar®? or vesicular structures® which
act as carriers between droplets. The exchange between drop-
lets has also been demonstrated with fluorescein® and
methylumbelliferone dyes.*
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Figure 1. Marker dyes and schematic of a microfluidic experiment. a) Metabolic marker dyes resorufin and dodecylresorufin (C12R), and
their respective substrates. Note: colors of resorufin (purple) and C12R (red) do not reflect their actual color and fluorescence (which are
similar). b) Encapsulation of bacteria (E.coli or E.aerogenes), growth medium LB and dye substrate (resazurin or dodecylresazurin) into
InL droplets using flow-focusing junction in PDMS chip. c¢) Collection of droplet emulsion into 200 pL PCR tube. d) Incubation of drop-
lets at 37 °C. e) Detection of droplet fluorescence in second PDMS chip that was mounted on confocal microscope stage. Droplets were
injected to the chip and separated by additional stream of oil in flow-focusing junction. Resorufin/C12R fluorescence of each droplet was

measured using confocal microscope (Ex 561.7 nm/Em 570-620 nm).

A number of approaches have been used to tackle the prob-
lem of resorufin leakage between droplets. For instance, using
FC-40 fluorocarbon, instead of the most common HFE-7500
liquid, increases the retention of resorufin in droplets, but at
the expense of the emulsion quality and stability.” Decreasing
the concentration of surfactant®*" and addition of BSA* or
sugar additives to the aqueous phase® has been shown to
decrease the leakage of resorufin. A new class of nanoparticle
(NP) surfactants has also been demonstrated to efficiently
increase the maintenance of resorufin in droplets. This is a
very promising solution, still to be fully validated against
poter;gial interaction of some proteins with the surface of
NPs.

Here we propose an alternative path to reduce the dye leak-
age by using modified viability marker compound instead of
traditional resorufin. We recommend the use of dodecylresoru-
fin (C12R), a derivative of resorufin with similar fluorescent
properties, as a viability marker in droplet microbial assays. It
has been suggested previously that C12R is maintained for
longer periods of time in aqueous droplets. So far no thorough
research, especially with live organisms in viability assay, has
been carried out.*" Herein, we thoroughly evaluated the per-
formance of resorufin and C12R in bacterial assays in emul-
sions comprising of thousands of nanoliter monodisperse
droplets.

RESULTS AND DISCUSSION

In our experiments we compared the performance of two
different metabolic marker dyes: resorufin and C12R (Fig. 1a).

In order to differentiate their performance we ran a number of
droplet microfluidic assays with different bacteria. We used
the two marker dyes to distinguish between positive (bacteria
containing) and negative (empty) droplets. The substrates of
both dyes, resazurin and dodecylresazurin respectively, get
converted to highly fluorescent products by the aerobic me-
tabolism of organisms. We used the 50uM concentration of
the dye substrates in our experiments to, a value similar to
those used in previous applications of resazurin in droplet
microfluidic systems.”®%

We tested the marker dyes with two different bacteria. First,
with commonly used test bacteria E.coli that contained en-
hanced Green Fluorescent Protein (eGFP) coding plasmid for
additional signal control. The eGFP signal served as a refer-
ence for the droplets containing bacteria. Second, we tested
the dyes with E.aerogenes that has over the last decades been
increasingly associated with nosocomial infections.*®

In our experiments we encapsulated bacteria into 1nL drop-
lets (exact size distribution shown in SI Figure S2) with re-
spective dye substrates using flow-focusing junction on a
polydimethylsiloxane (PDMS) chip (Figlb) that was described
in detail by Kaminski et al.* We adjusted the concentration of
bacteria in the droplet phase so that ~20 % of generated drop-
lets contained bacteria. According to Poisson distribution®
~18% of droplets contain single colony forming unit (CFU) of
bacteria while ~2% has more than one CFU in these condi-
tions.
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Figure 2. Histograms depicting distribution of droplet fluorescence after different incubation times. X-axes show the relative fluorescence
of droplet and Y-axes show number of droplets with that particular intensity. Droplet intensities obtained with resorufin marker dye are
shown for E.coli (a) and E.aerogenes (b), similarly C12R results are shown for the same bacteria (cd). Bigger left panel shows the bimodal
histogram of the results from particular incubation time when the positive bacteria-containing droplets (right peak) were first clearly dis-
tinguishable from empty droplets (left peak). On the right panel similar results are given for the longer incubation times. Please note that
histograms of empty droplets are shown with white background for E.coli (according to lack of eGFP signals in droplets).

We used the HFE 7500 fluorocarbon liquid as the continu-
ous phase. This oil ensures good stability of emulsion over
time.”® Although previous report has shown that the decrease
of surfactant concentration reduces resorufin Ieakage32, we
used relatively high 2% concentration of PFPE-PEG-PFPE
triblock surfactant concentration to provide for good stability
of the emulsions against coalescence during long-term incuba-
tion.

After generation we collected droplets into 200uL PCR
tubes (Fig. 1c) for off-chip incubation at 37 °C (Fig. 1d). After
incubation we injected the droplets into a separate chip for
analysis (Fig. 1e). This second chip contained flow-focusing
junction to provide the additional spacing between the droplets
prior the measurement.

We used a confocal microscope to measure the intensity of
fluorescence emitted from droplets. The time between the
generation of a droplet library and the measurement ranged
from three hours (four with E.coli) to 24 hours in the longest
experiments. To understand which droplets contain bacteria,
we first executed the assays on E.coli expressing eGFP. The
droplets with increased eGFP signals were distinguishable
from background droplets after six hours of incubation. Thus,
we chose the eGFP signal to mark the droplets containing
E.coli bacteria at incubation time-points from 6 to 24 hours.

Intensity and stability of the signal from the dyes.

We found that negative droplets (i.e. ones without bacteria)
containing resorufin exhibit higher baseline fluorescence than
the negative droplets containing C12R. We had to use higher
laser power and to set higher sensitivity to the microscope
detector during interrogation of droplets containing C12R in
order to obtain comparable fluorescence intensities (see Fig-
ures S5-S8 for exact details of confocal microscope settings).

The increase of fluorescence intensity from resorufin in 1
nL droplets was faster than the increase of fluorescence from
C12R, both with E.coli and with E.aerogenes. We could dis-
tinguish the positive droplets from the background (negative
droplets) in assays based on resorufin already after four and
three hours, respectively for E.coli and E.aerogenes (Fig. 2ab,
left panels). With C12R the time to distinguish positive drop-
lets was five hours for E.coli and four hours for E.aerogenes
(Fig. 2cd, left panels). It is difficult to speculate on the reason
behind that difference in fluorescent signal increase as the
mechanism of converting rezasurin to fluorescent product is
not fully understood and it is not even sure if it occurs in the
cell or outside in the medium.?® There can be several explana-
tions. Firstly, long hydrocarbon tail may simply slow down the
intake of the substrate in case of dodecylresazurin if the pro-
cess occurs in the cells. Secondly, the hydrocarbon tail may
disturb the interaction with reducing enzymes. Thirdly, the
fluorescent properties of dye molecules can be behind the
difference. Fluorescence of resorufin is stronger and it is thus
easier to distinguish from background. We would exclude the
effect of C12R of general metabolism of bacteria. In our case,
we did not observe any significant difference in bacterial
growth with different dye molecules, as demonstrated by
similar GFP signal increase in droplets over time (Figure S3).

Although the use of C12R requires slightly longer incuba-
tion to distinguish the positive droplet than resorufin, it pro-
vides for a more stable signal over time. In our experiments
we could distinguish positive droplets from empty droplets
over a longer period of time with C12R in case of both E.coli
and E.aerogenes (Fig. 2). The fluorescence of resorufin in
positive droplets quickly starts diminishing as the dye leaks to
empty droplets and the overall signal is averaged. The leakage
is faster in the case of assays with E.aerogenes where positive
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and negative droplet signals are indistinguishable already after
nine hours (Fig. 2 ab, right panels). Using C12R we were able
to distinguish the populations of positive and negative droplets

clearly after 15 hours with both bacteria (Fig. 2cd, right pan-
els).
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Figure 3. a) Receiver Operating Characteristic (ROC) curves with resorufin and C12R after different incubation times ranging from 6 to
24h. X-axis shows False positive and Y-axis True positive rates. Curves close to upper left corner (0, 1) are accurate, while getting closer
to diagonal “No-discrimination line” shows inaccuracy. b) Youden index and signal-to-noise ratio (SNR) data for both marker dyes after
different incubation times. Youden index shows the combined value of sensitivity and specificity (it is presented as dotted lines on second-
ary axis). SNR values are shown on primary axis as median fluorescence intensity ratios of positive droplets to empty droplets. Error bars

show +/- 1 median absolute deviation (MAD).

Accuracy of the assay - the true-positive and true-negative
rates.

Throughout this article we use the term “accuracy” to indi-
cate the combined values of sensitivity and specificity, simi-
larly to the way this term is used in the previous report on
droplet-based assays.* Sensitivity is defined as the true posi-
tive rate (the fraction of all the positive droplets that is correct-
ly identified as positive in the assay). In turn, specificity is the
true negative rate (i.e. the fraction of all the negative droplets
that is correctly identified as negative). For example, we start
with an assay comprising 100 droplets in total, with 10 of
them containing bacteria. At the end of the assay, say we
measured 12 droplets being positive (8 of them correctly plus
4 false positives). 2 truly positive droplets were identified as
being negative (false negatives). In that scenario, the sensitivi-
ty of this assay is (10-2)/10=80% and the specificity is (90-
4)/90=~96%.

In leaky droplet assays the sensitivity and specificity de-
crease over time because the marker dye diffuses from posi-
tive droplets to neighboring negative droplets.*® Thus, truly
positive droplets present lower fluorescence and can be incor-
rectly counted as negative drops (a false negative), and vice
versa the negative drops acquire the fluorescently active mole-
cules that can cause a false positive readout.

We used Receiver Operating Characteristic (ROC) curves to
analyze how accurately the two marker dyes distinguish the
positive and negative droplets. The ROC curve is a common
statistical tool used to visualize the accuracy of a diagnostic
test. The curves are created by plotting the True Positive (sen-
sitivity) and the False Positive (1-specificity) rates at different
threshold levels. With accurate assays the ROC curve nears
the upper left corner (0,1), while in inaccurate assay the curve
lays down towards the diagonal “Non-discrimination” line.***
Fig. 3a compares the ROC curves of resorufin and C12R at
different E.coli incubation times. C12R provides for better
accuracy over time as the curves remain in the upper left (0, 1)
corner during most of the the experiment. With resorufin the

curves rapidly start moving towards the “no-discrimination”
line indicating the quick loss of accuracy over time.

C12R provides for better Youden index scores.

In order to analyze ROC curves more thoroughly, we calcu-
lated the Youden index (J) that shows the combined value of
sensitivity and specificity (J = sensitivity + specificity - 1).
The Youden index is a dimensionless number acquiring values
between 0 and 1. An assay having perfect sensitivity and spec-
ificity results in J=1, while when the ROC curve approaches
the diagonal no-discrimination line J=0.*"*** In general,
large J values indicate accurate droplet-based assays.*

We show the values of the Youden index for both marker
dyes at different time points in Fig. 3b. C12R has better accu-
racy than resorufin as the J value remains close to 1 for most
of the experiment and begins to drop significantly only at the
24h checkpoint. In the case of resorufin the decrease com-
mences already after seven hours.

C12R assays exhibit increased signal to noise ratio.

Another key parameter in any droplet-based assay is the
signal-to-noise ratio (SNR). SNR indicates the difference
between the fluorescence intensity of bacteria containing
(positive) and empty (negative) droplets. In order to establish
the SNR values for experiments with resorufin and C12R we
measured the respective droplet fluorescence intensities for
positive and negative droplets and calculated the median val-
ues for both. The graph in Fig. 3b shows the SNR values for
resorufin and C12R as black and grey line on the primary axis,
respectively. This data demonstrates that the C12R has higher
SNR than resorufin for most of the incubation time, except
after six hours of incubation when they were relatively equal
within the margin of error.

Accuracy and SNR versus concentration of bacteria

Next, we tested the accuracy of both resorufin and C12R at
different concentrations of bacteria. We compared the results
of the experiment described above (~20% droplets with E.coli)
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with results on droplet emulsions containing ~10 and 32 % of
positive droplets. Fig. 4a shows the values of the Youden
index for both dyes at different concentrations of bacteria.
Accuracy with C12R (grey lines) surpasses the resorufin re-
sults (black lines) at all bacteria concentrations. The C12R
demonstrates high accuracy at all concentrations for 15 hours
as the J value remains close to 1. In contrast, for resorufin, the
J value starts to decrease already after seven hours of incuba-
tion with all bacteria concentrations.

When we looked deeper into the Youden index data (Figure
S11) we noticed that with both dyes the decrease in specificity
tends to be greater compared to the drop in sensitivity over
time. This demonstrates again that the dye leakage from posi-
tive droplets (which is more intense with resorufin) increases
the fluorescence of empty droplets which in turn increases the
probability of scoring a false positive result.
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Figure 4. Youden index and signal-to-noise ratio (SNR) graphs
after different incubation times. Resorufin (black) and C12R
(grey) viability dyes were tested with different positive (bacteria
containing) droplet concentrations (10, 20 and 32%). a) Graph
showing the Youden index of dyes after different incubation
times. b) SNR data after different incubation times for both dyes.

We also compared the SNR of both dyes at different bacte-
ria concentrations. The graph on Fig. 4b depicts SNR ratios
measured for resorufin (black lines) and C12R (grey lines)
with various bacteria concentrations after different incubation
times. In our experiments C12R constantly outperformed the
resorufin in terms of SNR level. For all three different bacteria
concentrations tested after various incubation times the C12R
showed higher SNR values compared with resorufin. Only
exception, when the SNR values were similar, was after six
hours of incubation in 20% positive droplet experiment.

The rate of leakage of the dye versus the concentration of
bacteria.

With both dyes we observed higher noise (manifested by
lower values of SNR) in libraries containing a higher fraction
of positive droplets (Fig. 4b). For a rough estimation we can
safely assume that during incubation the droplets are densely
packed in tube according to the Kepler conjecture. In such
assembly, each droplet is in contact with 12 neighboring drop-
lets in three-dimensional space.*® We ran experiments with 10,
20 and 32% of droplets containing bacteria. With Kepler con-
jecture assumption it means that each empty droplet had
roughly ~1.2, ~2.4 and ~3.8 neighbors that contained bacteria,
respectively.Combining this fact with our SNR data from
different positive droplet fractions (Fig. 4b) we have demon-
strated that the leakage of resorufin/C12R to empty droplets
depends on the number of neighboring positive droplets. This
experimental observation is in good agreement with leaky
droplet-based assay theoretical study that was described by
Chen and colleagues who modelled the signal leakage between
droplets in two-dimensional space where each droplet has 6
neighbors. Their model also showed that the leakage into
negative droplets is related to the number of positive neigh-
bours.”

Latest research shows that the surfactant assisted formation
of vesicular structures® can be the mechanism for the
transport of small molecules like fluorophores between drop-
lets. The “less-leaky” behavior of the C12R can then be asso-
ciated with the decreased ability to partitioning into these
structures due to the presence of extra 12-carbon long chain in
the dye molecule (Fig. 1). There can be many explanations (or
combinations of them) for such disfavored partitioning. First-
ly, the fluorinated core of such vesicles may hinder the pack-
aging of molecules with long lipophilic side-chains. Secondly,
the C12 chain may reduce the number of fluorophores inside
vesicles due to the larger size. Thirdly, the size of the vesicle
can be bigger, resulting in slower transport of fluorophores
between droplets. Thorough analysis of such potential mecha-
nisms would require development of “minimal emulsion”
system as described by Gruner et al. as such effects are diffi-
cult to analyze in bulk emulsions.* Proper analysis of the
effect would also benefit from availability of resorufin mole-
cules with hydrocarbon side chains of different length. Thor-
ough analysis of the mechanisms behind the better retention of
molecules with hydrocarbon side-chains would be highly
useful from the droplet assay perspective. We believe that our
research here is only a first step towards understanding the
reasons behind that phenomenon.

CONCLUSIONS

World Health Organization has set up a Global Action plan
to tackle the antimicrobial resistance. One part of Objective
Five of that plan calls for the development of new diagnostic
tools for that purpose.*® Droplet-based detection and analysis
of bacteria is one of the most promising technologies suitable
for such rapid diagnostics as demonstrated by recent
research.®® With our experiments we present an easily adapta-
ble solution to the long known intensive dye leakage problem
in droplet microfluidics associated with heavily used viability
marker dye resorufin, 3323440

We compared the performance of resorufin and C12R as
markers of bacterial metabolism in micro-droplet assays. We
analyzed and compared five main parameters: fluorescence
intensity, detection time of positive droplets, duration of time
when positive and negative droplets are distinguishable, sig-
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nal-to-noise ratio (SNR) and accuracy of marker dyes (sensi-
tivity + specificity) in distinguishing bacteria containing drop-
lets presented as ROC curves and Youden index. Table 1
summarizes and compares the performance of the two marker
dyes. Resorufin has stronger fluorescence and provides for
slightly faster detection. The C12R is more useful in terms of
longer cultivation time and it also clearly outperforms resoru-
fin in terms of the accuracy and signal to noise ratio over time.

| Resorufin ‘ Dodecylresorufin

General fluorescence intensity +
Detection time +
Positive droplet differentiation duration - +
Sensitivity + Specificity (ROC, Youden index) - +
Signal-to-noise ratio (SNR) - +

Table 1. Comparison between resorufin and C12R in drop-
let microfluidic bacterial assay.

Based on our experiments we conclude that C12R presents
significant advantages over resorufin in droplet assays, espe-
cially with regard to the consistently higher accuracy rating. It
is of utmost importance in any diagnostics assay to have as
high accuracy as possible to maximize correct calls while
minimizing the erroneous ones.”***® Also the ability of C12R
to differentiate bacteria containing droplets over longer peri-
ods of time opens up possibilities to design assays with broad-
er detection time-window or tests with multiple detection
time-points.

The method that we described here is only one of many pos-
sible ways to tackle the problem of resorufin leakage between
droplets. A number of studies attempted to address leakage
issue, either by using specific oil type,” lowering surfactant
concentration®* or by using special additives in
droplets.*®**® It has been also advocated that new surfactants
and dye molecules should be synthesized to bypass the chal-
lenge to derive a droplet-tight dye. For example introducing
novel coumarin dyes with hydrophilic sulfonate groups that
prevent dye leakage."

Still, the synthesis of new compounds can be difficult and
time consuming, and cannot be performed easily in laborato-
ries lacking synthetic chemistry capability.* The most inter-
esting and also the most promising approach so far, has been
the use of nanoparticles for the stabilization of droplets and
prevention of fluorophore leakage.” Recently this method has
been supplemented with coating of the nanoparticles with
bovine serum albumin to increase the compatibility of the
interface with enzymes.*” While all of these technologies
reduce the leakage of resorufin from droplets, we propose on
the basis of the analysis presented here that it may be efficient
and facile strategy to simply replace resorufin with less leaky
fluorophores like C12R. This approach is immediately availa-
ble without the need for additional testing regarding biocom-
patibility or droplet formation and stability. Dodecylresazurin
can be directly used in all assays previously described with
conventional resazurin.

It also seems to be a viable idea to combine the choice of
the dye with the other strategies increasing the retention of dye
in droplets. Especially, the combination of C12R assays with
addition of BSA¥ or nanoparticle-based stabilizers***’ could
result in fluorescent signal retention in droplets with unprece-
dented stability and duration as these technologies individually
still exhibit some leakage over time.

Here we demonstrated that C12R is compatible with Gram
negative bacteria E.coli and E.aerogenes in droplet-based
assays. One of the remaining key challenges is to verify the
compatibility of C12R with a larger number of various micro-
organisms. Due to the high similarity we expect C12R to be
equally usable as resorufin that has also been used for droplet-
based analysis of Gram positive bacteria Staphylococcus au-
reus." Theoretically C12R can be used with all aerobic micro-
organisms as the conversion of substrate resazurin to highly
fluorescent resorufin has been demonstrated to be related to
aerobic metabolism in microorganisms.*

The potential applications of the C12R dye in droplet assays
definitely include droplet digital quantification of bacteria that
so far has only been demonstrated with resorufin as enzymatic
activity marker.? With the latest advances in improving the
design of digital assays, the number of partitions/droplets
required for high precision and dynamic range has been great-
ly diminished.” That minimizes the technical requirements
needed for running digital assays and increases its’ potential
availability to multiple new formats, including digital counting
of bacteria. We also foresee that the analysis of antibiotic
susceptibility could benefit from our findings as resorufin-
based assays have been shown, but only in physically separat-
ed droplets stored sparsely in long channels to prevent transfer
of the dye between droplets."’ Being able to use thousands of
droplets in densely packed emulsions will enable transforming
the assays to medium- and high-throughput format. In a wider
view, we hope that the longer fluorescence retention of C12R
in droplet opens up new possibilities in high-throughput
screening and research in microbiology. Especially when
combined with recent developments in microfluidic techniques
that allow droplet sorting® and parallelized ultra-high-
throughput generation® and interrogation of droplets.*

MATERIALS AND METHODS

Microfluidics

In our experiments we used two different microfluidic
chips. One for generation of droplets and second one for drop-
let analysis. Both chips were made of a polydimethylsiloxane
(PDMS) fluidic layer that was plasma bonded to 1mm-thick
glass slide. See Figure S1 for details. Fabrication of fluidic
layer was as follows: in the first step we fabricated the poly-
carbonate moulds in 5 mm plates of polycarbonate (Macro-
clear, Bayer, Germany) using a CNC milling machine
(MSG4025, Ergwind, Poland). Next, we poured PDMS (Syl-
gard 184, Dow Corning, USA) onto the PC chip and subse-
quently polymerized the mold at 95 °C for 45min. In a follow-
ing step, we silanized the PDMS mold for 3h under 10 mbar
pressure with vapors of tridecafluoro-1,1,2,2,-tetrahydrooctyl)-
1-trichlorosilane (Alfa Aesar, Germany). Cleaned PDMS
negative masters served for molding of the positive PDMS
replicas that we subsequently bonded with glass slide by ex-
posing both parts to 30s oxygen plasma and placing them
together.

We modified the microfluidic channels hydrophobically by
filling the chip with Novec 1720 (3M, United States) for 10
minutes. After fluid evaporation at room temperature the chips
were baked at 135 °C for 1lh to preserve modification. We
controlled the flow of oil and reagents in microfluidic experi-
ments with neMESYS syringe pumps (Cetoni, Germany).
Droplets were generated with ~300 Hz frequency and collect-
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ed for off-chip incubation in 16 separate 200uL tubes with
each different experiment.

Bacteria

We used two different bacteria in our experiments: Esche-
richia coli DH5a placEGFP (a kind gift from Prof. Douglas
Weibel, Department of Biochemistry, University of Wiscon-
sin-Madison) and Enterobacter aerogenes PCM183 (Polish
Collection of Microorganisms). For bulk culture of bacteria
and cultivation in droplets we used LB-Lennox media (Roth,
Germany). With E.coli the media contained 100pg/mL ampi-
cillin and 1mM isopropyl B-D-1-thiogalactopyranoside (both
from Thermo Fischer Scientific, USA) for eGFP plasmid
retention and expression. We diluted overnight cultures of
bacteria ~100X into fresh media and incubated until the bacte-
ria entered exponential growth phase. Next, we diluted the
bacteria suspension in media for droplet generation. Bulk
concentration of bacteria was estimated using DEN-1 densi-
tometer (Biosan SIA, Latvia).

Reagents

We used Novec™ HFE 7500 fluorocarbon oil (3M, USA)
with 2% PFPE-PEG-PFPE surfactant (synthesized according
to protocol published by Holtze et al.*?). Dye substrates resaz-
urin sodium salt (Sigma Aldrich, Germany) or C12-resazurin
(part of Vybrant® Cell Metabolic Assay Kit, Life Technolo-
gies, USA) were used as 50 uM solution in LB in all assays.
Final media solution contained 1% dimethylsulfoxide (Life
Technologies, USA) that was used for solubilization of dye.
We used the pipette tip shaking to mix concentrated dye solu-
tions with media in test-tube as heavy vortexing caused C12R
to attach onto tube walls. Tracer dye Rhodamine 110 (Sigma-
Aldrich, Germany) was dissolved in aqueous phase at 0.1 pM
concentration. Final dye solutions in media were filtered using
Chromafil® Xtra PET 45/25 filters (Macherey-Nagel, Germa-
ny) to remove unsolved dye particles.

Fluorescence measurement and data analysis

We measured the fluorescence of droplets using droplet
reading chip that was mounted onto the stage of A1R confocal
microscope (Nikon, Japan). We acquired fluorescence of
eGFP and Rhodamine 110 at excitation/detection wavelengths
at 488nm/500-550nm and in the case of resorufin/C12R at
516.7nm/570-620nm, respectively. We took the fluorescent
readouts of droplets after Oh, 3h (E.aerogenes only), 4h, 5h,
6h, 7h, 9h, 11h, 13h, 15h and 24h incubation. We used differ-
ent sample aliquots from droplet collection at each time-point.
We analyzed ~4000 droplets at each incubation time-point at a
~600 Hz frequency. We analyzed the raw fluorescence data
using MS Office Excel (Microsoft, USA) with Real Statistics
Resource Pack (http://www.real-statistics.com/). Droplet sig-
nals stand for peak relative fluorescence intensities allocated
to each droplet. We also calculated ROC curves and Youden
indexes*** for measuring the performance of the dyes (see
Note S1 for detailed information).
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