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ABSTRACT

Droplet microfluidics has demonstrated immense potential in microbiological studies due to its unique features,
such as miniaturization, compartmentalization, and parallelization. Multiplexing droplet content allows the
investigation of various experimental conditions in a highly parallelized manner. Yet, droplet library generation
and tracking remain challenging in high-throughput screening. The introduction of distinct reagents into droplets
necessitates precise control over droplet flow in a microfluidic chip, limiting the throughput to a few reagents.
Additionally, tracking individual droplets is complex due to their fast dynamics. To address these challenges, we
have developed a multiplexing platform for automated sample preparation, enabling on-demand merging and
mixing of reagents for fine-tuning the sample compositions for droplet generation. A coding space with 169
optical barcodes can be realized by the pairwise combination of four fluorescence dyes at six concentration levels
to encode droplet populations as required by the experimental design. A machine-learning algorithm has been
employed to identify distinct droplet populations. As proof of concept, we conducted an antibiotic susceptibility
assay on an E. coli strain to screen for susceptibility of four antibiotics and determine minimum inhibitory
concentrations in one experiment. Utilizing the on-demand sample preparation, optical barcodes, and machine-
learning analysis, our setup provides a rapid, straightforward, and reliable multiplexing capability for numerous

microbial and biochemical applications.

1. Introduction

Droplet-based microfluidics has been of great interest in the past
decade due to several unique advantages. Using the technology, one can
produce highly monodisperse droplets at thousands per second. The
high generation rates make it a great approach for high-throughput and
parallelized experimentations [1,2]. Droplets can have volumes ranging
from pico- to nanoliter, reducing reagent consumption and cost for
high-throughput applications. Also, the high surface area to volume
ratio facilitates faster reaction times [3,4]. With these unique charac-
teristics, droplet-based microfluidics has shown its potential in
numerous high-throughput screening applications across various sci-
entific and medical fields [5,6].

Droplets have also been extensively used for high-throughput
screening in microbiological applications, including enzymatic activity
[7-9], resistance to antibiotics [10-12], and combinatorial studies of
drugs [13,14]. For such assays, it is often desired or necessary to

investigate more than one experimental condition [15]. This simulta-
neously brings key advantages in the screening process, such as time
efficiency, increased throughput, and reduced experimental variability.
Desired conditions could be, for instance, different analyte concentra-
tions, substrates, media compositions, or buffers. However, droplet li-
brary generation and content tracking are still critical challenges in
high-throughput screening [16]. Multiplexing experimental conditions
in a droplet-based microfluidic platform necessitates the development of
complex process control, fluidic handling, and analysis pipelines due to
reduced footprint and rapid sample transport within these platforms
[17].

The introduction of distinct chemical compositions into droplets
requires precise control over droplets flow within a microfluidic chip.
This limits the reagents throughput that can be handled as the process
dynamics need to be matched with droplet generation or reinjection.
The rapid dynamics also make it a challenging process to track the
droplet content back to its experimental condition. There have been
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studies in this regard for combinatorial screening applications [10-12,
14,15,18-23]. In some of these approaches, a multiplexed sample
preparation step is done prior to droplet generation, and then the pre-
pared samples are fed into one or more microfluidic chips to make
droplets. There are also gradient-based approaches [24], where different
solutions are injected into the microfluidic chip using multiple inlets to
produce droplets with different conditions. However, these methodol-
ogies would either require a labor-intensive process prior to droplet
generation or precise flow control units as the reagent number rises. As a
result, the sample preparation time and complexity will increase with
new reagents being added for additional experimental conditions.
Moreover, these approaches limit the combinatorial throughput and
increase the chance for sample variability whilst sample reproducibility
decreases (which is a big challenge in microbiological experimentation
in general).

To reliably distinguish droplet contents within a library of different
populations, various encoding strategies have been realized. In some
optical barcoding strategies [14,21,22,25], certain concentrations of
fluorescence dyes are used to encode different populations during the
sample preparation step. Another optical barcoding method is the usage
of colored or fluorescently labeled beads or quantum dots [18,26,27].
An alternative approach is nucleic acid-based barcoding that links to the
genetic material within droplet content [28-30]. Although these ap-
proaches enable high-scale testing, they do not fully satisfy the needs,
especially for on-demand combinatorial applications in microbiology.
Also, in the case of nucleic acid-based barcoding, sequencing is required,
which in turn necessitates droplet breaking and complex analysis pro-
cedures. Recently, an integrated microfluidic chip design has been
developed that facilitates automated sample preparation for an anti-
biotic susceptibility assay [13] by employing a valve control layer. Using
the integrated chip and four different drugs, they could test sixteen
conditions. However, adding more reagent inlets will increase the design
complexity and make the controlled merging and mixing of different
reagents a challenging process. Moreover, droplets are tracked sequen-
tially, which makes them prone to a disturbance within the chip. In this
case, the applicability of the platform for microbiological applications is
limited since no off-chip cultivation of larger droplet populations is
possible.

In this work, we present a multiplexing platform for on-demand
multiplexed sample preparation for combinatorial picolitre droplet
generation through an automated sample plug generation, which
directly feeds into the picolitre droplet generation. Sample plugs of up to
8 reagents can be efficiently merged and mixed prior to droplet gener-
ation to produce homogenous multiplexed populations. Importantly, as
a single microfluidic chip is used, wash-plugs are introduced to ensure
contamination-free droplet production. An optical barcoding strategy
was employed to code the content of droplet populations using the
combination of fluorescence dyes to generate up to 169 potential codes,
which are decoded with machine learning methods. To demonstrate the
applicability of the platform for microbiological applications, we per-
formed a multiplexed antibiotic susceptibility assay with a library size of
25 different conditions for a model strain against four antibiotics. We
demonstrated the susceptible antibiotics identification and determina-
tion of their minimum inhibitory concentrations in a single experimental
run within 8 hours of incubation.

2. Materials and methods
2.1. Chip design and fluidic operations

The microfluidic chip designs were created using AutoCAD 2021
(Autodesk Corp., USA), and polydimethylsiloxane (PDMS) chips were
fabricated by soft lithography|[31]. A syringe pump (neMESYS, Cetoni)
and Mitos Dropix (Dolomite) were used for fluidic operations. For plug
and droplet generation, FC-40 (3 M) and Novel oil (HFE7500, 3 M) with
0.4 % fluorinated surfactant (FluoSurf, emulseo) were used.
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2.2. Dye solution preparation for droplet encoding

All dye stocks were dissolved in DMSO. Alexa-Flour 647 (Thermo
Fischer) at 6.4 and 32 pgmL ™! was used as two initial concentrations.
Similarly, Alexa-Flour 488 (Thermo Fischer) at 8 pgmL‘l, Cascade-blue
(Thermo Fischer) at 40 and 200 mgmL’l, DY557 (Dyomics) at 0.8 and
4.4 mgmL~! were used for color coding. 6-Carboxyfluorescein (Sigma)
at1.6,8,0.8,and 4 mgmL’1 were used as initial concentrations only for
coding strategy demonstration. For the biological assays, the dye con-
centrations were premixed with cells or antibiotic solutions. Alexa-Flour
488 was used instead of 6-Carboxyfluorescein in biological experiments.

2.3. Bacterial sample preparation

The E. coli strain ECJW922 [18] was used. As a culture medium,
Terrific Broth (TB) with 1 % glucose was used. As seed culture, bacteria
suspension from a Cryostock was inoculated in TB medium and incu-
bated at 37°C, 180 rpm for ~20 h. For the main culture, TB medium was
inoculated from the overnight culture with 0.1 OD600 and incubated at
37°C, 180 rpm for ~3 h until the culture reached an OD600 around 5.
Aliquots of the main culture were prepared either at 0.048 or 0.06
OD600 as replicate one and two. This solution was loaded into the
sample well stripe of the liquid handler. 2.5pL from this well is always
taken for a 10-pL sample that will result a cell concentration around 2.4
and 3x10° cellsmL ™! for droplet generation of corresponding replicates
(resulting in theoretical mean occupancy lambda=0.43 and 0.54 for
70-pm diameter droplets).

2.4. Antibiotic solution preparation

Stock concentrations of four antibiotics (premixed with dyes) were
prepared before the experiment. The stock concentrations for nalidixic
acid, kanamycin, tetracycline, and ciprofloxacin were 32, 32, 10, and
0.5 pgmL 2, respectively.

2.5. Microscopy imaging

After droplet generation and 8 hours of incubation, droplets were
imaged in the observation chamber. The chip was placed on an inverted
microscope (Axio Observer Z1, Zeiss). Brightfield images were taken
with a numerical aperture of 0.16 to intensify the cell edges for growth
analysis. The Colibri 5 Zeiss was used as the light source for fluorescence
images. Images were taken using 10x magnification and analyzed using
a custom Python script (see supporting information section 7).

3. Results and discussion
3.1. Multiplexing platform set-up and operation

On-demand automated multiplexing of sample plugs for droplet
generation is accomplished through three main steps (Steps 1-3), as
illustrated in Fig. 1. In the first step, we used a commercial liquid
handler (Mitos-Dropix Dolomite) to produce plugs with the desired
volume. The liquid handler features an oil reservoir, a 24-sample-well
stripe with the capacity to load up to 50 pL of reagent in each well,
and a sample hook connected to a syringe pump. The sample hook
moves between the wells and into each well defined by the device
control software, and the desired plug volumes are withdrawn with
defined oil spacing (Fig. 1). The minimum withdrawn volume depends
on the working flow rate and inner diameter (ID) of the sample hook
tubing. In our set-up, a tubing with 0.25 mm ID is used in the sample
hook. This tubing is connected to a 1.5 mm ID tubing (Fig. 1) for plug
storing and merging steps. In the second step, two or more plugs with
different contents are merged. For two plugs with sufficiently close oil
spacing, the transition from a narrow to a wider tubing configuration
will result in merging. This is a known phenomenon happening in a
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Fig. 1. Multiplexing platform workflow. Step 1: various reagents are loaded in the well stripe, and the commercial device is programmed to draw specific volumes
from each well. Step 2: sample merging and storage: a transition from narrow tubing (ID = 0.25 mm) to wide tubing (ID = 1.5 mm) enables the merging of samples,
and they are stored in the same tube. Step 3: Mixing via oscillatory flow: a 3-way valve connects the 1.5 mm tubing segments, and a syringe pump is programmed to
create an oscillatory flow. Step 4: droplet generation: sample plugs are injected into microfluidic chip for droplet production. Step 5: To avoid the collection of
droplets produced by wash-plugs, the chip outlet is automatically switched to ensure that only the desired droplets are collected.

microfluidic chip with expansion chambers[32]. We used a three-way
valve in our platform to connect two tubings with different IDs (0.25
and 1.5 mm), as illustrated in Fig. 1. We optimized the platform to
operate at 15 and 100 pLmin~! based on the minimum oil spacing and
the number of plugs that can be merged during the transition from small
to wider tubing. We observed that for the higher flow rate, the oil
spacing is large for merging. To solve this problem, in experiments with
100 pLmin~?, solutions were chemically modified by TWEEN20 to
reduce the distance between the plugs as they flow inside the tubing
[33]. Up to three plugs can be merged at 100 pLmin !, while 8 plugs can
be merged at 15 mein’1 (Table S1). For more details on the flow rate
selection and sample preparation, see Figure S1 and supporting infor-
mation sections 1 and 2. Similarly, the 1.5 mm tubing length was
adjusted to assemble, mix, and store at least 7 final sample plugs for a
multiplexing experiment with up to 14 conditions.

In step three, the merged plugs are mixed to obtain a homogenous
mixture within the final sample plug, resulting in a uniform droplet
population. The 3-way valve is switched to connect the two 1.5 mm
tubing segments to perform the mixing via oscillatory segmented flow
generated through a programmed syringe pump (Fig. 2a). In this
approach, two axisymmetric recirculation zones are formed inside the
liquid plug to enhance the mixing of the solute molecules [34]. We have
investigated the mixing efficiency for 10-uL plugs (merged plugs of
phosphate buffer saline (PBS) and 6-carboxyfluorescein at different ra-
tios) by analyzing the variation in the mean intensity of the subsequently
generated droplet population. Four different concentrations were made
each having four plug replicates. We used 1000 cycles of 500 ms for
mixing the samples with a flow rate of 1000 pLmin'. The plug volume
has an impact on the length of the plug and the required number of
mixing cycles: the lower the volume, the faster the mixing process. Also,
the reagent’s properties, such as density, viscosity, and hydrophobicity,
play an important role in defining the necessary cycle number for mix-
ing. Fig. 2b shows the droplet populations intensity histogram generated
from 10-pL sample plugs utilizing an optimized chip design (see sup-
porting information section 3; Figs. S2-3). The average variation in the

green fluorescence intensity of droplets is below 10 %, which signifies
an efficient mixing within a 10-uL plug using the defined mixing pa-
rameters. After mixing, samples are used for droplet generation (step 4
in Fig. 1, Fig. 2¢-d).

3.2. Prevention of cross-contamination and automated droplet collection

In our platform, we are using a single microfluidic chip for droplet
generation from multiple conditions. During the transport in the chan-
nel, reagent residue can be left behind by the previous sample, which
can contaminate the subsequent sample. Thus, cross-contamination
must be avoided and minimized as it can lead to imprecise assay out-
comes. To investigate the cross-contamination possibility in our plat-
form, we generated a two-member droplet library of PBS sample plugs
color-coded with red and green fluorescence dyes. In the scatter plot,
there are droplets with intermediate intensities showing contamination
from the other dye (Fig. 3a). In a second experiment, we introduced a
wash-plug of pure PBS between the samples aiming to clean the
microfluidic chip. These wash-plugs significantly reduced the cross-
contamination (Fig. 3b). However, while wash-plugs clean the chip,
they also produce undesired droplets. To avoid these droplets, we
developed an automatic droplet collection set-up (Step 5 in Fig. 1).

The set-up uses an optical counter[35] on the observation micro-
scope during droplet generation alongside an electromagnetic valve
(Multiplexer flow matrix, Elveflow) controlling the outlets of the
microfluidic chip. Using the set-up, a custom-written LabVIEW software
switches between the collection and waste outlets using three parame-
ters: time-spacing between the main samples, the lower and upper
counter thresholds. Working flow rate defines time-spacing. The upper
and lower counter thresholds define the number of droplets to be
ignored initially and collected, respectively, and are dependent on the
sample volume and the target size of each droplet population.

In our experiments, we generated several 10-uL final sample plugs,
and at 15 pLmin ", the time-spacing is around 75 seconds. After droplet
generation, we ignored all wash-plug droplets and the first 2000
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Fig. 2. (a) Schematic of mixing process within the tubing. The oscillatory fluid flow generated by programming the syringe pump promotes the mixing. (b) Green
fluorescence intensities from four distinct droplet populations generated from the mixed plugs exhibited an average coefficient of variation of 6.15 %, indicating an
effective mixing (n= 5223). (c) Brightfield image of droplets generated from a 2-uL sample (scale bar = 50 pm). (d) Distribution of droplet diameters, indicating
monodisperse population produced by the optimized chip with a CV = 4.98 % (n =562).

droplets of each sample. Then, we collected between 45 and 60 thousand
droplets per sample (see supporting information section 4). Fig. 3d
shows the intensity scatter plot of the two-member droplet library using
the automated collection of droplets. This result indicates that the
automated collection of droplets can successfully collect the desired
droplets with a 99.96 % efficiency.

3.3. Droplet encoding and decoding

In previous applications with limited library size and throughput
[13], sample droplets are typically temporally encoded in an integrated
chip design so that the analysis sequence identifies the different exper-
imental conditions. Conversely, multiplexed droplets collection for
off-chip incubation, which is a central aspect of all our microbiological
applications, will change the order of droplets and make it impossible to
analyze the assay for different conditions. Thus, it is essential to
implement proper coding strategies to take advantage of the full ca-
pacity of high-throughput droplet microfluidics. To encode the multi-
plexed droplet populations, four fluorescence dyes were used: Red,
Green, Far-red, and Blue. For each dye, we have chosen two different
initial stock concentrations, with the ‘higher’ concentration set at least
five times higher than the ‘lower’. From each stock concentration loaded
in wells of the liquid sampler, we produced 10-uL plugs of three
sub-concentrations (0.25X, 0.5X, 0.75X) of the initial dye concentrations
by merging and mixing with other plugs as described above. The con-
centrations were carefully selected so that for a fixed camera exposure
time and light source excitation power, the final six intensities lie within

the detection limit and are distinguishable in an 8 or 16-bit image. Using
four dyes and only the single-color shade, we can produce a 24-member
(4 dyes X 6 concentrations) library.

Next, we generated 10-pL final samples with every pairwise combi-
nation of two dyes at the three sub-concentrations. Using this approach
and a fixed sample volume of 10-pL, 24 (see Figure S4 and supporting
information section 5 for detailed calculations) and 144 codes with four
dyes at pairwise combination (6x24 codes) can be realized.

To establish the decoding pipeline, 24 pairwise combinations for
each pair of dyes were generated and collected separately. Droplets were
imaged in their corresponding fluorescence channels (Fig. 4a). Using a
Python script (see supporting information section 7), droplets were
identified in every image, and the mean intensity for every single droplet
was measured to identify individual droplet populations. Figure S5
shows the intensity histogram for every dye for two stock concentra-
tions. To identify the different droplet populations, we used density-
based spatial clustering of applications with noise (DBSCAN) [36].
DBSCAN will identify the dense regions or clusters within every com-
bination and eliminate the noise from the droplet library (Fig. 4b). The
noise sources in our experiments are due to droplet fusion or splitting
during transport. These sources cause either shifts from the cluster
center or mixed intensity populations that are contrary to the color code
construction. We could achieve 144 fluorescence codes using pair-wise
combinations of single-color intensities plus one population without
fluorescence dye. Adding the single-color pallet (Figure S5) will increase
the coding possibility to 169 fluorescence barcodes.

However, DBSCAN becomes unreliable once the distance between
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Fig. 3. (a) Scatter plot representing two droplet populations generated consecutively through the microfluidic chip (n = 3104). The residual contamination from the
previous sample impacts the subsequent droplet generation, resulting in contamination with both fluorescent dyes. (b) The introduction of wash-plugs between each
sample reduces the cross-contamination by cleaning the chip; however, intermediate droplets (cloud 3) are still collected (n = 1757). (c) The overlayed fluorescence
and brightfield image of a two-member droplet library, collected using the automated droplet collection set-up. (d) Scatter plot of droplets collected by employing the
automated droplet collection segment, which eliminates the collection of intermediate droplets with an accuracy of 99.96 % (n = 2415).

clusters differs. As in our case, for the lowest initial dye concentration,
clusters are closer together than for the highest. This requires multiple
DBSCAN rounds, and fine-tuning algorithm parameters to identify all
clusters each time. Moreover, if fewer droplets are present for a certain
condition, the DBSCAN may overlook that condition due to a smaller
sample size. To avoid these efforts for each experiment and to have a
robust analysis pipeline, we have developed a machine learning model
(see supporting information section 7). The model is trained using the
DBSCAN clustering results and identifies the conditions in two steps.
First, it identifies the color combinations, and second, the color-codes
used for each combination. To show the applicability of the model, we
prepared a library of 24 fluorescence codes by mixing droplets of blue-
far-red and green-red combinations (Fig. 5a). Using the model, the color
combinations are identified, and the used optical codes are detected.
Figure S6 shows the confusion matrix of the model for identification of
the combinations at an accuracy of more than 99.7 % (Table S2). In
Fig. 5b, using t-distributed stochastic neighbor embedding (t-SNE),
fluorescence barcodes in the 24-member library are visualized in a 2D
scatter plot.

It should be emphasized that the 169 fluorescence barcodes is the
available coding space to choose from for an experiment, which can be
restricted by fluorescence channels being required for the assay [5,37].
Therefore, a reasonable final library size will be determined by the assay
requirements. Even with two coding-colors, library sizes of 24-36
members are possible. The four-color coding set-up allows the user to
choose the best colors with the least interference with assay
measurements.

Besides the coding space, the time required to compose the target

library is a critical factor, which is determined by the operation flow rate
and the number of reagents required for library preparation. In our ex-
periments, we have used 15 pLmin ! as the operating flow rate. At this
flow rate, we can merge up to eight reagents, which results in around
one hour of operation time for 12 conditions (Fig. 1 steps 1-5, Table S1).
However, if fewer reagents are required, we can use faster flow rates,
resulting in lower preparation times. Table S1 shows the required
preparation time for 12 multiplexed samples with different flow rates for
the range of available reagents. We also calculated the maximum droplet
library size that could be prepared in 2 hours at the different flow rates
to provide an overview of the technology’s capacity for experiments
where the microbial inoculum is used, i.e., sample preparation should be
faster than the lag-phase of the microbial growth. The range lies be-
tween 27 conditions at 15 uLmin ! and 42 conditions at 100 pLmin .
Additionally, if necessary, multiplexed droplet populations can be pro-
duced without the time-sensitive biological/chemical sample. The bio-
logical/chemical sample can be later introduced to each droplet by pico-
injection at a high frequency (1 kHz) [38]. Moreover, the presented
coding strategy enables the integration of the droplet library to various
analysis techniques, such as fluorescence-activated droplet sorting [7,
39], mass-spectrometry [40], fluorescence microscopy, and optical
spectroscopy approaches.

3.4. Antibiotic susceptibility assay
To validate the applicability of the multiplexing platform, we per-

formed an antibiotic susceptibility assay with an E. coli JW992 strain
against four antibiotics. This strain has been well studied for its
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Fig. 4. (a) Fluorescence images of each pairwise combination containing 24 color codes. To identify barcoded droplet populations, intensities of the raw data from
each color-code combination are extracted (at least 4078 droplets per pairwise combination) and analyzed using DBSCAN, which is visualized here as 2D scatter plots
in (b) representing individual color-coded populations within every pairwise library. The contours derived from kernel density estimation indicate the density

distribution of each cluster.

susceptibility in our previous work [18]. We included tetracycline hy-
drochloride (TET), ciprofloxacin hydrochloride (CIP), kanamycin sulfate
(KAN), and nalidixic acid (NA), knowing that this E. coli is susceptible to
two of these compounds (TET and CIP) within the tested range. We
produced a 25-member library of 10-uL plugs in two runs (total as-
sembly time ~2 hours).

Using the platform, bacterial cells were encapsulated with six con-
centrations of each antibiotic from one stock concentration. Also, one
control population without antibiotics was produced. After supervised

droplet generation, the droplet library was dynamically incubated for
8 hours [41], and a sub-sample of droplets was imaged for growth
analysis and decoding (see supporting information section 7 for more
detail).

Using the analysis pipeline, we could automatically identify the color
codes (Fig. 6¢-d). Accordingly, we analyzed the growth inside every
droplet of each population (see supporting information section 7). The
growth analysis scatter plot (Figure S7) in the control population in-
dicates two separate populations: empty and growth-exhibiting



A. Samimi et al. Sensors and Actuators: B. Chemical 417 (2024) 136162

a) b) 75 1 e (s
50 - 2 o
& @, . g
5 25 1 "z 3 -
= .
< © @)
E 0 ® '
o (21)
[an] i \
< @)
_50 . ““@ .
» & “[E] )
~75 1 -
-75 -50 -25 0 25 50 75

t-SNE dimension 1

Fig. 5. (a) Fluorescence image of a 24-member droplet library (scale bar = 100 pm). 12 codes from each of the blue-far-red and green-red combinations were mixed.
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Fig. 6. An antibiotic susceptibility assay for E. coli was designed to investigate the platform’s applicability in microbiological applications. In (a), the brightfield
image (after incubation) is utilized in the analysis pipeline for growth quantification. (b) Represents the original image of three exemplary droplets (top) alongside
the final binary image (bottom) that have undergone image processing steps. Growth is quantified by measuring the area of the white pixels and normalizing it to the
droplet area. (c) Shows the merged fluorescence image in four channels that are used color code identification within the experiment. Using the machine learning
model, 25 color codes are identified, and t-SNE plot is presented in (d) for one biological replicate (n = 7533 droplets).
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droplets. Using this information, we set a threshold (= 15, see sup-
porting information section 7) on the growth analysis values to identify
growth-exhibiting droplets in other populations. We then introduced the
growth score as the mean growth of a population considering the droplet
occupancy to have an accurate growth analysis (see supporting infor-
mation section 7). Fig. 7a-d show the histogram of the normalized
growth score for each antibiotic.

We defined susceptible antibiotics to result in over 95 % reduction of
the normalized growth score (Figure S8) when comparing the highest
antibiotic concentration to the control. This classification is necessary
for MIC calculations as they are only valid for susceptible antibiotics.
Next, the normalized growth score bar plots were analyzed to determine
the MIC by fitting a nonlinear dose-response curve. With this
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information, MICs were determined for TET and CIP to be 1.01 and 0.11
pgmL L, respectively (Fig. 7e-f, Table $3), with the MIC criteria set to a
95 % reduction in the growth score of the fitted curve. The MIC fits
within the MIC quality range (2-fold dilution range from MIC) deter-
mined using a traditional microtiter plate experiment (0.0625 pgml™?
for CIP (Figs. S9) and 2 pgml’1 for TET [18]), which validates the
method for determining the MIC.

It has been shown that depending on the physiochemical properties
of the antibiotic, antibiotic concentration, and droplets distance, anti-
biotics may leak between droplets [42]. Therefore, it is necessary to
identify the properties of all antibiotics beforehand and utilize proper
control conditions in the experiment to ensure precise assay outcomes.
For our strain, no inhibition in the control population was observed, and
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Fig. 7. Growth within each droplet of different color-codes is quantified through the analysis pipeline. To account for the analysis of a small sample size within a
large library population (7533 or 14,084 out of nearly 1 million droplets in replicate 1 and 2, respectively), the growth score is introduced to normalize the effect for
every condition. (a), (b), (c), and (d) show bar plots of normalized growth scores for the two biological replicates of E. coli cultivations with different concentrations
of Nalidixic acid, Kanamycin, Tetracycline, and Ciprofloxacin, respectively. In (e) and (f), sigmoidal fit results of two biological replicates of Ciprofloxacin and
Tetracycline are shown, respectively. A 95 % reduction in the fitted curve is considered the minimum inhibitory concentration for each antibiotic, with values of 1.01
and 0.11 pgmL ™! for Tetracycline and Giprofloxacin, respectively. Error bars represent the standard error in the mean.
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the MIC results were reliable. For this experiment, we consider possible
leakage effects irrelevant, but validating this is crucial for every oper-
ation. The reported assay underscores the capabilities of the platform
from multiplexing experimental conditions to analysis of the complex
datasets with profound implications for advanced microbiological
experimentations.

4. Conclusions

We present a platform for on-demand multiplexed sample prepara-
tion in an automated manner. Cross-contamination-free mono-disperse
picolitre droplet libraries were realized using the platform from sample
plug volumes ranging from 2 to 10 pl. We have developed a flexible
coding space with up to 169 optical barcodes to simultaneously study
different experimental conditions in droplet-based microfluidics. A
robust de-coding machine learning model was developed to effectively
identify the color codes within a droplet library. Furthermore, the
platform was successfully demonstrated to perform an antibiotic sus-
ceptibility assay and determine MIC concentrations with E. coli as a
model strain.

In our experiments, microscopy was the measurement approach of
droplet content. This means we only sample a small portion of the
droplet library to evaluate the experimental conditions. However, we
also developed an optofluidic measurement technique[39,43] to analyze
the droplet content at high-speed inflow (up to 1 kHz). Integrating the
platform into this technology will significantly increase the accuracy of
analysis by increasing the analysis throughput. However, the data
analysis of many conditions, especially when coupled with brightfield
image analysis for growth, is still challenging and is only possible at a
slower rate. In our future work, we aim to integrate the platform with
optofluidic measurements and enable real-time data analysis. Also, to
improve the time throughput for droplet generation, multiple Mitos
units or smaller final plugs can be used depending on the microbiolog-
ical needs. In addition, the tubing length can be increased to maximize
the number of plugs stored and mixed. We envision the presented
platform will become a significant approach for microbiological appli-
cations, including combinatorial drug discovery, antibiotic resistance
studies, assay optimization, and novel natural product screening, by
integrating various experimental conditions in droplet cultivation ex-
periments. For instance, microbial communities from a natural envi-
ronment can be simultaneously assessed in various conditions, e.g.,
growth media, and certain microbial communities can be selected and
screened for novel natural products. Moreover, metagenomic ap-
proaches enable profiling the functional potential of these communities.
Therefore, the platform enhances the capabilities of microbiological
research in understanding the functional diversity of the microbial
world.
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