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High-throughput, combinatorial droplet
generation by sequential sprayingf

Rena Fukuda @ * and Nate J. Cira®

Advancements in bulk and microfluidic emulsion methodologies have enabled highly efficient, high-
throughput implementations of biochemical assays. Spray-based techniques offer rapid generation, droplet
immobilization, and accessibility, but remain relatively underutilized, likely because they result in random

and polydisperse droplets. However, the polydisperse characteristic can be leveraged; at sufficiently high

Received 7th August 2024,
Accepted 26th November 2024

DOI: 10.1039/d4lc00656a

droplet numbers, sequential sprays will generate mixed droplets which effectively populate a combinatorial
space. In this paper, we present a method involving the sequential spraying and mixing of solutions
encoded with fluorophores. This generates combinatorial droplets with quantifiable concentrations that

can be imaged over time. To demonstrate the method's performance and utility, we use it to investigate

rsc.li/loc

1. Introduction

The discretization of bulk liquids into smaller reaction
volumes has been a key development in biochemical research.
Conventional manual pipetting into tubes or microtiter plates
is simple, accessible, and allows easy tracking of reactions.
However, it is labor intensive and restricted in its
miniaturization, limiting high-throughput investigation. In
contrast, bulk emulsions are high throughput and relatively
simple to generate. Bulk emulsions are typically composed of
aqueous droplets suspended in a continuous oil phase,
traditionally produced through bulk homogenization or
injection." Bulk emulsions can generate 10° to 10'° samples
with lower time and reagent costs per reaction than pipetting.
They have been employed for single-cell microbial isolation’?*
and antibiotic susceptibility screening,® as well as more
involved protocols such as emulsion polymerase chain
reaction (PCR)* and sequencing.” However, manipulation of
bulk emulsions is limited as controlled droplet merging is
difficult, hindering their application in combinatorial studies.
In addition, droplets are polydisperse, which could introduce
biases, and are not fixed in space, requiring instrumentation
to immobilize and track droplets over time.

Emulsion  microfluidics, which use microfluidic
techniques to generate emulsion droplets, has many
advantages over bulk emulsions, such as the rapid

production of monodisperse droplets and reduced sample
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synergistic and antagonistic pairwise antibiotic interactions.

and reagent consumption.® Microfluidic emulsion techniques
have been widely adopted for various applications, including
droplet digital PCR” and single-cell sequencing.®® Several
studies have utilized optical (such as fluorescence encoding)
or bead indexing'®'" to track reactions to capture dose-
dependent responses'> and to perform combinatorial
investigations, such as antibiotic synergism and antagonism
assays.”>  However, many high-throughput droplet
microfluidics techniques require skilled fabrication and
involve multiple devices for droplet generation, recovery, and
readout. While some techniques from bulk emulsions have
been implemented to simplify droplet production,'* their use
in multi-component studies has been limited due to
persisting challenges in droplet manipulation and tracking.
Templated emulsions in bulk'® are useful for associating
nucleic acid sequences with each other for single-cell
genomics but are less immediately applicable to encoding
different compositions across continuous combinatorial
concentration spaces. Alternatively, stationary platforms such
as microdroplet arrays'® offer spatial discretization and ease
of manipulation, but often require intensive, specialized
fabrication."”” The trade-off between precise component
mixing and ease of droplet generation makes high-
throughput, combinatorial experimentation inaccessible to
many laboratories.

Spraying-based stationary methods provide a promising
alternative, where droplets are deposited from a spray nozzle
onto a substrate. Adoption of spray-based methods dates to
the mid-20th century®® but has been confined mainly to one-
component systems.'® However, we noted that higher order
component spaces are readily available through spraying. We
propose using sequential sprays to create random droplets

This journal is © The Royal Society of Chemistry 2025
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which, in sufficient numbers, will tile a desired
combinatorial space. By coupling component concentration
to fluorescent intensity, and measuring the fluorescence after
merging, we obviate the need for precisely controlled
merging mechanisms. We present an accessible, high-
throughput protocol which leverages sequential sprays to
rapidly perform combinatorial We also
demonstrate its utility for biochemical experimentation by

experiments.

performing checkerboard analyses for antibiotic pairs.

2. Results and discussion
2.1 Method overview

The core of this workflow involves spraying optically encoded
solutions onto a substrate for efficient, high-throughput
generation of combinatorial droplets. These droplets are
optically interrogated, allowing for determination of the
input component concentrations. The droplets are also
monitored over time with a functional readout.

2.2 Implementation

In our implementation, we first prepared the reaction
components. We then mixed all but one of the reaction
components with a distinct, inert fluorophore at a known
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concentration. We then sprayed one of these solutions on a
treated surface, generating droplets of variable sizes. Next, we
then sprayed a second solution, which generated more
droplets, a portion of which coalesced with existing droplets
to create random mixtures (Fig. 1a). This process was
repeated for the chosen number of solutions to form droplets
of differing sizes and random concentrations. Then, we
immersed the droplets in oil to prevent evaporation (Fig. 1a
and Video S1t), immobilizing the droplets on the substrate
over the time course of an experiment.

This procedure generates many droplets of differing
concentrations, which tile a combinatorial space. It is
essential to accurately obtain the component concentrations.
Here, we use a method that relies on assuming a spherical
cap geometry and a constant droplet contact angle. Under
these assumptions, droplet geometries are similar, and we
can calculate the droplet height - the length of the light path
- from the projected droplet diameter (Fig. 1b and 2a).

Knowing the droplet height, and assuming that
concentration is proportional to fluorescence, we calculate
each component's concentration from their respective

fluorescence intensity. Here we used concentrations within
the linear range. At very low fluorophore concentrations, the
intensities reach the noise floor of the imaging setup, while
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Fig. 1 Components are encoded with fluorophores and sprayed sequentially, forming droplets with random concentrations. Fluorescence
imaging enables the calculation of concentrations while darkfield enables phenotypic readout. (a) Schematic of droplet generation procedure,
where components are sequentially sprayed on slides treated with FOTS, then immersed in FC-40 oil. (b) Schematic of analysis procedure, where
fluorescence images (middle left, bottom left) encode component concentrations while darkfield images (top) encode microbial growth.
Fluorescence intensities are normalized by the projected droplet diameter, D, to obtain concentrations, C. The change in darkfield intensity is
normalized by droplet diameter to calculate normalized growth. Concentrations and growth are mapped to interrogate parameter spaces. Scale
bar represents 500 um. Fluorescence images are contrast-enhanced for viewing.
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Fig. 2 The workflow was validated for precision, dynamic range, throughput, and volume distribution. (a) Assuming spherical cap geometry, we
calculated the expected droplet height across a range of assumed contact angles. Then, we calculated the droplet height if the assumed contact
angle was off by +1° and 15°. Plotting theoretical percent deviation in calculated height against contact angle demonstrates that higher contact
angles are more robust to noise. (b) For chosen fluorophores at chosen concentrations, intensity varies linearly with diameter. 1x is defined as 10
mg ml™* fluorescein and 1 mg ml™ Alexa Fluor 594. (c) Fractional deviation from the line of best fit from (b), with moving averages of 50 samples.
Errors are larger at lower diameters, leading us to impose a cut-off at 150 um. (d) Coefficient of variation of each concentration from (b), using a
threshold diameter of 150 um. Fluorescein has an average CV of 9.0%, while Alexa Fluor 594 has an average CV of 7.2%. (e) For chosen
fluorophores at chosen concentration ranges, intensity normalized by diameter varies proportionally with concentration. Each point is derived
from the slopes in (b). Dashed lines represent 95% confidence intervals. (f) Distribution of droplet volume, computed from diameter. The vertical
line represents the volume associated with the threshold at 150 um. (g) Throughput distribution for one experiment, displaying all droplets that

pass the image analysis pipeline, except for the size filter.

at high concentrations, the linearity breaks due to the inner
filter effect. Both effects can be seen in Fig. S1.f Future work
could apply alternative curve-fitting methods to nonlinear
regions, provided the function remains
expanding the range of detectable concentrations.
Next, we calculated the error associated with this method
if the contact angle is not constant (Fig. 2a). Droplets on
non-ideal surfaces typically exhibit some variation in contact
angle due to hysteresis.>*® From simple geometric
considerations we can see that a higher contact angle is more
robust against the effects of hysteresis, as evidenced by the
small associated error in volume when noise is introduced
(Fig. 2a). Thus, we screened for oils, surfaces, and surface
treatments that provided high, consistent contact angles,
were compatible with the fluorophores, effectively prevented
droplet evaporation, and kept droplets immobilized on the
surface (Table S1}). After screening through multiple oil-
surface-treatment combinations, we found that glass
silanized with trichloro(1H,1H,1H,2H,2H-perfluorooctyl)silane
(FOTS) and the fluorinated oil Fluorinert FC-40 provided a
consistent contact angle. This consistency is reflected in the

one-to-one,
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linear relationship between fluorescence intensity and the
measured droplet diameter for fluorophores at constant
concentration, which was used to normalize intensity in
subsequent experiments (Fig. 2b). We also confirmed that the
normalized intensity was proportional to concentration
(Fig. 2e). Finally, we validated that the FOTS and FC-40
combination produced droplets that do not shrink or move
for at least 12 hours (Video S2t). Other oil-surface treatment
combinations did lead to shrinking (Video S3 and Table S1+),
as did insufficient oil volume (Video S4 and Table S1f).
Lastly, high-throughput experiments need corresponding
high-throughput readouts. Here, we used time course
darkfield imaging to quantify microbial growth (Fig. 1b). This
system allowed easy measurement of phenotypic responses to
multicomponent combinations.

2.3 Method performance

We assessed the method for concentration readout precision
and accuracy, ease of use, throughput, and dynamic range.
First, we evaluated the precision of this method

This journal is © The Royal Society of Chemistry 2025
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experimentally by generating single-component droplets of
known fluorophore concentrations. Here, we show the
fractional deviation from fit (Fig. 2c and S27), calculated from
the data in Fig. 2b. This metric is calculated by taking the
difference between a droplet's measured intensity and its
theoretical intensity (predicted from the diameter-based line
of best fit), and then dividing this difference by the
theoretical intensity. This metric allows us to visualize the
error associated with each droplet. Plotting the fractional
deviation from fit against diameter, we see that errors are
largest for small diameter droplets, leading us to establish a
cut-off where droplets below 150 um diameter are omitted
from analysis (Fig. 2c and S2t). Using larger droplets also
mitigates the impact of any volume loss, which happens
before the droplets are immersed in oil (Methods, Videos S5
and S6t). Establishing a size cut-off is a balance between the
number of droplets sampled and the expected error in
concentration for the smaller droplets; a lower threshold has
higher sampling with higher error, and vice versa.

After establishing the cut-off, we calculated the coefficient
of variation (CV, the standard deviation divided by the
mean) of intensity/diameter for each concentration. As a
summary statistic, the CV is commonly used to quantify
precision in volume or concentration of liquid handling
methods. For droplets above the threshold, we obtained an
average CV of 9.0% for fluorescein and 7.2% for Alexa Fluor
594 (Fig. 2d and S3-S5f). This is comparable to other
widely-used liquid handling methods; CVs for manual
pipetting average 5.7% for 10 uL volumes,*! and are above
10% for volumes <1 pl,>* while CVs for robotic pipetting
have been measured at around 10.5% for 3 pL volumes.??
There are low-volume methods for generating multiple
concentrations that are more precise—such as robotic
pipettors capable of precise nanoliter handling (5% CV for
50 nL,>* 5.5% CV for 10 uL*), and certain microfluidic
systems (3.6% CV for dilutions in 1 pL droplets®®). However,
these options often come with significant cost and
equipment demands. In contrast, spray droplet generation
offers a more accessible alternative.

The required precision for any experiment should be
considered when selecting the liquid handling method. CVs
in this range indicate that the inferred concentration of
most droplets will fall within several percent of expected.
Classically, the histogram of deviations often follows a
classic bell-shaped curve, as is the case here (Fig. S4 and
S5t). This error profile has occasional droplets with much
higher deviations. In many assays, other sources of noise
(e.g. biological noise) will dominate the noise in the final
assay, and better liquid handling precision is not required.
In cases where more precision is required, including
replicates can average out noise associated with liquid
handling (and other) noise sources. This method makes it
easy to generate a large number of droplets, which can be
used for averaging when needed. Potential strategies to
further reduce the CV are covered in alternative
implementations.

This journal is © The Royal Society of Chemistry 2025
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Next, we interrogated accuracy. We demonstrate that
normalized intensities correlate linearly with concentration
within this range (Fig. 2e). The linearity, representative of the
concentration readout accuracy, allows us to read out
concentrations from known intensity and diameter in
subsequent experiments. In addition, we wanted to ensure
that the method could rapidly perform high-throughput
experiments and could cover a wide range of concentrations.
The generation of droplets took less than ten seconds,
underscoring the method's ability to increase throughput
(Video S1}). We generated an average of 442 droplets per
square centimeter (Fig. 2g). After the size-based filtering, the
average droplet volume was 6.74 nL (Fig. 2f). This density
and average volume can easily be manipulated by changing
the distance between the spray and the substrate, while
throughput can be increased simply by imaging a larger area.
Therefore, one can easily capture tens or hundreds of
thousands of reactions per experiment. The dynamic range of
the platform is defined by two key factors: the range of
concentrations present after sequential spraying and the
ability to measure the concentrations. While the latter is a
function of the fluorophore concentration and the imaging
system, the former depends on the number of droplets
sampled and the droplet size distribution from the spray.
Droplets have a volume range spanning several orders of
magnitude (Fig. 2f), permitting a large dynamic range from
merged droplet combinations. Due to the random merging
process, the dynamic range can be increased simply by
increasing sampling. These metrics demonstrate that the
spray method allows for examination of combinatorial spaces
at high resolution.

2.4 Capability for biotic experimentation

Previous spray droplet methods have primarily been limited to
systems without living cells. Therefore, we wanted to confirm
our method's compatibility with biotic experimentation and
assess whether the polydispersity of droplets resulted in
biological biases. To do so, we inoculated media with Escherichia
coli and generated droplets. We used darkfield imaging to
monitor microbial growth, quantified by an increase in intensity
of scattered light (Fig. 3a).

We first discuss cell loading into droplets. Assuming the
spray solution is well mixed, the number of starting cells in
each droplet should follow a Poisson distribution. A feature
of Poissonian loading is that the exact number of cells in
any droplet is not known and the fractional uncertainty in
cell count increases as the average number of cells per
droplet goes down. We loaded a concentration of 1.32 x 10’
cells per ml which corresponds to 89 cells per droplet for
droplets of average volume and 17 cells per droplet for the
smallest droplets at the 150 pum size threshold. Thus we
would expect a standard deviation of 9.4 cells, or 10% of
the number of cells in the average droplet, and 4.1, or 24%
of the number of cells in the small droplets. In applications
that are sensitive to the concentration of cells, cells should

Lab Chip, 2025, 25, 1502-1511 | 1505
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Fig. 3 Darkfield imaging enables the monitoring of microbial growth in spray droplets. Scale bar represents 500 um. (a) Darkfield imaging over
time demonstrates increased turbidity indicative of microbial growth. (b) Change in darkfield intensity over eight hours. (c) Change in darkfield
intensity, normalized by droplet size. (d) Growth at t = 8 hours demonstrates a linear relationship with diameter for droplets above 150 pm cut-off,
with a CV of 14% in intensity/diameter for droplets in this region. (e) Percent deviation from the line of best fit from (c), with a moving average of

window size 50.

be loaded at a high enough density to ensure a high
enough count for a sufficiently consistent starting
concentration, or cells should be experimentally counted
within each droplet to ensure the target concentrations are
reached.

To quantify the noise in our data, we created growth
curves for each droplet, which display clear growth over
eight hours (Fig. 3b). As expected, the growth curves plotted
from raw darkfield intensity were variable for polydisperse
droplets (Fig. 3b). To compensate for this variability, we
normalized darkfield intensity by droplet diameter (Fig. 3c),
following how we normalized fluorescence intensity. We
observe high variation in normalized intensity at earlier
time points (Fig. 3c) and for smaller droplets (Fig. 3e and
S61). This variability is the result of several factors,
including variation in volume as quantified in Fig. 2 and
variation due to Poissonian loading of cells, as covered
above. Additionally, growth characteristics (lag times and
growth rates)”’>° of individual cells are known to vary
substantially, such that small collections of cells are likely
to display variability in their growth kinetics. Furthermore,
imaging of smaller and lower intensity droplets is more
susceptible to noise. The masking procedure calculates
intensity using a smaller droplet mask with a proportionally
reduced diameter relative to the measured diameter. As a
result, smaller droplets at lower intensities are more

1506 | Lab Chip, 2025, 25, 1502-1511

susceptible to edge effects, leading to increased variability,
particularly at earlier time points.

Despite the initial variability, we observe significantly
reduced variation in normalized intensity as the microbes
exit exponential growth and reach saturation, depicted in
the non-linear plateau region in Fig. 3c. Similar findings
hold for longer experiments (Fig. S71). The normalized
change in intensity over eight hours of growth against
droplet diameter showed a strong linear relationship
(Fig. 3d), indicating that cells reached a similar final
concentration. In addition, we examined the influence of
droplet size on the deviation from this proportionality
(Fig. 3e). Similar to our findings with fluorescent controls,
the typical deviation was higher for small droplets,
motivating a size threshold, for which here we chose 150
pum. This resulted in a CV of 14% for the normalized
endpoint intensity for droplets in this region, which is of
the same order of magnitude as the percent errors
associated with the fluorophores (Fig. 2b and c). As a result,
we determined that for sufficiently large droplets,
polydispersity introduces minimal biases in final cell
concentration with this approach. We proceeded to use this
normalization method for subsequent assays. It is possible
to tune the average number of E. coli per droplet by
changing the spraying parameters and the concentration of

E. coli. Lower cell concentrations result in higher

This journal is © The Royal Society of Chemistry 2025
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stochasticity in initial cell concentration, while higher cell
concentrations can require higher concentrations of
antibiotics to inhibit growth.>**!

2.5 Antibiotic synergism and antagonism assay

Antibiotic combination therapies are promising for multi-
resistant and severe infections® and are the clinical standard
of care for tuberculosis®*** and enterococcal infections.*®
Combination therapies not only reduce the probability of the
emergence of multi-drug resistant strains by targeting
multiple mechanisms but can also exhibit synergism.
Antibiotic combinations are synergistic if their combined
efficacy exceeds the additive efficacies of their constituents.
However, some antibiotics can act antagonistically and
reduce each other's efficacies. To facilitate the screening of
effective combination therapies, we performed synergism and
antagonism assays as a proof-of-concept for the proposed
method.

Antibiotic pairs were chosen following a preliminary well
plate screen, selecting for understudied, water-soluble
antibiotic pairs. E. coli strains have demonstrated synergism
between vancomycin and tobramycin, though the exact
mechanism of action is unknown.*® Vancomycin and
linezolid have demonstrated antagonism in Gram-positive
microbes, hypothesized due to the bactericidal activity of

View Article Online
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vancomycin being inhibited by the bacteriostatic mechanism
of linezolid.>” Well plate screens confirmed synergism
between vancomycin and tobramycin, as well as antagonism
between vancomycin and linezolid (Fig. S87).

In the spray implementation of the synergism and
antagonism assays, the vancomycin concentration was
encoded with fluorescein, while tobramycin and linezolid
concentrations were encoded with Alexa Fluor 594 (Fig. 4a).
Cells were added at a fixed initial concentration to all
components to ensure comparable initial cell concentrations
across droplets. Microbial growth was monitored by
darkfield microscopy and normalized by droplet height.
Individual dose-response curves were generated for each
antibiotic by combining the singular antibiotic spray and
the inoculated media spray, the latter acting as a dilution
agent. The dose-response curves demonstrated agreement
across runs, as evidenced by the vancomycin curves
(Fig. 4b and c). In addition, we examined whether antibiotic
efficacies were impacted by droplet size, which would
undermine the validity of growth normalization. The
average dose response does not demonstrate dependency on
droplet size (Fig. 4b and c and S97).

The synergism and antagonism assays revealed distinct
pairwise isophenotypic contours, with concavity indicative of
their respective interactions (Fig. 4d).**?” Bliss scores of
vancomycin and tobramycin displayed clear dose-dependent
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Fig. 4 Spray droplets facilitate pairwise antibiotic synergism-antagonism assays. (a) Schematic of the experimental method. (b) Individual dose-
response curves for the synergism and (c) antagonism assays, colored by droplet volumes. Individual points represent one droplet each, while the
curve is a fitted Hill equation. (d) Checkerboard of normalized intensity for synergism (top) and antagonism (bottom) assays. (e) Checkerboard
analysis of pairwise synergism and (f) antagonism assays. Colors indicate Bliss scores, blue representing synergism and red representing

antagonism. Grayscale indicates counts per bin.
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synergism, while Bliss scores of vancomycin and linezolid
demonstrate sub-inhibitory antagonism (Fig. 4e and f). Both
are reflected in well plate results and previous literature
(Fig. S81).***” The produced droplets demonstrated
sufficient coverage of the three-component space to a
resolution of 1/14 for both the antagonism and synergism
assays. While the coverage profiles for the two assays are
different due to the stochasticity of the spray process, they
both successfully detect the interaction. The resulting data
contain over 5000 independent droplets surveyed. This
experiment demonstrates that the setup can accurately
capture individual antibiotic dose responses and assess the
synergism or antagonism contours.

2.6 Alternative implementations

While this sample workflow uses fluorescent dyes to encode
concentration and darkfield intensity to track microbial
growth, the core method of sequential spraying can be
adapted to numerous encoding strategies and readouts. For
example, discrete (e.g. beads) or a colorimetric encoding are
alternatives to fluorescent dyes, while a wide range of optical
techniques could be implemented for the readout, including
absorbance or morphological measurements. In addition, the
method to calculate droplet height can be changed, especially
in solution combinations which exhibit more hysteresis. One
potential method is to encode one dye or particle at constant
concentration relative to all components. Then, one could
assume the intensity of fluorescence of the constant
component is proportional to the length of the light path
(confirmed experimentally, Fig. 2b), and use it to calibrate
the height of the droplet. This, coupled with fluorescence
intensities in other channels, would enable the calculation of
other fluorophore concentrations for each droplet. However,
this method increases the number of fluorophores and the
degree of spectral overlap, making translation to higher order
search spaces more technically challenging. Finally, there are
many spray mechanisms that can be implemented. A more
controlled mist system may produce more replicable
concentration and droplet size distributions. The degree of
spray overlap, the droplet size distribution, and other
parameters can be tuned to achieve a different final
concentration distributions and sampling density. The
droplet size cut-off can be changed correspondingly to
balance the number of droplets sampled and the expected
error in concentration readouts.

3. Materials and methods
3.1 Glass surface treatment

Glass slides (2.5 cm by 2.5 cm) were cleaned with acetone
and water, followed by baking for 10 minutes at 80 °C. The
slides were then plasma treated for three minutes (Harrick
Plasma). After cleaning, the slides were silanized by vapor
deposition, by incubating glass in a vacuum with 100 pl of
trichloro(1H,1H,1H,2H,2H-perfluorooctyl)silane (FOTS, Sigma-
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Aldrich) overnight at room temperature. The slides were
baked for 2 hours at 80 °C to remove excess silane.

3.2 E. coli and reagent preparation for proof-of-concept
experiment

First, 15 mL of Luria Broth media (RPI Research Products)
was inoculated with an E. coli W3110 colony and incubated
overnight. The resulting culture was diluted to an ODggo of
0.0165. Next, three solutions were prepared, and each was
loaded into an individual spray bottle. Solution 1 contained
only the inoculated media. Solution 2 contained inoculated
media with 10 mg mL™ fluorescein sodium salt (Sigma-
Aldrich) and 500 ug mL™" vancomycin hydrochloride (VWR).
For the synergism assay, solution 3 contained inoculated
media with 1 mg mL™" Alexa Fluor 594 carboxylic
tris(triethylammonium) salt (Invitrogen) and 3.7 pg mL™"
tobramycin (RPI Research Products). For the antagonism
assay, tobramycin was replaced with 180 pg mL™ (S)-N-((3-(3-
fluoro-4-morpholinophenyl)-2-oxooxazolidin-5-yl)methyl)-
acetamide (linezolid, AmBeed). Antibiotics were introduced
immediately before loading into a sterilized 3 mL spray bottle
(Benecreat) and spraying.

3.3 Droplet generation and imaging

First, we loaded an OmniTrayplate™ with 30 mL of FC-40
(Sigma-Aldrich) and adhered double-sided tape to the non-
treated side of each slide. The tape can also be adhered to
to OmniTray™ if desired. Six spray
conducted in parallel, each on a separate treated glass slide:
(i) the positive control, which involved only the use of
solution 1, (ii, iii) the fluorescence calibration, using only
solution 2 or only solution 3, (iv, v) single antibiotic dose
response, using either solution 1 and 2 or solution 1 and 3,
and (vi) the synergism/antagonism assays, which involved
the use of all three solutions (solution 1, 2, and 3). The
solutions were sequentially sprayed onto treated glass; each
glass piece was sprayed four times from an approximate
distance of 20 cm. The number of times each component
was sprayed was equal for all components, except for the
synergism and antagonism assay where solution 1 was
sprayed twice, facilitating the sampling of different
dilutions. After spraying, each slide was gently loaded into
the oil and adhered to the OmniTray™ with tweezers. The
capillary forces between the droplets and the silanized glass
prevent droplet movement (Video S1f). Droplets within the
desired size range experience less than 10% reduction in
volume during the initial 40 seconds at 19 °C and 65%
relative humidity, during which one can easily generate
three-component droplets and immerse them in oil (Video
S51). The working time can be lengthened by introducing a
cooled plate below the sample (Video S6t) or increasing the
relative humidity at room temperature. Finally, we placed
the lid on the OmniTray™ and secured it on our
microscope stage (Nikon Eclipse Ti2) with foam tape to
further prevent movement. Fluorescence images

scenarios were

were
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captured using mCherry and GFP filter sets. We did not
image droplets around the edge of glass slide because the
edges are a less ideal surface, exhibiting more variable
contact angles. Initial darkfield images were obtained
immediately after droplet generation at chosen positions.
Droplets were incubated at 30 °C and imaged at specified
positions using darkfield every hour for 8 hours to monitor
bacterial growth.

3.4 Image analysis

The image analysis protocol utilized droplet masks generated
from the ¢ = 0 darkfield images to measure fluorescence and
darkfield intensities. Initial darkfield images were converted
into droplet masks using manually selected intensity
thresholds. The mask underwent size-based filtering
(diameter greater than 150 pm) and circularity filtering
(circularity greater than 0.99). The mask was used to assign
droplet identification number and measure droplet diameter.
The droplet diameter was converted into droplet height by
assuming a constant contact angle of 116 degrees. To
minimize the effect of aberrations at droplet edges, the
droplet mask was modified by reducing droplet radius by
10%. The modified mask was then applied to fluorescence
images to calculate average fluorescence intensity for each
droplet. The background fluorescence values were obtained
using the negative control. The background-subtracted
fluorescence intensity values obtained in fluorescence
calibration droplets were plotted against droplet height to
generate reference curves, with one curve for each
fluorophore. The reference curves were used to convert
background-subtracted fluorescence intensity of experimental
droplets into antibiotic concentrations. The background-
subtracted droplet fluorescence intensities were normalized
by the droplet diameter and the concentration was inferred
by linear interpolation from the reference data.

The modified mask was also applied to time course
darkfield images. Since the droplets remain stable over time,
the same mask may be used over the entire time course to
read out darkfield intensity. The positive control sample
(without any antibiotic or fluorophore) was used to generate
a reference curve, which plotted the change in darkfield
intensity against droplet height. Normalized growth was
calculated as the endpoint change in droplet intensity
divided by the corresponding endpoint change in intensity of
the positive control at the same diameter (Fig. S10t). All
analyses were conducted in MATLAB 2021a.

3.5 Antibiotic assays

Dose-response curves were generated from the single
antibiotic droplets (comprising either solution 1 and 2 or
solution 1 and 3) by fitting Hill equations to the normalized

growth plotted against the corresponding antibiotic
. . . 1
concentration. We used the Hill function y =—F——,
1+ (x/K)

where x are the calculated antibiotic concentrations and y are
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the measured normalized intensities. We fit the half-max
concentration (K) and the Hill coefficient (n)
experimental data. The fitted Hill curves were used to calculate
hypothetical percent inhibition of combined antibiotics
assuming that the antibiotics perform independently; these
values are known as the Bliss rate. The synergism/antagonism
assays produced data for percent inhibition at different
pairwise concentrations; these values were subtracted by the
corresponding Bliss rate to generate Bliss scores, a commonly
used synergism metric where negative values indicate
antagonism and positive values indicate synergism.**

to our

Conclusions

We have developed a rapid, accessible high-throughput
platform  for = combinatorial  experimentation  and
demonstrated its use in detecting antibiotic synergism and
antagonism. Unlike many existing microfluidic workflows,
this method does not require any specialized equipment
for droplet generation. Accessibility can be further
enhanced by replacing fluorescence microscopy with color
filter sheets and LED excitation or using colorimetric
encodings, while throughput can be improved by using a
larger glass slide and increasing the number of images
per slide. The method can be applied to a variety of
combinatorial experiments in materials science, chemistry,
and microbiology.
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