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KEY WORDS Abstract  Antimicrobial resistance (AMR) has become a global health crisis in need of novel solutions.
To this end, antibiotic combination therapies, which combine multiple antibiotics for treatment, have at-
tracted significant attention as a potential approach for combating AMR. To facilitate advances in anti-
biotic combination therapies, most notably in investigating antibiotic interactions and identifying
synergistic antibiotic combinations however, there remains a need for automated high-throughput plat-

Droplet microfluidics;
Antimicrobial resistance;
Antibiotic combinatorial

Cosnctraecetn;;ign,ting; forms that can create and examine antibiotic combinations on-demand, at scale, and with minimal reagent
Robotics; consumption. To address these challenges, we have developed a Robotic-Printed Combinatorial Droplet
Pharmaceutical analysis; (RoboDrop) platform by integrating a programmable droplet microfluidic device that generates antibiotic
High-throughput; combinations in nanoliter droplets in automation, a robotic arm that arranges the droplets in an array, and
Antibiotic interactions a camera that images the array of thousands of droplets in parallel. We further implement a resazurin-

based bacterial viability assay to accelerate our antibiotic combination testing. As a demonstration, we
use RoboDrop to corroborate two pairs of antibiotics with known interactions and subsequently identify
a new synergistic combination of cefsulodin, penicillin, and oxacillin against a model E. coli strain. We
therefore envision RoboDrop becoming a useful tool to efficiently identify new synergistic antibiotic
combinations toward combating AMR.
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1. Introduction

Antimicrobial resistance (AMR) has become a severe public
health concern. The US Centers for Disease Control and Preven-
tion (CDC) reports that over 2.8 million AMR infections occur in
the United States each year, resulting in more than 35,000 deaths'.
The incidence of bacterial resistance to commonly used antibiotics
and the emergence of multidrug-resistant bacteria continue to rise
due to the absence of new antibiotics and overuse of broad-
spectrum antibiotics” ~. Several non-traditional antimicrobial
drugs such as quorum sensing inhibitors®’, antimicrobial pep-
tides®”, and bacteriophage”'® have been investigated to combat
AMR, relieving the burden of discovering new antibiotics. How-
ever, their lengthy discovery pipelines restrict their timely
implementation. Rapid diagnostics and antimicrobial susceptible
test (ID/AST) tools have been developed to deliver diagnostic
results within hours. Compared to the lengthy turnaround diag-
nostic time, typically days, in traditional clinical microbiology
lab, these tools allow the prescription of antibiotics based on ev-
idence, reduce the use of broad-spectrum antibiotic, and thereby
retard the development of AMR''~2°. However, ID/AST tools
cannot serve as a treatment for patients with AMR, emphasizing
the necessity for alternative therapies that do not require the
lengthy discovery of new antibiotics.

Antibiotic combination therapy, wherein two or more antibi-
otics are combined as a single treatment regime, offers a prom-
ising strategy for accomplishing effective treatment using existing
antibiotics while bypassing the lengthy discovery of new
antibiotics?' ~*. By targeting multiple pathways and mechanisms,
antibiotic combinations can increase the likelihood in combating
multidrug resistant bacteria. For instance, combinatorial therapies
have become essential for treating Mycobacterium tuberculosis (a
highly infectious bacteria typically in the respiratory system)>*>>,
and multidrug-resistant Gram-negative bacteria such as Acineto-
bacter spp.”® *® and carbapenemase-producing Enterobacteri-
aceae™*°. To further proceed with the practice for other diseases,
there is a critical need to screen combinations using various
antibiotic candidates and determine whether the combined effect
is greater than or less than the expected effects from the individual
antibiotics, classified as synergism and antagonism, respectively”'.
In particular, synergistic antibiotic combinations have the poten-
tial to match or even outperform individual antibiotics in effica-
cy—potentially shortening treatment duration—while using lower
drug doses and thus reducing side effects’>*. Current antibiotic
combination studies have predominantly focused on pairwise in-
teractions, with relatively limited exploration of higher-order
combinations®>** 7 Nonetheless, the potential of higher-order
combinations remains substantial because their broader spectrum
of activity create more challenges for bacteria to develop resis-
tance’®. However, practical realization of higher-order combina-
tions faces challenges posed by exponential increase in the
number of combinations and intricate analysis for interpreting the
interactions>>*?°, As a result, there is a need for antibiotic

combinatorial screening system to enable both pairwise and
higher-order combinations to investigate new synergistic anti-
biotic combinations.

Currently, the most widely used antibiotic combinatorial
screening systems are based on microtiter plates, which handle the
liquids in a microliter scale. However, as the number of antibiotic
combinations increases, this approach can lead to large reagent
consumption and lab-intensive process. Microfluidics have been
leveraged to reduce reagent consumption while screening different
drug combinations®' *°. Some of the systems showed the ability
to automate the screening process and alleviate the manual
pipetting, such as combining inkjet printing®, contact printing™,
electrowetting-on-dielectric (EWOD)*, and Actuate-to-Open
Valve’. While these technologies significantly reduce reagent
consumption and automate the screening process, the full capacity
of throughput and scalability has yet to be demonstrated as only
tens of conditions have been demonstrated. On the other hand,
recent advancements in droplet microfluidic systems have brought
significant improvements®~*>'" but still exhibit various limi-
tations concerning reagent/sample consumption, automation,
throughput, scalability, and on-demand control of antibiotic
combinations. For instance, a previously demonstrated nanoliter
droplet array platform, which relied on random mixing of pre-
generated droplets, has shown potential in reducing reagent/sam-
ple consumption, achieving high throughput and scalability™®.
However, it involves several manual steps and lacks the ability to
generate antibiotic combinations on-demand. Conversely, another
approach, the combinatorial nanodroplet platform, has success-
fully generated combinatorial droplets using pneumatic valves,
addressing issues of on-demand control of droplet compositions,
and retaining low reagent/sample consumption™. Nevertheless, its
automation, scalability and throughput are limited due to the finite
droplet storage capacity within tubing, manual operation re-
quirements, and the necessity of an additional detection chip.
Consequently, there remains a pressing need for a system that can
effectively address these limitations.

In response, we present the Robotic-Printed Combinatorial
Droplet (RoboDrop) system for automated and miniaturized
screening of antibiotic combinations. The system incorporates a
microfluidic device with pneumatic valve-based droplet control
system to programmatically produce droplets with reagents/sam-
ples in the nanoliter range. The resulting droplets are then trans-
ported into a tubing fixed to a robotic arm, which automatically
prints the ejected droplets into an array for subsequent analysis. To
demonstrate the capacity and programmability of RoboDrop, we
generated and printed an array of thousands of droplets on a
substrate composed of green and blue food dyes alternatively
using the microfluidic device. We then incorporated resazurin-
based bacterial viability assay in RoboDrop, which allowed us to
examine antibiotic combinations within hours. We verified the
utility of our platform with previously reported synergistic and
antagonistic antibiotic pairs. As an entry point for higher-order
combinations, we used RoboDrop to investigate three-antibiotic
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combinations, from which we identified a new synergistic com-
bination. These results demonstrate the potential of RoboDrop for
screening pairwise and higher-order antibiotic combinations.

2. Materials and methods

2.1.  Microfluidic device design

The microfluidic device is composed of two polydimethylsiloxane
(PDMS) layers with one top fluidic layer for droplet generation
and one bottom valve layer for controlling the actuation of the
microvalves. The top fluidic layer is composed of one oil inlet
port, 13 sample inlet ports, and one droplet outlet port. The droplet
assembly is taken place at a channel with a width of 200 pm to
help squeeze the droplets and ensure better merging of different
samples and reagents. Immediately downstream of the droplet
assembly channel, the outlet of the device is designed to have
three steps with gradually increased height to ensure smooth
droplet transportation into PTFE tubing. The bottom valve layer is
composed of 14 ports that control the actuation of the corre-
sponding microvalves, including one port that controls the oil inlet
and 13 ports that control the injection of samples and reagents.

2.2.  Master mold fabrication

The photomasks for both the fluidic layer and valve layer were
designed using AutoCAD 2021 (Autodesk, San Rafael, CA, USA)
and subsequently printed onto high precision transparencies at
20,000 dpi by CAD/Art Services Inc. (Bandon, OR, USA). The
master molds for both layers were microfabricated using standard
photolithography on separate 4-inch silicon wafers (Polishing
Corporation of America, Santa Clara, CA, USA). To fabricate the
master mold for the fluidic layer, SPR-220-7 positive photoresist
(Microchem Corp., Newton, MA, USA) was first spin-coated onto
the wafer with a height of 35 um, which serves as the segments to
interact with the bottom valve layer. Due to the rounded structure
of the SPR-220-7 segments after hard baking, the device allowed a
push-up valve architecture, where the bottom valve layer can
collapse into the SPR-220-7 patterns on the top fluidic layer to
ensure tight sealing. The remaining fluidic layers were fabricated
by spin-coating 4 additional layers of SU-8 3050 (negative
photoresist; Microchem Corp., Newton, MA, USA) with gradually
increased height onto the silicon wafer. Predesigned alignment
markers were used and referenced during the alignment of the
SPR-220-7 segments and different SU-8 3050 fluidics channels.
To fabricate the master mold for the valve layer, a single layer of
SU8-3025 (negative photoresist; Microchem Corp., Newton, MA,
USA) was spin-coated onto a silicon wafer with a height of 30 pm
via standard photolithography.

2.3.  Microfluidic device fabrication

The microfluidic device was fabricated with PDMS using multi-
layer soft lithography. Both master molds were firstly silanized
with chlorotrimethylsilane (Sigma—Aldrich, St. Louis, MO, USA)
in a desiccator for 10 min to reduce adhesion between PDMS and
the master molds. The thin valve layer was obtained by spin-
coating PDMS (SYLGARD 184 Silicone Elastomer Kit, Dow
Corning, Midland, MI, USA) with 15:1 base to curing agent ratio
on the valve layer master mold at 1000 rpm. The spin-coated mold
was immediately baked at 80 °C for 20 min. The thick fluidic

PDMS layer was prepared by directly pouring 51.7 g of PDMS
with 10:1 base to curing agent ratio onto the fluidic layer master
mold, and baked at 80 °C for 20 min. After baking, cured PDMS
was peeled off from the fluidic layer master mold and the cured
PDMS on the valve master mold remained attached. Both peeled
fluidic PDMS layer and valve PDMS layer on the master mold was
treated with an oxygen plasma machine (42 W, 500 mTorr, 45 s),
and then manually aligned and temporarily bonded under Stemi
DV4 Microscopy (Carl Zeiss AG, Oberkochen, Germany). After an
additional bake at 80 °C for 10 min, both PDMS layers became a
permanently bonded double layer, which was then peeled off from
the valve layer master mold before holes were punched through all
ports. The double-layer PDMS was then permanently bonded with
a 64 mm x 50 mm cover glass (Ted Pella Inc., Redding, CA, USA)
upon oxygen plasma treatment (42 W, 500 mTorr, 45 s) and bake
(80 °C, 10 min), completing the fabrication. The fabricated devices
were stored at 80 °C oven until use.

2.4.  Microfluidic device operation and characterization

In our microfluidic device, nanoliter droplets were programmati-
cally assembled by actuating the microvalves that were interacted
with a set of solenoid valves controlled by a custom code written
in MATLAB (MathWorks, Natick, MA, USA). Water-filled Tygon
microbore tubing (0.02-inch ID and 0.06-inch OD; Cole-Parmer,
Vernon Hills, IL, USA) was used as the interface between the
microvalves and the solenoid valves. Each tubing was connected
to a 23-gauge blunt needle (MCMaster-Carr, Elmhurst, IL, USA),
which was inserted at its designated valve inlet port. The pressure
was set to 30 psi to ensure fully closed microvalves during the
operation and avoid cross-talk from the samples and reagents. The
pressure was set to be 5 psi for the oil inlet and 2.5 psi for all
sample and reagent inlets. By controlling the opening and closing
time of each microvalve, nanoliter droplets can be assembled with
the desired compositions and volume. The oil we used to push the
generated droplets was fluorinated oil FC-40 (3M, Two Harbors,
MN, USA).

Before the operation, the microfluidic device was continuously
flushed with Rain-X for 15 min and flashed with air. The surface-
treated microfluidic device was then baked at 80 °C for 30 min
before usage. This surface treatment was to form a hydrophobic
channel surface to avoid aqueous droplets attaching to the channel
wall, which could cause residues and cross-contamination. During
the operation, a pre-designed injection instruction was created to
programmatically and automatically control the droplet assembly
with desired compositions. The generated droplets were then
sequentially flowed into the PTFE tubing (Cole-Parmer, Vernon
Hills, IL, USA) from the device outlet, where the tubing was
directly inserted into the microfluidic device outlet port.

The microvalve opening time and the droplet volume were
correlated to precisely control the droplet composition and vol-
ume. With pressure set to 2.5 psi, triplicate droplets composed of
fluorescence dyes were generated with different microvalve
opening time ranging from 0.1 to 0.6 s with a 0.1 s increment. The
droplets were flowed through a simple one-channel microfiuidic
device and detected using our custom laser-induced fluorescence
(LIF) detector. The droplet image with 0.6 s microvalve opening
time was taken under a fluorescence microscope (Olympus IX71,
Shinjuku, Tokyo, Japan) as the reference to calculate the droplet
flow rate, shown in Eq. (1):

Droplet flow rate = (4 x h) / ¢ (1)
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where A is droplet area, & is channel height, and 7 is the flowing
time obtained from LIF detector. The droplet volume with other
microvalve opening time were then calculated by multiplexing the
corresponding flowing time and the calculated droplet flow rate.

2.5.  Robotic arm mount and operation

The mount that interfaces the robotic arm, tubing fixer (fingertight
one-piece fitting, Cole—Parmer, Vernon Hills, IL, USA), and the
PTFE tubing was designed in SolidWorks and 3D printed using
high temp resin on a Form 2 printer (Formlabs, Somerville, MA,
USA). The 3D-printed mount was designed to have a hole to insert
the tubing from the top and a hollow pillar at the bottom to tighten
the tubing fixer. During the operation, the PTFE tubing was
inserted from the top of the mount, through the hollow pillar, and
all the way to the tubing fixer, which holds the tubing tightly. The
hollow pillar was designed with an angle of 70° to help the smooth
printing of the droplets onto the substrate.

The uArm Swift Pro robotic arm was chosen and purchased
from Ufactory (Guangdong, China). The operation of the arm was
automatically controlled using a custom program in Python. Once
the program started, the arm was first controlled to move in the x-
y-z axis to the designated starting point on the substrate, with the
PTFE tubing tip touching onto the substrate surface. Then the
program asked for the size of the petri dish as the input infor-
mation to calculate 90% of the largest square inside the petri dish
as the designated printing area. After the calibration steps, the
robotic arm will automatically move the tubing around the
designated printing area in a serpentine shape. The flowing
droplets from the tubing will be printed onto the downstream
substrate individually and orderly.

2.6.  Petri dish preparation and array characterization

The petri dish (Fisher Scientific, Waltham, MA, USA) was firstly
treated with 20 mL of 2% (3-aminopropyl) triethoxysilane
(APTES) (Sigma—Aldrich, St. Louis, MO, USA) in ethanol for
30 min on 50 °C hot plate. The heated petri dish was then rinsed
with ethanol, dried with N, gas, and placed in a 65 °C oven for
30 min. After 30 min, the surface-treated petri dish was kept at
room temperature before immediate usage. During the use, the
petri dish was firstly filled with the droplet carrier oil, FC-40 oil
(3M, Two Harbors, MN, USA), to reduce the droplet evaporation
issues during the printing.

The printed array density was characterized by controlling the
oil injection time in between the droplets. More specifically, food
dye was used to continuously generate and print 75-nL droplets on
a 10-cm diameter petri dish with different oil injection time of 5
and 15 s. With the robotic arm set to move at the minimum speed,
the array density increased with shorter oil injection time. The
contact printing of the droplet array was further tested to its
maximum capability on a 15-cm diameter petri dish with around
2700 75-nL droplets composed of alternating blue and green food
dyes.

2.7.  Resazurin-based cell viability assay and on-chip
characterization

The resazurin powder was purchased from Sigma—Aldrich
(St. Louis, MO, USA) and dissolved to 50 mmol/L stock in
nuclease and protease free water purchased from Quality

Biological (Gaithersburg, MD, USA), and stored at 4 °C. All
drugs, cefsulodin (CEF), penicillin (PEN), ciprofloxacin (CIP),
and oxacillin (OXA) were purchased from Sigma—Aldrich (St.
Louis, MO, USA) and dissolved to 10 mg/mL stock in nuclease
and protease free water for immediate use. The bacteria, E. coli
(ATCC 25922), were cultured to 8 x 10° CFU/mL in MH II
medium in a shaking incubator at 37 °C, washed three times with
fresh MH II medium, aliquoted and stored at —80 °C with glycerol
until use. The minimum inhibitory concentrations (MIC) of each
antibiotic were tested using the standard microdilution method
recommended by the Clinical and Laboratory Standards Institute
(CLSI) guidelines, where 5 x 10° CFU/mL of bacteria were
cultured with antibiotics, titrating concentrations in 2-fold in-
crements at 37 °C for 16—20 h. The optical density at 600 nm was
measured using a plate reader (Synergy H1, BioTek) to determine
the MIC based on the bacteria growth. A typical resazurin-based
cell viability assay system is composed of the bacteria, resa-
zurin, and drug with various concentrations in Mueller Hinton II
(MH II) medium (Sigma—Aldrich, St. Louis, MO, USA).

The on-chip optimization of the assay was achieved by
screening different resazurin concentrations at 100, 300, and
500 pmol/L, and bacteria concentrations at 5 x 106, 5 x 107, and
5 x 108 CFU/mL with and without MIC concentration of CEF.
The generated droplets were printed onto a 10-cm diameter petri
dish and incubated at 37 °C for 6 h before further analysis in
MATLAB. During the incubation, the droplet images at multiple
time points, 0, 2, 4, and 6 h, were captured with a Sony Alpha a7
II camera for later multi-timepoint analysis in Excel. The data was
later used to optimize the colorimetric analysis.

2.8.  On-chip drug combinations

The on-chip drug combinations were first verified with two known
two-drug combinations, CEF and PEN, and PEN and CIP, where
the former one was reported with a synergistic effect and the latter
one in bulk showed an antagonistic effect. In brief, the bulk
experiment was designed to test 16 different compositions across
0, MIC/4, MIC/2, and MIC of each drug with 5 x 105 CFU/mL
bacteria and incubated at 37 °C for 16—20 h and the optical
density at 600 nm were measured using a plate reader (Synergy
H1, BioTek) to determine the MIC based on the bacteria growth.
For on-chip drug combinations, a predesigned injection instruction
was designed to automate the droplet microfluidic system to
generate droplets that contain contents with the desired combi-
nations. For the two-drug combinations, droplets with 16 different
compositions across 0, MIC/4, MIC/2, and MIC of each drug were
generated in triplicate along with final concentrations of
500 pmol/L resazurin and 5 x 10° CFU/mL bacteria. The
generated droplets were subsequently transported via PTFE tubing
and printed onto a surface-treated oil-filled petri dish. The droplet
array on the petri dish was then incubated at 37 °C for 6 h before
image capture with a Sony Alpha a7 II camera (Tokyo, Japan).

Three-drug combinations were similarly achieved by designing
a queue that automates the droplet microfluidics system to
generate 64 different compositions across 0, MIC/4, MIC/2, and
MIC of each drug. The final concentration for resazurin and
bacteria were also 500 pmol/L and 5 x 10° bacteria, respectively.
The droplet array on the petri dish was then incubated at 37 °C for
6 h before image capture with a Sony Alpha a7 II camera. The
three-drug combinations were replicated three times in separate
experiments.
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2.9.  Data acquisition and analysis

Colorimetric analysis was characterized using the droplet images
in the on-chip assay optimization experiment. The example
droplet picture represents droplets composed of 5 x 10° CFU/mL
and 500 umol/L resazurin with and without MIC concentration of
CEF. During the colorimetric analysis in Imagel], ROI tool was
used to select each droplet before splitting the picture into red,
green, and blue channels. In the RGB color model, a higher signal
means a higher intensity value in the corresponding channel. The
intensity values in each channel range from 0 to 255, where
0 represents no intensity (completely dark) and 255 represents full
intensity (completely bright). The signal intensity of each droplet
in each channel was measured and normalized to the initial stage
and the signal-to-background ratio of the droplets in each channel
was later analyzed in Excel. Since the red channel showed the
highest SNR among the other channels, red channel intensity was
consistently used for colorimetric analysis of all droplet images.

For on-chip drug combinations experiments, dose-response
curve model as shown in Eq. (2):

E/Enux=1/(14(ECso/]4])") (2)

where E is the magnitude of the response, A is the drug concen-
tration, ECso is the drug concentration that produces a 50%
maximal response, and rn is the Hill coefficient that describes the
cooperativity of the biological interactions. The dose-response
curve model was utilized to analyze the ICg, values (i.e., drug
concentration required to inhibit 80% of bacterial growth) of the
growth curve in OriginLab (OriginLab Corporation), where the
drug concentrations were transformed into log scale and the
colorimetric signal was normalized between the signal of no-drug
condition and highest concentration drug condition in Excel. The
ICgo values were later plotted in the x-y plot or x-y-z plane for
two-drug or three-drug combinations, respectively, to determine
the combinatorial effects. A definition of normalized total dis-
tance with direction (NTDD) was proposed to quantitively clas-
sify the concave and convex shape of the line or plane, with
positive value indicating concave shape and negative value indi-
cating convex shape.

For 2-drug combinations or plot in the x-y axis, the NTDD was
determined by first finding the equation of the reference line,
connected lines of the ICg values of the two individual drugs, in
the form of Eq. (3):

Ax+By+C=0 (3)

where A, B, and C are real constants. The distance equation of
Eq. (4):

d = (Axo+By+C) / VA + B? (4)

was used to calculate the distance between each ICgq value in
coordinates of (xg, yo) to the reference line. The sum of the dis-
tance was then normalized by the number of the ICgy values,
where the positivity and negativity determine the overall direction
of the ICgq values with respect to the ICg, values of the individual
drugs.

For 3-drug combinations or plot in the x-y-z axis, the NTDD
was determined by first find the equation of the reference plane,
connected plane of the ICg values of the three individual drugs, in
the form of Eq. (5):

Ax+By+Cz+D=0 (5)

where A, B, C, and D are real constants. The distance equation of
Eq. (6):

d = (Axo +Byy+Czp4+D) / V A+ B*4+C? (6)

was used to calculate the distance between each ICgq value in
coordinates of (xo, Yo, zo) to the reference plane. The sum of the
distance was then normalized by the number of the ICg, values,
where the positivity and negativity determine the overall direction
of the ICgq values with respect to the ICgq values of the individual
drugs. All plots were plotted using OriginLab (OriginLab Cor-
poration) and later organized with Inkscape 1.2.2 (Software
Freedom Conservancy, NY, USA).

3. Results and discussion

3.1.  Overview of RoboDrop

RoboDrop consists of three main components, a droplet micro-
fluidic device for droplet generation, a tubing segment for droplet
transportation, and a robotic arm for droplet printing onto a petri
dish (Fig. 1 and Supporting Information Fig. S1). The droplet
microfluidic device injects reagents from various microchannels,
individually tuned via pneumatic valves to control the open/close
status and the opening duration (Fig. 1A). These reagents coalesce
into an individual droplet upon contact, which is subsequently
carried downstream by carrier oil. This droplet generation cycle is
conducted in an automatic means via a custom MATLAB program
allowing the generation of numerous droplets, analogous to a
droplet assembly pipeline. Colorimetric assays are implemented in
the droplets and the droplets then flow into a tubing, which is
interfaced with a customized 3D-printed mount fixed to the ro-
botic arm (Fig. 1B). This robotic arm moves the tubing on a petri
dish with a designated pattern and speed, allowing for the droplets
to be printed sequentially onto a petri dish. The sequence and
spatial location barcode the different drug combinations in each
droplet. Finally, the assay results in droplets are captured using a
commercial camera and colorimetric analysis is performed to
quantify the bacterial growth treated with different antibiotic
combinations (Fig. 1C).

3.2.  Programmable control of droplet microfluidics

We first designed the pneumatic valve-based microfluidic device
and calibrated the valve opening time and the droplet volume to
ensure precise control of the droplet composition. Similar to our
previous devices' 7, this microfluidic device adopts two-layer
architecture, where the bottom valve layer consists of a set of
microvalves to control the fluid flow in the top fluidic layer
(Fig. 2A). More specifically, the microvalve of the microfluidic
device contains a thin PDMS membrane controlled by an external
pressure source. When pressure is turned on, the microvalve is
closed such that the thin membrane is deflected upward to seal the
fluid flow; when pressure is turned off, the microvalve is opened
such that the thin membrane is relaxed to allow the fluid flow in
the top fluidic layer (Supporting Information Fig. S2). By turning
on and off the microvalve, droplet will be assembled in the 100-
pum droplet assembly channel, where an upstream oil inlet pushes
the droplet to the tubing-interface outlet (Fig. 2A).

To demonstrate the programmable control of the microfluidic
device, we utilized water and two distinct food dyes as reagents to
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Schematic of RoboDrop. RoboDrop is composed of three mean components for (A) droplet generation, (B) droplet transportation,

and (C) droplet printing. (A) A pneumatic valve-based nanodroplet microfluidic device was used to programmatically actuate the valves and
generate a nanoliter droplet composed of bacteria and resazurin with varying drug combinations. (B) The generated droplets were later pushed by
oil into a tubing (PTFE tubing) that is interfaced and fixed with a robotic arm. (C) The robotic arm automatically moves the tubing with
programmed movements, where the flowing droplets are printed onto a cover oil-filled petri dish with spatial barcoding. After incubation of the
droplets, colorimetric images were taken by a commercial camera for later analysis.

form droplets with different compositions. The composition of
each droplet was controlled by regulating the number of food dye
injections into the water (Supporting Information Video 1).
Furthermore, we quantitively analyzed the relationship between
the droplet volume and the opening time of pneumatic valves
(Fig. 2B). In particular, the droplets were generated using a
fluorescence dye and the pneumatic valve opening time was
0.1—0.6 s with a 0.1 s increment, which is the duration of our
particular interest as appropriate droplet volumes could be ach-
ieved for subsequent drug screening experiments. The droplets
were detected by a laser-induced fluorescence (LIF) detection
system® and the volume of the droplets was measured using a
reference droplet. The results suggested a great linearity (R? = 1)
between the droplet volume and the valve opening time, demon-
strating the precise control of individual reagents and thus the
composition of reagents in droplets. Based on this result, a total of
0.48 s of opening time was consistently applied to generate 75-nL
droplets in the following experiments if not otherwise mentioned.
Supporting video related to this article can be found at https://
doi.org/10.1016/j.apsb.2023.11.027.

3.3.  Droplet transportation and robotic arm control

The generated droplets from the microfluidic device were
sequentially transported into a PTFE tubing that is interfaced and
fixed with a custom 3D mount on the robotic arm for automated
operation. PTFE tubing was chosen as the droplet transportation
media due to its transparency for visualization and high chemical
resistance. The droplets composed of food dye were generated to
visualize the robust droplet transportation in the tubing (Fig. 2C),
where we have previously demonstrated the reliable droplet tran-
sition from device to tubing™. Then, the outlet of the tubing was
fixed on an affordable robotic arm using a 3D-printed customized
mount. In particular, the 3D mount was designed with holes to
screw onto the robotic arm, with a top hole to insert the tubing, and
a hollow pillar to tighten a commercial tubing fixer (fingertight
one-piece fitting) that can fix the PTFE tubing in place (Supporting
Information Fig. S3A). The hollow pillar was designed with a 70°
angle, resulting in the same angle for the tubing fixer and the PTFE
tubing. Such design not only allowed direct contact between the

tubing and the substrate but also accommodated spacing for droplet
transition, which thereby ensured the smooth transportation of the
droplets (Fig. 2D and Fig. S3B).

The robotic arm was utilized to automate the movement of the
PTFE tubing for sequential droplet printing onto a petri dish. A
Python program was designed to control the robotic arm’s move-
ment based on the input of the petri dish size and initial positional
calibration. This program allowed for programmable printing of
droplets into an array on the petri dish. Once the program started,
the robotic arm continuously moved the tubing on the designated
printing area in a serpentine shape and constant speed, where the
ejected droplets are printed onto the petri dish individually and
orderly. RoboDrop utilizes spatial barcoding and location infor-
mation to accurately retrieve the specific antibiotic combination
within each droplet (Supporting Information Fig. S4).

3.4. Contact printing array

The choice of petri dish as the substrate in RoboDrop is based on
several advantages such as low cost, commercial availability, and
compatibility with biological assay. To ensure the printed droplets
stay in place and avoid evaporation, the petri dish was hydro-
philized and filled with cover oil prior to the printing. Compared
to arrays in physically predefined microreactors (e.g., micro-
wells**°"%) RoboDrop directly prints the droplets onto a flat
petri dish surface without any additional complex substrate design
and sophisticated microfabrication steps. Moreover, this design
eliminates active feedback control needed to synchronize the
droplet generation and robotic arm movement and vertical
movement of the robotic arm between different droplet spots,
further simplifying the overall system. In addition, to prevent
droplet evaporation for assays that require long incubation times
or high temperature, the petri dish was filled with FC-40 cover oil,
the same oil as the droplet carrier oil. FC-40 oil was chosen for its
high oxygen solubility and diffusion coefficient, enabling the
unrestricted diffusion of oxygen into the droplets during the
bacterial incubation® %,

RoboDrop’s customizability and flexibility were demonstrated
by controlling the droplet array density through adjusting the oil
injection time between the droplets and the ability to print
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Figure 2
based nanodroplet microfluidic device in RoboDrop is composed of
two PDMS layers: the top fluidic layer where droplets are generated
(filled with blue dye for visualization) and the bottom valve layer where
microvalves are actuated to regulate droplet generation and flow (filled
with red dye for visualization). Droplet assembly is conducted in the
100-pm wide droplet assembly channel and an upstream oil inlet in-
troduces the oil phase to push the generated droplets downstream into
the tubing-interface outlet. (B) In order to precisely control the volume
of each component in the droplet with high precision, the device has
been first calibrated by correlating the microvalve opening time and the
droplet volume. (C) Upon droplet assembly, the droplets were trans-
ported into a PTFE tubing, visualized with droplets composed of food
dye. (D) In RoboDop, the PTFE tubing was interfaced with the robotic
arm and fixed by a 3D-printed mount with a tubing fixer. The 70° angle
of the tubing fixer and the tubing is to ensure smooth transportation of
the droplets. (E) Automatic printing of around 2700 droplets composed
of green and blue food dyes alternately onto a single petri dish. Data
presented in (A) as mean + SD, n = 3.

Characterization of RoboDrop. (A) The pneumatic valve-

thousands of droplets on a single petri dish. By setting the robotic
arm to move at its minimum moving speed, we generated two
groups of droplets composed of food dye with different oil in-
jection time, 5 and 15 s, and showed the droplet array density
decreased with oil injection time (Supporting Information
Fig. S5). To demonstrate the high array density required for high-
throughput screening, we utilized 3-s oil injection time between
adjacent droplets and showed the capacity of automatically
printing 2700 droplets composed of two colors of food dyes on a
single petri dish (Fig. 2E and Supporting Information Video 2). In
addition, the alternative colors of the droplets suggested the
programmability of droplet compositions using RoboDrop. The
curvature of the printed array indicates the precision limit of the
chosen affordable robotic arm, which can be lifted with a higher-
precision arm based on user needs.

RoboDrop offers the advantage of volume reduction and
scalability, making it suitable for high-throughput screening of a
large number of conditions. For instance, if we assume 2700
droplets were generated via RoboDrop on a single petri dish, this
is equivalent to twenty-nine 96-well plates or eight 384-well
plates. The volume requirement of the droplets can be reduced
from 200 to 25 pL to 75 nL, resulting in a 2667- and 333-fold
reduction, respectively (Supporting Information Table S1). To
screen an even greater number of conditions, the petri dish can
simply be replaced every 2700 droplets, allowing for continuous
operation without the footprint limitations of a traditional static
array.

3.5.  Resazurin cell viability assay and on-chip optimization

A resazurin-based cell viability assay has been implemented
within RoboDrop to screen antibiotic combinations. The mecha-
nism of this assay is that the resazurin can be reduced by NAHD
secreted from viable bacterial cells to resorufin, leading to a
colorimetric change from blue to purple (Fig. 3A). As the initial
demonstration, we generated droplets containing the reference
strain of E. coli (ATCC 25922) either with CEF (at its minimum
inhibitory concentration, MIC) or without CEF and then detected
the E. coli viability based on the colorimetric change between two
groups of droplets, with purple indicating bacterial growth and
blue indicating inhibited bacterial growth (Fig. 3B, left). For
quantitative analysis, the droplet images were split into red, green,
and blue channels, where the red channel showed the highest
signal-to-noise ratio (SNR) and used throughout this work
(Fig. 3B, right; Supporting Information Fig. S6).

The resazurin and bacteria concentration has also been opti-
mized and screened with the highest signal-to-noise ratio (SNR).
More specifically, we screened three bacteria concentrations,
including 5 x 10°% 5 x 107, and 5 x 10® CFU/mL and three
resazurin concentrations, including 100, 300 and 500 pmol/L,
with and without CEF at its MIC concentration, incubated at 37 °C
for 6 h as the standard condition. Based on the red channel’s in-
tensity change at 6 h, the combination of 5 x 10° CFU/mL of E.
coli bacteria and 500 pmol/L resazurin showed the highest SNR
(Fig. 3C). To better understand the colorimetric changes in the
early stage of the assay, we further collected multi-timepoint
measurements at every 2 h. This was done to account for the
possibility that a high bacterial concentration might plateau the
red channel signal earlier than 6 h. Our results showed that
5 x 10° CFU/mL of E. coli bacteria and 500 pmol/L resazurin
consistently showed the highest SNR throughout the entire 6 h of
incubation (Supporting Information Fig. S7). The time-lapse
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Figure 3  Resazurin-based cell viability assay and on-chip optimi-
zation. (A) The mechanism of resazurin-based cell viability assay is
that the blue resazurin can be reduced by NADH secreted from viable
bacteria cells, E. coli (ATCC 25922) in this study, into purple resor-
ufin. (B) The color change can be used as the criteria to measure
bacterial growth, where blue color indicates inhibited growth. (C) The
colorimetric analysis of two groups of droplets with and without CEF
at its MIC concentration split the raw image into red, green, and blue
channels. Red channel among them showed the highest signal-to-noise
ratio (SNR) (n = 3). The bacteria concentrations, 5 x 10%, 5 x 107,
and 5 x 10® CFU/mL, and resazurin concentration, 100, 300,
500 umol/L, has been screened (n = 3), and 5 X 10° CFU/mL of
bacteria with 500 pmol/L of resazurin showed the highest SNR and
were used as the final concentration throughout the experiment. Data
presented in (B) and (C) as mean = SD, n = 3.

measurement of our droplet array allowed us to dynamically
optimize and verify the assay condition. This approach is chal-
lenging for traditional continuous flow droplet chips®® ®®, high-
lighting the advantages of our system.

3.6.  Pairwise drug verification via RoboDrop

We first verified that RoboDrop can correctly identify known
synergistic and antagonistic pairs against model E. coli. The
synergistic pair of CEF and PEN*>*>% has been previously
reported and the antagonistic pair of PEN and CIP has been
verified in house (Supporting Information Fig. S8). Among the
three antibiotics, PEN and CEF bind the beta-lactam to inhibit

cell wall formation, whereas CIP inhibits DNA replication by
targeting the bacterial DNA topoisomerase and DNA-gyrase’ "%
In this experiment, 16 combinations among 0, MIC/4, MIC/2,
and MIC of each drug were screened for both drug pairs. Each
combination was generated in triplicate droplets, which were
printed onto the petri dish manually and subsequently incubated
(Fig. 4A). We plotted the normalized intensity of each combina-
tion for both drug pairs (Fig. 4B). The signal was normalized
between the droplets with no drug and droplets with drug com-
binations at MIC.

For both synergistic and antagonistic drug pairs, 8 subgroups
of the droplet colorimetric signal have been fitted using the dose-
response curve model to analyze the ICgy values (i.e., the cross
point between the dotted line and the fitted curves; drug concen-
tration required to inhibit 80% of bacterial growth) and evaluate
the combinatorial effect, where the dose of one antibiotic was
fixed and the other was analyzed in each subgroup (Fig. 4C). ICgq
values were chosen to evaluate the drug combination’s effective-
ness in inhibiting bacterial growth, as it is a commonly used
metric in drug screening studies™ > 7>, There were 8 subgroups
in total as we tested two antibiotics and each antibiotic could be
paired with the other, resulting in a total of 4 subgroups per an-
tibiotics. By plotting the ICg, values of the subgroups in the x-y
axis, we connected the ICgy values of independent drugs as the
individual ICg, values reference line representing the cutoff for
synergistic or antagonistic effects (referred hereafter as “reference
line”, depicted as the black dotted line in Fig. 4D) and all ICg
values with colored dotted line. The shape of the connected ICg
values line was used to evaluate the combinatorial effects, where
concave shape indicates synergistic effects and convex shape in-
dicates antagonistic effects. More specifically, a concave shape
means that for the same amount of inhibition, the concentration
required for two synergistic drugs is lower than the required
concentration of each single drug, and the opposite for a convex
shape. A definition of normalized total distance with direction
(NTDD, see Methods for calculation) was proposed for each 1Cgq
value with respect to the reference line to quantitively classify the
two interactions. The positivity or negativity of the NTDD dictates
the overall direction of the points with respect to the reference
line, with positive value indicating concave shape and negative
value indicating convex shape (Fig. 4D). These results demon-
strated that RoboDrop can correctly identify synergistic and
antagonistic drug pairs.

3.7.  Screening of three-drug combinations via RoboDrop

We employed RoboDrop to screen three-drug combinations
among four antibiotics (PEN, CEF, OXA, and CIP) to treat a
model E. coli strain (ATCC 25922). The choice of PEN, CEF, and
OXA is based on their classification as beta-lactam antibiotics,
which were selected based on the previously reported hypothesis
that antibiotics with similar target of interest tended to show
synergistic effects>’*”’. The addition of CIP, fluoroquinolone
antibiotic, allowed us to explore the possibility of synergistic ef-
fects when an antibiotic from a different category was introduced.
Using the four antibiotics, four unique three-drug combinations,
OXA + CEF + PEN, CIP + CEF + OXA, CIP + PEN + OXA,
CIP + PEN + CEF, were screened with 64 combinations among
0, MIC/4, MIC/2, and MIC of each drug (Supporting Information
Fig. S9). For each three-drug combination, 64 droplets with
different compositions were printed onto the petri dish and incu-
bated and normalized red channel intensity was plotted on the x-y
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Figure 4  Pairwise drug verification via RoboDrop. (A) For both synergistic drug pair (CEF and PEN, left column) and antagonistic drug pair
(CEF and CIP, right column), 16 different compositions among 0, MIC/4, MIC/2, and MIC have been screened against E. coli (ATCC 25922),
with triplicate droplets for each composition. (B) During the colorimetric analysis, the red channel intensity was plotted and normalized to the
intensity of the droplets with no drug and the droplets with drug combinations at MIC. (C) Subgroups of the droplet signal were fitted using dose-
response curve model to analyze the ICgq values (i.e. the cross-points between the dot line and the fitted curves), where each subgroup fixes one
antibiotic dose and vary the other antibiotics’ dose. (D) The ICg values of the subgroups in each drug pair (n = 3) are plotted on the x-y axis. The
ICg, values of individual drugs are connected to as the reference line to represent the cutoff for synergistic or antagonistic effect (black dotted line)
and the colored dotted line connects all ICgq values. Based on the normalized total distance with direction (NTDD, see Methods for calculation)
calculation, positive value of NTDD represents concave shape of the line indicating synergistic interaction and negative value of NTDD represents
convex shape of the line indicating antagonistic interactions. Both result matches with the previously reported interactions® and bulk results

(Fig. S6), respectively. Data presented in (C) as mean, n = 3.

axis (Supporting Information Fig. S10). Based on the normalized
colorimetric signal, 48 subgroups of the droplet signal have been
fitted using the dose-response curve model to analyze the ICg
values to evaluate the combinatorial effect, where two antibiotic
doses were fixed and the remaining one was analyzed in each

subgroup. There were 48 subgroups because each antibiotic could
be paired with two other antibiotics, resulting in a total of 16
subgroups per antibiotics, and we tested three antibiotics in total.

After plotting the ICgy values on the x-y-z axis, the ICgg
values of the individual drugs were connected as the individual
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ICgp values reference plane representing the cutoff for syner-
gistic or antagonistic effects (referred hereafter as “reference
plane”, depicted as the grey plane in Fig. 5), and all ICgq values
were connected into a colored surface. Similarly, we used NTDD
to quantitively evaluate the shape of the colored surface and
classify the combinatorial effect, with positive NTDD represent
concave shape indicating synergistic effects and negative NTDD
represents convex shape indicating antagonistic effects. Among
the four unique drug combinations, OXA + CEF + PEN was the
only combination that showed synergistic effects with a concave
surface, indicating the lower dosage requirement with the three
synergistic drugs compared with the dosage requirement of each
drug to have the same efficacy of bacterial inhibition (Fig. 5A).
The rest three drug combinations, CIP 4+ CEF + OXA,
CIP + PEN + OXA, CIP + PEN + CEF, all showed antago-
nistic effects with convex surface (Fig. 5B—D). To better illus-
trate our finding, we further analyzed all the sub-two-drug
combinations among the four unique three-drug combinations.
We found that CIP showed antagonistic effects with all other
three drugs, most likely because CIP is in a different category
from the others. This finding is consistent with previously re-
ported hypothesis®®*’®”” where the drugs from the same category
are more likely to show synergistic effects but drugs in different
categories are more likely antagonistic. Similar phenomenon
applies to the three-drug combinations, as CIP is in all antago-
nistic three-drug combinations. The matching sub-two-drug
combinations effects (same-color mark) further supports the
robustness and replicability of our RoboDrop (Supporting In-
formation Fig. S11). We currently focus on the reference strain
of bacteria for concept demonstration, but recent studies have
shown promising results in the discovery of antibiotic combi-
nations to combat drug-resistant strains of bacteria’®’?. We

envision that our methodology can be extended to identify
synergistic antibiotic combinations targeting drug-resistant
strains.

4. Conclusions

In this work, we developed Robotic-Printed Combinatorial
Droplet (RoboDrop) system that achieved screening of antibiotic
combinations with small sample/reagent consumption, automa-
tion, high-throughput, and high scalability. RoboDrop utilizes a
pneumatic valve-based droplet system to programmatically
generate nanoliter droplets with desired compositions, which are
then transported into PTFE tubing. The tubing is fixed on an
affordable robotic arm that can move the tubing and print the
droplets on a designated area of a petri dish. The printed droplets
on the petri dish were captured by a commercial camera and
colorimetric analysis was utilized to analyze the raw images.
Then, we demonstrated RoboDrop by integrating it with resazurin-
based bacterial viability assay for combinatorial screening, where
we verified two known antibiotics combinations and found a new
three-drug combination to treat a model E. coli (ATCC 25922)
strain, collectively suggesting the robustness and reliability of
RoboDrop.

The integration of the resazurin-based cell viability assay with
RoboDrop has demonstrated the feasibility for screening of anti-
biotic combinations. In this work, we chose colorimetric readout
with a commercial camera for simplicity, but we foresee that
fluorescence detection of resazurin-based assay’>**®' can be
readily achieved by adding the appropriate excitation source and
emission camera filter to RoboDrop. Furthermore, RoboDrop can
also be utilized with other types of staining-based antibiotic

. . . 36,41,46,49,82 83
combinatorial screening assay’**'*%**82 and other readouts
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such as luminescent and plasmonic readouts. Moreover, the ability
of RoboDrop to perform time-lapse measurements enabled us to
dynamically optimize and verify the assay conditions, thus
demonstrating a superior performance compared to traditional
continuous flow droplet chips®® °®. This feature may be particu-
larly advantageous for applications that necessitate continuous
monitoring of droplets, which provides accurate and comprehen-
sive understanding of the assay dynamics.

In conclusion, RoboDrop offers a promising platform for
screening new antibiotic combinations, and we foresee some
additional technical enhancements. To achieve higher throughput
and array density, the choice and precision of the robotic arm
must be improved, and large-scale droplet printing should be
automated to eliminate the need for manual petri dish replace-
ment. Additionally, exploring higher-order antibiotic combina-
tions, such as four or five-drug combination, could provide a
more comprehensive understanding of the antibiotic interactions.
Finally, a previously reported vacuum-based sample loading
system™®® or autosampler®™ *® can be integrated with
RoboDrop’s upstream droplet microfluidic device to further scale
up the number of antibiotics that RoboDrop can screen. These
technical advancements will allow RoboDrop to become a valu-
able tool for identifying new antibiotic combinations for anti-
biotic combination therapy to address the critical global health
challenge posed by AMR.
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