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Abstract

Nucleic acid amplification testing (NAAT) remains one of the most reliable
methods for pathogen identification. However, conventional bulk NAATSs may
not be sufficiently fast or sensitive enough for the detection of clinically-relevant
pathogens in point-of-care testing. Here, we have developed a digital droplet RT-
LAMP (ddRT-LAMP) assay that rapidly and quantitatively detects the SARS-
CoV-2 viral E gene in microfluidic drops. Droplet partitioning using ddRT-
LAMP significantly accelerates detection times across a wide range of tem-
plate concentrations compared to bulk RT-LAMP assays. We discover that a
reduction in droplet diameter decreases assay times up to a certain size, upon
which surface adsorption of the RT-LAMP polymerase reduces reaction effi-
ciency. Optimization of drop size and polymerase concentration enables rapid,
sensitive, and quantitative detection of the SARS-CoV-2 E gene in only 8 min.
These results highlight the potential of ddRT-LAMP assays as an excellent
platform for quantitative point-of-care testing.
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1 | INTRODUCTION

Nucleic acid amplification testing (NAAT) is widely
regarded as the gold standard for detecting genetic material
and is extensively used in clinical diagnostics."™ During
the COVID-19 pandemic, laboratory-based NAATS
exhibited the highest sensitivity and specificity in detecting
the SARS-CoV-2 virus compared to other diagnostic
methods, such as antigen tests.>® NAATSs function by
amplifying the target nucleic acids into detectable quan-
tities. However, when target nucleic acids are present in
low concentrations within a specimen, their amplification
may require more time or even fail to yield a detectable
signal, depending on the sensitivity of the instrumenta-
tion.” For example, conventional bulk NAATSs typically
require assay times of 45 min to 1 h, or even longer, to
detect clinically-relevant viral loads of SARS-CoV-2.® This
makes them fundamentally unsuited for rapid point-of-
care testing. Consequently, point-of-care testing during
the COVID-19 pandemic up to the present day has been
dominated by rapid antigen tests, which provide results
within 15 min.>® However, these tests are much less sen-
sitive and cannot quantify viral load compared to NAATS.
An ideal solution for point-of-care diagnostics would
combine the speed of a rapid antigen test with the sensi-
tivity and quantification capabilities of a NAAT.
Reverse-transcription Loop-Mediated Isothermal
Amplification (RT-LAMP) is a rapid, isothermal method
for RNA amplification that uses four to six primers to
enhance assay specificity.”'® Operating at a constant
temperature between 60°C and 65°C, RT-LAMP''""* of-
fers high specificity, relatively high sensitivity, lower
costs, and shorter time to results (typically 30 min)
compared to RT-PCR (Reverse-transcription Polymerase
Chain Reaction). Building upon RT-LAMP, digital LAMP
(dLAMP) is a method that enables the absolute quanti-
fication of single nucleic acids in partitioned volumes,
such as microfluidic wells or droplets."*'® In droplet
digital LAMP (ddLAMP), a sample is divided into thou-
sands of picoliter-sized drops, each serving as an indi-
vidual reaction chamber.'**° The compartmentalization
provides several advantages, including increased sensi-
tivity and reduced contamination.'*"® Although it is
known that the speed of RT-LAMP amplification varies
based on factors such as primers, template, and target
concentrations,?! and prior work demonstrated that the
speed of amplification of single molecules in a digital
device correlated with multiple molecules in a PCR well
plate,?” research into amplification speed as a function of
droplet volume and chemistry remains relatively unex-
plored. Such investigations could facilitate the optimiza-
tion of ddLAMP for rapid, point-of-care applications.

Key points

e This study presents the development of a dig-
ital droplet RT-LAMP (ddRT-LAMP) assay for
the rapid and quantitative detection of the
SARS-CoV-2 viral E gene.

e Decreasing droplet size reduced assay times up
to a certain threshold beyond which surface
adsorption of the RT-LAMP polymerase
hamper reaction efficiency.

e By optimizing drop size and polymerase con-
centration, our approach achieved swift, sen-
sitive, and quantitative detection of the SARS-
CoV-2 E gene in just 8 min.

In this study, we introduce a digital droplet reverse
transcription loop-mediated isothermal amplification
assay (ddRT-LAMP) for the rapid detection of SARS-CoV-2
RNA. SARS-CoV-2 E gene templates were encapsulated
with RT-LAMP mix into microfluidic droplets and the time
to detectable signal was studied as a function of drop size
and DNA polymerase Bst 2.0 concentration. The drops
were incubated at constant temperature of 64°C and drop
fluorescence was monitored in real-time. Amplification in
drops was compared to bulk amplification using a standard
gPCR machine. As expected, bulk assays exhibited longer
assay times for lower target concentrations; yet surpris-
ingly, we discover that ddRT-LAMP significantly acceler-
ated detection across a wide range of template
concentrations. Notably, in drops, the lowest tested con-
centrations of 0.3 and 3 copies/uL were detected as rapidly
as the highest concentration of 30 copies/pL within 12 min,
compared to nearly an hour for the lowest concentrations
in bulk. To explore the influence of droplet size on assay
times, drops with diameters ranging from 30 to 400 pm
were tested. Reducing droplet size did not consistently
decrease assay times in smaller drops, as protein adsorp-
tion of the DNA polymerase Bst 2.0 at the higher oil-water
interfaces in smaller drops contributed to longer assay
times compared to larger drops. This was tested by
increasing polymerase concentration while holding drop
size constant to compensate for the reduction in free Bst 2.0
polymerase available for the ddRT-LAMP reaction. Opti-
mization of both drop size and polymerase concentration
yielded a quantitative ddRT-LAMP method capable of
detecting the SARS-CoV-2E gene with high sensitivity in as
short as 8 min. Our results highlight the potential appli-
cation of droplet encapsulation in reducing assay times,
enabled by the rapid generation of fluorescent signal in
small volumes. This development holds promise for the
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creation of rapid and sensitive point-of-care nucleic acid
testing for the SARS-CoV-2 virus, as well as other
pathogens.

2 | RESULTS

2.1 | A digital droplet RT-LAMP assay
(ddRT-LAMP) for SARS-CoV-2 RNA
detection

RT-LAMP is a type of NAAT that undergoes an auto-
cycling strand displacement reaction at a constant tem-
perature by using Bst polymerase, which greatly reduces
the need for complex instrumentation and enables rapid
nucleic acid strand amplification for detection within
30 min. Successful amplification is indicated by a high
fluorescence signal from a DNA-binding fluorescent dye,
Syto 82, in the RT-LAMP reaction mix, reflected by an
increase in amplified products over time.

To develop a digital droplet RT-LAMP assay (ddRT-
LAMP) for SARS-CoV-2 detection, we used the SARS-
CoV-2E gene as the nucleic acid template and per-
formed RT-LAMP reactions within microfluidic droplets.
The RT-LAMP reaction mix containing the SARS-CoV-
2 E gene was introduced into a flow-focusing microfluidic
device with perpendicularly flowing oil to form droplets
(Figure 1A). Using a simple syringe-driven vacuum sys-
tem,”® we encapsulated 25 pL RT-LAMP reaction mix
into 150 pm diameter droplets in under 1 min
(Figure 1A). To perform and monitor RT-LAMP reactions

A B
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in droplets, we loaded the droplets into a glass chamber
whose height is commensurate with the droplet diameter,
ensuring a monolayer arrangement for improved heating
and imaging (Figure 1B). We placed the glass chamber
with the RT-LAMP reaction mix on a pre-heated hot plate
set at 64°C and captured images at 30 s intervals for 1 h
using a custom epifluorescence setup (Figure 1C).

Using ddRT-LAMP to detect 30 copies/uL. SARS-
CoV-2 E gene, 5% of the total droplets yielded positive
amplification results, and 98% of these positive droplets
contained only a single copy of SARS-CoV-2 E gene
based on the Poisson distribution.?* From the time-lapse
imaging data, we identified all positive droplets within
the field of view (Figure 1D) and plotted the time
dependence of the fluorescence intensity of the 20
fastest-amplifying droplets (Figure 1E). We defined the
“assay time” as the point when the second derivative of
the intensity reaches its maximum, corresponding to the
time when we detected exponential amplification of the
E gene. The assay time for 30 copies/uL SARS-CoV-2E
gene in 150 um diameter droplets was 12 min.

2.2 | Droplet encapsulation significantly
enhances the detection speed of SARS-
CoV-2 RNA compared to bulk

For quantitative RT-LAMP assays performed in bulk
(gqRT-LAMP), nucleic acids with lower concentrations
require more time to generate a detectable signal. To
demonstrate this, we conducted triplicate qRT-LAMP
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FIGURE 1 Droplet-based real-time LAMP assay. (A—C) Schematic of real-time LAMP assay. (D) Images of merged bright field and
Syto 82 channel for droplets with real-time LAMP assay using Syto 82 as the indicator. Images are acquired 30 s per frame under camera on
the hotplate. (E) Fluorescence intensity of Syto 82 in positive droplets over time. The gray curves represent Syto 82 intensity measured in
each droplet. The black curve represents the averaged Syto 82 intensity. Data are shown as mean + standard deviation.
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reactions for a serial dilution of SARS-CoV-2E gene at
concentrations of 30 copies/pL, 3 copies/uL and 0.3
copies/pL in bulk (Figure 2A). These reactions were run
in a qPCR machine set to a constant temperature of 64°C
for 1 h. The corresponding average assay times were
18 min, 54 min, and 58 min, respectively, indicating that
the detection speed depends on the initial SARS-CoV-2 E
gene concentration. Our results are consistent with other
qRT-LAMP assays that use assay time as an indicator for
quantifying nucleic acid concentration within a linear
range 252

To demonstrate that droplet encapsulation improves
the detection speed of SARS-CoV-2 RNA, we generated
150 pm diameter droplet populations, each containing
RT-LAMP reaction mix with 30 copies/uL, 3 copies/pL
and 0.3 copies/ul. of the E gene, respectively. By
continuously monitoring droplets using our custom epi-
fluorescence setup for 1 h, we observed bright Syto 82
fluorescence in a fraction of droplets, indicating suc-
cessful amplification of the SARS-CoV-2E gene. We
analyzed the fluorescence intensity in positive droplets
over time and found that ddRT-LAMP assays for the E
gene at different concentrations exhibited similar ampli-
fication curves (Figure 2B). In contrast to the delayed
amplifications seen for 3 copies/uL and 0.3 copies/uL E
gene in bulk, we discover that ddRT-LAMP dramatically

accelerated the detection of the amplification, allowing
all concentrations to be detectable as quickly as the
30 copies/pL E gene condition (Figure 2C). This accel-
eration arises from the compartmentalization of E genes
into picolitre droplets, which concentrates the amplified
products and fluorescence signals. However, as the con-
centrations decrease, the number of positive droplets
decreases as well. We analyzed approximately 1000
droplets from each population, and as expected, the
number of positive droplets decreased by a factor of ~10
for each subsequent decrease in concentration, from
30 copies/uL, to 3 copies/uL, and to 0.3 copies/uL
(Figure 2D,E). Similar to other digital amplification
methods, the number of positive droplets provides abso-
lute quantification of nucleic acid concentration.

2.3 | SARS-CoV-2 RNA detection by
ddRT-LAMP in different droplet sizes

As compartmentation concentrates the amplified products
and fluorescence signals, we next investigated the effect of
droplet size on the assay time to detection. We hypothe-
sized that reducing the droplet size would decrease the
time to detection due to high signal-to-noise ratio resulting
from the rapid accumulation of fluorescence within these
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FIGURE 2 SARS-CoV-2 E gene amplification in bulk vs. in drop. (A) gRT-LAMP assay in bulk. Representative amplification curves
for template concentrations of 30 copies/uL, 3 copies/uL and 0.3 copies/uL are shown in green, purple and orange lines, respectively.

(B) ddRT-LAMP assay in 150 pm diameter droplets. Representative amplification curves for template concentrations of 30 copies/uL,

3 copies/pL and 0.3 copies/uL are shown in green, purple, and orange lines, respectively. (C) Assay time for ddRT-LAMP reactions (gray
filled bars) and qRT-LAMP reactions (striped bars) with template concentrations of 0.3 copies/uL, 3 copies/pL and 30 copies/uL. Data are
shown as mean + standard deviation. (D) Images of merged brightfield and Syto 82 fluorescence channel showing ddRT-LAMP reactions
with template concentrations of 30 copies/pL, 3 copies/pL and 0.3 copies/uL. Images are taken after sample incubation at 64°C for 1 h.
(E) Graph of actual positive drop percentage (open bars) and positive drop percentage predicted by Poisson loading calculation (gray bars).
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droplets confined volumes. Thus, we generated drops of
different sizes, with diameters ranging from 30 to 400 um,
spanning a more than 2000-fold difference in droplet vol-
ume (Figure 3A-D). The concentrations corresponding to
a single copy of the E gene in 400 um, 150 um, 80 pm and
30 um diameter droplets were 30 copies/uL, 600 copies/uL,
4000 copies/uL and 70,000 copies/pL, respectively (Sup-
plementary Table S1).

To compare assay times in drops compared to bulk, we
first performed bulk qRT-LAMP with initial E gene con-
centrations equivalent to those in different droplet sizes

A

(Figure 4A and Supplementary Table S1). The assay time
for gRT-LAMP decreases from 15 to 8 min when the initial
E gene concentration increases from 30 copies/uL to
70,000 copies/uL, indicating that the assay time for ddRT-
LAMP in smaller droplets should also exhibit a comparable
reduction. To test the hypothesis that smaller droplet di-
ameters decrease assay time, we performed ddRT-LAMP
assay in droplets with diameters of 30 pm, 80 um,
150 pm, and 400 pum. Indeed, the assay time decreased from
~16 to ~12 min when the droplet diameter decreases from
400 to 150 um (Figure 4A, red curve, and Supplementary
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FIGURE 3 Effect of droplet size on ddRT-LAMP reactions. (A-D) ddRT-LAMP assay for 30 copies/uL E gene in (A) 400 um diameter
droplets, (B) 150 um diameter droplets, (C) 80 um diameter droplets, and (D) 30-um diameter droplets. Images were captured after
incubating samples at 64°C for 1 h and shown as merged brightfield and Syto 82 fluorescence channels. Scale bars are 500 um in (A-C) and
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FIGURE 4 Effect of droplet size on ddRT-LAMP reactions. (A) Assay time is plotted against template concentrations for qRT-LAMP
reactions (black curve, top x-axis), and against droplet diameters for ddRT-LAMP reactions with a template concentration of 30 copies/uL
(red curve, bottom x-axis). Template concentrations [E gene] in qRT-LAMP reactions are correlated to droplet diameters (d) in ddRT-LAMP
reactions according to the relationship [E gene] = 6/(ud?). (B) Saturated Bst 2.0 concentrations in qRT-LAMP reactions with template

concentration of 600 copies/uL and 4000 copies/uL, and in ddRT-LAMP reactions with droplet diameters of 150 and 80 um. (C) Assay time
for ddRT-LAMP reactions with a droplet diameter of 150 versus 80 um with Bst 2.0 saturation (red) and without Bst 2.0 saturation (pink).

Data are shown as mean + standard deviation.
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Figure S1). However, when the droplet diameter decreased
to 80 and 30 pm, the assay time increased to 14 and 22 min,
respectively (Figure 4A, red curve, and Supplementary
Figure S1). This unexpected deviation suggested that other
factors must increase the assay time as the droplet size
decreases.

2.4 | Protein adsorption at the oil-water
interface delays SARS-CoV-2 RNA
detection

Previous studies have demonstrated that proteins can
adsorb to oil-water interfaces due to the presence of both
hydrophobic and hydrophilic domains.>’** We hypoth-
esized that in our ddRT-LAMP assay, the unexpected
slowdown in assay time in smaller droplets resulted from
surface adsorption at the oil-water interface, and specif-
ically from adsorption of the Bst 2.0 polymerase in the
RT-LAMP reaction. We hypothesized this protein
adsorption at the oil-water interfaces in smaller droplets
would lead to a reduction in the concentration of free Bst
2.0 available for the ddRT-LAMP reaction, resulting in
longer assay times in smaller droplets.

To test this hypothesis, we compared ddRT-LAMP
assay times in 80 and 150 pm diameter droplets after
adding additional Bst 2.0 to the reaction mix in the
droplets. For the 150 pm diameter droplets, we observed
that the assay time decreased from ~13 to ~11 min as the
Bst 2.0 increased concentration from 0.32 U/uL to 0.52 U/
pL. Further increases in the Bst 2.0 concentration main-
tained the assay time at ~11 min, indicating that the Bst
2.0 for ddRT-LAMP reaction in 150 pm diameter droplets
became saturated at 0.52 U/uL (Supplementary
Figures S2A and S4B). This saturated Bst 2.0 concentra-
tion for the ddRT-LAMP reaction in 150 um diameter
droplets aligned with that in the qRT-LAMP reaction
(template concentration: 600 copies/pL) (Figure 4B),
suggesting that less Bst 2.0 is adsorbed at the water-oil
interface of 150 um diameter droplets.

However, unlike the qRT-LAMP reaction (template
concentration: 4000 copies/uL), where the Bst 2.0 con-
centration saturated at 0.52 U/uL with an assay time of
only 8 min, the assay time for the ddRT-LAMP reaction
in 80 um diameter droplets did not saturate at a Bst 2.0
concentration of 0.52 U/uL. Instead, it continued to
decrease as more Bst 2.0 was added. This result in-
dicates that overcoming higher surface areas by satu-
rating the ddRT-LAMP in smaller droplets requires a
higher concentration of Bst 2.0 (Supplementary
Figure S2B). At the highest Bst 2.0 concentration tested
(0.92 U/uL), we found that the assay time for ddRT-

LAMP in 80 pm diameter droplets indeed decreased
to 8 min, consistent with the assay time for the corre-
sponding  gRT-LAMP  reaction  (Supplementary
Figure S2B). In summary, our results demonstrate that
the addition of extra Bst 2.0 can compensate for protein
adsorption at the oil-water interface of smaller droplets,
resulting in shorter assay times for ddRT-LAMP in
80 um diameter droplets compared to 150 pm diameter
droplets (Figure 4C).

3 | CONCLUSIONS

Our study demonstrates that the detection speed of
SARS-CoV-2 RNA can be significantly reduced by com-
partmentalizing RT-LAMP assays into droplets.
Compared to bulk RT-LAMP assays, compartmentaliza-
tion greatly enhances detection speed by concentrating
the amplified nucleic acids and resulting fluorescence
signals. As ddRT-LAMP is a fundamentally digital tech-
nique in which templates either exhibit post-
amplification fluorescence in the partitioned drops or
do not, the assay time remains independent of the initial
nucleic acid concentration. This was evidenced by our
experiments demonstrating that regardless of template
concentration, the lowest tested concentrations of 0.3 and
3 copies/uL were detectable as quickly as the highest
tested concentration of 30 copies/uL in 12 min. This is in
contrast to the RT-LAMP assays performed in bulk,
where the two lower concentrations required nearly an
hour to generate a detectable signal. Thus, ddRT-LAMP is
not dependent on new biochemistry but rather on
concentrating the fluorescence signal in droplets. This
enables rapid detection of low concentrations of viral
RNA template due to its high sensitivity and signal-to-
noise when compared to bulk qRT-LAMP.

Our findings also demonstrate that increasing con-
centration of the DNA polymerase to compensate for
interfacial adsorption can further accelerate the detection
speed. By reducing droplet size and adjusting droplet
chemistry, we can detect the SARS-CoV-2 E gene within
just 8 min using the ddRT-LAMP assay in 80 pm diam-
eter droplets.

Compartmentalization has been shown to be
compatible with other NAATS, such as polymerase chain
reaction (PCR),'*>%*! strand displacement assay (SDA),**
and CRISPR.*? Future research focused on understanding
the effect of varying droplet sizes and surface adsorption
conditions on assay times for other NAATs would lead to
optimization of drop-based digital amplification methods.
Such studies could offer valuable insights into the general
behavior of these assays when performed within droplets.
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Overall, we have demonstrated that ddRT-LAMP is
suitable for rapid and quantitative testing of viral RNA. In
addition to the advantage of increased assay speeds in
drops, this method shows promise for the development of
sensitive point-of-care nucleic acid testing, due to the
minimization of specialized equipment and relatively low
cost of RT-LAMP compared to other NAATSs. We antici-
pate that the results of this work will contribute to the
high-speed and quantitative detection of SARS-CoV-2, as
well as other pathogens, and will advance our under-
standing of the effects of droplet size and interfacial
surface area on assay speeds.

4 | MATERIALS AND METHODS

4.1 | Template preparation

Aliquots of SARS-CoV-2 E gene at 10° copies/uL were
diluted to the desired concentrations with nuclease-free
water (NEB B1500L). The aliquots of the E gene are
kept at —80°C until use. The sequence for E gene is
shown as follows (5 to 3'): ATGTTACCTTCTTCATC-
TACAATAAAATTGTTGATGAGCCTGAAGAACATGT
CCAAATTGTACCAATCGACGGTTCATCCGGAGTTGT
TAATCCAGTAATGGAAGATTCGCACGGTCCAATTT
ATGATGAACCGACGACGACTACTAGCGTGCCTTTG-
TAAGCACAAGCTGATGAGTACGAACTTATGTACTC
ATTCGTTTCGGAAGAGACAGGTACGTTAATAGTTA
ATAGCGTACTTCTTTTTCTTGCTTTCGTGGTATTCTT
GCTAGTTACACTAGCCATCCTTACTGCGCTTCGATT
GTGTGCGTACTGCTGCAATATTGTTAACGTGAGTCT
TGTAAAACCTTCTTTTTACGTTTACTCTCGTGTTAAA
AATCTGAATTCTTCTAGAGTTCCTGATCTTCTGGTCT
AAACGAACTAAATATTATATTAGTTTTTCTGTTTGG
AACTTTAATTTTAGCCATGGCAGATTCCAA.

4.2 | RT-LAMP primers for SARS-CoV-
3 E gene template

All primers for the E gene were ordered from Inte-
grated DNA Technologies. We resuspend all primers to
50 pM in nuclease-free water (NEB B1500L). The
SARS-CoV-2 primer mix for E gene was prepared as a
10X stock solution in the following manner: 80 pL of
FIP, 80 pL of BIP, 20 uL of LF, 20 L of LB, 10 pL of
F3, 10 pL of B3, and 30 pL nuclease-free water (250 pL
total volume). The primer stocks and the 10X primer
stocking solution were stored at —20°C until use. The
sequences of all E gene RT-LAMP primers are listed as
follows™*:

Smart Medicine—_

Name Sequence (5’ to 3')

FIP ACCACGAAAGCAAGAAAAAGAAGTTCGTTTCGGAA
GAGACAG

BIP TTGCTAGTTACACTAGCCATCCTTAGGTTTTACAAG
ACTCACGT

LF CGCTATTAACTATTAACG

LB GCGCTTCGATTGTGTGCGT

F3 TGAGTACGAACTTATGTACTCAT
B3 TTCAGATTTTTAACACGAGAGT

4.3 | RT-LAMP reaction mix

We prepare a 25 pL RT-LAMP reaction mix according to
the following: 12.5 pL. Warm Start 2X Master Mix (NEB
M17008S), 0.175 uL 100 mM dUTP (NEB N0459S), 0.5 pL
1000 U/mL Antarctic Thermolabile UDG (NEB M0372L),
2.5 uL 2 M Guanidine HCI (Promega H5381), 2.325 pL of
5 mM TCEP (EMD Millipore 51805), 0.5 uL of 25 uM Syto
82 (Invitrogen S11363), 2 pL Nuclease-free water, 2.5 pL
10X primer mix, and 2 uL E gene template. The qRT-LAMP
reaction was performed on a qPCR machine (Bio-Rad,
CFX96). The parameters were set for isothermal amplifi-
cation as follows: 1: 65°C for 30 s, 2: 65°C for 1 min and
Plate Read, 3: GOTO 2, 59 more times, 4: 4°C, oco.

4.4 | Microfluidic chip design and
fabrication

Microfluidic chips were fabricated from poly-
dimethylsiloxane (PDMS) polymer (Dow Corning, Syl-
gard 184) according to published methods.* SUS8-3000
series photoresist (Microchem) was used to fabricate
the master templates. After the PDMS slab was cut from
the mold, we punched inlet and outlet holes using a bi-
opsy punch (1 mm diameter; Ted Pella, Harris Uni-Core,
cat. no. 15110-10). The hole-punch debris was removed
using transparent adhesive tape. The PDMS was bonded
to a glass microscope slide to form the final microfluidic
device. To make the PDMS chip hydrophobic for gener-
ating aqueous droplets, the chip channels were treated
with Aquapel (Aquapel, cat. no. 47100) for 30 min and
the device was dried in a 65°C oven before use.

4.5 | Droplet generation

We encapsulated an aqueous reaction mix consisting of the
RT-LAMP reagents, template, and associated primers in a
monodisperse emulsion with HFE7500 fluorocarbon oil
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(Novec™, 3M) containing 2% (w/v) Perfluoropolyether-
polyethylene glycol-perfluoropolyether triblock surfac-
tant*® (008-FluoroSurfactant, Ran Biotechnologies) as the
continuous phase. This was accomplished by loading the
reaction mix and the fluorinated oil into a flow-focusing
microfluidic dropmaking device. We used pipette tips as
reservoirs to hold the reaction mix at the aqueous inlet of
our devices and a 60-mL syringe to generate vacuum at the
outlet of the device. The pressure difference resulted in
flow through the device, yielding a monodisperse emulsion
whose characteristic size was set by the dropmaking ge-
ometry and the applied vacuum pressure.

4.6 | Chamber making and droplet
loading

After generation, droplets were loaded into a custom
glass chamber. The chamber was created using two cover
glasses separated by a spacer of known thickness. The
cover glass with size 50 mm x 22 mm (VWR, Cat# 16004-
314) was used as the bottom of the chamber, while the
one with size 18 mm x 18 mm (VWR, Cat# 48366045)
served as the top. Spacers (McMaster-Carr, Cat#
9513K42) with thicknesses of 300 um, 150 um, 80 um and
30 pm were sandwiched between the two cover glasses to
create chambers with heights of 300 pm, 150 um, 80 um
and 30 pm, respectively. Prior to loading the chamber, a
UV epoxy, Norland 81 (Norland Products, Cat# NOAS81),
was used to glue the two cover glasses and the spacer
together. After applying the Norland 81, the assembly
was treated under UV light (365 nm) for 1 h to cure the
UV epoxy before being loaded with droplets. After
loading, we applied a quick-curing epoxy (Devcon,
#14250) on the four sides of the chamber to seal it.

4.7 | Droplet incubation and imaging

We placed the glass chamber with droplets on a pre-heated
hot plate, which was set at 64°C. We imaged the sample on
the hot plate with a custom fluorescence microscope. The
Syto 82 dye was excited with a 530 nm LED (Thorlabs, Cat#
M530L4) and imaged through a 550 LP filter (Thorlabs,
Cat# FELHO0550). After placing the sample on the hot plate,
we imaged the sample every 30 s for 1 h in total.

4.8 | Software, image processing and
statistical analysis

AutoCad (AutoDesk) software was used to design the mask
for lithography. Image processing and analysis were

performed using ImageJ]** (National Institutes of Health).
Origin (OriginLab) was used for plotting graphs. Each
experiment was performed independently at minimum in
duplicate.
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