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Here we report a sensing method for Listeria monocytogenes
based on the agglutination of all-liquid Janus emulsions. This
two-dye assay enables the rapid detection of trace Listeria in less
than 2 h via an emissive signal produced in response to Listeria
binding. The biorecognition interface between the Janus emul-
sions is assembled by attaching antibodies to a functional surfac-
tant polymer with a tetrazine/transcyclooctene click reaction. The
strong binding between Listeria and the Listeria antibody located
at the hydrocarbon surface of the emulsions results in the tilting of
the Janus structure from its equilibrium position to produce emis-
sion that would ordinarily be obscured by a blocking dye. This
method provides rapid and inexpensive Listeria detection with
high sensitivity (<100 CFU/mL in 2 h) that can be paired with many
antibody or related recognition elements to create a new class of
biosensors.
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isteria is a genus of Gram-positive bacteria and is responsible

for listeriosis, a potentially lethal foodborne bacterial illness
(1-5). Listeriosis has a high mortality rate of 20 to 30%, and
more than 90% of people with listeriosis are hospitalized; it is
particularly dangerous for pregnant women and people with
impaired immune systems (3, 6, 7). Water, fruits, vegetables, soil,
and meat contaminated with Listeria are the primary sources of
this disease (8). Efforts to mitigate the pathogen are frustrated
by the fact that Listeria is a very robust class of bacteria with high
environmental and temperature stress tolerance (1, 3, 9). As a
result, Listeria detection methods with high sensitivity, rapid re-
sponse time, and low cost are needed to ensure that these or-
ganisms are not distributed to the public in contaminated food
(10, 11).

Dynamic complex droplets offer function that has been rec-
ognized for applications in drug delivery, food industry, and
pharmaceutical formulations (12-22). They are also a versatile
platform for biosensing enabling a combination of advantages
including speed, portability, and cost effectiveness (23-27). Some
droplet methods make use of morphology control using in-
terfacial tensions and surfactants (28). The methods reported
herein make use of complex droplets comprising equal volume of
hydrocarbon and fluorocarbon oils in a Janus morphology, that
spontaneously align in an equilibrium state as a result of dif-
ferences in the density of the internal phases (13). Recognition
elements attached to the surface of the hydrocarbon phase cause
Janus droplets to agglutinate around their target, and bacteria
can be detected by the resulting optical scattering from the ag-
glutinated clusters (29). The detection of the degree of opacity
and/or the number of agglutination events can be used in both
qualitative and quantitative detection schemes. These attributes
are attractive and can provide a generalizable sensor scheme for
the detection of biomolecules, organisms or cells of interest. To
create the most robust assays, we consider that a detection mode
relying solely on optical scattering is insufficient for real-world
samples containing particulates and could be interpreted as false
positives.
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In this paper, we employ a functional block copolymer sur-
factant that localizes at the interface of the continuous phase and
the hydrocarbon phase of the droplets. The block copolymer
(Poly-TCO) contains a hydrophobic polystyrene block with a
high affinity for the hydrocarbon phase, a hydrophilic polyacrylic
acid block, and a polyacrylic acid block that is partially conju-
gated with transcyclooctene (Fig. 14). Listeria antibodies are
functionalized through their free amines by reaction with tetra-
zine- N-hydroxysuccinimide (NHS) ester. Janus droplets pre-
pared in phosphate buffered saline (PBS) buffer have Poly-TCO
localized at the hydrocarbon-continuous phase interface (Figs. 1 B
and C), and the tetrazine and transcyclooctene bioorthogonal
reaction (30-37) is performed in situ. Detection is accomplished
when the droplet immobilized antibodies bind multivalently to
Listeria to cause clusters of tilted droplets, called agglutinations.
The droplets microlens structure results in transmission of light
with the Janus droplets transmitting in their equilibrium density-
aligned states (26). The agglutination generates clusters of tilted
droplets that are observed under a microscope, and counting these
events gives a quantitative measure of the amount of Listeria in
the solution.

To create a more robust system that will be immune from
confounding debris that may be associated with real-world
samples, we have designed a two-dye system (Fig. 1 D and E).
The two dyes have orthogonal solubilities and improve the
sensing performance by converting the agglutination into a turn-
on emissive detection event. The choice of dyes is critical, and in
the first scheme a subphthalocyanine (sub-PC) dye was designed
to be exclusively soluble in the hydrocarbon phase and has a
strong absorbance band that overlaps the emission band of a
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(A) Chemical structure of Poly-TCO. (B) Scheme of Janus droplets containing 1 mg/mL of Poly-TCO in the hydrocarbon phase (red stands for hy-

drocarbon phase, and white stands for fluorocarbon phase). (C) Optical image (top view) of Janus droplets described in B. (D) Scheme of Janus droplet with
Poly-TCO and sub-PC dye in the hydrocarbon phase and the F-PBI dye in the fluorocarbon phase (black stands for hydrocarbon phase with sub-PC, and dark
red stands for fluorocarbon phase with F-PBI). The yellow arrows point out the structures of the dyes dissolved in each phase. (E) Optical image (top view) of

Janus droplets described in D. (Scale bars, 50 pm.)

fluorous soluble PBI dye (F-PBI) (38) (Fig. 1D). In the absence of
Listeria, the droplets align in the dish such that the fluorocarbon
phase containing F-PBI is on the bottom and the hydrocarbon
phase containing sub-PC is on the top due to the difference in
density of the two liquids. In the aligned state, excitation and
emission collection from the top give only a small signal from the
F-PBI as a result of the absorptive blocking of both the excitation
and emission of the F-PBI by the sub-PC dye in the top hydro-
carbon phase. In contrast, when there is Listeria in the solution the
resulting agglutinated tilted structure allows for unobstructed ex-
citation of the F-PBI and the detection of its emission.

Results and Discussion

Preparation of Janus Emulsions and Bioconjugation at the Interfaces.
Fig. 24 illustrates the synthesis of Poly-TCO. Polydisperse
emulsion droplets containing Poly-TCO are obtained by dissolving
1 mg/mL of the polymer in diethylbenzene (DEB), addition of an
equal volume of fluorocarbon solvent [3-ethoxyperfluoro(2-
methylhexane) (HFE7500)] followed by dispersing (sonication)
the mixture above the upper critical solution temperature at 40 °C
in PBS buffer containing surfactants. Monodispersed droplets
were fabricated using a microfluidic device with the same Poly-
TCO/DEB/HFE7500 solution at temperatures above 40 °C. The
postdroplet functionalization is illustrated in Fig. 2B. Twenty mi-
croliters of the droplet dispersion was transferred into a vial
containing 0.5 mL of 0.1 wt % Zonyl:0.1 wt % Tween 20 1:1 (vol/vol)
solution. Then 30 pL of tetrazine-Listeria antibody (1 mg/mL) was
added to the continuous phase, and the mixture was mixed at room
temperature on a rocker overnight to allow the transcyclooctene
tetrazine bioconjugation. The unreacted tetrazine-Listeria anti-
body was subsequently removed by exchanging the continuous
phase three times with 0.5 mL of fresh 0.1 wt % Zonyl:0.1 wt %
Tween 20 1:1 (vol/vol) solution.
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To confirm Listeria antibody bioconjugation, 5 pL of protein
A-FITC (1 mg/mL), which has an affinity to the IgG Listeria
antibody, is added to the continuous phase and mixed for 2 h on
a rocker (Fig. 2B). The unbound protein A-FITC was removed
by exchanging the continuous phase with 0.1 wt % Zonyl:0.1 wt %
Tween 20 1:1 (vol/vol) solution for three times. The bright-field
image shown in Fig. 2C reveals stable Janus droplets after the
bioconjugation, and the confocal fluorescence imaging of the
protein A-FTTC (Fig. 2D) confirms the successful bioconjugation
of Listeria antibody at the hydrocarbon/continuous phase interface.
Minor amounts of brightly fluorescent spots are also apparent on the
droplet surfaces, which suggest the presence of aggregates formed
from Poly-TCO, Listeria antibody, and protein A-FITC. The amount
of Listeria antibody conjugated on droplets is quantified to be 3.7 x
107 mol m™ by fluorescence spectra (SI Appendix, Fig. S1).

Agglutination Assay with Heat-Killed Listeria monocytogenes. After
we validated the bioconjugation, we initiated sensing experiments by
adding different concentrations of heat-killed Listeria monocytogenes
to the continuous phase followed by mixing on a rocker for 2 h
(Fig. 34). To observe the orientational changes in the droplets,
10 pL of the droplet dispersion was added to 1 mL of 0.1 wt %
Zonyl:0.1 wt % Tween 20 1:1 (vol/vol) solution in a Petri dish. An
inverted microscope was used to record droplet agglutination
(Fig. 3 B-G and SI Appendix, Fig. S18) after the addition of heat-
killed Listeria at 107, 10°, or 100 colony forming units (CFUs) per
mL. Incubation time was set to be 2 h since with incubation time less
than 2 h, we would get lower agglutination responses. Future opti-
mization of mixing may potentially reduce the incubation time.
Control experiments without the heat-killed Listeria or with equiv-
alent amounts of Bacillus subtilis, heat-killed Salmonella, or BSA
(Fig. 2C and SI Appendix, Figs. S19 and S20) showed no aggluti-
nation. The results shown in ST Appendix, Figs. S19 and S20, indicate
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Fig. 2. (A) Synthetic route of Poly-TCO. (B) Postdroplet functionalization and protein A-FITC binding scheme. The violet shape is the symbol of Listeria
antibody. (C) Bright-field microscope image of droplets with 1 mg/mL of Poly-TCO in the hydrocarbon phase after bioconjugation with tetrazine Listeria
antibody. (D) Successful bioconjugation of Listeria antibody at the interface of droplets confirmed by fluorescent confocal microscopy. (Scale bars, 50 pm.)

that our sensing scheme shows excellent selectivity and specificity to The quantification of the agglutinated droplets is performed
Listeria. Agglutinations are readily observed at 100 CFUs per mL,  using image analysis (see SI Appendix for more details). The
thereby confirming limits of detection at this level or lower. image processing code transforms the optical micrographs into
1
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Fig. 3. (A) Heat-killed L. monocytogenes sensing scheme. (B-G) Optical images of droplets containing 1 mg/mL of Poly-TCO in the hydrocarbon phase after
adding (B-D) 107 CFU/mL and (E-G) 100 CFU/mL of heat-killed Listeria for 2 h. (Scale bar of B and E, 200 pm; scale bar of C, D, F, and G, 50 pm.)
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grayscale images and measures the average droplet diameters. To
locate the agglutinated areas, the program first applies an adaptive
thresholding algorithm, optimized on sets of images based on the
original image contrast, and distinguishes the darker regions where
multiple droplets are tilted off their natural axes (Fig. 4 A-E).
Using the average droplet diameter and the area of the darker
region, it then calculates the percentage of the agglutinated area of
each image. Using this information, we can create a calibration
curve that relates the percentage of agglutination increases with the
number of heat-killed L. monocytogenes (Fig. 4F).

Quantification of Agglutination Using Two-Dye System. The meth-
ods just discussed made use of light transmission through Janus
droplets and the modulation thereof by agglutination. To create
more robust assays, we were interested in having agglutination
produce new fluorescent signals on a dark or nearly dark back-
ground. This method could be used to facilitate the counting of
agglutination events or allow for detection by monitoring of
the total fluorescence. Field samples can contain random debris
and/or waste from live organisms, which can potentially confound
image analysis and light transmission-based assays. Hence, an
emissive turn-on method has the prospects for avoiding false pos-
itive signals. To create such a scheme, we have developed water
insoluble dyes with orthogonal solubilities between the hydrocar-
bon and fluorocarbon phase of Janus droplets. The sub-PC dye (SI
Appendix, Figs. S2-S6) is only present in the DEB phase, whereas
the emissive F-PBI dye (38) is localized exclusively in the fluoro-
carbon phase (Fig. 54). This partitioning is apparent in the photos
in Fig. 5B, whereas the sub-PC in the top DEB layer has dark green
color, and the red F-PBI dye in the denser HFE7500 layer has
strong emission after irradiation of UV light. From plotting the
ratio of the molar absorptivity of the two dyes, we find blocking of
the excitation light to be most efficient at 361 nm (SI Appendix,
Figs. S7 and S8). Thus, we choose to excite the system at 361 nm.

Janus droplets align normal to a surface as a result of gravity and
can be perturbed from this natural alignment by application of a
magnetic field, by electrostatic interactions, or by chemical poten-
tials (39-43). Our antibody conjugated droplets adopt this aligned
state in the absence of their target analyte, and the sub-PC in the
top hydrocarbon phase absorbs 361 nm light (SI Appendix, Fig. S7)
thereby preventing the majority of light from reaching the bottom
fluorocarbon phase (Fig. 1D). Some light will reach the fluorocar-
bon phase as a result of incomplete absorption or reflections. To
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further attenuate any fluorescence in the native aligned state, the
dyes were chosen to have complementary absorption and emission
characteristics. Specifically, F-PBI can be excited at 361 nm and has
a strong emission at about 580 nm. The sub-PC has a very strong
absorption at 580 nm with negligible emission. As a result, in the
equilibrium alignment the sub-PC absorbs the excitation light as
well as any emission from F-PBI, and the droplets appear dark. The
data showing the filter effect are illustrated in Fig. 5C wherein the
addition of the sub-PC dye reduces the F-PBI emission intensity by
17-fold (from 8,000 to 450 [arbitrary unit])

Agglutination of functionalized dye containing droplets results
in a tilting and creates a path between the bifurcated fiber optic
for excitation light and emitted light that does not need to pass
through the sub-PC filter layer. Hence, the action of tilting the
dyes from their surface normal orientation by agglutination
produces an emission signal that can be monitored using a bi-
furcated fiber optic assembly as shown in Fig. 64.

The responses of droplets functionalized with antibodies and
containing dyes (Fig. 5D) were determined as a function of dif-
ferent concentrations of heat-killed Listeria with mixing for 2 h.
Fig. 6B shows the emission spectra taken using the scheme in
Fig. 64. The calibration curve in Fig. 6C reveals a limit of de-
tection less than 100 CFUs per mL. As expected, the emission at
580 nm increases with larger amounts of Listeria, in agreement
with image analysis results shown in Fig. 4.

Emissive dyes can also be used with image analysis to create
more robust methods. Specifically, the appearance of a new
emission can differentiate from overlapping droplets or foreign
objects that could be mistaken by image analysis as agglutination
sites. This feature is illustrated by the images shown in Fig. 6 D-G.
As can be seen, the agglutinated droplets are readily observed by
the red F-PBI emission in Fig. 6 £ and G, while the non-
agglutinated droplets stay aligned normal, and little red F-PBI
emission could be observed (Fig. 6 D and F).

Detection of Live L. monocytogenes. Similar to the previous sensing
scheme, we added live Listeria (107, 10*, and 100 CFUs per mL;
Fig. 7 A-C) to the continuous phase and mixed the bacteria and
droplets on a rocker for 2 h before taking images and fluorescence
measurements. A high degree of agglutination was observed after
adding 10’ CFUs per mL of Listeria, and agglutination is still
apparent after adding only 100 CFUs per mL of live Listeria. The
detected emission of F-PBI dye at 580 nm increased with the
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Fig. 4. (A-E) Optical images of droplets containing 1 mg/mL of Poly-TCO in the hydrocarbon phase after adding 0, 100, 103,10°, or 10’ CFU/mL of heat-killed
L. monocytogenes for 2 h for processing algorithm for quantification of agglutination. The red markings on the optical micrographs signify the areas oc-
cupied by agglutinated droplets as a guide to the eye. (Scale bar, 100 um.) (F) Correlation of heat-killed L. monocytogenes concentration and agglutination
level (five replicate measurements were performed for the error bars, **P < 0.01).
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(A) Chemical structures of a nonemissive sub-PC dye in the hydrocarbon phase (Left) and an emissive perylene dye (F-PBI) in the fluorocarbon phase

(Right). (B) Optical images of the two-dye system (under normal or UV light). (C) Emission from Janus droplets aligned normal on a surface that have F-PBI in the
fluorocarbon phase and have or lack the sub-PC dye in the hydrocarbon phase (Aex = 361 nm). (D) Postdroplet functionalization scheme of the two-dye system.

increase of the concentration of live Listeria (Fig. 7D), and a
calibration curve in Fig. 7E confirms the ability to detect live
Listeria at 100 CFUs per mL.

Inverted Two-Dye System. The arrangement of the dyes in the droplets
need not be in form given in Fig. 1D, and in some cases an inverted
arrangement of the blocking and signaling dyes has advantages. For
example, in a highly scattering sample the emission could alterna-
tively be detected from the bottom directly through a glass support,
thereby eliminating the path length through the solution. This situ-
ation is accomplished as shown in Fig. 84, wherein the perylene dye
Lumogen F Orange 240 is exclusively soluble in the hydrocarbon
phase. We synthesized a blocking subphthalocyanine dye (F-sub-PC)
which is only soluble in the fluorocarbon phase (SI Appendix, Figs.
S9-S15). The plot of ratio of the molar absorptivity of F-sub-PC and
Lumogen F Orange 240 indicates that blocking of the excitation light
to be most efficient at 398 nm (SI Appendix, Figs. S16 and S17), so
that we excite the inverted two-dye system at 398 nm. The F-sub-PC
dye absorbs the 398-nm excitation and the Lumogen F Orange 240
emission at 535 nm. The antibody functionalized droplet agglutina-
tion assay is conducted with the fiber optic under the glass container,
and as shown in Fig. 8B, Listeria triggers an increased emission at
535 nm. The calibration curve suggests similar limit of detection of
less than 100 CFUs per mL to the other methods (Fig. 8C).

Conclusions

In conclusion, we report a highly sensitive Listeria sensing method
based on agglutination of Janus emulsion droplets with limits of
detection less than 100 CFUs per mL in 2 h. Bioconjugation at the
hydrocarbon phase-continuous phase interface of the droplets is
accomplished by an efficient in situ click reaction between a tetra-
zine conjugated Listeria antibody and a transcyclooctene surfactant
polymer. Exposure to Listeria induced agglutination and tilting of

Li et al.

the droplets from their natural gravity-induced alignment which
could be quantified by image analysis. More robust agglutination
assays are created using blocking and emissive dyes that are or-
thogonally partitioned between the hydrocarbon and fluorocarbon
phases of the Janus droplet. These methods make use of an emis-
sion turn-on triggered by agglutination which may be monitored
from the top or the bottom with the proper selection of blocking
and emissive dyes. Assays monitoring from the bottom have the
advantage that highly scattering solutions can be used because the
emission signal need not travel through the solution. These droplet
methods are robust and are stable in serum, synthetic blood, and
brain heart infusion broth which guarantees the future applications
in biomedical or biochemistry fields (SI Appendix, Figs. S21-S24).
Through enrichment process, we could easily detect 20 CFUs per
mL of Listeria after incubating it at 37 °C for 4 h (SI Appendix, Fig.
S25). We could also get enhanced signal of 100 CFUs per mL of
Listeria by incubating it at 37 °C for up to 12 h and the relative
intensity at 580 nm increase with the increase of incubation time
(81 Appendix, Fig. S26). Our method is simple and convenient, and
agglutinations could even be detected by a smartphone camera
with a magnifying lens (S Appendix, Figs. S27 and $28). The ef-
fects we report can be detected in some cases by visual inspection.
Specifically agglutination induces strong fluorescence in the sub-
PC/F-PBI system when the excitation is performed under total
internal reflection conditions using a glass prism at the glass in-
terface (S Appendix, Fig. S29) (44, 45). The present assays readily
achieve a detection limit of Listeria of 100 CFUs per mL and can
be extended to the detection of different analytes by the utilization
of corresponding stable and selective antibodies.

Materials and Methods

Materials. All chemical reagents and solvents were purchased from Sigma-
Aldrich, ThermoFisher, Combi-Blocks, Click Chemistry Tools, BroadPharm, or

PNAS | June2,2020 | vol. 117 | no.22 | 11927

CHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002623117/-/DCSupplemental

Bifurcated Fiber

B 4000

——10" cFumL
——10° CFU/mL,
30004 — 10" cFUmL
—— 10" CFU/mML,
|——o0cFumL |

2000+

1000+

Fluorescence Intensity (a.u.)

500 550 600 650
Wavelength (nm)

Listeria

Wit

Bifurcated Fiber

@
1

o
1

*k

N
L

0 Ty
10° 10" 10° 10° 10* 10° 10° 10
Concentration of Listeria (CFU/mL)

Relative Fluorescence Intensity at 580 nm
S
"

Fig. 6.

(A) Measurement scheme showing excitation and monitoring of the fluorescence coming from the dyed emulsions. (B) Fluorescence spectra (Aex = 361 nm) of

droplet containing Poly-TCO and sub-PC dye in the hydrocarbon phase and F-PBI dye in the fluorocarbon phase after addition of heat-killed Listeria at different
concentrations. (C) Correlation of concentration of heat-killed Listeria and relative fluorescence intensity at 580 nm (three replicate measurements were performed for
the error bars, **P < 0.01). (D and E) Confocal microscope image of (D) nonagglutinated droplet (without addition of Listeria) and (E) agglutinated droplets (with the
addition of Listeria at 10’ CFU/mL). (F and G) Confocal microscope image of (F) nonagglutinated droplet (without addition of Listeria) and (G) agglutinated droplets
(with the addition of Listeria at 100 CFU/mL), with sub-PC dye in the hydrocarbon phase and F-PBI dye in the fluorocarbon phase. (Scale bars, 50 pm.)

TCl. Unless stated otherwise, all chemicals were of reagent grade and used as
received. Heat-killed L. monocytogenes was purchased from InvivoGen, and
L. monocytogenes was purchased from ATCC. All air- and water-sensitive
synthetic manipulations were performed in oven-dried glassware under an
argon atmosphere using standard Schlenk techniques.

Bulk Emulsification Method for Preparing Droplets. We utilized our previously
published method to prepare polydispersed droplets (46). Diethylbenzene
(DEB, hydrocarbon phase) and 3-ethoxyperfluoro(2-methylhexane) (HFE7500,
fluorocarbon phase) were mixed at a 1:1 ratio in a 4-mL vial. The mixture was
heated above 40 °C, which is the temperature that the two phases become
miscible. These polydispersed droplets were produced by adding 20 pL of
warm DEB-HEF7500 liquid into 500 pL of warm surfactant solution (a mixture
of 0.1 wt % Zonyl:0.1 wt % Tween 20 1:1 [vol/vol]), and shaking the mixture on
a Vortex for 10 s. To generate emulsion droplets containing Poly-TCO for in-
terfacial functionalization, Poly-TCO was dissolved at 1 mg/mL in DEB.

Preparation of Monodispersed Droplets. Continuous phase (1.0 wt % tween
20) and the 1:1 ratio mixture of hydrocarbon phase (containing 1 mg/mL
Polymer-TCO) and fluorocarbon phase were pumped into a chip at a di-
ameter of 50 pm to get monodispersed droplets with a diameter of 50 pm at
40 °C. The monodispersed droplets were then washed with the mixture of
0.1 wt % Zonyl:0.1 wt % Tween 20 1:1 (vol/vol) solution for three times to
get Janus droplets.

Preparation of Droplet Containing Two Dyes. Subphthalocyanine was dis-

solved in diethylbenzene at concentration of 1 mM, and the perylene dye,
F-PBI, was dissolved in HFE7500 at concentration of 0.1 mM. Poly-TCO was
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dissolved in diethylbenzene at concentration of 1 mg/mL. The continuous
aqueous phase was a mixture of 0.1 wt % Zonyl:0.1 wt % Tween 20 1:1 (volivol).

For the inverted phase droplets, Lumogen F Orange 240 was dissolved in
diethylbenzene at concentration of 0.1 mM, and Poly-TCO was dissolved in
diethylbenzene at concentration of 1 mg/mL. F-sub-PC was dissolved in
HFE7500 at concentration of 1 mM. The continuous aqueous phase was a
mixture of 0.1 wt % Zonyl:0.1 wt % Tween 20 1:1 (vol/vol).

Quantification of Listeria Antibody. We prepared monodispersed droplets
containing 1 mg/mL poly-TCO in the hydrocarbon phase with a diameter of
50 um. Thirty microliters of tetrazine-Listeria antibody (1 mg/mL) was added
to the continuous phase of droplet, and the mixture was mixed at room
temperature overnight. We washed the droplets with a mixture of 0.1 wt %
Zonyl:0.1 wt % Tween 20 1:1 (vol/ivol) for three times to remove the un-
conjugated tetrazine Listeria antibody. Then 5 pL of protein A-FITC (1 mg/mL)
was added to the continuous phase for 2 h at room temperature. We washed
the droplets with a mixture of 0.1 wt % Zonyl:0.1 wt % Tween 20 1:1 (vol/vol)
for three times to remove the unbound protein A-FITC. We counted the
number of monodispersed droplets and then dried all of the droplets in a 4-mL
vial. We added 2 mL of DI water to redissolve the protein A-FITC released from
the dried droplets. Fluorescence spectrum was measured with excitation at
490 nm, and its emission at 518 nm was 2,830 (S/ Appendix, Fig. S1C).
Calibration curve was measured by measuring the fluorescence spectra of
protein A-FITC at 0.1, 0.05, 0.02, 0.01 and 0.005 pg/mL (S/ Appendix, Fig.
S1 A and B). The equation of calibration curve is

y = 164,245x + 177.
Using this calibration equation, we could calculate that the protein A-FITC

concentration of the redissolved solution should be 0.016 pg/mL. Since
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Fig. 7. Optical images of droplets containing 1 mg/mL of Poly-TCO in the hydrocarbon phase after adding (A) 107 CFU/mL, (B) 10% CFU/mL, and (C) 100 CFU/mL
of live Listeria for 2 h. (Scale bar, 50 pm.) (D) Fluorescence spectra (Aex = 361 nm) of droplets containing Poly-TCO and sub-PC dye in the hydrocarbon phase
and F-PBI dye in the fluorocarbon phase after addition of live Listeria at different concentrations. (E) Correlation of concentration of live Listeria and relative
fluorescence intensity at 580 nm (three replicate measurements were performed for the error bars, **P < 0.01).

protein A-FITC was bound to Listeria antibody on the surface of Janus 4 x 10°, we calculated that the number of protein A-FITC per droplet is 8.5 x 10°.
droplets, the number of Listeria antibody should be equal to or larger than  Thus, the number of Listeria antibodies per droplet is at or higher than 8.5 x 10°.
the number of protein A-FITC. Given that the molecular weight of protein The diameter of the droplet is 50 pm, so after calculation, the surface area of
A-FITC is 56 kDa and the number of the dried monodispersed droplet is hydrocarbon of one Janus droplet (hemisphere) is 3.9 x 10° nm? and the
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Fig. 8. (A) Janus droplet having a subphthalocyanine dye (F-Sub-PC) in the fluorocarbon phase and an emissive PBI dye (Lumogen F Orange 240) in the
hydrocarbon phase. The dyes are exclusively insoluble in the phases that they are not shown in. (B) Fluorescence spectra (Aex = 398 nm) of droplets containing
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number of antibodies on droplet is at or higher than 2.2 x 10" per m?, which is
3.7 x 107'° mol per m The area per Listeria antibody on the surface of droplet is
4,600 nm? per antibody.

Listeria Cell Culture. Listeria strain 19115 was grown in brain heart infusion
(BHI) broth in a 50-mL tube overnight at 37 °C in an incubator. After they
reached an approximate OD600 of 1.0, the culture was centrifuged at
5,000 rpm for 10 min. The cells were washed with 15 mL of PBS buffer, and
the procedure was repeated for three times. CFUs of live Listeria were
quantified by colony counting method. We diluted the Listeria solution by
different dilution factors and added 10 pL of these dilutions onto a BHI agar
dish for growth at 37 °C for overnight. The original Listeria solution was
stored at 4 °C to prevent further growth. After the formation of colonies, we
counted the number of colonies by a magnifying glass. We could use these
colony numbers and the dilution factors to calculate the CFU of the original
Listeria solution. Growth curves of Listeria were measured by quantifying
the CFUs of growing Listeria. We cultured Listeria in an incubator at 37 °C
and took out 1 mL aliquot from the Listeria culture tube every 2 h. We
quantified the CFUs of these aliquots and plot the growth curves with the
quantified CFUs. To conduct live Listeria tests, a 10-uL aliquot of cells was
added to the Janus emulsion assay.

Correlation Curves. \We have performed three replicate measurements for the
experiments shown in Figs. 6-8 and five replicate measurements for the
experiment shown in Fig. 4. These measurements were done directly without
further enrichments.
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Synthesis of Poly-TCO. One hundred milligrams of polystyrene-block-poly
(acrylic acid) was dissolved in 20 mL of DCM; 72 mg of NHS and 120 mg of
N,N’-Dicyclohexylcarbodiimide (DCC) were added into the solution and stirred
overnight at room temperature. The reaction mixture was then precipitated
into 150 mL water. The product (polymer-NHS) was washed with methanol,
acetone, and hexane after filtration. Then we dissolved 30 mg of polymer-NHS
in DCM, added 0.03 mL of N,N-Diisopropylethylamine (DIPEA) and 9 mg of
TCO-amine Hydrochloride into the solution, and stirred at room tempera-
ture for overnight. The reaction mixture was then precipitated into 100 mL
water. The product (Poly-TCO) was washed with methanol, acetone, and
hexane after filtration.

Synthesis of Sub-PC and F-sub-PC. Sub-PC and F-sub-PC are synthesized and
characterized. Please see S/ Appendix for more details.

Data Availability. The data presented in this manuscript are available in the
SI Appendix.
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