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ABSTRACT: Reliable early-stage detection of foodborne pathogens is a global public health challenge that requires new and
improved sensing strategies. Here, we demonstrate that dynamically reconfigurable fluorescent double emulsions can function
as highly responsive optical sensors for the rapid detection of carbohydrates fructose, glucose, mannose, and mannan, which are
involved in many biological and pathogenic phenomena. The proposed detection strategy relies on reversible reactions between
boronic acid surfactants and carbohydrates at the hydrocarbon/water interface leading to a dynamic reconfiguration of the
droplet morphology, which alters the angular distribution of the droplet’s fluorescent light emission. We exploit this unique
chemical—morphological—optical coupling to detect Salmonella enterica, a type of bacteria with a well-known binding affinity for
mannose. We further demonstrate an oriented immobilization of antibodies at the droplet interface to permit higher selectivity.
Our demonstrations yield a new, inexpensive, robust, and generalizable sensing strategy that can help to facilitate the early

detection of foodborne pathogens.

B INTRODUCTION

Foodborne diseases are a major worldwide public health
concern. Each year, approximately 48 million people in the
United States (around one-sixth of the population) become ill
as a result of consuming pathogen-contaminated food or water
that causes serious symptoms and even death." In addition, this
leads to an annual economic burden of more than 55.5 billion
dollars due to Eremature deaths, lost work days, and health
care expenses.” Infections by Salmonella enterica, a species of
Gram-negative bacteria commonly found in poultry, account
for nearly a quarter of all annual cases of foodborne illness.
Unfortunately, commonly used methods to detect Salmonella
lack the sensitivity that is necessary to directly detect the small
number of pathogenic cells that can cause illness. Instead, these
approaches require incubation steps that can take up to 48 h,"*
a timespan that can be critical in treating patients with
foodborne illness or preventing further spread and con-
sumption of contaminated food products. New methods that
can rapidly detect miniscule amounts of pathogenic cells,
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ideally within a single 6-h work shift at a food production plant,
are therefore urgently needed to efficiently prevent contami-
nated food from reaching consumers and causing widespread
diseases.

The need for distributed real-time foodborne pathogen
detection has led to increased scientific activity in chemical and
biological sensor development and has fueled innovations in
new sensory materials.’"" In this context, liquid—liquid
transduction schemes, such as oil-in-water emulsions, are
especially appealing, because the hydrophobic—hydrophilic
liquid interfaces are dynamic and closely resemble the
environment found at a cell’s surface.

B RESULTS AND DISCUSSION

Herein, we demonstrate a new emissive sensor scheme based
upon the dynamic nature of liquid multicompartment
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Figure 1. Conceptual sketch of the mechanism for the detection of Salmonella enterica cells using boronic acid-functionalized complex emulsions
with reversible assembly of carbohydrate or IgG antibody. (a) Changes in the droplet morphology, induced by reversible assembly of carbohydrates
or IgG antibodies at the hydrocarbon (HC, red) water (W) interface and upon removal by competitive binding to Salmonella cells. (b) Light-curve:
Boronic acid-functionalized emulsions are initialized to yield the highest emission intensity (1); upon reversible binding to carbohydrates or
antibodies the emission intensity decreases by up to 60% resulting from the reconfiguration to the Janus morphology (2); the emission intensity
transitions back to the high original state upon removal of the carbohydrates or antibodies by Salmonella cells (3). (c) Side-view images of droplets
(scale bar, S0 ym) in the three morphology states characteristic for the light-curve: (1) starting point: droplets containing boronic acid surfactant in
100% Zonyl surfactant solution (2) after addition of 30 ug mL™" of the carbohydrate mannan, and (3) after addition of 10° cells mL™" Salmonella

typhimurium cells.

emulsions that consist of two immiscible phases with a large
refractive index (n) contrast, a hydrocarbon oil (HC, red; nyc
=1.49), and a fluorocarbon oil (FC, white; npc = 1.29) (Figure
la). Polydisperse and monodisperse complex droplets with
these solvents are readily obtained by emulsification in an
aqueous solution containing surfactants (W; ny = 1.33), using
a temperature-induced phase separation method.”'® The

morphology of these complex emulsions can be dynamically
switched between encapsulated (HC/FC/W and FC/HC/W)
and Janus configurations in response to changes in the type,
concentration, and configuration of surrounding surfac-
tants.''?

Biomolecular recognition events can generate changes in
droplet configuration (Figure 1a), and we quantify these effects
by measuring distinct changes in directional emission as the
sensing output. To create an optical read-out that is sensitive
to small changes in the droplet morphology, a fluorescent
perylene dye is localized in the higher refractive index
hydrocarbon phase. As a result of the higher refractive index
of the hydrocarbon phase, total internal reflection confines the
perylene emission. The light emission characteristics of these
multicompartment droplets are strongly dependent on the
droplets’ interfacial curvatures and refractive index contrast.
The intensity of light emitted in the direction normal to the
sample surface varies as a function of droplet morphology as
defined by the “light-curve” (L-curve) in Figure 1b.

To invoke a dynamic reconfiguration of the droplets’
morphology in response to the presence of micro-organisms,
we employed boronic acid surfactants that reversibly bind
mono- and polysaccharides, as well as N-glycans present in IgG
antibodies. Changes in the HC/W interfacial tension
associated with reversible interfacial reactions between the
boronic acids and these recognition groups are detected
optically. These optically readable and chemically triggered
droplet morphology changes were then used to create a
hitherto unknown, rapid, and sensitive method for the
detection of the foodborne pathogen Salmonella enterica
serovar Typhimurium (Figure 1b,c).

To understand the underlying optical phenomena, the
emission of dyed complex emulsions was modeled using
raytracing techniques. The calculations revealed a strong
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dependence of the anisotropic angular intensity distribution
on changes in the droplet morphology (Figure 2ab). To
approximate a continuous fluorescing medium, we initialized
20000000 rays per unit volume with homogeneous and
randomized starting directions, locations, and polarizations
within the HC-phase. Individual ray trajectories were
determined using a custom nonsequential raytracing algorithm
in MATLAB, and the intensity of the output rays was collected
to 1° bins. Light rays that intersect the internal HC/FC
interface at an angle less than the critical angle for total internal
reflection, 6, = sin™!(npc/nyc) = 60°, are simply treated as
background emission. Rays intersecting the internal interface at
an angle larger than 6, are guided along the interface by total
internal reflection, until they encounter the HC/W interface,
where they escape the droplet near the three-phase contact line
at a morphology-dependent angle. Calculations show that large
changes in emission intensity can be measured in the vertical
direction (0°) of gravity-aligned emulsions.

We verified this morphology-dependent emission of the
complex emulsions experimentally by taking optical micro-
graphs of fluorescent droplets. We observed the predicted
dominant emission along the gravitational axis that appears as a
bright ring at the three-phase junction (Figure 2c and Figure
S1). Large variations in the light intensity at the three-phase
junction indicate the location where light that undergoes total
internal reflection (TIR) exits the droplet. The experimentally
measured variations in the intensity of light emitted normal to
the sample surface (Figure 2d) as a function of droplet
morphology agree well with the computed morphology-
dependent variations of the droplets’ emission (Figure 2e).

We measured the quantitative read-out of changes in droplet
morphology by positioning a bifurcated fiber connected to a
light source and a spectrometer vertically above a monolayer of
the emulsions (emission direction = 0°) (Figure 2d). In this
configuration, the fiber was used for both excitation (4 = 400
nm) and collection of emitted light (4 = 475 nm). The L-curve
in Figure 2e displays the normalized intensity of light emitted
in the normal direction of the sample surface by gravity-aligned
droplets as a function of morphology adjusted by the ratio of
hydrocarbon (SDS) and fluorocarbon (Zonyl FS-300)
surfactants in the aqueous phase. We used the contact angle
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Figure 2. Directional light emission from complex emulsions. (a) Intensity distribution around the droplet determined by 2D raytracing for varying
droplet morphologies. (b) Computationally determined emission intensity in the far field as a function of polar angle measured from the droplets’
symmetry axis by full 3D raytracing. Arrows indicate the TIR light out-coupled at the three-phase junction. (c) Side-view diagram showing region
of TIR (middle) and top- and side-view fluorescence optical micrographs of an emissive emulsion (scale bar, S0 ym) in state where the TIR light is
directed sideways (left) and upward (right) showing the higher light intensity near the three-phase contact line. (d) Experiment for the
measurement of the emission intensity as a function of droplet morphology, including a bifurcated fiber used for both excitation (4= 400 nm) and
collection of emitted light intensity (A= 475 nm). (e) Light-curve: Calculated and measured emission intensities as a function of the contact angle
at the three-phase junction above a gravity-aligned droplet monolayer, wherein the emission intensity of droplets in the Janus configuration

(contact angle = 90°) was normalized to 1.0.

(6g) of the three-phase junction, as determined by side-view
images of the respective droplet configurations obtained for
each surfactant ratio, to quantify the droplet morphology
(Figure SZ).13

In the limiting case of a fully encapsulated HC in FC double
emulsion (HC/FC/W, 6 = 0°), the optical field can extend via
frustrated total internal reflection across the thin interface at
the top of the droplet and light leaks out. After slightly
“opening up” of the droplet and exposing of the HC/W
interface, TIR light can exit the droplet. Variations in droplet
morphology, quantified by @, lead to changes in the angle at
which the TIR light escapes the emulsions. We observed a
local minimum in the vertical emission intensity with the
morphology for which the TIR light is emitted horizontally
outward (6 & 16°). Further increase in 6 (and the expansion
of the HC/W interface) results in an increase of the light
intensity until a maximum is reached (fz = 25°), which
corresponds to the morphology where the majority of totally
internally reflected light is directed in the vertical direction
(third image of Figure 2a,c). Upon passing the maximum,
increases in contact angle result in a pronounced decrease in
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the emission intensity as the droplet morphology progresses to
the Janus state. Figure 2e reveals the excellent agreement
between experimentally observed light intensities and theoreti-
cal predictions, wherein we modeled and integrated the
intensity of light emitted in a cone matching the collection
fiber’s numerical aperture (NA = 0.22) and orientation.

The L-curve in Figure 2 enables a new versatile sensing
paradigm for the rapid and sensitive detection of carbohydrates
and Salmonella bacteria. To create L-curve sensors, we
designed responsive boronic acid surfactants that modulate
the interfacial tension through reversible binding of carbohy-
drate cis-diols. Boronic acids are well-established receptors for
this class of biomolecules, and a variety of molecular sensors
that exhibit selectivity for higher saccharides and other
glycosylated biomolecules have been reported.H_16 However,
boronic acid-based molecular sensors have seen limited utility
in the native aqueous biosensing conditions.'”'® In this
context, the dynamic hydrophobic—hydrophilic liquid inter-
faces of complex emulsions represent an attractive platform to
facilitate reactions between boronic acid surfactants and
carbohydrates at the HC/W interface to induce analyte-
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Figure 3. Carbohydrate sensing and antibody attachment to boronic acid-functionalized complex emulsions. (a) Chemical structures of boronic
acid surfactants and carbohydrates used in this study. (b) Schematic illustration of the oriented attachment of IgG antibodies (25 ug mL™") at the
HC/W interface of complex emulsions using B(OH), 2 and confocal optical micrograph of a droplet functionalized with a dye(FITC)-labeled IgG
antibody. (c) Shifts in the L-curve upon the additions of the boronic acid surfactants 1 and 2. (d, e) Normalized emission intensity as a function of
mono- and polysaccharide concentrations and standard deviations (N > $) for droplets functionalized with B(OH), 1 (d) and B(OH), 2 (e).
Insets show the slope of the linear decrease of the emission intensity at low sugar concentrations that can be correlated to the effectiveness of the

sugars for lowering the HC/W interfacial tension.

dependent variations in the interfacial tension. To this end, we
employed two boronic acid cosurfactants, 3,4-dibutoxyphenyl-
boronic acid (B(OH), 1)"” and polystyrene-block-poly(acrylic
acid-co-acrylamidophenylboronic acid) (B(OH), 2),”° which
localize at the HC/W interface (Figure 3a). Implementation
requires adjusting the droplet morphology to produce a
maximum emission intensity by balancing the concentration of
the boronic acid cosurfactants in the hydrocarbon phase and
Zonyl in the water phase. B(OH), 1 and 2 behave as
surfactants, and the maximum emission intensity peak on the
L-curve shifts to higher Zonyl/SDS ratios (ie, less SDS is
needed), as shown in Figure 3c. We define this state as the
“active” state, wherein the highest amount of emitted light is
directed into the collection fiber.

Changes in carbohydrate concentration are detected by
monitoring changes in the vertical emission intensity, which
varies with miniscule changes in the droplet morphology.
Decreases in the emission intensity upon addition of fructose,
glucose, and mannose to B(OH), 1-functionalized droplets
(Figure 3d) reflect the differing binding constants between the
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monosaccharides and phenyl boronic acids.”"** At low sugar

concentrations (below S0 g mL™"), the calibration curves for
these simple sugars are relatively linear and provide precise
detection of fructose (R* = 0.982), glucose (R* = 0.991), and
mannose (R* = 0.980) (inset in Figure 3d). Similarly, the
addition of monosaccharides to droplets containing B(OH), 2
resulted in a decrease of the emission intensity as a function of
morphology (Figure 3e). However, the differences had less
dependence on the expected binding affinities, which is likely
the result of multiple binding interactions of the polymeric
B(OH), 2 surfactant. We also obtained linear calibration
curves for fructose (R* = 0.983), glucose (R* = 0.997), and
mannose (R* = 0.994) for B(OH), 2-containing droplets at
low monosaccharide concentrations (inset in Figure 3e).
Mannan, a polymer of f-1,4-linked mannose subunits,
produces significantly larger changes in droplet morphology
(<30 ug mL™" to produce a maximum decrease in the emission
intensity) as a result of its increased size, hydrophilicity, and
multivalency.

DOI: 10.1021/acscentsci.9b00059
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Figure 4. Detection of Salmonella enterica cells using carbohydrate- or antibody-functionalized complex emulsions. (a, b) Measured emission
intensity and standard deviations (N > 5) as a function of Salmonella cell concentration (a) and time (detection of 10° HKST mL™") (b). (c)
Normalized emission intensities of polydisperse droplets containing perylene dye in the H-phase (1 = 475 nm) and a fluorinated perylene diimide
dye in the F-phase (1 = 580 nm). The ratio between the two emissions was used as a ratiometric read-out for the detection of live Salmonella
bacteria. (d) Ratiometric emission intensity as a function of the concentration of live Salmonella bacteria in PBS solution and in chicken exudate.

We leveraged this reversible binding of carbohydrates that
alters the droplet morphology for the detection of foodborne
pathogens. Selective interactions between carbohydrates and
bacteria cells have been reported previously.”*~>* We targeted
Salmonella enterica serovar Typhimurium, one of the main
foodborne pathogens responsible for human gastroenteritis.”®
The FimH proteins present on the pilli of the Salmonella
bacteria have a high affinity for mannose units.””** Our sensing
scheme relies on a competitive binding of carbohydrate units
and pathogen induced extraction of carbohydrates from the
HC/W interface. Detection is measured by a reverse
progression along the L-curve back to the original “active”
state. Upon the addition of heat-killed Salmonella enterica
serovar Typhimurium (HKST), the complex emulsions display
an increase toward the maximum emission intensity (Figure
4a,b). Using B(OH), 1-mannan-functionalized droplets,
concentration- and time-dependent monitoring of the emission
intensity revealed a detection limit of <10* cells mL™
recognized within less than 2 h. Interestingly, the polymeric
spacer present in the B(OH), 2 surfactant polymer allowed for
a more rapid and sensitive detection of HKST cells, which was
attributed to the less diffusion-hindered accessibility of these
sugar-substituted complex emulsions.

The same reversible binding sensing principles were
extended to a system comprising anti-Salmonella Typhimurium
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IgG antibodies, instead of mannan, to improve sensitivity and
permit for higher selectivity. We opted for an oriented
immobilization of the antibodies at the HC/W interface via
the boronate ester binding to the N-glycans in the Fc-region of
the antibody (Figure 3b).””*° This preferred conjugation
approach leaves binding sites available for antigen binding, and
it uses antibodies that have not been premodified. Reversible
immobilization of antibodies at the HC/W interface requires
flexibility of the surfactant and sufficient space between the
interface and the B(OH), binding sites. Thus, we used the
complex emulsions functionalized with polymeric B(OH), 2
surfactant for this study. Confocal optical micrographs of
droplets functionalized with a FITC-dye labeled IgG antibody
confirmed successful immobilization at the interface. Similar to
the binding of carbohydrates, attachment of hydrophilic
antibodies resulted in changes in the droplet morphology
and thus a decrease in emission intensity with progression to
the right side of the L-curve. In turn, an addition of HKST cells
to these antibody-functionalized complex emulsions led to a
rapid increase of the emission intensity back to the original
intensity on the L-curve (blue curves in Figure 4ab). Our
results illustrated an alternative and complementary mode of
rapidly (~1 h) detecting Salmonella bacteria that provides the
potential for portable sensors and on-site measurement with
the limit of detection below 100 cell mL™". The speed and the

DOI: 10.1021/acscentsci.9b00059
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simplicity of our sensors made this system competitive with
current methods of detecting and identifying pathogenic
bacteria, such as DNA- or enzyme-based techniques, micro-
plate culturing, and mass spectrometry, which require time-
consuming enrichment steps, expensive and complicated
instruments, and/or prolonged detection times."”*

Having established the sensing capability on HKST cells, we
extended our investigation toward the detection of live
Salmonella bacteria. To anticipate the needs associated with
on-site sensing platforms (e.g., simplicity, stability, and
modularity), we integrated two different dyes, one in each of
the droplet phases, perylene dye in the H-phase and a
fluorinated perylene diimide®" in the F-phase (Figure 4c), to
allow for a calibration-free ratiometric detection. Measurement
of droplets containing only a dye in the F-phase revealed slight
variations in the emission intensity as a function of the
morphology that can be attributed to the lens effect of the
double phase emulsions.'” By detecting the ratiometric read-
out between the emission intensities of the HC-phase dye (1 =
475 nm) and the FC-phase dye (1 = 580 nm) rather than the
absolute emissions, we negate size effects arising from
polydisperse droplets. Figure 4d shows the sensing results of
the double-dyed polydisperse emulsions with B(OH), 2 and
mannan to live Salmonella bacteria in phosphate-buffered
saline (PBS) solution. We observed similar changes in the
emission intensity as the monodisperse droplets to the HKST.
Moreover, to demonstrate the applicability of our sensor in a
complex protein matrix, we added live bacteria in chicken
exudate into our sensing platform. We observed only minor
deviations in the sensing responses between the complex
protein matrix extracted from the chicken carcass and the PBS
solution, and similar limits of detection were obtained within 2
h.

Safety. No unexpected or unusually high safety hazards
were encountered.

B CONCLUSIONS

In summary, we have demonstrated a new sensing paradigm
that takes advantage of the unique chemical—structural—
optical coupling in chemically functionalized fluorescent
double emulsions. Specifically, we exploit the phenomenon
of total internal reflection of light that was emitted in the
higher refractive index hydrocarbon phase from the internal
hydrocarbon/fluorocarbon interface. The emission direction of
the totally internally reflected light is strongly dependent on
the curvature of the internal interface and hence allows for the
detection of miniscule changes in the droplet morphology. The
strong correlation between experimental data and theoretical
raytracing models provides for an understanding of the optical
phenomena underlying the change in emission characteristics
in response to droplet morphology variations. We employed
stimuli-responsive boronic acid surfactants to selectively bind
mono- and polysaccharides, as well as N-glycans present in IgG
antibodies and the associated changes in the hydrocarbon/
water interfacial tension were detected optically. These
dynamic interface triggered morphology changes were used
to create a rapid and sensitive method for the detection of the
sugar-binding foodborne pathogen Salmonella enterica serovar
Typhimurium. The associated understanding of the optical
phenomena underlying the change in emission characteristics
in response to droplet morphology variations creates a solid
foundation for future detection schemes targeting other
bacteria, biomacromolecules, multiplexed sensing assays, and
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the real-time monitoring of bacteria growth, and thereby can
help to reduce food poisoning around the globe.
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