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We report on a new modular sensing approach in which complex
emulsions serve as efficient transducers in optical evanescent
field-based sensing devices. Specifically, we leverage the tunable
refractive index upon chemically triggered changes in droplet
morphology or orientation. Variations in the optical coupling result
in readily detectable changes in the light transmitted from a
waveguide.

Optical waveguide-based sensing devices offer sensitive, non-
invasive, and label-free detection of chemical and biological
analytes with near real-time responses.”> Waveguide technol-
ogies exploit direct or indirect evanescent wave interactions
with an analyte. Specifically, an evanescent field is coupled
into a thin optically transparent film, and the degree to which
the light is out-coupled from the waveguide is dependent
upon the refractive index of the sample.’ The amplitude of
the evanescent field decreases exponentially with distance
from the surface with a penetration depth, typically of about
200 nm, which allows for sensing interactions with the envi-
ronment immediately surrounding the waveguide.® Evanes-
cent field sensing has been widely used in devices targeting
physical,”> chemical,’ or biological events’” by detecting
changes in evanescent fluorescence,® refractive index,” or
spectroscopic shifts.'®'" Popular examples include waveguide
sensors for the detection of pathogens,">"? total internal re-
flection fluorescence spectroscopy and dual-polarization inter-
ferometry,"*"* as well as fingerprint identification scanners.'®
Realizing broader practical applications of waveguide-based
chemo- and bio-sensors requires improved concepts for the
reproducible, versatile, and cost-effective fabrication of modu-
lar sensing platforms that allow for enhanced signals upon
chemical recognition of an analyte."”"®

Department of Chemistry and Institute for Soldier Nanotechnologies,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA.

E-mail: tswager@mit.edu

 Electronic supplementary information (ESI) available: Materials and methods,
experimental details, synthetic procedures, and additional sensing experiments.
See DOI: 10.1039/c91c00070d

This journal is © The Royal Society of Chemistry 2019

Qifan Zhang, Yanchuan Zhao and Timothy M. Swager@*

Traditional waveguide-based chemo- and biosensors pri-
marily detect the interactions of analytes with immobilized
selectors at the interface of the waveguide.'® The covalent or
physical immobilization of transducers on waveguide sur-
faces poses a challenge in creating reproducible and
ultrasensitive sensor devices with uniform and consistent
sensing area. In addition, the sensitivity can be severely re-
duced if changes in refractive index upon binding of an ana-
lyte onto the waveguide surface are minor. To this end, mo-
lecular sensing layers have been developed that impart
colorimetric or fluorometric responses to facilitate transduc-
tion of the signal.®® However, in these approaches, high con-
centrations of analytes are required to obtain detectable sig-
nals within the small penetration depth of the evanescent
field. More recently, significant advancements have been
made in the development of new refractive index sensing de-
vice technologies, including plasmonic resonators,>'** spiral
waveguides,* optical fibers,**™2° and  resonant
microcavities.””>° These devices have been shown to impart
exceptional sensitivity, yet, practical applications are hin-
dered by complications including a challenging replication of
robust instrumental platforms, incapability to produce real-
time and multiplexed signals, or expensive and complicated
manufacturing.

We report herein a new modular sensing approach in
which multicomponent oil-in-water emulsions serve as trans-
duction materials in optical waveguide-based sensors. Specifi-
cally, we leverage the tunable refractive index of the emul-
sions upon chemically triggered changes in droplet
morphology to manipulate the out-coupling of light (Fig. 1).

Light propagating through a glass waveguide will undergo
total internal reflection (TIR) at the interface when in contact
with low refractive index media (i.e., air, water, fluorocarbon).
However, if a higher refractive index organic solvent is proxi-
mate to the interface, an out-coupling of light from the wave-
guide is realized. As a result, functional surfactants that trig-
ger changes in droplet morphology and symmetry in
response to external stimuli can be used to modulate the out-
coupling of light. Thus, dynamic complex emulsions with
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Fig. 1 Conceptual sketch of the modular sensing approach consisting
of dynamic complex emulsions in three different morphologies on top
of a waveguide-based sensing device. Beginning on the left, total
internal reflection (TIR) is observed for inverted and Janus emulsions.
Upon transition to a double emulsion with the higher index organic
phase on the outside, the laser light is out-coupled from the wave-
guide, thereby increasing light intensity measured above the
waveguide.

functional surfactants can be used to amplify signals and
broaden the scope of waveguide-based sensing devices.

The transduction in Fig. 1 requires multicomponent emul-
sions with a dynamic morphology that are dispersed within a
continuous phase. To this end, we prepared double emul-
sions containing dibutyl phthalate (no = 1.49) as the higher
refractive index liquid and methoxyperfluorobutane (npc =
1.30) as the lower index liquid. The emulsions are produced
by a microfluidic device using a temperature-induced phase-
separation approach.® Briefly, the two liquids were heated
above their critical solution temperature (7. = 28 °C) and
emulsified in an aqueous continuous phase containing or-
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ganic and/or fluorocarbon surfactants. Upon cooling, phase
separation gave rise to structured emulsions with a uniform
morphology that is determined by the balance of the organic/
water and fluorocarbon/water interfacial tensions. Further-
more, the morphology of these complex emulsions can be dy-
namically alternated between inverted (O/FC/W), Janus, and
double (FC/O/W) emulsions by varying the interfacial ten-
sions.*>® We then fabricated a sensitive optical read-out capa-
ble of detecting small morphological changes by placing as-
prepared double emulsions onto the surface of a right-angle
glass prism (Fig. 2A). The droplets aligned by the gravita-
tional force and assembled into a highly reproducible densely
packed monolayer on the glass surface. A laser beam (1 = 405
nm), directed into the glass prism (1, = 1.47) at an angle
above the critical angle (6. = arcsin (n/n,)), resulted in TIR
at the interface containing the droplets and the aqueous sur-
factant solution (ny= 1.33). We incorporated an emissive dye
(perylene) into the organic phase to differentiate the out-
coupled light (1 = 475 nm) and the background stray light.
The intensity of this emission was then measured normal to
the surface of the complex emulsions.

We first validated our sensing scheme by measuring the
intensity of the out-coupled light as a function of the droplet
morphologies as controlled by the ratio of commercial or-
ganic and fluorocarbon surfactants, sodium dodecyl sulfate
(SDS) and Zonyl FS-300 (Zonyl). We used the ratio of the two
surfactant fractions (fzonyi/fsps OF fzony/1zony1) as a metric of
droplet morphologies. Specifically, we obtained double emul-
sions (FC/O/W) when fzony1 iS 0 (fzonyl/1zony1 = 0) and Janus
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Fig. 2 Waveguide-based sensing device and optical read-out of changes in droplet morphology. (A) Schematic illustration of the measurement
system and (B) chemical structures of the complex emulsions. (C) Optical micrographs of monodisperse double-phase emulsions with varying di-
ameters on top of the right-angle glass prism. Measured light intensity of complex emulsions as a function of different morphologies for three dif-
ferent droplet sizes with 1:1 O/FC ratio (D) and for droplets with differing O : FC ratios with diameter of 200 um (E) (N > 5 measurements).
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emulsions when f7ony1 iS 0.5 (fzonyi/1zonyi = 1). As expected,
we recorded the highest emission for double emulsions with
the high refractive index organic phase proximate to the glass
prism. With increasing f7ony1, we observed a rapid decrease in
light intensity as the morphology shifted from double emul-
sions to Janus emulsions. This trend was observed for com-
plex emulsions of three different diameters (50, 80, and 200
pum) with minimal variation (Fig. 2D). We attributed this ob-
servation to the relatively small evanescent field penetration
depth in comparison to the size of the emulsions. However,
we observed shifts in the onset of the intensity decay when
we varied the volume ratio between the organic and fluoro-
carbon oils (Fig. 2E). For droplets with an O: FC ratio of 1.5:
1 and 2:1, the organic phase coupled to the evanescent wave
over a greater range of morphology.

To demonstrate this waveguide-based sensing paradigm,
we have devised a scheme for the rapid and sensitive detec-
tion of caffeine. Caffeine represents an extensively studied
target in molecular recognition and development of chemical
sensors,>*> however there remains a need for inexpensive
portable devices to quantify caffeine in complex mixtures. To
transduce caffeine recognition using complex emulsions, we
synthesized a caffeine-responsive surfactant, inspired by a
previously reported palladium pincer complex that binds caf-
feine in complex matrices.*® This adaptation involved creat-
ing an amphiphilic Pd-pincer complex C;,P 9 containing two
hydrophilic glycol chains and one hydrophobic aliphatic moi-
ety. The synthesis of the Pd-pincer complex began with
chelidonic acid 1 (Fig. 3A) and its conversion to chlidamic
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Fig. 3 (A) Synthesis of the Pd-pincer surfactant C;oP 9. (B) Light inten-

sity read-out of emulsions formed from varying ratios of CjoP and
Zonyl with diameters of 200 um, N > 5 measurements.
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acid 2. The aliphatic decyl moiety was attached by
Williamson ether and the tetraethylene glycol moieties were
attached via amide-bond formation between 4-(decyloxy)-
pyridine-2,6-dicarbonyl ~ dichloride 6 and 4-((2,5,8,11-
tetraoxatridecan-13-ylJoxy)aniline 7. Inserting the Pd-center
produces C;oP 9, which proved to be an effective surfactant
for stabilizing organic emulsions in water even at low concen-
trations (<1 wt%). Functional complex emulsions were pre-
pared by substituting SDS with C;oP and the ratio of C;,P:
Zonyl similarly determines the droplet morphology. Measure-
ments of the light intensity above droplet layers on the wave-
guide device resulted in the characteristic behavior, demon-
strating the effectiveness of C,,P as a surfactant (Fig. 3B).

The resulting stimuli-responsive C,,P surfactant binds caf-
feine in its hydrophobic binding pocket at the droplet inter-
face, resulting in an increase of hydrophobicity and a de-
crease in its surfactant strength. As a result, small amounts
of caffeine can produce changes in the droplet morphology.
We have shown previously that double and inverted emul-
sions induce optical scattering and obscure optical transmis-
sion, while Janus emulsions appear transparent.** Thus, as a
qualitative demonstration, we observed this transition from a
transmissive state to an opaque state when caffeine is added
to Janus droplets stabilized with C;,P and Zonyl surfactants
(Figure S1t). For a more quantitative demonstration, we ana-
lyzed the optical micrographs of the emulsions using image
processing software to track the droplet morphologies at each
concentration of caffeine (Figure S2t). As expected, a stepwise
addition of caffeine to the solution of C;,P and Zonyl surfac-
tants reduced the surfactant strength of C;,P and decreased
the organic-water interfacial area.

After the validation of the interaction between C,yP-func-
tionalized emulsions and caffeine, a rapid quantitative read-
out was realized by depositing the complex emulsions (ratio
of CyoP:Zonyl surfactants: 95:5) onto the waveguide-based
sensor. Upon the addition of caffeine, the change in mor-
phology from a nearly encapsulated double emulsion towards
Janus state was monitored by recording the decrease in light
intensity, measured above the droplet layer. For low caffeine
concentrations, the calibration curve was relatively linear (R*
= 0.99) and allowed for the detection of caffeine in the con-
centration range between 0.1 to 0.5 mM (Fig. 4A). Notably,
the precision of our method can be tuned by varying the sur-
factant concentration in solution. Specifically, a decrease of
the overall surfactant concentration from 1 wt% to 0.1 wt%
resulted in a sensitivity increase and a precise detection (R* =
0.98) of caffeine in the micromolar range (Fig. 4B).

In addition, dynamic interactions between multiple drop-
lets also offer opportunities in waveguide-based sensors. In
particular, we have determined that a triggered tilting of Ja-
nus droplets can produce efficient optical out-coupling of
light. We have previously demonstrated that the agglutina-
tion of particles can be evoked by multivalent binding units
(Fig. 5A and B), such as proteins and bacteria.*® Janus drop-
lets, naturally aligned by gravity with the lower density or-
ganic phase on the upward side, can be trapped in tilted
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Fig. 5 Optical detection of droplet agglutination (A) droplet tilting
scheme and (B) optical micrograph of Janus droplet monolayers
before and after agglutination. (C) Images of Janus droplets on top the
waveguide device taken before and after droplet agglutination. (D)
Quantitative optical read-out of the light intensity measured as a func-
tion of the concentration of concanavalin A (ConA) (N = 5
measurements).

organizations by multiple host-guest binding interactions be-
tween functional surfactants and an analyte. For example,
mannose-functionalized droplets can bind to concanavalin A
(ConA), a sugar-binding lectin that serves as mimic for the
foodborne pathogen E. coli.*® Similarly to the above de-
scribed optical read-out for morphology changes, the tilting
of Janus droplets led to a decrease of the distance between
the high-refractive index organic phase and the glass surface.
As a result, an increase of the light intensity normal to the
surface containing the droplets was detected (Fig. 5C and D).
We attributed the sensitivity in this scheme to a higher exci-
tation light intensity entering the droplets as a result of the
larger interface between the glass slide and the O-phase as
well as favorable angle distribution in which light rays can
enter the droplets. As a result, a pronounced increase of the
light intensity was measured above the agglutinated droplet
samples with an up to almost 5-fold increase of the measured
light intensity for fully agglutinated samples. Thus, besides
innovations in the interfacial recognition that allow for the
implementation of molecular sensors with limited utility in
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native aqueous biosensing conditions, the dynamic nature of
complex double emulsions offers the possibility to create
large refractive index changes within the evanescent field re-
gion of waveguide sensing devices.

Conclusions

A new modular sensing approach with the potential to en-
hance the sensitivity and reproducibility of new and existing
waveguide-based sensing devices is reported. The transduc-
tion wunits, complex organic/fluorocarbon/water (O/FC/W)
emulsions constitute a powerful material platform for analyte
induced out-coupling of light at interfaces. The effectiveness
of the dynamic nature of complex double emulsions is the re-
sult of large changes in the refractive index within the eva-
nescent field region of waveguide sensing devices. We dem-
onstrate the concept by creating a sensor capable of the rapid
and sensitive detection of caffeine using a tailor-designed
stimuli-responsive surfactant. We also showed the generality
of the method for the detection of concanavilin A, an E. coli
mimic using changes in droplet orientation. The system is
compact and operates near real time. The general applicabil-
ity of both transduction schemes presented herein suggests
that dynamic complex emulsions have a significant potential
as a broadly deployable transduction material in waveguide-
based chemo- and bio-sensing platforms.
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