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ABSTRACT: We report colloidally stable emulsions of thermotropic liquid crystals (LCs) that
can detect the presence of amphiphilic analytes in aqueous environments. Our approach makes
use of a Pickering stabilization strategy consisting of surfactant-nanoparticle complexes
(Si102/C,TAB, n = 8, 12, 16) that adsorb to aqueous/LC droplet interfaces. This strategy can
stabilize LC emulsions against coalescence for at least three months. These stabilized LC
emulsions also retain the ability to respond to the presence of model anionic, cationic, and
nonionic amphiphiles (e.g., SDS, C12TAB, Ci2E4) in aqueous solutions by undergoing “bipolar-
to-radial” changes in LC droplet configurations that can be readily observed and quantified using
polarized light microscopy. Our results reveal these ordering transitions to depend upon the
length of the hydrocarbon tail of the C,TAB surfactant used to form the stabilizing complexes. In
general, increasing C,TAB surfactant tail length leads to droplets that respond at lower analyte
concentrations, demonstrating that this Pickering stabilization strategy can be used to tune the
sensitivities of the stabilized LC droplets. Finally, we demonstrate that these colloidally stable
LC droplets can report the presence of rhamnolipid, a biosurfactant produced by the bacterial
pathogen Pseudomonas aeruginosa. Overall, our results demonstrate that this Pickering
stabilization strategy provides a useful tool for the design of LC droplet-based sensors with
substantially improved colloidal stability and new strategies to tune their sensitivities. These
advances could increase the potential practical utility of these responsive soft materials as
platforms for the detection and reporting of chemical and biological analytes.
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Introduction

Interactions between amphiphilic molecules and thermotropic liquid crystals (LCs)
hosted at aqueous interfaces can promote changes in the orientation of the LCs that translate, in
many cases, to optical responses that can be readily observed or reported using optical methods
(e.g., using polarized light or light scattering).!'!® The range of molecules that can promote
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changes in LC orientation in this way is broa and extends from synthetic

surfactants' 21417 to more complex components of biological systems, including lipids,>!??*

1623 and viruses.'® Aqueous/LC interfaces thus provide a

proteins,!>1%2% bacterial toxins,>?? cells,
practical basis for the development of platforms for chemical and biomolecular sensing. Past
studies have reported that micrometer-scale droplets of LC dispersed in aqueous phases (e.g.,
LC-in-water emulsions)**-*° provide a versatile approach for designing droplet-based sensors that
can respond sensitively to the presence of a wide range of amphiphiles in aqueous
environments.>?>%%*° These LC emulsions are straightforward to prepare and deploy and they
enable real-time, label-free detection of toxins and other analytes with sensitivities that depend,
in general, upon the concentration and structure of the analyte. As one important example, past
studies demonstrate that LC emulsions can detect and report the presence of lipid A, a
component of bacterial endotoxins, at concentrations as low as 1 pg/mL in water.>**?

While these and other past studies reveal the remarkable sensitivity of LC-in-water
emulsions, the practical utility and applied potential of these liquid droplets remains limited by
the fact that bare LC droplets are not colloidally stable. These droplets typically aggregate,
coalesce, or wet adjacent surfaces over short time periods (e.g., on scales of minutes to hours;

Figure 1A), which creates technical challenges associated with accuracy and predictability of

response over time, as well as issues associated with preparation and storage for potential



practical applications. Recent studies have addressed issues related to the poor colloidal stability
of LC emulsions by coating LC droplets with amphiphilic polymers or polymer-based
multilayers that can prevent droplet coalescence (Figure 1B).3!***7 These methods can prevent
the coalescence of individual droplets, but they can also be compositionally complex and they
introduce barriers through which analytes must diffuse to reach the LC interface, both of which

can influence the timing and/or sensitivity of response.
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Figure 1. Schematic illustrations of (A) the mechanisms by which bare LC droplets become
unstable, (B) colloidally stable LC emulsions, where LC droplets are coated and protected
against coalescence, and (C) Pickering LC emulsions stabilized by nanoparticle-surfactant
complexes (S102/ChTAB, n =8, 12, 16).
The work reported here was motivated broadly by strategies for the stabilization of oil
droplets using so-called “Pickering emulsions” created by the adsorption of nanoparticles to the
oil/water interfaces of droplets suspended in aqueous environments (e.g., Figure 1C).*->* We

hypothesized that this approach could be used to both (i) provide colloidal stability to LC

emulsion droplets and (ii) provide a means of influencing or fine-tuning the orientational



responses, or other behaviors, of LC droplets in aqueous environments (e.g., by varying the size
or surface composition of the adsorbed nanoparticles, etc.). During the course of our studies, Dan
et al.’® reported that the adsorption of whey protein microgel particles to aqueous/LC interfaces
could stabilize LC droplet emulsions for up to 14 days, and that these stabilized droplets permit
the transport of synthetic amphiphiles such as sodium dodecyl sulfate (SDS) to the LC-water
interface to trigger ordering transitions. That work provides exciting support for the potential
roles that Pickering emulsions can play in stabilizing responsive LC droplet sensors. However,
the concentrations of SDS required to induce an LC response in that study were reported to be
higher than those required to induce transitions in bare LC droplets, suggesting that the
properties of the stabilizing protein microgel particles used in that study also influence (and, in
some cases, diminish) droplet sensitivity. Here, we report new designs of nanoparticle-based
Pickering-type LC emulsions that exhibit both significantly enhanced colloidal stability and
improved sensitivity toward aqueous amphiphiles.

Our approach makes use of inorganic nanoparticle/surfactant complexes to prepare
Pickering emulsions of the nematic LC 4-cyano-4’-pentylbiphenyl (5CB) in water (Figure 1C).
These complexes are comprised of silica (SiO2) nanoparticles and cationic
trimethylalkylammonium bromide surfactants (C,TAB, n = 8, 12, 16) that have been shown in
past studies to accumulate at air-water and oil-water interfaces and stabilize foams and emulsions
for extended periods.*>>->7 Qur results show that SiO2/Cy TAB complexes adsorb to LC droplet
interfaces and stabilize LC emulsions against coalescence for at least three months. Stabilized
droplets that sediment over this time period can be readily re-dispersed by gentle shaking,
demonstrating the robust colloidal stability of this system; in contrast, bare LC droplets

flocculate and coalesce within hours of preparation, leading to bulk phase separation.



These nanoparticle-stabilized emulsions also respond upon exposure to model anionic,
cationic, and nonionic amphiphiles (Figure 2) by undergoing diagnostic “bipolar-to-radial”
transitions that can be readily observed using polarized light microscopy. Our results reveal that
the bulk concentration of each amphiphile required to trigger these LC ordering transitions
depends upon the hydrocarbon tail length of the C,TAB surfactant used to form the SiO,/C,TAB
stabilizing complex. In general, increasing the C,TAB surfactant tail length leads to droplets that
respond at lower analyte concentrations, suggesting that this approach can be used to tune the
sensitivities of these stabilized LC droplets. LC emulsions stabilized by SiO,/CisTAB, in
particular, respond to SDS at concentrations in the micromolar range (5 uM) that are orders of

magnitude lower than those required to trigger similar responses in bare LC droplets (e.g., 0.3
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Figure 2. Chemical structures of the nematic liquid crystal 5SCB and the amphiphilic analytes
used in this study.



mM), providing further support for this view. These droplets also respond to concentrations of
cationic and nonionic surfactants that are significantly higher than those required using anionic
SDS, hinting at strategies that could also be used to impart some degree of selectivity using this
approach. Finally, we demonstrate that these stabilized LC droplets can be used to report the
presence of rhamnolipid (Figure 2), a biosurfactant produced as a virulence factor by the

bacterial pathogen Pseudomonas aeruginosa,*®>*

at biologically relevant concentrations. When
combined, our results reveal Pickering LC emulsions stabilized by SiO»/C,TAB complexes to
provide new and useful approaches for the design of LC droplet-based sensors with substantially
improved colloidal stability, as well as guidance that could prove useful for enhancing or tuning

the sensitivities and selectivity and, thus, also the practical utility, of these responsive soft

materials as platforms for the detection of chemical and biological analytes.

Materials and Methods

Materials. The aqueous silica dispersion Ludox TMA (34 wt.% suspension in H>O, surface area
of ~140 m? g'!, pH of 7, density of 1.23 g cm3at 25 °C, molecular weight of 60.08 g mol ™!,
diameter of 22 nm), trimethyloctylammonium bromide (CsTAB), dodecyltrimethylammonium
bromide (Ci12TAB), hexadecyltrimethylammonium bromide (CisTAB), sodium dodecyl sulfate
(SDS), tetra(ethylene glycol)monododecyl ether (Ci2E4), and sodium chloride were purchased
from Sigma-Aldrich (St. Louis, MO). The nematic thermotropic LC 4-cyano-4’-pentylbiphenyl
(5CB) was purchased from TCI America (Portland, OR). Rhamnolipids, 90% pure (mixture of
glycolipids purified from Pseudomonas aeruginosa) were purchased from AGAE Technologies

(Corvallis, OR). All chemicals were used without any purification unless otherwise noted. Glass



slides for microscopy measurements were obtained from ThermoFisher Scientific (Rockford,

IL). Deionized water with an electrical resistivity of 18.2 mQ.cm was used in all experiments.

Preparation of nanoparticle-surfactant complexes. Nanoparticle-surfactant complexes were
prepared by following a procedure adapted from that reported by Kirby, et. al.>’ Briefly, the
commercial silica dispersion Ludox TMA was diluted with deionized water to obtain a
dispersion of 20 wt.% silica nanoparticles. In this case, silica nanoparticles were dispersed using
an ultrasound probe operating at an amplitude of 50% for 5 min. Stock solutions of 0.02 mM
Ci.TAB were prepared in 20 mM NaCl. An equal volume of surfactant solution (10 mL) was
added drop-by-drop to the silica nanoparticle dispersion and mixed using an ultrasonic bath to
prevent particle aggregation and favor surfactant adsorption and distribution over the
nanoparticle surface. The final dispersion consisting of 10 wt.% silica nanoparticles and 0.01
mM C,TAB in 10 mM NaCl solution was allowed to mix in the ultrasonic bath for 30 min. Prior
to LC emulsion preparation, SiO>/C,TAB dispersions were aged for 4 days to allow the system
to equilibrate and ensure a uniform distribution of surfactant over the nanoparticle surface. Based
on the relative concentrations of silica nanoparticles and C,TAB surfactants in the suspension,
we estimate the C,TAB coverage of the nanoparticle surface to be approximately 0.01%, which
is significantly lower than saturation surface coverage (see Supporting Information for additional

discussion).

Dynamic interfacial tension measurements. Dynamic interfacial tension measurements were
obtained using an optical contact angle tensiometer OCA 15 EC (DataPhysics instruments,

Filderstadt, Germany). This instrument utilizes the pendant drop method to calculate the
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interfacial tension. A drop of 5CB (10 pL) was formed at the needle tip inside a cuvette filled
with either 10 mM NacCl aqueous solution, 0.01 mM C,TAB solution (10 mM NacCl), 10 wt.%
Si02 nanoparticle dispersion (10 mM NaCl), or SiO2/C,TAB complexes (10 wt.% SiO», 0.01
mM C,TAB, 10 mM NaCl). Images of the drop were acquired by an integrated digital camera at
a frame rate of 20 frames per second (fps) and a resolution of 752 x 480 pixels. Subsequently, the
software (SCA 20) recorded the geometry of the drop and the Young-Laplace equation was used
to determine the interfacial tension. Interfacial tension data was collected at a speed of 4
measurements per minute and the equilibrium time was 1 hour for each drop. All experiments
were carried out at 24 °C and the reported values represent the means and standard deviations of

three different measurements.

Preparation of LC emulsions. LC-in-water emulsions were prepared by emulsifying 4 pL of
nematic 5CB in 1.996 mL of an aqueous 10 mM NaCl dispersion containing 10 wt% of
Si02/Ch,TAB  complexes or bare SiO2 nanoparticles wusing a  homogenizer
(Fisherbrand Laboratory Homogenizer, Model 125) for 1 min at 10,000 rpm. In addition, LC
emulsions without emulsifiers were prepared for control experiments by homogenizing 4 pL
5CB in 1.996 mL of a 10 mM NaCl aqueous solution. Emulsions consisting of bare LC droplets
were used within one hour of preparation. Here we note that, in our initial experiments, we
executed a design of experiments where we varied the nanoparticle concentration, LC-to-water
ratio, and homogenization time to determine the most useful procedure for LC emulsion
preparation, selecting the procedure outlined above. Under these conditions, we estimate
saturation coverage of the LC droplets with Si02/C,TAB complexes (see Supporting Information

for additional discussion).



Evaluation of emulsion stability by droplet size measurements. The colloidal stability of LC
emulsions was assessed by measuring LC droplet size distributions with an Olympus BX51
optical microscope equipped with a 100x objective. Bright field micrographs of the LC droplets
were captured by a Canon EOS Rebel T1li camera connected to a computer and controlled
through Digital Photo Professional imaging software version 4.13.10. Droplet size distributions
were determined for LC emulsions stabilized by SiO2/C,TAB complexes and LC emulsions
prepared with bare SiO» nanoparticles (i.e., not mixed with C,TAB surfactants) as a control
sample. These measurements were obtained at different time points over a period of 90 days for
Si02/C,TAB-stabilized LC emulsions or 30 days for the control samples. Before optical
characterization, the LC emulsions were hand-mixed by shaking gently to disperse the LC
droplets. In both scenarios, 4 uL of LC emulsion was added to 20 puL of deionized water
previously deposited onto a glass slide. After 5 minutes, bright field micrographs were acquired.
The surface average diameter D32 was calculated by analysis of at least 100 droplets for each
sample using Image J software. Frequency histograms that present LC droplet size distributions
were constructed using Statgraphics Centurion 18 software. The reported values represent
average diameters and standard deviations of at least three different experiments on triplicate

samples. The D3 2; was determined by the following equation:*%>°

where, N; is the total number of droplets with diameter D;. The droplet size distribution of bare
LC droplets was also measured. In this case, the bare LC emulsion sample was not diluted with

deionized water. Thus, 20 puL of bare LC emulsion was deposited directly onto a glass slide.



Because bare LC emulsions are only stable over short time periods, all measurements were made

within one hour of preparation.

Optical characterization of LC droplets. Ordering transitions in LC droplets were
characterized using an Olympus BX51 optical microscope equipped with a 100x objective under
a cross polarizer. The LC droplets were exposed to a set of amphiphilic analytes, including
anionic SDS, cationic Ci2TAB, nonionic Ci2E4, and rhamnolipid. These experiments were
performed by exposure of individual samples of emulsions to a fixed and predetermined set of
surfactant concentrations; surfactant concentration was not added or varied continuously in these
experiments. The LC droplet configuration at each surfactant concentration was monitored to
determine the lowest of the tested concentrations that lead to a change from the initial bipolar
configuration to a “non-bipolar” configuration in > 70% of at least 100 LC droplets (see text
below). A 4 uL aliquot of each treated emulsion sample was analyzed at each experimental
condition (i.e., surfactant concentration and emulsion storage time); these experiments were
conducted in duplicate. All surfactant solutions were prepared in deionized water. Stock
solutions of SDS, C12TAB, Ci2E4, and rhamnolipid were prepared at 1 mM, 3 mM, 1 mM, and
100 pg/mL, respectively. Optical characterization was performed for LC emulsions stabilized by
Si0,/C,TAB complexes and two control samples: LC droplets dispersed in 10 mM NacCl
aqueous solution and LC emulsions prepared with bare SiO, nanoparticles (i.e., not mixed with
CiwTAB surfactants). Polarized light micrographs were acquired at different time points over a
period of 90 days for stabilized LC droplets exposed to the surfactant SDS. Because we found
that the ordering transitions induced by SDS in the SiO»/C,TAB-stabilized LC droplets were

generally consistent at each surfactant concentration tested over this period, we performed
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subsequent experiments with the surfactants C12TAB and C2E4 only on day 1 after emulsion
preparation. In the case of the experiments with the biosurfactant rhamnolipid, the optical
characterization was conducted after 16 days of emulsion storage time. The optical
characterization of bare LC droplets was conducted within one hour of preparation. Before
optical characterization, the stabilized LC emulsions were hand-mixed by shaking gently to
disperse the LC droplets (this procedure was performed from day 1). For experiments with SDS,
C12TAB, and Ci2E4, 4 pL of LC emulsion were added to 20 uL of surfactant solution previously
deposited onto a glass slide. Prior to the experiments, the glass slides were rinsed using ethanol
and water and then dried under nitrogen, for at least three cycles. After 10 minutes, polarized
light micrographs were acquired. For experiments involving rhamnolipid, 40 uL of stabilized LC
emulsion were mixed with 200 puL of the rhamnolipid solution. This mixture was aged for at
least 1 hour before optical characterization of LC droplets. Here, 20 uL of the mixture were

deposited onto a glass slide, and polarized light micrographs were obtained after 5 minutes.

Results and Discussion

We selected SiO: nanoparticles and C,TAB surfactants as model components for our
studies for several reasons. First, S10,/C,TAB complexes have been used in previous studies to
stabilize a broad range of conventional, isotropic oil-in-water emulsions.*->0->23460-63 G,
nanoparticles alone do not generally accumulate at oil-water-interfaces because they are
hydrophilic.’®® However, because they are negatively charged, combining them with cationic
surfactants can increase hydrophobicity and thus promote adsorption.***926% Second, as

opposed to emulsions formed by SiO» (or other) nanoparticles alone, this mixed nanoparticle-

surfactant system also provides opportunities to vary composition and surfactant structure (e.g.,
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tail length) in ways that have the potential to impact both colloidal stability and the sensitivity of
the response of the LC droplets to added analytes. This hypothesis is based on observations in
past studies showing (i) that the adsorption of SiO2/C,TAB complexes to air-water interfaces
depends upon surfactant tail length, with the magnitude of surface tension decreasing
monotonically with increasing surfactant tail length,>” and (ii) that the orientation of LCs in thin

films'! or emulsion droplets®3%

is strongly influenced by the structures of the tails of
surfactants that adsorb from aqueous solution, with longer tails generally leading to orientational
transitions at lower bulk surfactant concentrations.!* Finally, we reasoned that a stabilizing
system based on a formulation using cationic surfactants would provide opportunities to decorate
LC droplet surfaces with particles that have the potential to permit discrimination amongst other
charged amphiphiles, providing a possible means to further modulate response and introduce

selectivity into these systems. We provide additional detail and discussion on each of these key

points in the sections below.

Characterization of the colloidal stability of LC-in-water Pickering emulsions

We began our work by characterizing the colloidal stability of LC droplets stabilized by
nanoparticle-surfactant complexes formed using monodisperse SiO; nanoparticles (22 nm in
diameter) and three different C,TAB surfactants of different alkyl tail lengths (n = 8, 12, or 16).
We prepared LC-in-water emulsions of 5CB in the presence of SiO2/C,TAB complexes
suspended in 10 mM NacCl (0.2% 5CB, v/v), and then characterized the colloidal stability of the
emulsions as a function of storage time over a period of 90 days. We used media containing

NaCl in these experiments following the procedure outlined by Kirby et. al.>’
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We used two complementary approaches to characterize colloidal stability: (i) monitoring
changes in the turbidity of the emulsions and (ii) characterizing changes in LC droplet size over
time. Figure 3A shows representative photographs of SiO2/C,TAB-stabilized LC emulsions after
30 days of storage time. The emulsions remained turbid over this period and phase separation
was not observed. Although sedimentation of the LC droplets was observed with time as a result
of differences in density between the LC and the water phases (Figure 3A, bottom), the droplets
did not coalescence over this time and were readily re-dispersed after gentle manual shaking
(Figure 3A, right panel). As shown in the photographs, the three C,TAB surfactants used to form
the nanoparticle-surfactant complexes led to similar levels of colloidal stability in this qualitative
context. In contrast, as shown in Figure 3A, bare LC droplets (formed by creating conventional
LC-in-water emulsions in the absence of nanoparticle-surfactant complexes or other stabilizers)
coalesced within hours of emulsion preparation (see also Supporting Information, Figure S1). In
these cases, the LC and water phases completely separated within 48 hours of emulsion
preparation (Figure 3A, right panel).

We also measured droplet size distributions for SiO»/C,TAB-stabilized LC emulsions
over a period of 90 days. As shown in Figure 3B, droplet sizes did not change significantly under
these conditions and we did not observe any apparent differences in behavior as a function of
CiwTAB length (diameters ranged from 3.0 pm to 3.9 um for SiO>/CsTAB, 2.8 um to 3.6 um for
S102/C12TAB, and 3.0 um to 3.5 um for Si02/Ci16TAB complexes; see Supporting Information,
Figure S2, Table S1). When combined, the results of these experiments demonstratethe robust
colloidal stability of this LC Pickering emulsion system. Here we note that, as a control, we also
prepared LC emulsions using SiO; nanoparticles without added C,TAB cationic surfactant. We

found the nanoparticles to stabilize the emulsions for at least 30 days (Figure 3B). As discussed
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in greater detail below, however, other experiments using polarized light microscopy to
characterize optical transitions in these materials demonstrated that the presence of C,TAB had
additional positive impacts on droplet sensitivity. As a result, we focus our attention in the

sections below on the stabilization of LC emulsions using SiO>/C,TAB complexes. Finally, we
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Figure 3. (A) Images of LC-in-water emulsions prepared using SiO>/C,TAB complexes
obtained after a storage time of 30 days upon emulsion preparation, before (left) and after
(right) hand-mixing. As a reference, LC emulsions consisting of bare LC droplets were
visibly phase-separated by 48 hours after preparation and could not be re-dispersed by hand-
mixing. (B) Droplet diameter as a function of storage time of Pickering LC emulsions
prepared using SiO> nanoparticles complexed with CsTAB (red bars), C1,TAB (green bars) or
Ci6TAB (yellow bars) surfactants. After the day of emulsion preparation (labeled Day 0), the
emulsions were hand-mixed prior to droplet size measurements to disperse sedimented LC
droplets. Control measurements of LC droplet diameters of Pickering LC emulsions prepared
using Si0; nanoparticles with no cationic C,TAB surfactant (blue bars) up to 30 days after
preparation are also shown. The reported values represent the average and standard deviations
of three independent experiments with triplicate samples.
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note that, to complement the emulsion stability studies described here, we performed interfacial
tension (IFT) measurements to characterize the adsorption of the SiO»/C,TAB complexes to the
LC-water interface. The results of our IFT measurements (see Supporting Information, Figure
S3) show that the overall change in the magnitude of the IFT promoted by these complexes was
only slightly influenced by surfactant tail length, with the largest effect observed for the
Si0,/C16TAB surfactant complexes. These results are consistent with our observations that the
three nanoparticle-surfactant complexes investigated here adsorb to the LC-water interface and

are effective LC emulsion stabilizers.

Ordering transitions induced by SDS in LC droplets stabilized by SiO»/C,TAB complexes

We performed additional experiments to characterize optical transitions in SiO»/C,TAB-
stabilized LC droplets before and after exposure to aqueous solutions of target amphiphiles. For
these experiments, we prepared Pickering LC emulsions as described above and used polarized
light microscopy to characterize ordering transitions in the LC droplets and determine the lowest
amphiphile concentration required to induce a change from the initial bipolar state to a “non-
bipolar” state (see text below for additional details). For all studies described below, we
maintained the concentration of the C,TAB surfactants used to stabilize the droplets constant at
0.01 mM because this low C,TAB concentration does not, itself, promote ordering transitions in
LC droplets. We found LC droplets stabilized by Si02/C,TAB complexes (10 wt% / 0.01 mM, in
10 mM NaCl) to exhibit ‘bipolar’ configurations similar to those observed in past studies of bare
droplets dispersed in water.>> In the bipolar configuration, the director of the LC is aligned
tangentially to the droplet interface and two opposite point defects form, as shown in the cartoon
in Figure 4A. These bipolar droplets have the optical appearance shown in Figure 4B when

viewed by polarized light microscopy.
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These bipolar SiO./C,TAB-stabilized droplets underwent rapid and diagnostic ‘bipolar-
to-radial’ transformations upon addition of 1.0 mM of SDS. In the ‘radial’ configuration, the
director of the LC is aligned perpendicular to the droplet surface and a single defect forms at the
center of the droplet (see Figure 4A).”2° These radial droplets have the distinct optical
appearance shown in Figure 4C when observed under a polarized light microscope. The bipolar-
to-radial ordering transitions observed here and shown in Figure 4 are consistent with
observations from past studies of LC emulsion droplets upon exposure to SDS.*** These results
demonstrate that the adsorption of SiO,/C,TAB complexes at the aqueous/LC droplet interface
does not interfere with other commonly observed amphiphile-induced ordering transitions of the

LC.

(A)

(B) Bipolar

Figure 4. Ordering transitions of LC droplets stabilized by nanoparticle-surfactant (SiO2/C,TAB)
complexes. (A) Schematic illustration of Si102/C,TAB-stabilized LC droplets with the LC
director profiles (dotted lines) in the bipolar (left) and radial (right) configurations, before and
after addition of surfactant, respectively. The characteristic defects for each configuration are
represented as black dots. (B) Polarized-light micrographs of SiO2/CisTAB-stabilized LC
droplets dispersed in water in the bipolar configuration before addition of the surfactant SDS and
(C) in the radial configuration after addition of 1.0 mM SDS. Scale bars correspond to 20 um.
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We next performed experiments to characterize the influence of SDS concentration on
ordering transitions in SiO»/C,TAB-stabilized LC droplets. As part of these studies, we sought to
determine the lowest bulk SDS concentration at which the addition this analyte could trigger
useful changes in anchoring in larger populations of droplets and, thus, produce a diagnostic
optical response in this experimental system. We note again that past studies on LC thin films'!
and bare LC droplets®3® have shown that the orientation of 5CB in the presence of aqueous
solutions containing amphiphiles is strongly influenced by the length and/or structure of tail
groups. For C,TAB surfactants, increasing the tail length from n = 8 to n = 16 was reported to
lead to planar-to-homeotropic (or tangential-to-perpendicular) changes in the orientation of SCB
thin films at lower bulk surfactant concentrations, a result that was attributed to increased
penetration of the longer surfactant tails of CisTAB into the SCB-water interface.!! We first
aimed to determine whether varying the length of the tail of the C,TAB surfactant used to help
stabilize the LC droplets could influence the sensitivity of the LC response to SDS. For these
experiments, we characterized ordering transitions in SiO>/C,TAB-stabilized LC emulsions upon
exposure to SDS using LC emulsions that were either freshly prepared or aged for up to 90 days
before use.

Figure 5 shows representative optical micrographs obtained for LC droplets one day after
preparation upon exposure to increasing concentrations of SDS up to 1 mM (additional results of
experiments performed using 90-day droplets were similar to the results obtained using these 1-
day droplets, and are shown in Figure S4). Inspection of panels A-C of Figure 5 reveals exposure
to SDS to lead to changes in the optical appearances of SiO>/C,TAB-laden LC droplets in all
samples (n =8, 12, and 16). These results also reveal significant differences in the concentrations

of SDS at which these transformations are observed to occur. Overall, our results show that
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increasing the tail length of the C,TAB used to form the stabilizing complex from n =8 to n =16
leads to a more sensitive response of the LC. We found that for LC droplets stabilized using
complexes formed using C16TAB, a concentration of SDS of 0.2 mM was sufficient to induce a

bipolar-to-radial ordering transition in ~100% of the droplets (Figure 5C). This threshold

(A) Si0/CsTAB

0.1 mM 0.5 mM 1.0 mM

Increasing SDS concentration

(B) Si02/C1.TAB
0.05 mM 0.1 mM 0.5 mM

Increasing SDS concentration

(C) SiO2/C16TAB
0.002 mM 0.005 mM 0.2 mM

Increasing SDS concentration

Figure 5. Optical micrographs showing LC ordering transitions triggered by the addition of
increasing concentrations of the anionic surfactant SDS to LC emulsions stabilized using (A)
Si10,/CsTAB, (B) SiO,/Ci12TAB, or (C) SiO,/CisTAB. These representative results were
obtained using emulsions 1 day after preparation (see text). Scale bars correspond to 20 um.
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concentration increased to 0.5 mM for shorter-tailed Ci12TAB-stabilized complexes (Figure 5B),
and for CsTAB-stabilized complexes, complete and uniform bipolar-to-radial transitions were
not observed even at | mM SDS (under these conditions, we often observed mixtures of radial
droplets and other droplet configurations, as well as some bipolar droplets; see Figure SA and
additional discussion below).

Here we note that the results shown in Figure 5 are representative results, selected for
clarity of discussion from experiments performed over a wider range of (i) SDS concentrations
and (ii) droplet aging periods (from 1 to 90 days after emulsion preparation). The results of those
additional experiments are summarized in Table 1, and reveal differences in both the SDS
concentrations at which ordering transitions in LC were observed to occur and the range of
different optical textures observed in these droplets under each condition (see also Supporting
Information, Table S2). In addition to the radial configuration described above, spherical LC
droplets suspended in water can exhibit other optical configurations, including so-called ‘escaped
radial’ and ‘pre-radial’ configurations.>*>*! Past studies demonstrate that when LC droplets are
exposed to amphiphiles, the type of configuration that is subsequently observed is often
dependent upon the concentration of the amphiphile.>*> In general, escaped radial and pre-radial
configurations are observed at lower amphiphile concentrations, and radial configurations are
most often observed at or near concentrations that lead to amounts of adsorbed amphiphile
approaching droplet surface saturation. In our studies, we observed that further lowering the
concentration of SDS, at each Si0,/C,TAB condition, often led to populations of droplets that
contained mixtures of one or more of these droplet configurations. In Table 1, we use
designations of B, R, and M to represent observations of completely bipolar (B), completely

radial (R), or mixtures (M) of configurations, respectively. For clarity, we note that M is used
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here to indicate populations of droplets that were neither 100% bipolar nor 100% radial, but that
instead contained droplets in at least two or more of the bipolar, pre-radial, escaped radial, and
radial configurations. We also adopted an operational criterion for categorizing the apparent
sensitivity of LC response based on the lowest concentration of amphiphile for which more than
70% of the droplets observed in a sample exhibited ordering transitions that were ‘not bipolar’
(that is, a condition containing a mixture of configurations in which >70% of droplets were no
longer observed to be in their initial bipolar state was considered here to have undergone a
meaningful and diagnostic “bipolar-to-non-bipolar” transition that can be used to define a

threshold useful for describing and comparing overall droplet sensitivities).

Table 1. Ordering transitions of SiO2/C,TAB-stabilized LC droplets triggered by addition of
increasing concentrations of the anionic surfactant SDS at different concentrations and
emulsion storage times. The designations B, R, and M represent bipolar, radial, or a mixture of
configurations, respectively. M denotes a mixed condition for which more than 70% of the
droplets observed in a sample exhibited ordering transitions that were not bipolar (see text).

SDS Concentration (mM)

Si0,/C,TAB Si0,/C,,TAB Si0,/C, . TAB
Day

0 02 05 1 0 01 05 1 |0 0.005 005 02
0 B M M M| B M M M |B M M R
1 B B M M|B M M M|B M M R
2 B B M M| B M M M |B - M R
3 B B M M| B M R R | B - M R
109|B B M M|(B M R R |B M M R
20 B B M M| B M R R | B M M R
30/ B B M M|B M R R|[B M M R
%9 |B B M M|B M R R|(B M M R
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For droplets stabilized using complexes formed with CsTAB, the threshold for “bipolar-
to-non-bipolar” ordering transitions upon exposure to SDS was determined to be 0.5 mM (e.g.,
Figure 5A; center panel). For droplets stabilized using complexes formed using longer-tailed
C12TAB, this threshold was achieved at a lower concentration of 0.1 mM SDS (Figure 5B; center
panel). Finally, for emulsions stabilized with complexes formed using CisTAB, >70% of
droplets were observed to undergo diagnostic “bipolar-to-non-bipolar” ordering transitions at
substantially lower concentrations of SDS, as low as 5 uM. Overall, these results show that
Si0,/C,TAB-stabilized LC droplets can detect and report the presence of SDS after up to 90
days of storage time, and that the operational sensitivity of these droplets is influenced
significantly by the length of the tails of the surfactant used to help colloidally stabilize them.

We note that the threshold concentration that can be used to reliably report the presence of
SDS using SiO2/Ci6TAB (5 uM, or 0.005 mM) is substantially lower than that of bare LC
droplets under otherwise identical conditions (0.3 mM SDS; see Figure S5). We note further that
samples of droplets stabilized by SiO2/Ci1sTAB undergo diagnostic transitions at a concentration
of SDS (5 uM) that is lower than that required using droplets stabilized with CsTAB and
C12TAB. The reasons for this large difference in behavior are not completely clear, but this is
likely a consequence of interactions between both the head and tail groups of these cationic
surfactants and SDS and/or the LC interfaces in these materials. Overall, we speculate that the
cationic nature of these C,TAB surfactants promotes interactions with anionic SDS that enhance
the recruitment of SDS to the LC interface, thus contributing to improved overall sensitivity. It is
also possible that the formation of C,TAB/SDS ion pairs®>® could effectively increase the areal
density of surfactant tails in contact with the LC, thereby leading to ordering transitions that

occur at lower SDS concentrations. While these interactions would be expected to occur for

21



mixtures of SDS and C,TAB regardless of tail length, the increased length of the hydrocarbon
tails in C16TAB would likely promote changes in the orientation of the LC at these aqueous/LC
interfaces more effectively than those of CsTAB and C2TAB (as mentioned above, increasing
tail length has been reported to increase the extent of penetration of C,TAB surfactant tails into
LC-water interfaces at lower bulk surfactant concentrations).!! We note that we also performed
experiments using LC droplets stabilized by SiO2 nanoparticles without added C,TAB surfactant.
Under these conditions, 0.5 mM SDS was required to trigger changes in LC droplet
configuration (see Figure S5 and Table S3)—a concentration that is higher than the
concentration required to trigger these changes in bare LC droplets (0.3 mM). We conclude that,
although SiO; nanoparticles alone can effectively stabilize LC emulsions and do not abrogate
their functional behaviors in the context of sensing, they do reduce sensitivity. These results
provide further support for the view that the cationic C,TAB surfactants play important roles in
governing the response of our LC droplets. Other contributions or combinations of electrostatic
and hydrophobic interactions are also possible and likely in these complex and dynamic systems.
However, the physical pictures proposed here are generally consistent with the results above and
the results of additional experiments performed using cationic and nonionic surfactants,

described in greater detail below.

Ordering transitions induced by other synthetic and bacterial surfactants

We performed additional experiments with SiO2/C,TAB-stabilized LC droplets using
C12TAB and Ci2E4 as additional cationic and neutral analytes. SDS, C1,TAB, and Ci2E4 differ
in the structure and charge of their polar head groups (Figure 2), but each has hydrocarbon tails

that are 12 carbons long. This set of model surfactants can thus be used to provide insight into
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the influence of charge on the responses of LC droplets. Past studies using LC thin films have
shown that the nature of the surfactant head group does not directly impact LC anchoring
transitions significantly, but can influence the interfacial density of the adsorbed surfactant
through head group repulsion.!'! In view of the results described above, we hypothesized that the
presence of cationic surfactants in our SiO»/C,TAB-stabilized LC droplet could influence the
sensitivity of the LC response to anionic, cationic, and nonionic surfactants and, thereby,
potentially provide a basis for introducing some degree of selectivity to these systems.
Representative polarized light micrographs of LC droplets exposed to varying concentrations of
C12TAB and Ci2E4, similar to those shown above for exposure to SDS in Figure 5, are shown in
Figure S6 and Figure S7 (see also Table S4 and Table S5). For clarity, those tabular results are
also summarized and depicted graphically in Figure 6, which indicates the lowest concentrations
of SDS, C12TAB, and Ci2E4 at which we observed “bipolar-to-non-bipolar” ordering transitions
in >70% of the LC droplets observed in a sample at each SiO,/C,TAB condition tested (see
Materials and Methods for additional details). Inspection of the results presented in Figure 6
reveals that, for the detection and reporting of added Ci1.TAB (panel B), the LC response is
dependent upon the hydrocarbon tail length of the C,TAB surfactant used to form the stabilizing
complexes, as observed for experiments using SDS (panel A; see also Figure 5, above). The
surfactant concentration required to trigger an LC ordering transition decreased monotonically
with increasing tail length over the range of 2.0 mM to 1.3 mM. This range of concentrations is
smaller than that observed for the response to SDS, but is equal to or higher than the
concentration of C12TAB otherwise required to promote transitions in bare LC droplets (1.3 mM;
as indicated by the dotted line in panel B; see also Figure S8 and Table S4). We interpret this

result to reflect several possibilities for the adsorption of Ci2TAB that could lead to the
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depletion of the overall effective concentration of added C12TAB that is available to adsorb at the
aqueous/LC interface. First, it is possible that the presence of additional cationic surfactant

already situated at the interfaces of these SiO./C,TAB-stabilized LC droplets would introduce
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Figure 6. Graphical representation showing the lowest surfactant concentration required to
trigger “bipolar-to-non-bipolar” ordering transitions in Pickering stabilized LC droplets in
contact with (A) anionic SDS, (B) cationic C12TAB, and (C) nonionic Ci2E4. Data are
extracted from results shown in Table S2, Table S3, Table S4, and Table S5; see main text
for details. The dotted lines represent the surfactant concentration determined to trigger an
LC ordering transition in bare LC droplets dispersed in 10 mM NaCl aqueous solution.
Surfactant structures are also shown.

24



repulsive ionic interactions that could influence or hinder the transport of additional C;;TAB to
the aqueous/LC interface (i.e., the opposite of what was observed and discussed above, and
summarized in panel A, for results in which anionic SDS was used as an analyte). Second, it is
also possible that C12,TAB could partially adsorb to the surfaces of the nanoparticles stabilizing
the droplets; this possibility is supported by the low surface coverage of the existing surfactant
on these particles, as mentioned above. Finally, C12TAB could also adsorb to the surfaces of non-
adsorbed nanoparticles that are in excess in the suspension. Consistent with these physical
pictures, the results of experiments using LC droplets stabilized by SiO» nanoparticles only (no
CaTAB, see also Figure S8) revealed threshold concentrations for response that were higher than
those observed in the presence of SiO,/C,TAB complexes, possibly due to the preferential or
partial adsorption of C12TAB to the surfaces of the bare nanoparticles, which would deplete the
overall effective concentration of added C1,TAB available to adsorb at the aqueous/LC interface.

Panel C of Figure 6 shows the equivalent set of results for experiments in which the
nonionic surfactant Ci2E4 was used as a model analyte. These results reveal a similar increase in
the sensitivity of the LC droplet response as the length of the tail of the C,TAB surfactant used to
form the stabilizing nanoparticle/surfactant complexes was increased, as observed for both SDS
and Ci2TAB. We note that the range of surfactant concentrations required to trigger these
responses (from 0.05 mM to 0.02 mM) was also equal to or higher than that required to trigger
an ordering transition in bare LC droplets (0.02 mM; as indicated by the dotted line in panel C;
see also Figure S9 and Table S5), a result that is, overall, consistent with the behavior observed
in experiments using C12TAB as a model analyte, as discussed above. This range also occurs

below the threshold concentration for a triggered response in LC droplets stabilized using bare
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Si0; nanoparticles, again consistent with the well established ability of this nonionic surfactant
to absorb onto SiO; surfaces.®”68

Overall, the results above show that the analyte concentration required to induce an
ordering transition in SiO2/C,TAB-stabilized LC droplets decreases monotonically with
increasing C,TAB tail length for all surfactants tested, revealing a straightforward approach that
can be used to tune the sensitivities of these LC droplets. These results also show that, while
Si0; nanoparticles alone can confer colloidal stability to LC droplets without preventing their
ability to respond to aqueous amphiphiles, the response of the LC is generally enhanced when
Si0,/C,TAB complexes are used. Notably, our results also show that LC emulsions stabilized
using Si02/CisTAB complexes respond to SDS at concentrations that are much lower (in the
micromolar range) as compared to the concentrations required when cationic or nonionic
analytes are used (in the millimolar range). These results are, in general, consistent with the view
that the Si02/C1sTAB complexes hosted at these LC droplet interfaces could help preferentially
recruit anionic amphiphiles. This result hints at strategies that may be useful for the design of LC
droplets that can exhibit additional degrees of selectivity based on amphiphile structure or
charge. Additional experiments and studies of LC droplet response in solutions containing
mixtures of multiple different analytes were not pursued as part of this current study, and would
be needed to evaluate this additional hypothesis more completely.

Based on the results above using model synthetic surfactants, we performed a final series
of experiments to explore the potential of these LC Pickering emulsions to detect the
biosurfactant rhamnolipid in aqueous solutions. Rhamnolipid is an amphiphilic virulence factor
produced by the bacterial pathogen P. aeruginosa under the control of quorum sensing.’® We

previously reported that bare LC droplets can detect rhamnolipid in defined aqueous media and
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when deployed in the presence of live bacteria, and thus report the onset of virulence in bacterial
cultures, at biologically relevant concentrations of ~6 pg mL™'.%® Figure 7 shows a plot of the
lowest concentrations of rhamnolipid required to induce ordering transitions in LC droplets for
Pickering emulsions formed using SiO2/CsTAB, SiO2/C12TAB, and SiO2/Ci1sTAB formulations
(see Figure S10 for corresponding polarized light micrographs arising from these experiments,
and Table S6). Our results demonstrate that LC droplets stabilized by SiO2/C1sTAB can respond
to and report the presence of rhamnolipid at concentrations of 5 ug mL™!. These formulations
thus provide a platform for the sensing and reporting of bacterial virulence products in aqueous
solutions with sensitivities that are similar to those reported for bare droplets, but with levels of

colloidal stability that far exceed those of unprotected, bare droplet systems.

10.0
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Rhamnolipid Concentration
(ng/mL)

Figure 7. Graphical representation showing the lowest rhamnolipid concentration required to
trigger a “bipolar-to-non-bipolar” ordering transition in Pickering LC emulsions stabilized
using Si02/C,TAB complexes. Data are extracted from results shown in Table S6; see main
text for details.

Conclusions
LC emulsions can detect and report the presence of amphiphilic analytes in aqueous

environments with remarkable sensitivity, but the practical utility of these droplet-based sensors
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is limited by the fact that they are not colloidally stable. Here, we have reported a Pickering
stabilization strategy based on the use of nanoparticle-surfactant complexes, which can provide
remarkable colloidal stability to LC droplets for at least three months. These nanoparticle-
surfactant complexes are comprised of SiO> nanoparticles and one of three different C,TAB
surfactants of different alkyl tail lengths (n = 8, 12, or 16). Our results reveal that these
nanoparticle-surfactant complexes adsorb to LC-water interface and lead to similar levels of
colloidal stability, demonstrating that they are effective LC emulsion stabilizers.

We also demonstrated that these SiO2/C,TAB-stabilized LC droplets undergo diagnostic
bipolar-to-radial ordering transitions upon exposure to anionic, cationic, and nonionic
amphiphilic analytes. The analyte concentrations required to induce ordering transitions in these
stabilized LC droplets decreased monotonically with increases in the hydrocarbon tail length of
the C,TAB surfactant used to form the SiO2/C,TAB stabilizing complex. In general, increasing
the C,TAB tail length from n = 8 to n =16 led to a more sensitive response of the LC to the
model analytes SDS, C12TAB, and Ci2E4, demonstrating that this approach could be used to tune
the sensitivities of the stabilized LC droplets more broadly, and suggesting that this approach
could be general. Our results also reveal significant differences in the concentrations of the
anionic surfactant SDS required to trigger LC ordering transitions (in the micromolar range)
when compared to the cationic C12TAB, and the nonionic Ci2E4 (in the millimolar range), hinting
at the possibility of using this strategy to impart some degree of selectivity to the stabilized LC
droplets. Moreover, the threshold concentration of SDS reported by the Si02/CisTAB complex
(5 uM) is two orders of magnitude lower than that required to trigger diagnostic orientational
transitions in bare LC droplets, demonstrating the potential to substantially enhance the

sensitivity of LC droplets using this approach. Finally, we demonstrated that these stabilized LC
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droplets can be used to report the presence of rhamnolipid, a technologically useful biosurfactant
produced as a virulence factor by the bacterial pathogen P. aeruginosa, at biologically relevant
concentrations.

When combined, the results reported here support the conclusion that Pickering LC
emulsions stabilized by SiO2/C,TAB complexes provide a useful approach for the design of
responsive LC droplet-based sensors with substantially improved colloidal and shelf-life
stability, as well as new opportunities for tuning and enhancing sensitivity of response. We
anticipate that the exceptional colloidal stability and extended shelf-life of these Pickering
emulsion formulations will open the door to the deployment of LC droplet sensors as useful and

practical tools in a range of different fundamental and applied settings.
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