Complex Liquid Crystal Emulsions for Biosensing
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ABSTRACT: Herein we describe a highly responsible optical biosensor based on dynamic complex liquid crystal emulsions.
These emulsions are simple to prepare and consist of immiscible chiral nematic liquid crystals (N*) and fluorocarbon oils.
In this work, we exploit the N* selective reflection to build a new sensing paradigm. Our detection strategy is based on
changes in the LC/W interfacial activity of boronic acid polymeric surfactants via reversible interactions with IgG antibodies
at the LC interface. Such biomolecular recognition events can vary the pitch length of the N* organization due to the pres-
ence of binaphthyl units in the polymeric structure, which are known to be powerful chiral dopants. We demonstrate that
these interface triggered reflection changes can be used as an effective optical read-out for the detection of the foodborne

pathogen Salmonella.

INTRODUCTION

Liquid crystals (LCs) are dynamic self-assembled sys-
tems that display a unique combination of crystalline order
and liquid fluidity."> The intrinsic anisotropy and facile
manipulation of their alignment are enabling features for a
plethora of applications, including chemical and biological
sensing, optics, or soft robotics3> Confinement of LCs
within micrometer-size emulsion droplets imposes con-
straints on the LC orientational ordering, resulting in sev-
eral mesoscale organizations that are highly responsive to
molecular-level perturbations that occur at the LC/water
interface.®7 LC emulsions are therefore promising for sens-
ing technologies, wherein the LC alignment acts as an am-
plifier for local perturbations resulting in optical appear-
ance changes.?® For instance, recent reports have demon-
strated that LC emulsions undergo ordering transitions in
response to the presence of proteins, lipids, bacteria or vi-
ruses.* However, in these LC emulsions-based sensors
the observables require optical microscopies with crossed-
polarizers, which can limit real-world utility. In order to
simplify the optical read-out, we incorporate chiral ne-
matic LCs to produce complex liquid emulsions that give
color changes in response to pathogens. Chiral nematic
(N*) LCs, also informally referred to as cholesteric LCs, are
one-dimensional photonic materials that reflect light as a
result of a periodic helical molecular organization. The se-
lective reflection is directly related to the pitch of the heli-
cal organization, which can be easily changed with external
stimuli (i.e. pH, temperature, chemical composition, etc.).
This property has demonstrated utility for constructing in-
expensive optical sensors that can operate under ambient
light without need of a power source.’5

Herein, we demonstrate that complex N* LC emulsions
can be used to fabricate a new optical sensor scheme (Fig-
ure 1). The emulsions are dynamically reconfigurable and

have two immiscible compartments composed of a N* lig-
uid crystal and a fluorocarbon oil. The detection strategy
depends on a dynamic variation of the N* pitch in response
to the presence of micro-organisms. This pitch variation is
achieved by using chiral polymer surfactants with boronic
acid functionality. Boronic acids are widely used recogni-
tion elements that reversibly bind N-glycans present in the
fragment crystallizable (Fc) region of IgG antibodies.
Hence, the combination of the polymer and the antibody
produces a new functional macromolecular surfactant
complex. We anticipated that antibody interaction with
target bacteria will produce optical changes as a result of
the modulation of the chiral polymer at the LC/water in-
terface. We demonstrate that these changes produce opti-
cally readable and triggered reflectance changes that can
be used as an effective optical read-out for the detection of
Salmonella enterica serovar Typhimurium.
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Figure 1. Schematic representation of the mechanism for Sal-
monella enterica detection using chiral nematic (N*) complex
emulsions. Changes in the reflected light are produced thought
changes in the interfacial activity of boronic acid polymeric sur-
factants, induced by a competitive binding/unbinding of IgG an-
tibodies at the LC/W interface.
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Figure 2. Schematic representation for the preparation of multicompartment emulsions comprising immiscible N* liquid crystals (LC)
and fluorocarbon (FC) oils in water. In the evaporation-induced phase separation method, DCM is added to create a single phase and
slowly evaporates post-emulsification to produce the phase separated complex emulsion structure.

RESULTS AND DISCUSSION

We have previously reported dynamically reconfigurable
multicompartment emulsions consisting of immiscible ne-
matic LCs and a fluorocarbon oils (FC) dispersed in water.”?
The nematic phase is the least ordered LC phase, wherein
molecules only exhibit orientational order. By adding a chi-
ral compound (dopant), helical twisting of the mesophase
director is induced, leading to a N* LC phase. The main
advantage of doped N* LCs is the facility with which its
pitch can be modulated by changing the chiral dopant con-
centration. The helical twisting power (HTP) of a chiral do-
pant is related with its ability to twist the nematic phase,
and is defined as HTP = 1/(P X C), where C is the concen-
tration of the chiral dopant and P the helical pitch. The
wavelength of the selective reflection (1) is defined as A =
n X P X cos 0, where n is the average refractive index of the
LC, and 0 is the incidence angle of the light. Visible light is
selectively reflected by N* phases when their pitch length
is in the same regime as visible light. In this work, we chose
E7 as the nematic LC matrix, and (S)-4-cyano-4'-(2-methyl-
butyl)biphenyl (CBi5, HTP = 7.1 pm™) as the chiral dopant.
We prepared two cholesteric mixtures with different com-
positions of CBi5 in E7, namely 1 wt % (N*1) and 32 wt %
(N*32). The higher concentration gives a reflection band of
the N* LC centered in the red region (P = 0.44 pm, A = 720
nm), which is useful for investigating the emulsion’s opti-
cal properties. The lower concentration produced a helical
periodicity in the micrometer range (P = 14.0 pm), which
can be imaged by optical microscopy.

The performance of our complex LC emulsions relies on
a fine control of the LC orientation, and this can be accom-
plished by the incorporation of appropriately designed LC
surfactants. Specifically, photonic effects in N* LC droplets
are enhanced when the helical twist axis has a radial helical
orientation wherein the LC molecules are parallel to the
droplet aqueous interface.®®2° The complex emulsion drop-
lets have an internal interface and we used CB-diRg surfac-
tant, which stabilizes the LC/FC interface and provides a
parallel (planar) alignment of the LC molecules. Planar
alignment of the mesogens at the LC/W interface was
achieved by using CB-diTEG, and poly(vinyl alcohol)
(PVA). LC complex droplets were prepared by using an
evaporation-induced phase separation method (Figure 2).
Specifically, droplets were produced by emulsification of a
1:1:3 volume ratio of N*/HFE7200/dichloromethane into a
0.1 wt % solution of PVA. After complete evaporation of di-
chloromethane (DCM), fluorocarbon-in-LC-in-water
(FC/LC/W) double emulsions were obtained. The mor-
phology of these complex LC emulsions can be dynamically
triggered in response to changes in aqueous surfactant
mass balance.”” > Thus, addition of an aqueous solution of
Zonyl (a nonionic fluorosurfactant) transforms the droplet
morphology to a Janus configuration or to a LC-in-
fluorocarbon-in-water (LC/FC/W) double emulsion (Fig-
ure 3).



L

FC/LC/W

Janus

LC/FC/W

Figure 3. (a) Schematic representations (i) and side-view microscopy images (ii), (b) polarized-light optical microscopy images without
(i) and with (ii) crossed polarizers of N*1 complex emulsions that reconfigure in response to surfactant variations. The FC/LC/W double
emulsions shown left are produced when the continuous phase has a 0.1 wt % PVA aqueous solution. The Janus droplets in the center are
created in water solutions containing 0.1 wt % PVA and o.01 wt % Zonyl, (1:9 v/v). The LC/FC/W double emulsions shown right are
produced in water solutions containing 0.1 wt % PVA and 0.01 wt % Zonyl (1:1 v/v).

To gain insight about the internal structure of these chi-
ral nematic double emulsions, we initially investigated N*1
emulsions, since they have a helical pitch in the microme-
ter range that can be readily visualized by optical micros-
copy. Periodic dark and bright concentric rings were ob-
served in N*1 Janus droplets. This suggests a radial dispo-
sition of the N* helixes that originates from the equator of
the droplet. This radial helical structure produces a pattern
of equidistant concentric rings, whose inter-ring periodic-
ity corresponds to P/2 (Figure 3).2* In the case of FC/LC/W
and LC/FC/W double emulsions, they also exhibited heli-
cal structures with concentric rings due to a radial disposi-
tion of the N* layers. In addition, a radial defect line was
observed in LC/FC/W droplets, suggesting that all N* lay-
ers follows a group of circles, which pass through the same
point (Frank-Pryce model).?

In contrast, the short pitch of N*32 Janus emulsions pre-
vents the observation of the helical organization by optical
microscopy. Nonetheless, reflection-mode bright field im-
ages showed different colored patterns confirming a peri-
odic internal structure (Figure 4). Specifically, N*32 Janus
droplets showed a bright central spot together with radial
lines connecting these central spots. The central reflection
originates from the normal reflection of the N* arrange-
ment, whereas the less-intense radial reflections are at-
tributed to photonic inter-droplet cross-communication.>®
These photonic patterns evidence the formation of an uni-
form radial helical structure within N*32 Janus droplets.
The cross-communication mechanism is shown in Figure

4¢. When the incident light hits at an angle of 45° (blue line
in Figure 4c¢), it is reflected at 45° to the adjacent droplet,
and then reflected again by this droplet at an angle of 45°
(depicted by the orange arrows in Figure 4¢). To corrobo-
rate this cross-communication mechanism, we closed the
illuminated area in our reflection microscope; non-illumi-
nated droplets did not show the central reflection spot and
only showed the radial reflections coming from the neigh-
boring illuminated droplet (Figure 4d-i). Moreover, we
isolate one and three droplets to study their reflection pat-
terns. The isolated single droplet does not show any lateral
communication, and only showed the central reflection
(Figure 4d-ii). However, the cross-communication inter-
actions between adjacent droplets can be readily visualized
in the group of three droplets. We also noticed that the in-
tensity of the cross-communication process depends on
the distance between droplets, disappearing with large in-
ter-droplet distances (Figure 4d-iii). FC/LC/W and
LC/FC/W double emulsion droplets also exhibited radial
helical structures. The uniform radial disposition of the N*
helixes in LC/F/W double emulsions is confirmed by the
presence of a central defect in the LC compartment. In ad-
dition, FC/LC/W double emulsions exhibited a colored
pattern by reflectance microscopy, which is generated by
photonic cross-communication between adjacent droplets,
similarly to previously reported water-in-oil-in-water N*
shells (Figure 4b).2+>5 Nonetheless, LC/FC/W did not ex-
hibit any colored pattern due to total internal reflection
across the LC/FC interface that confines all light within the
fully encapsulated LC compartment (Figure 4b).2
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Figure 4. (a) Schematic representations (i) and side-view microscopy images (ii), (b) reflection-mode (i) and transmission-mode with
crossed polarizers (ii) optical microscopy images of N*32 complex emulsions that reconfigure in response to surfactant variations. The
FC/LC/W double emulsions shown left are produced when the continuous phase has a 0.1 wt % PVA aqueous solution. The Janus droplets,
in the center, are in water with 0.1 wt % PVA and 0.01 wt % Zonyl (1:9 v/v). LC/FC/W double emulsions shown in right are created in a
water solution of 0.1 wt % PVA and 0.01 wt % Zonyl (1:1 v/v). Panel (c) provides a schematic representation of the cross-communication
mechanism. In (d)-i the reflection-mode optical microscopy images of Janus N*32 droplets are shown wherein focusing on a single droplet
shows that light is transferred to neighboring droplets. Isolated droplets in (d)-ii do not display the radial lines that come from cross
optical communication. In (d)-iii the higher intensity communication lines are observed from droplets which are closer together.

Having optimized the preparation of N* complex emul-
sions, we targeted their use as biosensors, wherein a
change of'the pitch may produce a change in the reflection
wavelength. This pitch variation can be achieved by ad-
sorbing the analyte at the LC interface or dissolving it in
the LC medium, producing a physical swelling of the N*
helix and a red-shift of the reflected light.?72® The selectiv-
ity of such sensors is therefore determined by the analyte
solubility in the N* LC. However, most biomolecules or mi-
cro-organisms are not soluble in N* LCs and hence differ-
ent mechanisms are needed in emulsions-based biosen-
sors. To this end, we targeted the incorporation of IgG an-
tibodies in our complex N* emulsions for the selective de-
tection of Salmonella bacteria, a foodborne pathogen that
causes gastrointestinal infection.

Side-chain LC polymer surfactants have been widely
used to trigger LC ordering transitions in response to ex-
ternal stimuli. In these systems, changes in the polymeric
assembly at the LC/W interface propagates throughout the
LC, resulting in a change in the LC organization.?93° In our
case, to generate changes in the pitch of the N* structure
in response to the presence of micro-organisms we de-
signed amphiphilic block copolymers containing LC and
water soluble blocks (Figure 5). The LC soluble block is
composed of binaphthyl motifs, known to provide a high

HTP value,® randomly copolymerized with a cyanobi-
phenyl methacrylate to favor its solubility in the nematic
LC matrix (binaphthyl/cyanobiphenyl weight proportion =
80:20). The water soluble block has boronic acid function-
alities. These multifunctional block copolymers function
as cosurfactants in the emulsification process to prepare
our N* droplets. The boronic acid groups are positioned at
the LC/W interface for reversible binding with anti-Salmo-
nella Typhimirium IgG antibodies. We have previously ob-
served that bioconjugation with IgG antibodies results in
an increase of the interfacial activity of polymeric surfac-
tants, as the large IgG molecules (= 150 kDa) provide addi-
tional hydrophilic character.3> We hypothesized that our
bioconjugated surfactants would be mainly located at the
LC/W interface due to their higher interfacial activity, and
thus their ability to affect the helical structure of the N* LC
would be much lower. In contrast, a powerful chiral dopant
activity was expected for non-bioconjugated block copoly-
mer surfactants as a result of their lower tendency to as-
semble at LC/W interface. Because of the high HTP of
binaphthyl side-chains (an HTP value of 122 pm™ was cal-
culated for P1, see Supporting Information), minuscule
changes in the interfacial activity of boronic acid surfac-
tants is enough to alter the pitch of the chiral nematic or-
ganization, which can be detected by monitoring the nor-
mal reflection.
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Figure 5. Chemical structures of boronic acid surfactants and pendant-drop analysis of the bioconjugation reaction. Note that the
polymer-antibody complexes lower the water/N* LC interfacial tensions.

To ensure efficient dynamic assembly at the LC/W inter-
face, we synthesized three different polymers having the
same LC block, molecular weights (M, = 12 kDa), hydro-
philic/hydrophobic balance (Whydrophitic = 20 wt. %), but dif-
ferent hydrophilic block composition (Figure 5). Given
that we were unsure of how this structural variation in the
hydrophilic block would affect polymer assembly at the
LC/W interface, the surfactant ability was quantified by
pendant-drop measurements. All non-bioconjugated poly-
mers are surface active, reducing LC/W interfacial tension
(yroyw) from 52.9 mN/m to 32.9 (P1), 29.0 (P2), and 16.7
mN/m (P3), when 5 mg/mL of the polymer is dispersed in
the N* LC. Pendant-drop studies also confirmed the im-
pact of bioconjugation on y.c/w, since addition of anti-Sal-
monella IgG antibodies to the continuous water phase fur-
ther reduces y.cyw to 16.3 (P1), 16.9 (P2) and 14.2 mN/m
(P3). Therefore, pendant-drop measurements revealed
that polymers position boronic acid groups at the LC/W
interface, which enables bioconjugation via boronate ester
formation with the N-glycans in the Fc region of IgG anti-
bodies, and the production of IgG-decorated N* LC drop-
lets.

Our sensing scheme relies on changes in the interfacial
activity of boronic acid surfactants associated with a com-
petitive binding/unbinding of IgG antibodies at the LC/W
interface (Figure 6a). Therefore, we prepared complex N*
LC emulsions containing polymeric surfactant P1, since P1
showed the biggest differences in y.c;w upon bioconjuga-
tion with IgG antibodies. Janus droplets naturally gravity
align on a horizontal surface as a result of the higher den-
sity of fluorocarbon phase. In this natural configuration the
normal reflection can be measured by positioning a fiber-
optical spectrophotometer connected to a white light over
a monolayer array composed of monodisperse N* Janus
emulsions (Figure 6b). Reflectance spectra of N*32 drop-
lets showed a main peak located at a wavelength of around
720 nm, which originates from the normal reflection of the
cholesteric LC (Figure 6c). A less-intense secondary peak

is also observed at around 515 nm, which is coincident with
Axcos45°, due to the photonic cross-communication be-
tween droplets. Incorporation of P1 to the LC mixture (5
mg/mL) resulted in cholesteric emulsions with a main re-
flection band at around 590 nm, demonstrating ability of
P1 to alter the pitch of the N* organization. Moreover, at-
tachment of hydrophilic IgG antibodies led to a red-shift-
ing of the main reflection band to 670 nm as a result of a
major localization of P1 at LC/W interface.

The pitch variation as a function of the concentration of
heat-killed Salmonella enterica serovar Typhimurium
(HKST) cells was quantified using the normal reflection of
N* droplets. A rapid shift (ca. 3 h.) of the reflection band
to lower wavelengths was observed after the addition of
HKST cells to IgG-decorated Janus emulsions (Figure 6c).
Figure 6d shows the correlation of relative reflection band
and the concentration of HKST cells. The detection limit
was calculated to be 103-104 cells/mL. In the control exper-
iments under the same conditions with a block copolymer
cosurfactant that does not have binaphthyl motifs in the
LC block (Pi-achiral), the reflection band did not show
any change upon addition of HKST, confirming the key
role of binaphthyl units in inducing changes in the helical
pitch (Figure 6d). A second control experiment was car-
ried out with a block copolymer that has N-hydroxysuccin-
imide groups instead of boronic acids (P1-NHS). No varia-
tion of the reflection band was observed, thereby demon-
strating the importance of the reversible interfacial reac-
tions in our sensing scheme, as P1-NHS forms covalent am-
ide bonds with IgG antibodies that avoid pathogen-in-
duced extraction of IgG from interfaces (Figure 6d).
Therefore, this N* emulsion sensor scheme illustrates an
alternative and robust strategy for detecting Salmonella,
which can be used in a complex protein matrix.?* Moreo-
ver, it is not limited to a particular pathogenic organism
and can be adapted to a wide range of analytes without the
need of specialized equipment.
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Figure 6. (a) Scheme of the detection mechanism for Salmonella using boronic acid-decorated complex N* colloids. Changes in interfacial
activity of boronic acid surfactants are produced by the attachment of IgG antibodies at the LC/W interface and upon their removal by
Salmonella cells, resulting in a variation of the pitch length. (b) Experimental setup for measuring the reflectance spectra of the emulsions.
(c) Reflectance spectra of N*32 emulsion droplets after addition of HKST at different concentrations. (d) Correlation of relative reflection

versus the concentration of HKST cells.

CONCLUSIONS

We have developed complex liquid emulsions consisting
of immiscible chiral nematic (N*) liquid crystals (LC) and
fluorocarbon oils (FC). The morphology of these LC emul-
sions can be dynamically changed by varying the aqueous
surfactant mass balance. Moreover, the incorporation of
appropriately designed LC surfactants, which control the
LC orientation at interfaces, enables the preparation of N*
complex colloids with radial helical structures. The pitch
length of the N* organization can be easily controlled by
the amount of chiral dopant, thereby obtaining emulsions
with wavelengths of reflected light. Moreover, the helical
internal organization provided complex reflection patterns
caused by the unique combination of selective reflection of
N* LC emulsions and lateral interactions between neigh-
boring droplets. In this work, we exploited these rich pho-
tonic properties for constructing a new sensing paradigm.
Specifically, we designed boronic acid polymeric surfac-
tants that change their LC/W interfacial activity as a result
of their selective binding with IgG antibodies. Such bio-
molecular recognition events can vary the pitch length of
the N* organization as a result of the presence of binaph-
thyl units in the polymeric structure, which are known to
be powerful chiral dopants. These dynamic interface trig-
gered reflection changes were used to fabricate a sensitive
and quantitative detection approach for the foodborne

pathogen Salmonella. The simple fabrication of chiral ne-
matic emulsions and the quantitative optical read-out il-
lustrates an alternative method for biological and chemical
sensing.
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