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This review describes recent advances in the area of research involving the interfacial design of liquid crystal (LC) based
biosensors. The first advance revolves around the design and modulation of LC based interfaces for developing LC based
stimuli responsive materials. For example, designing nanostructured thin films of LC-based colloidal gels exhibit the
sensitivity and specificity with the added benefits of mechanical robustness and processability and can be used to report
adsorption of biological and synthetic amphiphiles at aqueous-LC interfaces. In addition, a new pathway for the easy
formation of spontaneous uniform LC droplets has been reported that provides a high spatial resolution of micrometers
with a very high sensitivityA second development has focused on the investigations of the ordering of LCs at aqueous
interfaces for qualitative and quantitative understanding of important biomolecular interactions for bedside diagnostics and
laboratory applications. These important biomolecular interactions include: (i) protein endotoxin interactions as these lead
to divergent effects on lipopolysaccharide (LPS)-induced responses, (ii) pH induced conformation change of cardiolipin
(CL) which is known to affect a range of cellular processes and (iii) endotoxin interactions with bacterial cell wall
components.Thirdly this study involves design of LC based sensors that hold promise to act as a marker for cells and cell
based interactions. Overall, this review illustrates new approaches for developing LC based stimuli responsive materials
that are anticipated with fundamental understanding of biomolecular interactions and provide a gateway for further
advances involving LCs.
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Introduction phenomena as the orientational properties of LCs
enable the amplification and the transduction of

Biom_o_lgcular interactions govemn the affir_mity an_d biologically relevant binding events at nanostructured
specificity of complex formation and determine their surfaces into optical outputs visible by naked eye
biological function which could be of enormous Brakeet al. 2003a: Linet al.. 2011 Brake and

scientific and practical importance. The pre-requisite Abbott. 2002: Braket al.. 2003b: Lockwoodt al
to understand biomolecular function in the context of 5505, price and Schwartz. 2008: Brakal. 2005

life and metabolism, it is necessary to analyze Lockwoodet al., 2006; Sivakumagt al., 2009; Gupta
interactions of biomolecules by each otAgromising & .1 2009: Park andbbott. 2008: Hu and Jang

approach to study these interactions is to use quuid2012. Baiet al.. 2014: Khan and Park. 2014: Sadati
crystalline (LC) materials since it is advantageous asy 5 "2015- 7hy an(f:smg 2015Wangét al. 2015
many biol_o_gical systems, including cell membrane_s, Munir ot ai., 2015). Th;e study of biom’olecuiar
PhOSphOI'p'dS' cholesterols, DNA and so forth, exist interaction using LC material relies on the interaction
in LC phases (Stewart, 2003; Steward, 2_004)'between the sensing LC and the biomolecule of
Recently LCs have been explored for the design of interest. Howeverealization of this potential requires

it?_t?rfa_cels that medif‘te desr:éi(g intezrgclztzionicwith advances in the interfacial design of LC materials,
lological systems (Lowe a ott, )- which is the subject of our main focus.

materials allow label-free observations of biological
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The most common LC phase is the nematic reported that these changes in optical appearance
phase of the class of thermotropic LCs. (Thermotropic result from strong coupling between aliphatic tails of
LCs exhibit changes in phases as a function ofthe adsorbed amphiphiles and the mesogens of the
temperature A nematic phase exhibits an orientational LC. The advantages of these adsorbed surfaces make
order, but lacks positional order (Fig. 1AThe them attractive for a number of potential applications
orientational order of mesogens within a nematic caninvolving more complex interfacial phenomena, such
be described by the statistical preference of theas high-throughput screening of enzymatic activity
mesogens to align in one direction (de Gennes andPark and\bbott, 2008) and molecular binding events
Prost, 1994; Collings and Hird, 1997). Unlike isotropic (Hu and Jang, 2012; Hartomrbal., 2009;Tanet al.,
liquids, this orientational preference is typically 2012; Liuet al., 2013; Hu and Jang, 2012) through
controlled by interfacial energetics on the scale of LC reorientations driven by chemical or physical
103 to 1 mJ/m (Cadwellet al., 2006; Clareet al., events that perturb the organization of the monolayer
2006; Jerome, 1995) and communicated over distancesiterfaces. Enthused by the budding utility of LC
much greater than the size of the mesoge8q materials in biological applications (particularly
pm is typical for a nematic LQFig. 1B). The long-  reporting biological interactions), in this paper we
range orientational ordering of molecules within the report progress made in our laboratory toward the
nematic LC also leads to anisotropic optical propertiesdesign of interfaces of LC materials such that desired
that enable characterization of the orientational orderinteractions are realized between the LC materials
viathe use of polarized light. Inspired by the sensitivity and biological systems. The advances of our research
of the orientational order of LCs to the chemical described here focus on the design and modulation of
functionality and organization of molecules at LC based interfaces based on stimuli responsive
interfaces a wide range of amphiphiles (Carébn  materials. The study also advances the use of LC
al., 2013), such as phospholipids (Brakal ., 2003a; based aqueous interfaces for qualitative and
Brake et al., 2005; Lockwoodet al., 2006) and  quantitative understanding of important biomolecular
surfactants (Brake ambbott, 2002) at aqueous-LC interactions for bedside diagnostics and laboratory
interfaces can be reported through changes in theapplications. Finallywe have shown the direct protein
optical appearance of the LCs. Brakeal., (2003) LC interactions in agueous environment which would

fulfill significant knowledge gap in understanding the

A Crystal Nematic Isotropic intermolecular interactions that underlie the direct
n ordering of LCs with protein-decorated surfaces and
s = hold great promise to provide LC as biosensors for
............. / | J ’/ cell-surface interface.
1) |
"........ f | | Approaches for Designing Liquid Crystal Based
N =< Sensors forBiological Applications
Increasing temperature Colloidal Liquid Crystal Gels for Biomolecular
B W, ~ 10%= 1mJ/m? Amplification

Building from past studies, herein we report that it is
/ possible to prepare thin films of LC-based colloidal
— gels that are stable under water and can be used to
report adsorption of biological and synthetic
i %\é\ amphiphiles at LC interfaces. In particilae have

found that the sensitivity can be improved by forming
Fig. 1: A) Schematic illustration of the nematic LC phase g gel which is highly stable and retains its structure
has an orientational order but lacks long-range on one of the confining surfaces, or when the
positional order, and exists between the grstalline . . . .
and isotropic phases.n is the nematic director. B) suppor_tln_g surface V_vas immersed into waltknike
Surface sensitive orientational ordering of LCs LCs within TEM gI’IdS, these CLC gels are self-

controlled by interfacial energetics supporting, mechanically strong and can be easily
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handled. This study has been motivated by the goa T>T T<T

of designing nanostructured LC materials that exhibit e L

the sensitivity and specificity with the added benefits | ®*® ® © o .

of mechanical robustness and processabilibe e %% ..

micro-structured colloidal liquid crystal (CLC) gels |, ® . ‘e °

described in this study are based on the suspension| ¢ ° *° °

of colloids in low molecular weight E7 nematic LC. | S ¢ ® °e

E7 is a mixture of four alkoxycyanobiphenyh€Bs) o o ° :

with different aliphatic chain length: 51 wt.% 4-cyano-  piheen bt v paricts T i i

4’-n-pentyl-biphenyl (5CB), 25 wt.% 4-cyano-4-*-
heptyl-biphenyl (7CB), 16 wt.% 4-cyano-#- _ o _ o

. o , Fig. 2: Schematic illustration of the thin films of CLC gels
oxyoctyl-biphenyl (80CB) and 8 wt.% 4-cyano-4'- formed between glass slides. (Redrawn with

n-pentyl-p-terphenyl (SCT)Agarwal et al-a (2008) permission from Agarwal et al., (2013))
and Paét al., (2009) demonstrated that when colloidal

suspensions of microspheres are prepared in thgne ordering of LC in the domains could be influenced
isotropic phase of LCs followed by cooling below their 1y, the chemistry of the confining surfaces. Fig. 3

isotropic-nematic transition temperaturg (Tthey  shows polarized light and bright-field micrographs of
form birefringent waxy semi-solid (gel)_ with S|gn|f|cant a thin film of CLC gel supported on a glass microscope
storage modulus (G'~2a.0°KPa). This gelatlo_n has gjige treated with\,N-dimethyl-n-octadecyl-3-
been suggested to result from the formation of aamingpropyitrimethoxysilyl chloride (DMOAP) which
particle network resulted from expulsion of colloids 5nchors the LC at the LC-glass interface in a
from the nematic LC as it cools down from isotropic pomeotropic orientatiore note that the polarized
to nematic phgse. Itis driven by orlentat_lonal elasticity optical micrograph reveals the dark optical appearance
of the nematic phase and the anchoring energy angy the CLC gel in Fig. 3A, consistent with near-
surface tension at LC/particle interface; howete niform homeotropic orientation of LC within the CLC
mechanism is not fully understood. In this stwlg el whereas bright field micrograph reveals the CLC
have shown that it is possible to use organizedgomain structure. Next, the thin film of CLC gel
networks of micrometer sized particles to form LC supported on the DMOAP-treated glass immersed
containing composite materials that would hold its \,nder water determines whether CLC gels would
structure at aqueous/LC gel interface and also retainyewet the surface. Inspection of the polarized light
their responsiveness to changes in chemicalyicrograph (Fig. 3A) of the CLC film upon immersion

environment at those interfaces (Agarvealal., i, water revealed bright optical appearance resulting
2013) Although, previous reports have demonstrated 4t the domain structure of the CLC gel is not

that self-assembly of amphiphilic molecules at aqueOUS/perturbed/destroyed and remain stable under water

LC interfaces can trigger ordering transitions in LCS The pright optical appearance of the CLC gel in Fig.
such as 5CB, 5CB droplets, the influence of colloidal 35 is consistent with a change from homeotropic

network within the LC gel in the surface-driven anchoring when the free interface of the CLC gel
ordering transition has not been previously \ 45 in contact with air to a planar orientation after

= E7 liquid crystal

demonstrated (Liret al., 2011; Guptaet al., 2009;  jjmersion under water (see Fig. 3E for a schematic
Clegget al., 2003;Tong et al., 2009;Wood et al., illustration).
201).

o To the aqueous solution covering the CLC gel,
We report that the thin films of CLC gels \ye next added the biological amphiphile li-

(thicknesses &# pm) confined between chemically  ,onolysaccharide (LPS)Iso called endotoxin, found
functiondized glass slides such that nematic domains,jn the outer membrane of gram-negative bacteria

confined by colloidal network, extend across the entire comprises a polysaccharide head group and a lipid
thickness of thin films (Fig. 2ps the LC inthe E7  yith 6 tails (called lipidh) which is responsible for its
nematic domains (~6-10 pm) of these thin films (qyicity. Inspection of Fig. 3@eveals that following
interacts with the confining surfaces on either side, the addition of 2@g/mL of LPS to the aqueous solution
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in contactwith the CLC gel, the CLC gel remained optical appearance of the LC differed substantially
stable and the optical appearance of the CLC gelfrom one domain to the next. This heterogeneity in
changed from bright to dark. The change in optical the response of the domains likely reflects variation
appearance of the CLC gel is indeed consistent within the sizes and shapes of the LC-rich domains in the
an adsorbate-driven anchoring transition of the LC gel, and thus differences in elastic and surface
(to a homeotropic orientation) at the LC-aqueous anchoring energies for each domain. It also suggests
interface of the LC rich domains of the gel (Fig. 3C). that manipulation of the size and shape of the LC
This result is consistent with Let al., (2011) report domains may provide a means to rationally tune the
of homeotropic anchoring of nematic LCs at LPS- response of CLC gels to interfacial adsorbates. In
decorated interfaces. Quantification of the intensity addition to biological lipids such as LPS, synthetic
of light transmitted through a macroscopic region of surfactants (e.g., sodium-dodecyl sulfate (SDS)) also
the CLC gel, as shown in Fig. 3@veals that the trigger anchoring transitions in the LC-rich domains
anchoring transition occurred over approximately 15 of the CLC films.

min following the addition of the LPS. The careful
analysis of time-lapse images of the CLC gel revealed >
that the LC domains that possessed a dark opticaPS'ad to report the activity of enzymes, when the
appearance prior to contact with LPS, underwent a_substrates for the enzymes dgcoratg the aqueous
transient change in optical appearance anclmterface of the CLC gel. Inspection of Fig. 4A shows

birefringence upon contact with the LPS solution. This that the LQ-rich domgins'within the CLC gel undergo
an anchoring transition in the presence-@fLPC,

result supports our conclusion that these domains _ th 1 ) ¢ | DLPC
appeared dark prior to contact with LPS because thefonsistent with formation of a monolayer

azimuthal orientation of the LC within the domains &t the aqueous Interface of the LC as reportec! by
was aligned with one of the polafg analysis of the Brake _et al (2003a) (and thus homeotro_plc
change in optical appearance of individual domainsanChormg' Fig. 4B). Next, we removed the residual
of LC within the gel, leads us to conclude that, at the -DLPC from the aqL_Jeous solution anq introduced
single-domain level, the LPS-triggered change in the enzyme phospholipasg (PLA,). PLA, is known

Finally, we demonstrate that CLC gels can be
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Fig. 3: Optical micrograph of 15% E7 gel (conc.: 0.03 mg/mL; thickness: 2pn; scale bar: 1qum) (A) in contact with DMOAP-
coated glass slides (B) upon addition of water (C) upon addition of LPS. (D-F) Corresponding schematic illustration of
CLC gels exposed to aqueous LPS solution. (G) Optical intensity of the time-lapse polarized-light images of the thin
film of CLC-gel cast on a DMOAP-treated glass slide following contact with 2@g/mL aqueous LPS. (Reproduced with
permission from Agarwal et al., (2013))
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to catalyze the hydrolysis pfDLPC in the presence to a TEM grid. This difference, as noted above, is
of C&*, thus resulting in the formation of the likely related to the difference in the thickness of the
lysophospholipid and the corresponding fatty a&&d.  LC in the domains of the CLC gel and the TEM grid,
shown in Fig. 4C, during the 1 h period following the and thus the influence of the elastic energy of the LC
addition of 10 nM of PL,g\into the aqueous phase, on the orientation of the LC. Overall, we conclude
the LC rich domains of CLC gel were observed to that the CLC gels offer a general and facile approach
undergo an ordering transition. The change in opticalto the preparation of “free interfaces” of LCs suitable
appearance of the gel from dark to bright over a periodfor design of LC-based stimuli-responsive materials.
of 60 min is consistent with Brake al., (2003a) _ o
studies of hydrolysis of-DLPC by PLA, (the A New Pathway f_or_ the Fo_rmanon of |TIC{UId
anchoring transition is caused by desorption of the Crystal Droplets within Confined Boundaries

hydr'olysis produc_ts of the en_zymatic _reaction from The second approach towards the design of LC
the interface). This observation confirms that LC- aterigls for biological applications revolves around

rich domains of CLC films can be driven through o how way of preparing LC droplets. The approach

reversible anchoring transitiont the introduction |\ .- motivated by the observation that LC droplets
gnd removal of adsorbates at the aqueous-CLC ge},, e peen widely appreciated as a new class of
interface\We also note that the overall rate of response,, ~tional materials due to their large surface areas,

of the E7 to enzymatic activity of PLAs greater

) e rich phases, well-defined director configurations and
when the E7 is hosted within a CLC gel as opposed

unique tunable optical properties (Léhal., 2011,
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g. 4: A) Schematic representation of the expected orientational change of LC molecules confined in LC-rich domains of CLC
gels exposed to aqueous-DLPC solution followed by PLA, enzyme treatment. B) Time-lapse polarized light micrographs
of a thin CLC gel film cast on an OTS-treated glass slide following exposure to 3@/mL  -DLPC. The change in optical
intensity of the polarized-light images of the CLC-gel films as a function of time following incubation with aqueous
20 pg/mL  -DLPC is plotted in the graph. C) Optical micrographs (between crossed-polars) of a CLC gel thin film on
OTsS-functionalized glass, with -DLPC absorbed on the aqueous/LC surface, at successive time points after incubating
against 10 nM PLA,. The change in optical intensity of the polarized-light images of the CLC-gel films as a function of
time following incubation with aqueous 10 nM PLA, is plotted in the graph. D, E) The measured intensity of light
transmitted through the CLC gel (ciossed polars), coresponding to images (A) and (B), aspectively (Reproduced with
permission from Agarwal et al., (2013))
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Fig. 5: A) Crossed polars (CP) and (B) bright field (BF) images of aqueous-5CB interfaces within tAi&€EM grids supported on
DMOAP-coated glass slides upon exposure to 0.5 mg mthhosphatidyl choline (PC) after 10 min, 6 h and 24 h. The
insets (in (A) and (B)) show the corresponding high-magnification images that reveal the formation of stable and well-
developed LC dmoplets exhibiting radial configuration. (C) Top to bottom: schematic illustration of the time dependent
formation of LC droplets with radial LC ordering. (D) Fluorescence micrograph and (E) the corresponding bright field
image of nematic 5CB hosted within a gold grid supported on a DMOAP-treated glass substrate after contact with PC
doped with 1 uM fluorescent PC (NBD PC) for 3 days. (F) Polarized optical micrograph (crossed polars) of nematic 5CB
hosted in a gold grid suppoted on a DMOAP-treated glass substrate aftecontact with water for 3 days.Water droplets
formed spontaneously on the LC film. (G) Polarized optical micrograph of the aqueous-5CB system (as in (F)) on
exchanging the aqueous phase with the PC solution after 19 h. The well-developed water droplets reorganize to LC
droplets with radial LC ordering. (Reproduced with permission from Sidiq et al., (2014))

Sivakumaret al., 2009:Alino et al., 201L: Alino et Inspection of Fig. 5A revealed that the dark optical
al., 2012; Bera and Fang, 2012; Bera and Fang, 2013appearance (homeotropic anchoring) of the LC
Guptaet al., 2009; Kharet al., 2011; Kinsingeret immediately due to the adsorption of PC to an
al., 2010; Zowet al., 2011). In particularthese der agueous-5CB interfacdéfter incubation for 3 h or
routes to design simple, economic and convenientmore, we observed well-developed droplets which
passive sensing devices that provide a high spatiaivere characterized by a single point defect located
resolution of micrometers with a very high sensitivity at the center of the droplets shown in the bright field
We report a new pathway for the easy formation of optical micrograph image (Fig. 5B). In order to provide
spontaneous uniform LC droplets. While the a further insight into the microstructure of the LC
techniques reported earlier (Miller afdbott, 2013)  droplets in the presence of PC, fluorescently tagged
have resulted in the preparation of LC droplets with a PC was used to examine the location of the surfactant
life span of a few hours, our approach has provided(PC) in the co-assemblinspection of the combined

LC droplets with a stability of days to months (Sidiq bright and epifluorescence micrographs (Fig. 5D and
etal., 2014). 5E) revealed that the fluorescence was mainly present

) . _ at the boundary of (and also in between) the droplets,
For this, we incubated 5CB in the pores of 20 \yith no fluorescence at the center of the droplets.
um thick electron microscopy grids supported On Thjs |ed us to conclude that the formation of the PC

DMOAP-coated glass slides in an aqueous solutionygnolayer stabilizes these droplets by rearranging
of phosphatidy! choline (PC) (0.5 mg mi).for 3 h. itself around the droplets.
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It has been reported &vig andAbbott, 2010) interfacial tension, PC as reported by Prischeipa
that a micrometer-thick film of the LC supported on al. (2005) imposes the anchoring boundary conditions
OTS (octadecyltrichlorosilane) treated glass substrategor the nematic directoPC, due to its hydrophobic
led to the formation of water droplets when immersed part, interacts with the alkyl chain of 5CB and results
under watefTo provide an insight into whether PCis in the homeotropic ordering of the LC. It then
responsible for the formation of LC droplets with radial rearranges itself around the LC molecules and creates
LC ordering, we incubated a LC film (supported on aradial arrangement around the LC molecules where
DMOAP-coated glass slides) in an aqueous phasesach droplet has a single point defect at the center
for three days followed by an exchange of the aqueoug called hedgehog). It has been demonstrated
phase with the PC solution. Interestinglyhen (Terentjey 1995) that the stability of the nematic
exchanging the aqueous phase with the PC solutiormacro emulsions is greatly enhanced due to the energy
we observed a topological defect formation within barrier created by the elastic constant of the LC and
the droplet after 19 h (Fig. 5F and 5@Je note two  surface tension is very high (~10J) compared to
observations from this studyirst, the regions of LCs  the typical thermal energy at room temperature.
around the droplets have transformed into aHence, it is very likely that in the presence of PC,
homeotropic orientation, as evidenced by the blackthere is an additional contribution of the elastic energy
areas. Second, LC droplets with topological defectsto the formation of the topological defects in the
are formed in the same location where water dropletsconfined nematic and radial LC droplets, which
were previously preseniVe do not yet fully  prevents coagulation compared to their isotropic
understand the reason for the formation of LC dropletscounterparts.
from water droplets after adding PC. It may be
hypothesized that in the presence of PC, there could ~ We investigated and compared the stability with

be a gradua| rep|acement of water by LCs which is reSpeCt to time and size distribution of the LC drOpletS
stabilized through topological defects. to those of existing techniques. It has been found

(Miller andAbbott, 2013) that the techniques reported
The Combil’lation Of the I’eSU|'[S described abovefor the preparation Of LC droplets have a ||fe Span Of
leads to the following overall understanding of the only a few hours whereas the droplets prepared by
LC droplet formation. During the formation of the oyr method are quite stable for a period of several
macro emulsion, the reduction of the interfacial tension days. This is because in our case, the droplets formed
due to the use of PC reduces the amount ofin 3 confined boundary created by the grid system
mechanical work required to break the inner phaseang thus stabilized (less mobile). In addition, the LC
into dispersed particles. It has been reportedqroplets (with radial configuration) were quite stable
(Lavrentovich, 1998) that the formation of an anq reversible i.e., the optical responses remain
equilibrium state of a LC droplet which could be unchanged by the temperature-induced phase
described as the minimum of the free energy transition of the LCs. These experiments also confirm
functional (F), composed of both avolumg)@da  the suitability of our approach towards a simple and

surface part (§. The F can again be modeled as ropuyst platform using LC droplets for further
surface tension wbh has an isotropic pastand an  gpplications.

anisotropic partV, (i.e., Fs ~ & (o r? +W, r?), r

being the radius of the droplet). In the case of Next, we reported the role of other surfactants
cyanobiphenyl, when the anchoring paff (10-°to and lipids and explored their behavior on incubation
10763 nT?) is much smaller tham(10-3to 102J n7?), at aqueous-5CB interfacedle have chosen SDS,
F, (4mor?) is dominated by the surface tension and CTAB, lysophosphatidic acid (14, 1,2-dilauroyl-sn-
thus proportional to?r It has been demonstrated by glycero-3-phosphocholine (DLPC) and LPS and
Harrison and Fisch, (2000) that PC could decreasesstudied their behavior at aqueous-5CB interfaces. It
from 103to 104 J nT2which in turn decreaseg.fn  has found that both @B and DLPC resulted in the
such cases, F is reduced to a greater extent whicliormation of nice and well developed droplets with
results in the formation of LC droplets, stabilized by radial LC ordering. Second, BRloes not lead to the
topological defects. In addition to the reduction of the formation of stable droplets whereas no droplet
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formation was observed in the presence of LPS andbelieve in principle, enables new pathways to exploit
SDS. These results reveal for the first time that, in interfacial adsorbate-induced properties of LC

addition to inducing homeotropic alignment of the LC,
the ionic charge in the lipids can play an important
role for the spontaneous formation of LC droplets.

Motivated by the above observations, we
investigated the topological ordering of LCs within
droplets to report interfacial enzymatic reactions. It
was reported (Guptt al., 2009) that PLAtriggers
a transformation of the LC droplet from a radial
configuration to a bipolar configuration decorated with
_-DLPC. Interestinglyinspection of the polarized light
micrograph of the LC droplets in response to the
adsorption of PLA(150 nM), an anchoring transition
of the LC was observed from an initially homeotropic
orientation (radial configuration in the presence of PC)
to a planar orientation with a bipolar topological defect
(Fig. 6A). These bipolar droplets were then further
explored in detecting various bio-molecules such as
bacterial phospholipids (LPS)Ve investigated this
phenomenon with LC droplets formed through
enzymatic degradation of PLAbipolar) and observed
a structural transformation to radial configuration (Fig.
6B). The optical response of these LC droplets with
a bipolar configuration to radial configuration was
observed after the adsorption of LPS. This result, we

Fig. 6: A) Optical images (crossed polars) of 5CB doplets
covered with DLPC upon exposure of 150 nM PLA
into an aqueous solution of TBS (pH = 8.9) containing
10 mM CacCl, indicating the change in the anchoring
transition of the LC droplets from radial to bipolar
upon adsorption of PLA,. B) Represents the time lapse
polarized micrographs of aqueous-5CB interface
following contact with 100 mg/mL aqueous LPS and
changed the anchoring transition of LC droplets from
bipolar to radial upon adsorption of LPS. Scale bar =
40 pm. (Reproduced with permission from Sidiget al.,
(2014))

droplets.

Understanding the Important Biomolecular
Phenomenon using Liquid Crystals

A Simple Quantitative Method to Sudy Protein-
lipid Interactions using Liquid Crystals

Itis important to understand the interaction of proteins
with endotoxins as it led to divergent effects on LPS-
induced responses€3h and Morrison, 1988; Roth
and Kaca, 1994; Machnicftial., 1993;Yu andwright
1996; Brandenburgt al., 1998), which serve as a
basis for many clinical and therapeutic applications.
Inspired by this, we report a simple but useful advance
in the design of an experimental system that enables
a quick, quantitative, and label-free detection of LPS-
biomolecular interactions (Daat al., 2015). Our
approach revolves around surface-driven ordering
transitions in LCs to quantify the interaction between
LPS and biomolecules at aqueous-LC interfaces in a
planar geometrylhere are a number of biomolecules,
namely bovine serum albumin (BSA), lysozyme
(LZM) and hemoglobin (Hb), that show diverse
interactions with endotoxins. These three proteins of
different categories not only possess different charges
at physiological pH, but also have diverse effects on
endotoxicity for interaction with LPS (Jurgesisl .,
2001; Takayamaet al., 1990; Ohno and Morrison,
1989).Yang and&¥ang, (2008) demonstrated that these
proteins had different affinities towards LPS, which
led to different kinetic parameters being measured
by a surface plasmon resonance (SPR) biosensor

To study the interactions between LPS with
these proteins, we first studied the optical response
of LCs coupled to the negatively charged LPS at
aqueous/LC interfacess already reported by Lin
etal. (2011) that the self-assembly of LPS molecules
at aqueous/LC interfaces trigger ordering transitions
in LCs; thus leading to homeotropic anchoring of LCs.
Motivated by this, we hypothesized that the addition
of proteins at these interfaces switch the orientational
ordering of LCs and thus, demonstrate the promise
of LC-aqueous interfaces for reporting interfacial
phenomena (see schematic Fig. 7F).determine
the influence of these proteins (described above) on
the orientational ordering of 5CB within LPS-laden
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aqueous-LC interfaces, we exposed an aqueou®rientation of LCs from dark to bright. Our next goal
solution of 10 uM Hb iflris buffer (pH 7.4) to the  was to investigate whether the interaction of negatively
LPS-laden aqueous/5CB interfaden immediate  charged BSA with negatively charged LPS membrane
change in the optical appearance of the LC from darkat the aqueous-LC interface underwent a similar
(homeotropic orientation) to bright (planar/tilted ordering transition to that of LPS-Hb described above.
orientation) was observed within 15 s of the addition Thus, 10 uM BSAn Tris buffer (pH 7.4) was added

of Hb (Fig. 7B and 7C). The planar/tilted orientation to the aqueous-5CB interface decorated with LPS.
of the LCs, when combined with prior reports of We observed a rapid change in the optical appearance
biomolecular interactions in LCs, is suggestive of a of the LCs from dark to bright (Fig. 7D and 7E). The
physical phenomenon, whereby Hb absorbs andchange in the orientation of the LCs from homeotropic
organizes itself at the LPS aqueous-LC interface. Thisto planar indicates that the LPS interaction with serum
observation could be due to strong hydrophobic proteins is driven by hydrophobic interactions and can
interactions between neutral Hb and negatively be studied at the LC/aqueous interface. Likewise, in
charged LPS molecules (Jurgehal., 2001), which  response to the LZM protein, which formed
play an important role in the rearrangement of the nonspecific interactions with LPS, a similar change
LPS monolayer and thus result in a transition in thewas observed in the optical appearance of the LCs

. .
bl d

DMOAP coated DMOAP coated

glass slide glass slide

A Biomolecules

Z ! (Hb, BSA, LZM)

i 20 pm of

1

A 2RIEIMAR LPS

), -

| 20pmof L/

LC film LC film

H
Biomolecular Association Birefringence Tilt Angle(°)
Interactions constant (K, L (An)
mol")

LPS - Hb 2.036x 108 0.18x0.01 69.26 £ 4.3

LPS-BSA  2.366x 107 0.06 £ 0.001 356.15+£1.8

LPS-LZM  2.826x 10¢ 0.03+ 0.004 2140+ 25

Fig. 7: A) Schematic illustration of the orientation of the 5CB LC coupled to the addition of biomolecules (Hb, BSA and LZM)
onto the negatively charged LPS-decorated interface. Orientation of 5CB on the LPS-laden aqueous-LC interface
leading to homeotropic anchoring and the LPS-laden aqueous-LC interface exposed to biomolecules, leading to planar
anchoring. B), D), F) Optical images (crossed polarizers) of 5CB hosted in gold grids supported on DMOAP-coated glass
slides and placed into contact with an aqueous solution offris buffer, followed by the introduction of LPS, and
incubation for 2 h. Slides after contacting the LPS laden interface with 10 pM aqueous solutions of Hb (C), BSA (E) and
LZM (G). Scale bar = 40 um. H) Table representing the corelation of the binding constants of interactions between LPS
and proteins along with tilt angles and birefringence values of 5CB. Epifluorescence micrographs of LPS laden
aqueous-5CB interface (containing 100 nM BSA and 20 nM BSA-FITC) following 90 min incubation against (I) an
aqueous bufer of pH 7.4 (10 mMTris) and (J) an aqueous solution of BSA. Comsponding micrographs (crossed
polarizers) of the nematic 5CB film ae shown in K) and L) respectively (Reproduced with permission fom Daset al.,
(2015))
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from dark to bright after immersion of the LPS-laden LPS on the LC interfacevi@ specific binding of the
5CB interface into a 10 uM aqueous solution of LZM proteins to the LPS-decorated interface) was
in Tris bufer at pH 7.4 (Fig. 7F and 7GJhese  accompanied by redistribution or displacement of the
measurements revealed that the LPS-laden aqueoud-PS from the interface. Fig. 7J shows the interfacial
LC interface could provide the basis for a general, density of protein (as inferred by the fluorescence
facile method to tune and possibly quantify the intensity of 20 mole % FITC-conjugated BSA at the
response of diérent proteins. It is noteworthy interface) was measured to increase at the LPS laden
however that in all cases the dynamic ordering LC interface (Fig. 71) that was incubated against
transitions towards a planar ordering in different pH aqueous solution of protein. This increase in interfacial
conditions other than physiological pH were the same,density of protein (BSA) suggests that the change in
which indicated that the ordering of the LC was orientation of LCs (Fig. 7K and 7L) at LPS laden
independent of electrostatic interactions. This alsointerface through protein—LPS binding affinity was
suggests that specific and nonspecific interactions ofdriven by redistribution of LPS monolayer which
different types of protein with endotoxins, leading to further supports that the tilting of LC hints about the
changes in the orientation and optical appearance oflifferent binding affinity of proteins towards LPS.
LCs, can be attributed to changes in the ordering ofOverall, the results presented in this study suggested
LPS molecules at the interface through hydrophobicthat LCs could offer not only the basis of a novel
interactions. analytical tool for fundamental studies of protein-LPS
interactions, but could also be used to quantify specific

Since different proteins have different binding binding of proteins on LPS-decorated aqueous-LC
affinities towards LPS, so we hypothesized that thenterfaces.

extent of disruption of a self-assembled monolayer of

LPS depends upon the strength of binding of proteinspH-Driven Ordering Transitionsin Liquid Crystal

with LPS, leading to different tilts of LC molecules. Induced by Conformational Changes of

Therefore, measurement of the tilt angle, by Cardiolipin

g_uan_tlfylng the re_tardatlon of Fhe LCS. by using a Cardiolipin (CL), being an exclusive mitochondrial
irefringence mapping system, might provide additional . T . .

insight into the physical phenomena that underlie Lps-nner membrane phospholipid involved in various

e . . . mitochondrial functions, marked change in the
protein binding events driven by the ordering transition . ) )
of LCs at aqueous-LC interfaces. For this, we polymorphic behavior of the CL is known to affect a

. ; . range of cellular processes (Claypool and Koehler
measured the effective birefringence of SCB ,%5 o0 o 5011 Dowhan, 1997: Hoch, 1992:
immediately after contact with 50 nM of each protein Awastietal. 1971 Robinson. 1982° McAulayal
(Hb, BSA and LZM) at the LPS-aqueous-LC N ' ' ' ®al.

interface After calculating the tilt angle of 5CB we 1999). Therefore, the structural behavior of the CL

found with strong binding between LPS and protein, gcts as a biomarker for understanding the clinical

: : . : . . investigation of mitochondrial related problems
disruption of the interaction of SCB_Wlth LPS will r(Houtkooper an/az, 2008)Thus, the study of the
take place to a large extent, leading to a greate

change in the tilt angle of 5CB (Fig. 7H). On this different conformers of the CL is potentially important

basis, we can predict that the Hb-LPS interaction isfor therapeutical and clinical point of view this

the strongest, followed by BSALPS and least for 0 Uk B N8 FERRE B EE 8 e
LZM-LPS. Interestingly this observation was also b g-rang

supported by (¥ng andvang, 2008) study in which orientational order of the LC phase as a probe to study

the binding constants of these above mentioned.the different polymorphic behaviors of CLaV

. : . investigate the interfacial phenomena occurring at
interactions were calculated by using the SPR . . : )

: . ) o agueous-LC interfaces that trigger an orientational
technique. The direct correlation of binding constants . . :

: : . : ordering transition of the LC in the presence of CL

were obtained by using SPR along with the tilt anglesb varying pH (Sidicet al., 2015)
and birefringence values of the LC for LPS yvaryingp ptal, '
interactions with Hb, BSAand LZM. We also Our first set of experiments revolves around the
investigated whether protein driven reorientation of influence of CL on the orientational ordering transition
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of 5CB LCs at aqueous-LC interfaces. Interestingly transition of the LCs. In addition, with increase in
we found that unlike other lipids (such as DLPC), undissociated form of CL (i.e., at lower pH) the
anchoring transition of LCs remains invariant through sensitivity and the response time increases toward
adsorption of CL at these interfaces. This made usorientational ordering transition of the LC at aqueous-
ponder to explore other conformations AH HA™ LC interfaces.This led to the high sensitivity of CL
andA?) of the CLmolecules in which it may couple detection at LC/aqueous interface in the micromolar
strongly with the LC ordering at the aqueous-LC range (010uM), which lies in the physiological range
interfaces and could result in an orientational ordering of CL in mitochondrial membrane providing a simple,
transition of the LCsAs we know that Clexists in rapid and accessible method for the detectfa@lLo
three different equilibrium species 4 HA~ and

A?) due to very different pialues of the two Next, fluorescence measurements were
phosphate groups (see Fig. 8A)very low pH (pH performed to quantify and to determine the influence
< 2.8), the dominant species is,Al(both the of CL density on the LC ordering transition at different
phosphate groups are protonated) and as the pH ipH conditions. Inspection of Fig. 8H reveals that the
gradually increased (pH5.5), first cyclic/closed form  interface that was incubated against the solution
(HA") becomes predominant followed by the open containing BODIPYCL at pH 7 exhibited
conformer (pH > 7A%). Here, we chose three fluorescence intensity comparable to the control but
different pH (i.e., pH =2, 4, 8) in which CL molecules lower than an aqueous solution of CL at pH 2. This
adopt mostly one of the conformations at each pH. Inresults in that CL adsorbed onto aqueous-LC
these experiments, the effects of three differentinterfaces at pH 2 instead of pH 7 confirming that the
conformational isomeric forms of the CL are observed pH-dependent conformational forms of CL have
to cause the response of the LC ordering to varydifferent abilities to self-assemble at LC-aqueous
significantly from one to another at those interfaces. interfaces leading to ordering transition of LC to a
An ordering transition of the LC was observed when different extent at different pH values. Further we
the CL is mostly in undissociated (at pH 2) and/or in performed another experiment in which LC-filled grid
bicyclic (at pH 4) conformation in which LC shows in contact with the CL (0.3 mM) at pH 8 (10 mM tris
changes in the optical appearance from bright to darkbuffer) on incubation for 90 min was transferred to a
(Fig. 8B and C and Fig. 8D and E). By contrast, no buffer solution (CL free) at pH 2 (10 mM citric acid).
change in the optical appearance of the LC wasDuring this transfeme observed an immediate change
observed when the pH of the system increases to 8n optical response of the LC from bright to dark (Fig.
or higher in which the CL mostly exists in the open 8l and 8J) whereas no visual change was observed in
conformation (Fig. 8F and 8G). From these results, the epifluorescence micrographs of the nematic 5CB
we speculate that reduction in head group-head grougilm (containing 0.3 mM CL and 0.025 mol %
repulsion of the CL (due to the bicyclic form or un BODIPY-CL) at aqueous-LC interfaces (Fig. 8K and
dissociated form) at pH 4 and pH 2 may be playing a8L). These observations results that the ordering
role in the efficient packing of alkyl chains of the CL transition of the LC at aqueous-LC interfaces was
at these interfaces leading to orientational orderingexplicitly controlled by the change in the conformations
transitions in LCs whereas head group-head groupadopted by the CL (at different pHs) and not by the
repulsion of the CL at pH 8 in which CL exists mostly unequal interfacial surface density of the CL at
in the open form (&) was unable to induce an different pHs. In addition, orientational ordering
ordering transition of 5CB at aqueous/LC interfaces. transition of the LC was also observed as a function
A detailed study was performed by varying of increasing the ionic strength (buffer capacity) and
concentration of the CL in a wide range of pH at strongly influenced in presence of mono and divalent
aqueous-LC interfaces. These results also supportations. Specificallywe found that change in head
our proposition that among the three conformational group-head group repulsion of the central phosphatidyl
forms of the CL, the undissociated and the bicyclic groups of the CL plays a key role in tuning the lipid
conformations led to self-assembly of CL alkyl chains packing efficiency and thus responses to interfacial
at aqueous-LC interfaces and thus tune the orderingphenomena.
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Fig. 8: (A) Molecular conformations of CL at different pH conditions. Open form, bicyclic/closed form and undissociated form.
Cross-polarized optical images of 5CB films (B) with tris buffer (pH = 8), D) with citric acid buffer (pH = 4) and (F) with
citric acid buffer (pH = 2). Panels C, E and G represent the corresponding optical micrographs of 5CB films after
addition of an aqueous solution of 0.5 mM CLimmersed in buffer of pH 8, 4 and 2, espectively (H) Plot of epifluorescence
intensity of BODIPY-CL at the aqueous-LC interface without and with CLvesicles against an aqueous bigr of pH 7,

4 and 2 at different incubation periods. Optical micrographs (crossed polars) of CL laden agqueous-5CB interface
following 90 min incubation against (I) an aqueous buffer of pH 8 (10 mM tris) and (J) after exchanging the same CL
laden nematic 5CB film with aqueous buffer of pH 2 (10 mM citric acid). Corresponding epifluorescence micrographs
of the nematic 5CB film (containing 0.3 mM CLand 0.025 mol % BODIPY¥CL) are shown in panels K and L, espectively
Scale bar = 40um. (Reproduced with permission from Sidiget al., (2015))
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Finally, LangmuirBlodgett (LB) and polarization  in the peak intensity and a considerable shift to the
modulation infrared reflection absorption spectroscopy higher wave number of both —C=0 and P-O stretching
(PM-IRRAS) measurements were performed to modes at pH 8 than pH 2. This clearly signifies a
provide further insight into the alkyl chains distinct variation of the headgroup conformations of
organizations at the molecular level occurring within the CL at varying pHAIl these results indicate a
a thin film of CL at different pH and ionic conditions conformational change in the CL in the interfacial
and thus attributes different ordering transitions of region at diferent pHs.We believe that this
the LCs. Careful inspection of the surface pressureconformational change leads to buckling of the alky!l
versus area isotherms of CL monolayers at pH 2, pHchains of the CL, which is responsible for the different
8 and at pH 8 in the presence ofTCians (Fig. 9A, orientational behavior of the 5CB LC. On aqueous-
9B, 9C), reveals increased area per molecule at pH 8.C interfaces at pH 2, 5CB exhibits homeotropic
(~235.1 + 0.9 &) than pH 2 (220.5 + 0.3%and pH anchoring in the presence of CL, while on surfaces
8 in the presence of €aions (216.5 + 0.9). It may at pH 8, 5CB exhibits planar (tilted) anchoring.
be noted that in the presence ofCians at pH 8, Interestingly at pH 8, in the presence of aons,
the limiting area per molecule was found to be almostboth peak intensity and position of different vibrational
the same to that of pH 2 which provide evidence thatbands appear similar to that in the presence of pH 2
headgroup-headgroup repulsion of the CL determineg(Fig. 9D). This is due to the complexation of’Ca
the lipid packing diciency, which lagely dictates the  ions with the negatively charged head groups of the
resulting ordering transition of the LC. On the other CL that changes the molecular conformations back
hand, PM-IRRAS spectra showed the C-H stretching,as it was for pH 2 and therefore an ordering transition
C=0 stretching, and asymmetric phosphate O-P-Oof LC is realized. These experiments clearly
stretching regions at pH 2 and pH 8 which encodeestablished that the change in the surface charge of
information about hydrocarbon chain conformation, the CL head group through change in pH or addition
hydration and hydrocarbon chain packing interactions
and the polarity of the phosphate polar head groups
respectively On evaluating the methylene C-H
stretching region of PM-IRRAS spectra of CL films
at different pH (Fig. 9D), we found that two intense
bands corresponding to the asymmetric and
symmetric CH vibrations of the lipid hydrocarbon
chains that appear at 2924 and 2853'craspectively

D CHy (v,

>

Linear fit

Surface pressure
(mN/m)

Area permolecule (A)2

os)

Linear fit

(Fig. 9D). The other peaks at 2881 and 2961'cm . o [PH2 -

are due to the symmetric and antisymmetric,CH &£ E 2058

stretching modes, respectivelly contrast, at pH 8, a té i 3007 2855
significant change in the peak intensity was observed pH 8 =

for both —CH and —CH bandsAlso, these bands [ s
were found to become broadened with a change in
the peak frequency at pH 8. From the spectroscopic
data we found that the absolute value of the -=CH

(v,) absorption frequencies of CL at pH 8 and pH 2

are 2926 and 2924 cp respectivelyHowever in

@

Linear fit

(mN/m)

Surface pressure

pH 8 (Ca?)

3050 3000 2950 2900 2850

the presence of Gaat pH 8, peaks appear at the Areapermolecule A Wavenumber (cm*')
same position as those in the presence of pH 2Fig. 9: Surface pressure -area per molecule (4,) isotherm
Therefore, it may be hypothesized that at pH 8, the for cardiolipin on A) pH 2, B) pH 8 and C) pH 8 (5 mM
packing efficiency of the CL is lower than at pH 2 Ca?") based sub-phase at 25 °C. D) PM-IRRAS spectra
due to the formation of unoccupied inter-chain space. generated from alkyl region of CL monolayers

. . . . prepared at pH 2, pH 8 and pH 8 (C&") onto SAM
We also find evidence in the change in the carbonyl (HS(CH,),COOH) supported on a uniformly

and P-O vibration modes of the CL in between 1200 deposited film of gold. (Reproduced with permission
and 1800 crt at different pHsA substantial increase from Sidiq et al., (2015))
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of cations causes significant conformational changesgave rise to planar orientation of the LC (Fig. 10A
of the acyl chains of CL and thus attributes different and 10B) while the higher areal density (higher surface
ordering transitions of the LCs at different pHs at pressure) LPS film transferred gave rise to
aqueous-LC interfaces. Overall, the results in our homeotropic LC orientation as shown in Fig. 10C.
study suggest that LCs can offer a novel tool for Interestingly the corresponding epifluorescence
fundamental understanding of CL-induced ordering measurements (Fig. 10D-F) shows the increase in
of LC and in particularthey ofer new methods to  fluorescence intensity indicate the quantitative transfer
report different conformational forms of the CL at of LPS from the aqueous-air interface onto the
agueous-LC interfaces. agueous-LC interface. These results confirmed that
_ _ _ o LPS-LC interactions lead to the ordering transition of
Design of Bio-Molecular Interfaces using Liquid  the LC at aqueous interface. Next, we utilized PM-
Crystals Demonstrating Endotoxin Interactions  |RRAS to further characterize the adsorption of LPS
with Bacterial Cell Wall Components on 5CB aqueous interface. For this, we functionalized
micro-pillars (array of nickel (Ni) micro-pillars
electroplated on a glass substrate) with gold of
thicknesses of 2000 A. These functionalized gold
fcoated micro-pillars (2-3 um) were coated with
DMOAP. The IR spectra using polarization

Peptidoglycan (PG) and lipoteichoic acidf), two
active outer cell membrane components of bacteria,
have drawn widespread interest in clinically
investigating their influence over the consequence o

endotoxicity induced by LPS in mammalian hosts, ]
implying the huge importance of studying this modulation of DMOAP-coated surface shows the

interaction for clinical understanding associated with characteristic peaks of Si-C (1265¢ynSi-O (177

Gram negative bacterial infectionsWget al., 2011; cnr, 1110 e, C-O (1043 cm) f‘”d CH and1CI-£
Takada and Galanos, 1987; Pasdal., 1990;Wary  Strétching (2960 cm, 2924 cnr', 2853 cm’) as
et al., 2001; Wolfert et al., 2002; Sugawarat al. shown in Fig. 10GNext we poured the 5CB into the

1999: Kusunokét al., 1995; Nisengard and Newman, DMOAP-coatepI micro-pillars. Fig. 10H shows the
1994). In this advance, we explore the use of the LCSONg absorption bands of C=N (2218 3:1'0”9
as novel quantitative analytical tool to report With aromatic C-H stretching (3144 ti3030

interaction of bacterial endotoxin (LPS) with PG and S ): aIi|c1>hatic CH arlld CH stretching (2924 cm,
LTA at aqueous-LC interfaces (Deisal., 2015). ~ 2852 ¢m’, 2801 cm) and C-H bending (1474

: ; S
The approach revolves around the formation of LPSCT )- Nextwe incubated 5CB confined in DMOAP-

laden aqueous-LC interface which leads to coated micro-pillars with an aqueous solution of 0.1
homeotropic orientation of LCs as already mentioned M3 ML~ LPS for 6 h and kept this LPS adsorbed on

above. Prior to study the interactions between LPs>CB film under vacuum for complete drying.
with cell membrane components at aqueous-LC'nSpeCt'on of PM-IRRAS spectrum corresponding to

interfaces, we verified that the surface used in ourLPS (Fig. 101) at_)sorbed SCBfilm, we observed gmlde
study was decorated with LPS using LB, fluorescencecaro0ny! siretchln_g (1631 cr), broad O-H stretching
and PM-IRRAS measurementé/e exploited (3441 cm.), amide N'_H stretching (3239 C*’_‘
Langmuir film balance technique (List al., 201:  Sharp amide N-H bending (1556 Ty symmetric
Meli et al., 2008) to pre-organize monolayer of LPS andl antl-symmletrlc stretching of phosphafe3@l
molecules at the air-water interface and quantitativelycnrl’ 1298 crln ), CH, alnd CH stretchlqg (2983
transfer LPS/LPS doped with 0.2% FITC-LPS CNT 2919 cnt’, 2801 crr’) and C-H bending (1461

monolayers from the air-water interface to the LC- CNT)- Overall these peaks strongly support presence

aqueous interface at different surface pressures. FigPf LPS (Bradenburg, 1993) over 5CB film.

10 shows the polarized optical micrographs and the To study the interactions of LPS with cell
respective epifluorescence micrographs of LPS membrane components, we incubated this optical cell
monolayers formedia Langmuir transfer from the  containing LPS solution for 2 h. Then, we exposed
air-water interface at different surface pressures.ihjs | pS laden aqueous/5CB interface in contact with
Inspection of polarized micrographs resulted that the yitferent cell membrane components (PG afitl)L
lower density of LPS monolayers at the LC interface \yie observed an immediate change in optical response
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Fig. 10: Polarized light micrographs of 0.5% (mol) FITC-LPS/LPS monolayers after transfer to the LC-water interface at
surface pressure of (A) 0, (B) 30 and (C) 52 mN/m. (D)-(F) Corresponding fluorescence images of films at the LC-water
interface. PM-IRRAS spectra generated fom (G) DMOAP, (H) 5CB and (I) LPS suppoted on micro-pillars-coated with
a uniformly deposited film of gold. Scale bar = 40 um. (Reproduced with permission from Daat al., (2015))

of the LC from dark to bright indicating an ordering dynamic ordering transitions towards a planar ordering
transition of LCs from homeotropic to tilted state (Fig. in different pH conditions other than the physiological
11A and 11B) after addition of 0.1 mg mt solution pH was found to be same. These observations, as a
of PG Similar change was observed after addition of whole, suggest that the interactions between LPS with
0.1 mg mL= of aqueous TA solution onto LPS laden  LTA and PG are not driven electrostaticalljother
LC interface (Fig. 1C and 1D). This ordering  experiment we performed using aqueous starch
transformation of LC was construed due to strong solution. The principle motive behind performing this
interaction between PG and LPS drALand LPS, experiment with starch was to find out whether
which in turn disturb the ordered arrangement of LPS hydrogen bonding plays any role in the interaction of
at aqueous-LC interface leading to the tilted orientationthese biomolecules (PG andA) with LPS self-
of LC molecules. assembled at aqueous-LC interfadagenendest
al. (2014) have shown that the self-assembly of LPS

Next, we performed several experiments to on allantoin crystals is initiated through hydrogen-bond
provide insight about the interactions of PG amA L  attachment of hydrophilic LPS regions with amide-
with LPS playing a role in determining ordering groups of allantoin. Starch is a polysaccharide based
transitions of LCs at these interfaces. For this, we macromolecule. PG andA also contain sugar units,
exposed PG andTA solutions onto LPS decorated having several hydroxyl functionalities, similar to
aqueous-LC interfaces at different pH conditions other starch. Therefore, we hypothesized that, like PG and
than physiological pH. Interestingly all cases the  LTA, if starch also could able to induce an ordering
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transition of LPS laden interfacial 5CB, we would to determine the sensitivity (Limit of detection (LOD))
able to confirm that the hydrogen bonding between of the LC based system to the realization of a novel
the polysaccharide moieties of these biomolecules (PGhiosensor for detection of such biomolecular
LTA, starch) and LPS is mainly responsible to induce interactions as the consequence of these interactions
ordering transition of LPS decorated interfacial 5CB. of cell membrane components with LPS in
But when we carried out this experiment, we found mammalian hosts is highly divergent towards the
that the optical appearance of LPS laden 5CB endotoxic behavior of LP$Vith this idea keeping in
interface remained dark over 2 hours of observationmind, we thought to determine limit of detection (LOD)
period after exposing 500 pg miLlaqueous starch and response time of the LC based system to study
solution onto 5CB-aqueous interface. This result biomolecular interactions. For this, we compared the
strongly suggests the absence of any interactiondynamic response of the LCs at different
between LPS and starch at 5CB interface andconcentrations of PG and’A onto LPS decorated
hydrogen bonding between LPS and starch does noaqueous/LC interface through gray scale intensity and
play any role in inducing ordering transition of tilt angle measurements. Careful inspection of the LC
interfacial 5CB. Therefore, from these results we ordering at difierent concentrations of PG andA,
interpreted that the orientational ordering transition we found that the concentration of 30 pghs

of the LCs likely as a result of hydrophobic interaction LOD for PG in our LC based sensing system whereas
of PG or ITA with LPS decorated aqueous-LC 6 ug ml-tis the LOD for TA which could induce an
interfaces. ordering transition of the LC at LPS-laden aqueous-
LC interfaces (Fig. 1E). After careful observation
we revealed that the birefringence colors of 5CB (20
pm thick film) in presence of PG onto LPS laden LC
interface was distinct from that oTA, which clearly
indicates the different tilted states of 5CB molecules

mhole(;ules COUIS fglse to alt(:)r the orlerrl]tat!on ofLCsin 5 aqueous-LC interfaces. Therefore, we thought that
the absence o membrane at the inter " by measuring tilt angle at aqueous-LC interfaces

fognd that the optical appearance of LCs_rer_naiped(during LPS-PG/TA binding events) it is possible to
bright (ever_1 after 12_hof|r)cubat|on or more) indicating quantify the LC ordering at those interfackde
a planar/tilted orientation of 5CB molecules at observed the (for 3.5 h of incubation or more)

aqueous-LC interface. This observation clearly o .. it angle of 5CB obtained for PG-LPS and
demonstrates that there are no direct interactions ta_| ps were 26.76 + 1.7 and 38.6 + 2.5

present between interfacial 5CB molecules and the
cell membrane components which could perturb the
orientation of LCs at these interfaces. Next, we
replaced LPS with other three different phospholipids.
We chose zwitter ionic DLPC and negatively cfeat

LPA and DOPG which can form self-assembled at
aqueous-LC interfaces and orient the LCs

Second, we focused to carry out investigations
on the specificity of the interactions of LPS with PG
and LTA, respectively For this, we investigate the
direct interaction of PG and’&A with interfacial 5CB

respectivelyat these interfaces (FigLR). Therefore,

on this basis from tilt angle measurement we can say
that LTA shows greater bindingfafity towards LPS
compared to P@\s mentioned above we have that
stronger binding event could disrupt the LPS
arrangement to a greater extent which, in turn, will

: : lead to greater change in the tilt angle of 5CB at
homeotropicallyInterestinglywe observed that the agueous interfaces. In addition, our study results a

optical appearance Of_ LCs cpupled to DLPCAL_P continuous transition of interfacial LCs decorated with
and DOPG decorated interfacial membrane remameo\_PS has been observed in presence of PAS/at

da_er after addition of aqueous solution Of’_ PG n aqueous/LC interface. Overall, the results presented
Tn; buﬁer(pH'7.4) even after6 h or moreln_cubatlon. in this study suggest that LCs offer the basis of a
This observation strongly suggests thatthemteractlonnovel analytical tool for fundamental studies of
Of. these (_:eII _membran_e' components (PG ar) L bacterial cell membrane components and endotoxin
with LPS is highly specific. at interface and, specificallthey ofer methods to

In addition to, studying the interaction of PG quantify specific binding of PG andTA on LPS
LTA with LPS at these interfaces, it is very important decorated interface.
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Fig. 11: Optical images (cossed polars) of 5CB hosted in gold grids suppted on DMOAP-coated glass slides in contact with
(A and C) LPS for 2 h of incubation. (B and D) afterintr oducing aqueous PGand LTA solution onto LPS laden aqueous/
LC interface respectively E) Represent the average gray scale intensity of optical images of 5CB films as a function of
varying concentrations of PGand LTA on LPS decorated aqueous/5CB interface. Fljhe tilt angle of 5CB decorated with
LPS at aqueous/LC interface on exposwr of 30 ug mL! aqueous solution of PGand LTA, respectively Scale bar= 40 pm.
(Reproduced with permission from Daset al., (2015))

Development of New Principles for the Design fundamentain vitro andin vivo studies. In this study
of LC Based Sensors that can attach to Cell We reportthatinteraction of Poly-L-lysine (PLL) and

Surface LCs in aqueous systems could fulfill significant
knowledge gap in understanding the intermolecular

Cell-surface Sensors by Probing Poly-I-lysine interactions that underlie the direct ordering of LCs

(PLL)-LC Interaction with protein-decorated surfaces and hold great

. romise to provide LCs as cell surface sensors.
A substantial effort has been pursued for thep P

preparation of protein decorated solid surfaces that First, we investigate the orientations of nematic
govern the response of LC to these protein decoratecbCB on PLL laden surface at aqueous/LC interface.
surfaces (Park anbbott, 2008; Guptat al., 1998; Interestinglywe found that the optical appearance of
Skaife andAbbott, 2000; Skaife andbbott, 2001;  LC changed from bright to dark after introduction of
Skaifeet al., 2001; Luket al., 2003; Clare andbboitt, PLL onto 5CB/aqueous interface. The change in
2005; Jangt al., 2005; Luket al., 2004, Govindaraju  optical appearance of the LC is indeed consistent with
etal., 2007). Howeverirect protein-LC interactions  adsorption and pre-organization of PLL at the interface
in aqueous media that can mimic chemico-biological to the aqueous phase of 5CB, thereby allowing a rapid
interactions remain elusivedvances in dealing with  ordering transition. In contrast, with low molecular
these processes are anticipated to result from betteweight PLL solution (3.5 kDa) the optical appearance
mechanistic understanding of the interactions of of the LC remains invariant. From these results, we
proteins with LCs and provide a gateway for building hypothesized that modulation of the reactive sites of



92 Sumyra Sidiq and Santanu Kumar Pal

the PLL caused by the increase in the number ofordering transition from a bipolar to radial configuration
polypeptide units and the accompanying changes inas characterized by a single point defect (cross-like
overall balance of intermolecular interactions betweenappearance) at the center of the droplet as
5CB and PLL molecules likely play an important role characterized by using polarized optical microscopy
in governing the ordering of the LC at those interfaces.under crossed polarand bright field, respectively
To provide additional insight into intermolecular Further we explore these PLL-coated LC droplets
interactions between PLL and 5CB that can be for cell substrate interaction. Studies to exploit these
attributed to the above described ordering of the LCs,modified PLL-coated LC droplets in cell based studies
we performed Fourier transform PM-IRRAS and other applications are currently in progress in our
measurements to characterize the thin films of PLL laboratory

decorated with 5CB. .
Conclusion

Next goal involves designing a simple
experimental design that exploit the use of LC droplets This review has focused on the progress that has been
which are extremely attractive platforms for real time Made in our laboratory toward the design of a range
monitoring of biomolecular interactions (Maretal., of new approaches that lead to LC materials with
2013;Miller etal., 2014;Tanet al., 2014; Chang and properties that are potentially suitable for biological
Chen, 2014Yoonet al., 2014; Khan and Park, 2015) applications. The first section addresses the design
for the adherence on the surface of cells. In thisOf LC based sensordlthough, past studies
endeavor our approach revolves around thedemonstrate the promise of LC interfaces for reporting
preparation of PLL-coated LC droplets by using layer- biomolecular interactions, the issue of how to integrate
by-layer technique (see Fig. 12A). The PSS-coatedLCs wit_hin composite material_s to provide stable and
LC emulsion droplets exhibited a bipolar configuration fobust interfaces of LCs remains an open challenge.

(similar to bare E7 droplets in aqueous media) whereas' h€ key result reported that CLC gels with LC-rich
in presence of PLL, these droplets undergo andomains that span the thickness of the gel are stable

o PSS coated LC
droplets
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Fig. 12: A) Schematic showing the diector profile of PLL/PSS multilayers adsorption on LC droplets and also the chemical
structures of PSS and PLL. PSS-coated droplets exhibited a bipolar configuration with two point defects at opposite
poles of the droplet surface where as in PLL radial configuration is achieved as characterized by a single point defect
(cross-like appearance) at the center of the droplet. B) Schematic showing PLL-coated LC droplets anchored to cells;
PLL-coated LC droplets are in bipolar states until toxic surfactant is added to promote a transition to radial states.
(Sidiq et al., unpublished results)
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under water and can be used to report adsorption ohqueous-LC interface is determined by the molecular-
biological and synthetic amphiphiles at LC interfaces level self-assembly of the CL. Specificallywe

as well as the processing of a substrate of an enzymenbserved that the response of nematic 5CB varies
We also observed that the response of individualsignificantly in the presence of different
domains of the LC within the CLC gel to vary conformational forms (undissociated form, bicyclic/
significantly, suggesting that manipulation of domain closed form and open form) of the CL with varying
size and shape may provide the basis of a genergbH. In particularthe change in headgroup-headgroup
and facile method to tune the response of these LOepulsion of the central phosphatidyl groups in
composite materials to interfacial phenomena. Besidedifferent conformations of the CL plays a key role in
this, the study also establishes first to reveal directtuning the lipid packing efficiency which alters the
observations of the spontaneous evolution of LC response to interfacial phenomena. Finallg also
droplets withradial LC ordering in the presence of found that the orientational ordering of the LC is
surfactants and lipids. This study affirms that ionic strongly influenced by the ionic strength of the buffer
charge and also an additional stability mechanismsolution in which headgroup-headgroup repulsions of
(against coagulation) associated with the internalthe CL can be adjusted. Our results also demonstrate
elasticity play an important role in the spontaneousthat headgroup-headgroup repulsion could alter the
formation of LC droplets with topological defects. conformation of the central glycerol and the phosphate
Finally, we have shown that interactions of an enzyme moieties of the polar headgroup, which ultimately leads
with the topological defects in the LC droplets can to alterations in conformation of alkyl groups. This
provide means for developing new responsive softapproach provides evidence that conformational
materials. change ofCL induces a predictable LC anchoring
transition. The third part of this section report a subtle
and robust LC-based sensing platform to study
guantitatively the interaction of LPS with bacterial
cell membrane componentédle have characterized

The second broad section highlighted in the
review involves the ordering of LCs at aqueous
interfaces (LC-aqueous interfaces). The first part in

this section reports the adsorption of biological proteinsthe LPS laden aqueous/5CB interface using LB

Zt LPS decdor;ltedhacI]_LFj)eSous-LCI: mtc:rfac\azte h technique and PM-IRRAS measurement. Strong
emonstrated that the monolayer formed at t& oo fion between the cell membrane components

interface of the LC led to an anchoring transition of (PG LTA) and LPS induces the orientational ordering
the LC (from homeotropic to_planar) in contact with transition of LCs at aqueous-LC interfaces through
an aqueous solution of proteins (H_b' BSA and L_ZM)' changes in the optical appearance of the LCs. These
We observed, howevethat protein-LPS binding binding events are highly specific towards LPS in
affinity changed the nature of the anchoring trans'tlonsresponse to different lipids. The detection limit of our
of the LC significantly; this suggested that | o'y 504 system towards these biomolecular
manipulation of the interfacial phase state of the LPSinteractions was found 6 pug mand 30 pg mt for
monolayer (due to changes in protein-LPS binding LTA-LPS and PG-LPS interactions, respectiyely
affinities) could provide t_he basis for a general, facile indicating high sensitivity of our systen’1 towards these
method to tune the LPS-induced responses of the I‘Csff)iomolecular binding events at aqueous/LC interface.

:jo interfaci:lhphenor_nenas. b-_”('f refsf_u I_ts alslé) Finally, we have shown the quantitative approach of
emonstrated that protein-LPS binding affinity cou studying diferent binding dfnities of PG and TA

be quantified by measuring the optical retardation of towards LPS in light of tilt angle measurement. The

the LC(:j. Intere;trl]ngr:,ythedretar](:ia[t]lonb_vzlges WEre N results offer methods to quantify specific binding of
accordance with the order of the binding constantsp 414 A on LPS decorated interface.

between LPS and different proteins; a higher binding

constant resulted in a greater tilt angle of the LC. The last section addressed in this review involves
The results suggested that LCs could also be used teell surface sensing using LCs. The key result report
guantify specific binding of proteins on LPS-decorated the direct PLL-LC interactions in aqueous media
aqueous-LC interfaces. The second part describegrigger LC orientation. Studies to expand the potential
that the response of LC in the presence of CL at anutility of PLL-coated LC droplets into the realm of
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