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HIGHLIGHTS GRAPHICAL ABSTRACT
« Liquid crystal-based biosensors uses

the birefringent properties of liquid

crystal (LC) molecules under a

polarising optical microscope.

« The change in orientational ordering
of the molecules takes place in the
presence of Human serum albumin
(HSA).

« The LC 4’-pentyl-4-biphenylcarbonitrile
(5CB) acts as a transducing element
for converting biological and chemical
phenomena into optical signals.

« Molecular docking studies confirms
the binding location of 5CB with HSA
possessing binding energy of
—8.10 kcal/mol.

» The residues of HSA binds with 5CB LC
through n-mt and hydrophobic
interactions.

« Raman spectroscopy confirms the
interaction and the vibrational
properties on interaction between the

ChEN

g

W

5CB and HSA.
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ature liquid crystal 4-pentyl-4-biphenylcarbonitrile has been investigated using multiple techniques
such as Polarizing optical microscope, Raman spectroscopy and molecular docking. The dynamics of
director transfigurations of the liquid crystal molecule in the presence of protein through interactions
are reported in the study. The change in the alignment of liquid crystal molecules during the nematic
phase is observed under a polarizing optical microscope. The interactions through which the liquid crys-
tal molecules bind with protein is depicted from the docking analysis. The residues in the active sites con-
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Raman spectra firm their presence from docking studies. The spectral behaviour has been investigated by temperature-
polarizing optical microscopy (POM) dependent Raman spectroscopy. The findings from Raman spectra for the interaction between these com-
Molecular docking pounds correlates with the residues confirmed from molecular docking analysis.
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1. Introduction

Liquid crystals (LCs) are compounds which possess the proper-
ties of both liquids and crystalline solids. LCs can flow like a liquid
and at the same time, maintain crystal-like order. The order, as
well as the orientation, are temperature-dependent. The LC mole-
cules are, in general, oriented in a particular direction indicated
by a director [1]. Amongst different LC phases, nematics are gener-
ally thermotropic, have a thread-like texture and, have long-range
orientational ordering and, no positional ordering. LC-based
biosensing uses the birefringence properties of the LC phases, i.e.,
optical anisotropy of the LC molecules. Due to the anisotropy of
LCs, they find wide applications in display devices [2], smart optic
devices [3], sensing devices [4,5] and other technological applica-
tions. The sensitivity of LCs is used to amplify the presence of some
biological species such as proteins [6-9], lipids [10,11] at the LC
aqueous interface in terms of optical signals. Therefore, liquid crys-
tals can be used both as sensing and transducing element in
biosensors [6,12,13]. To establish the application of liquid crystals
as biosensors, the characterization of LC to detect protein is essen-
tial [14]. LC-Biomolecular analyte interaction gives rise to cell-
signalling pathways [15,16], diagnostic assays for use in the low-
resource environment [17] and potential drug discovery [18].

In 1998, N.L. Abbott initiated the use of LCs to study protein-
binding [19,20], biomolecules [21,22] and ionic surfactants [23].
The interaction between liquid crystals and surfactant exhibit a
significant change in the alignment of the LC molecules that can
be used in detecting proteins [24]. The sensitivity of the LC-
surfactant interaction with different biomolecules is reflected as
textural changes used in biosensing. The silane properties of sur-
factant play a vital role in the alignment of the LCs by absorbing
into the substrate based on the length of the alkyl chain [25]. Fol-
lowing Abbott’s works, some other researchers have worked on lig-
uid crystal based sensors on biomolecular analytes [26,27].

The challenges of sensing biomolecular binding events at the LC
interfaces provided motivation for detecting human serum albu-
min using nematic liquid crystals. The liquid crystal 4’-pentyl-4-b
iphenylcarbonitrile (5CB) is selected as it exhibits the nematic
phase at room temperature. The potential of the LC to detect or
sense the protein at a particular concentration is discussed in this
work. This work emphasizes on a potential LC-based biosensor
depending on the interactions between HSA and 5CB. The align-
ment induced on the surface of 5CB by the surfactant Dimethyl
octadecyl [3-(trimethoxy silyl) propyl] ammonium chloride
(DMOAP) is reported. The alignment tends to change from homeo-
tropic to planar with the introduction of HSA at the LC-aqueous
interface [22].

The interaction between nematic LC and biological species is a
promising field as it does not require the use of label proteins such
as fluorescence to detect the biomolecular events. Also, it does not
require any complicated experimental setup, and thus this biosen-
sor can be used in a low-resource environment. The changes in the
alignment of molecules observed under polarising optical micro-
scopy (POM) are presented in this paper. Protein-ligand molecular
docking studies interactions help determine the binding locations,
binding energies of the biomolecules like HSA with ligand 5CB liq-
uid crystals. Temperature-dependent Raman spectroscopy investi-
gated the vibrational properties to study the interactions caused by
sensing of HSA by 5CB molecules are analysed and reported. This
technique provides information about the inter and intramolecular
[28] interactions and observed changes under the microscope as
measurable quantities [29]. Raman studies on different liquid crys-
tals [30-34], and amino acids [35,36] have already been under-
taken. Hence, this strategy is expected to be a promising means
to study the interactions of protein-liquid crystal binding events.
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2. Methods
2.1. Materials

Dimethyl octadecyl [3-(trimethoxy silyl) propyl] ammonium
chloride (DMOAP) and 4'-pentyl-4-biphenylcarbonitrile liquid
crystal (5CB), were procured from Sigma Aldrich and used as
received for various experiments. The nematic range attained by
5CB LC is 24 °C to 35 °C. The phase transition temperatures of pure
5CB and the textures under a polarising optical microscope (POM)
were examined and found to agree with the literature [37,38].
Human serum albumin (HSA, A1653-5G) is purchased from Sigma
Aldrich. Phosphate buffered saline (PBS) is prepared from
12.77 g/mol of Na,HPO, and 3.16 g/mol of NaH,PO,4 at pH 7.4.
HSA free off fatty acids is prepared in the PBS. An extinction coef-
ficient of 36,500 M~! cm~! at 280 nm is used to determine the pro-
tein concentration employing adsorption measurements. An
aqueous solution of deionized (DI) water and ethanol (99% pure)
were used to clean the microscopic glass slides.

2.2. Preparation of DMOAP coated glass slides

The surfactant DMOAP possesses a long alkyl chain. It absorbs
into the surface and then induces homeotropic alignment of the
LC molecules [39]. DMOAP solution was prepared by adding 1%
(v/v) of DMOAP solution in 100 mL of DI water. The cleaned micro-
scopic glass slides were baked for 15 min at 80 °C. After drying, 1%
(v/v) DMOAP solution modified the surface. DI water was used to
rinse off the excessive DMOAP solution from the slides. These
coated slides were then dried under a stream of nitrogen gas.

2.3. Preparation of LC-protein cells

The cells were prepared by DMOAP modified slides placed at
the bottom. These slides were attached with a mylar spacer of
12 uM and a non-reacting glue. The spacer was cut into the form
of a square with an inlet on one side. LC is injected into the cell
with the help of a syringe. Next, the target protein HSA of different
concentrations (100, 300 and 600) uM were introduced into the
cell, as shown in Fig. 1. At the LC interface, a strong bond between
the LC and HSA was formed. Two varieties of cells were created.
The LC filled cells without HSA were used as the control, whereas
the LC filled cells with HSA were used to investigate the effect of
protein-LC interaction.

3. Characterization techniques
3.1. Molecular docking

The computational study of the interaction between a receptor
(protein) and a ligand (LC), was carried out with Blind Docking Ser-
ver [40] available at http://bio-hpc.eu/software/blind-docking-ser-
ver/. The structure of protein HSA was collected from Protein data
bank (PDB) with PDB ID: 1AO6 and liquid crystal 5CB was obtained
from ChemSpider in the extension of .mol file. The docked results
were further analyzed with Discovery studio visualizer client
2020 from BIOVIA.

3.2. Polarizing optical microscopy

A Leica DM2700P, Germany polarizing optical microscope was
used to study the textures of the LC-protein ensemble. The studies
were conducted in two domains: variation with temperature and
variation with concentration. The temperature-dependent studies
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Fig. 1. Schematic presentation of the stepwise assembly of LC-protein cell.

were conducted in order to observe the changes that happened due
to the orientational changes in LCs. These temperature-dependent
studies were conducted for both the control cells and the HSA filled
cells to eliminate the effects of the LCs. A Linkam hot stage LTS420,
UK was mounted on the POM to accurately control and monitor the
temperature. The POM was used with crossed polarizers in the
transmission mode, and the images were captured by a Leica
(MC170 HD) camera mounted on the microscope. The
concentration-based studies were conducted to find the response,
and at the same time, verify the textural changes due to the inter-
action of HSA with 5CB.

3.3. Raman spectroscopy

In this paper, the interaction of 5CB with proteins was further
investigated by employing temperature-dependent Raman Spec-
troscopy with HSA 100 pM concentration. The particular concen-
tration was considered by confirming the detection limit of LC to
detect HSA, as obtained from the POM studies. The spectra were
recorded with inVia Raman spectrometer from Renishaw, UK,
equipped with 532 nm laser, and a charged coupled device detec-
tor. The sample was placed in a small well of 15 mm in diameter in
a quartz sample holder. The holder was then mounted on a THM
600 Linkam hot-stage. The system was calibrated by recording
the spectra at 520 cm™' using silicon reference. Laser power was
restricted to 5 mW to avoid laser heating of the sample. The sample
was observed under a Leica DM 2500 M microscope attached with
the instrument at a magnification of 50 x objective. The spectral
parameters, namely, the peak position, the linewidth, and the inte-
grated intensity, were measured accurately. The laser lines were
recorded with a slit width of 50 um maintained throughout the
measurement. Each scan was repeated 50 times and averaged to
obtain better results. The fitting of the curves and the deconvolu-
tion of various spectral parameters were achieved using the Ther-
mocon GRAMS suite.

4. Results and discussions
4.1. Polarizing optical microscopy

The optical textures of pure 5CB on a DMOAP modified sub-
strate in the nematic phase at 31 °C during the heating cycle in
the range of 24-35 °C are shown in Fig. 2(a). The nematic phase
shows a thread-like texture with line singularities. The isotropic
phase of DMOAP-modified 5CB at 35 °C shows a completely dark
background. On a molecular level, homeotropic alignment using
DMOAP results from steric interactions between 5CB and DMOAP.
Thus the surface density of DMOAP determines the quality of align-
ment [41]. This quality of alignment allows the ordering of the
molecules in such a way that the textures in Fig. 2 become visible.
Similar changes have also been reported where the increase of time
and temperature vary the alignment, as eventually the sample

flows uniformly and orient perpendicular to the surface [42]. Dur-
ing the heating and cooling of LC in the absence of HSA, we do not
observe radial configuration in the surface. Fig. 2(c) shows the tex-
tural observation under POM between crossed polarizers just after
adding HSA to the surface at room temperature.

The optical textures of the composite (5CB + HSA) are investi-
gated under POM, as shown in Fig. 3. The isotropic point of DMOAP
modified LC surface after exposure to HSA is 32.8 °C. The shift in
the isotropic point of 5CB is due to the addition of HSA. Polarized
optical images of DMOAP modified LC surface after exposure to
the HSA for a minimum of 100 uM concentration is presented in
Fig. 3(c). It shows the textures within a small temperature range
from 30 °C to 32.5 °C. The initial texture is radial which transforms
to twisted radial and then to bipolar before vanishing near the iso-
tropic point. On cooling, the similar textures are not observed but a
pre-radial texture forms on reaching 30.8 °C, where the direction of
the radial changes from anticlockwise to the heating phase on
clockwise in the configuration. The transition occurs mainly due
to adsorption of HSA on LCs.

For concentrations of 300 and 600 pM, different configurations
are observed from radial, pre-radial, twisted-radial and bipolar
configurations but to varying positions at the interface. The pre-
radial configuration seen in Fig. 3(a-c) has a single point defect.
The bipolar configuration observed in Fig. 3(a-c) occurs either
due to the hydrophobic interactions or m-m interactions among
the molecules. These interactions occur among the phenyl groups
of 5CB and the benzene rings of HSA residues. It is found that the
5CB droplets have a high charge density and helps to detect pro-
teins. Also, to detect HSA, we have maintained the pH of the solu-
tion at a specific value of 4.2 as the charge state is dependent on
the pH.

In Fig. 3, the droplets appear with different sizes, resulting in
the difference of transition time for the director of molecules to
change its configuration. The droplets smaller in size (Fig. 3 (b))
show the faster transfiguration of molecules in comparison to the
larger droplets (Fig. 3 (a)). This method successfully detected
HSA by LC with the help of POM under crossed polarizers. The
sensing of HSA at a low concentration of 100 uM results in an effec-
tive sensing tool. The interaction with a low detection limit of HSA,
short response time, and stability of LCs to detect HSA opens the
way to use LC-based sensors.

4.2. Molecular docking

A molecular docking study is a computational program that pre-
dicts the most favourable position of the ligand when binding with
the receptor to form a stable complex. The docking studies confirm
the stability of LC docked with HSA. The lowest energy docked con-
formation of the cluster is selected and analysed. The structure of
globular protein HSA is a heart-shaped having 585 amino acids,
and 17 disulphide bonds [43,44]. It consists of two sites, namely
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Fig. 2. Nematic phase during (a) heating and (b) cooling for DMOAP modified 5CB liquid crystal surface; (c) shows the optical image of the surface when HSA is added to the

DMOAP modified LC surface.

Sudlow’s site I (situated in subdomain IIA) and Site II (situated in
subdomain IIIA) as shown in S.I. Fig. 1 [44]. These subdomains
locate the binding site of the biomolecules. Based on the initial
assessment of best binding poses, we observe that LC’s most stable
conformer to bind with HSA is Amide band I.

We found that the biphenyl rings of 5CB establish -7 interac-
tions with PHE134, Tyr138, LYS137, LEU115, ARG186, LEU185, and
Tyr161 present in the active sites of HSA to provide interacting
regions. Amongst these, the benzene ring of PHE134 shows n-7
stacking interactions with the 2nd phenyl ring of 5CB. LYS137 is
found to stabilize 5CB with pi-alkyl interactions, as depicted in
Fig. 4(a). LYS forms pi-alkyl interactions with the 2nd phenyl ring
of 5CB. The benzene ring of both TYR 161, TYR138 interacts with
the 1st phenyl ring of 5CB through m-n T-shaped interactions.
TYR161,138 also shows pi-alkyl interactions with the 2nd carbon
atom of 5CB. LEU185 and ARG 186 shows alkyl interactions with
C-atom of 5CB. LEU115 interacts with pi-sigma bonds with 1st
phenyl ring of 5CB. The bond distance is listed in Table 1. The
solvent-accessible surface of 5CB is the cyano group, and that of
HSA is in the residues. The bond distance of PHE to 5CB is 5.01 A,
TYR161 and TYR138 show bond distance of 5.29, 5.69, 5.0, and
5.04 A concerning the phenyl ring and 2nd C-atom of 5CB, respec-
tively. Leu115 shows the smallest bond distance of 3.89, Leu185

shows 4.83 A, and Lys137 shows 4.21 A bond distance. The region
of ligand binding sites of HSA is located in subdomains IIA, and IIIA
is corresponding to the site I and site II, respectively [45]. The
Amide band I of the site I have the highest binding affinity, and
the lowest binding energy is observed. Also, GLU141, LEU182,
and ISOLEU142 stabilize the 5CB by forming Vander Waals
interactions.

Fig. 4(a) represents the most stable conformer of the docked
HSA at subdomain IB with the lowest binding energy of — 8.10 kcal.
We select the docked poses as subdomain IB having the lowest
binding energy and highest binding affinities. Fig. 4(b) and 4(c) dis-
play the receptor surfaces having hydrophobicity and H-bonds,
respectively. The hydrophobicity region shows the docked poses
of HSA-5CB inside the hydrophobic pockets along with the inter-
acting residues at each binding sites.

The acceptor region is seen with the residues from PHE 134,
where the oxygen bond readily accepts the hydrogen bond of the
5CB LC. Similarly, we can observe that the oxygen bond free in
LYS 137, TYR 161, and TYR 138 acts as the binding surface’s hydro-
gen bond acceptor. In contrast, the nitrogen atom in LYS 137 and
the cyano group of 5CB acts as the hydrogen bond donor docked
receptor surface. The white colour in Fig. 4(c) shows neither an
acceptor nor a donor region.
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Fig. 3. Textures for 5CB-HSA at a concentration of a) HSA 300 uM b) HSA 600 uM c) HSA 100 pM.

4.3. Raman spectroscopy

Raman spectroscopy is a potential tool to study the vibrational
properties of the interactions between LC and protein. Here, the
technique is used to verify the interactions between 5CB-HSA
observed from the POM and docking studies. For a better visibility,
the spectral region 600-2400 cm™! is divided into three parts viz.
600-900 cm™!, 900-1400 cm~! and 1400-2400 cm™! as shown in
Figs. 5-7. The variation in peak positions (PP), linewidth (LW) and
integrated intensities (II) with temperatures ranging from —10 °C
to 38 °C are discussed here. These parameters show the phase tran-
sitions of the samples and provide information on the structural
change with the temperature. The PP, LW and II for 600-
900 cm~!, 900-1400 cm~! and 1400-2400 cm™~! regions are sum-
marized in S.I. Table 2.

4.3.1. Raman bands assignment in the region (600-900) cm™!

In the region of 600-900 cm™~' presented in Fig. 5, the peak at
634 cm™! at 38 °C increases to 636 cm™! at 36 °C. At the isotropic
point, i.e., 34 °C, it decreases to 634 cm~'. As observed from the
docking studies, the Tyrosine (TYR) residue of HSA binds with a
phenyl ring of LC. The peak at 647 cm™! is associated with TYR side
chain, also reported in [35]. The presence of TYR in LC shows vibra-
tions associated with the C-C stretching of the benzene ring, con-
firmed from the shift in peak position. The peak at 807 cm™! and
826 cm~! shows the presence of TYR, which then shifted to
809 cm~! and 827 cm™! respectively.

The band at 776 cm ™! is bending of CO,,3(CO; ) from Leucine.
The peak 776 cm™! at 38 °C gets shifted to 777 cm™! at 36 °C,
and the region of the temperature of LC, the peak gets shift to
775 cm~'. The Tryptophan residue occurs at the band of
764 cm~! which gets shifted due to the interaction of 5CB with
HSA. A peak at 786 cm™! is also observed at the temperatures of
32,29, 26 and 23 °C. This peak disappears as the LC nematic phase,
and the ordering is changed. The variations of LW, PP, and II of
Raman bands in the region 600-900 cm™! in Fig. 5 are shown in
Fig. 8 and listed in S.I. Table 2.

The LW varying with temperature for Raman band 776 cm™~! are
shown in Fig. 8(b). The LW changes with the temperature rise. A
disturbance in the pattern could be visible with the increase of
wavenumber. The reason is that during the transition from crys-
talline (K) to nematic (N), the bonds slowly starts breaking down
with the decrease of energy. Subsequently, there is a shift in the
PP and II, which is visible from Fig. 8(a) and 8(c), respectively.
The Il observes a decreasing trend in the bonds present with C-N
stretch. This denotes the change in the alignment of the LC mole-
cules. Due to the phenyl ring present in TYR, the surrounding single
bonds show conformational changes with a charge transfer from
electronegativity nitrogen to oxygen/carbon.

4.3.2. Raman bands assignment in the region (900-1400) cm™!

The spectral region of 900-1400 cm™! in Fig. 6 shows two to
three peaks varying the temperatures. The Raman bands at
1177 cm™! and 1183 cm™! increase by 1 cm™! and 2 cm™! for
low temperatures. Also, we observe that the peak at 1183 cm™!
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Fig. 4. Schematic presentation of (a) binding of LCs into protein; receptor surfaces showing (b) hydrophobicity (c) H-bonds.

vanishes at a temperature below 0 °C and is assigned in S.I. Table 1. Fig. 9(b) shows a sharp increase at temperature 25 °C at
The spectra result in the presence of TYR, which shows a peak at wavenumber 1183 cm™! and gradually changes with the rise
1180 cm™ .. in wavenumber, as demonstrated in S.I. Table 2. The II shows

The PP shows variable changes in the peaks with wavenum- a slight change during the N-I (isotropic) phase transition, as

ber during K-N phase transition observed in Fig. 9(a). The LW in shown in Fig. 9(c).



P. Kalita, Shashank Sekhar Shukla, R.K. Singh et al.

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 254 (2021) 119634

Table 1
Detailed investigation about the residues involved in Protein-Ligand interaction.
Residue No. Residue Type Residue Chain Distance
(A)
115 Leucine (LEU) A 3.57
134 Phenylalanine (PHE) 3.65
137 Lysine (LYS) 3.52
137 Lysine (LYS) 3.75
138 Tyrosine (TYR) 3.56
141 Glutamic acid 3.71
161 Tyrosine (TYR) 3.75
182 Leucine (LEU) 3.75
185 Leucine (LEU) 3.90
186 Arginine (ARG) 3.73
Residue No. Residue Type Residue Chain Centre Angle (°)
Distance (A)
138 Tyrosine (TYR) A 5.04 66.53
161 Tyrosine (TYR) 5.69 71.85
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Fig. 5. Raman spectra for the region 600-900 cm ™"

4.3.3. Raman bands assignment in the region (1400-2400) cm™!

Fig. 7 shows spectra at 1523 cm™' with a band assigned in S.L
Table 1 which vanishes at a temperature of 33 °C and lower tem-
peratures. We observe a peak at 1604 cm~! which arises due to
the benzene ring of 5CB. Also, a peak at 2224 cm™! attributed to

(d)
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2000 Y, N 33°Cc
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Fig. 6. Raman spectra for the region of 900-1400 cm--

the cyano group, increases with a decrease in temperature. This
peak indicates the presence of a cyano group attached to the end
chain of 5CB LC. The PP, LW and II are presented in Fig. 10. The
PP in Fig. 10(a) show changes with increasing wavenumber that
indicate the changes or the independency of the molecules when
it reaches the N-I phase transition. This decrease towards higher
wavenumber describes a shift in the nematic phase. The LW shows
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a sharp increase with an increase in temperature depicted in
Fig. 10(b). The II decreases with the rise of temperature
in Fig. 10(c).

5. Conclusion

The interaction and detection of protein HSA with liquid crystal
5CB have been investigated using different techniques and molec-
ular docking method. The POM studies confirm that the 5CB liquid
crystal molecules change its orientation in the presence of foreign
substance such as protein human serum albumin (HSA). It is effi-
cient and straightforward to use 5CB as a transducing element
for converting biological and chemical phenomenon into optical
signals under a POM. Molecular docking studies were performed
to support the experimental findings and determine the binding
location of 5CB LC on HSA. This study reveals that the 5CB molecule
binds with the subdomain IB with a binding energy of —8.10 kcal/-
mol through hydrophobic and m-r interactions. The binding dis-
tances of the residues have been reported. The active sites have
been confirmed with the experimental findings from Raman spec-
troscopy. The Raman studies acting as a sensing tool helped us to
determine the vibrational properties of the interaction between
5CB LC and HSA. The temperature-dependent Raman spectra
assign various functional groups present in the spectra during K-
N and N-I transition. The studies have also been observed for low
temperatures. The spectral changes result in an orientational dis-
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Fig. 8. Variation of peak position, linewidth and integrated intensity with temper-
ature for 776 cm™' of 5CB liquid crystals and human serum albumin.

turbance of molecules and the inter and intramolecular interac-
tions of molecules. The peak position, linewidth and integrated
intensities with temperature variation are explored in the report.
The parameters during phase transition show the breaking of the
bonds due to low energy before reaching its isotropic point. The
decrease in peak position towards higher wavenumber during N-
I transition shows blue shifting in the spectra due to the transfer
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Fig. 9. Variation of peak position, linewidth and integrated intensity with temper-
ature for 1183 cm™! of 5CB liquid crystals and human serum albumin.

of charge density from one part to another chain of the molecule. It
results in changes in the orientation of LC molecules in the pres-
ence of HSA. The findings provide information in spectral observa-
tion of the molecular interaction and vibrational changes caused by
proteins in liquid crystals. Liquid crystals are potential materials
for sensing as well as detecting applications without the use of
complex instrumentation.
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temperature for 1604 cm~! of 5CB liquid crystals and human serum albumin.
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