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a b s t r a c t

Liquid crystal biosensor was developed based on a 40-octyl-4-biphenylcarbonitrile (8CB) by adsorption of
biological macromolecule bovine serum albumin (BSA) at the 8CB interface. BSA was detected by exam-
ining the changes in the director configurations of 8CB molecules under a polarizing optical microscope.
The transitions in the director configuration were due to the non-covalent bonds. This technique demon-
strated high sensitivity at a concentration of 100 lM of BSA. The binding events between the 8CB and BSA
were investigated through molecular docking studies that confirmed the protein-ligand interaction. The
most probable binding location of 8CB to dock with BSA were determined at a subdomain IB of Sudlow’s
site I. The active residues on analyzing were found to stabilize the 8CB molecules through different inter-
actions. These active residues that were involved in the protein-ligand interaction were further confirmed
with Raman spectroscopy. This study provided the vibrational properties and structural changes that
occurred due to the various interactions between the 8CB and BSA. The results presented in this work
lead to a potential biosensing tool for detecting and sensing proteins using LCs.
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Fig. 1. Optimized molecular structure for 40-octyl-4-biphenylcarbonitrile (8CB).
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1. Introduction

Liquid crystals (LCs) are materials that exhibit different phases
due to the interactions between condensed-phase molecules that
are orientational subordinate, and noncovalent [1]. The LC mole-
cules have high sensitivity to temperature [2,3], light [4,5], physi-
cal and chemical changes on the surface, orientation response,
optical anisotropy and low anchoring energy [6-8]. Due to these
properties, the utility of LCs to transduce and amplify biomolecular
events in terms of optical signals is considered a promising mate-
rial in the biosensing platform.

Over the recent years, LC-based biosensors have seen significant
growth in sensing targets and signal detection methods. These
methods are based on the intermolecular and intramolecular inter-
actions, interfacial adsorption that controls the orientational
changes in LCs. The characteristics of the output signals upon inter-
actions with foreign substances can be processed, amplified and
converted into measurable indicators. LC-based biosensing is mon-
itored based on the orientation of the LC molecules. The detection
method is based on the changes in optical images observed under a
polarizing optical microscope (POM). This method is used in the
adsorption of lipids [9,10], proteins [11-14], surfactants [15] and
polymers [16] by LC molecules and amplifies into measurable opti-
cal signals. Amin et al. reported the detection of biological macro-
molecules using protein bovine serum albumin (BSA) as probe and
LC molecules as signal transducers [17]. Lee et al. reported the
immunodetection of BSA by dye-doped LCs as a biosensing mate-
rial for quantitative and qualitative bioassay as in the screening
of cancer [18].

The effect of mesophases, namely nematic and smectic phases,
interact quite distinctively with the biological macromolecule and
changes the alignment of LCs. In the nematic and smectic phases,
the formation of droplets is observed only in the presence of bio-
logical molecules such as BSA. This results in changes in the phase
transition temperature of LCs. When observed under a POM
between crossed polarizers, the optical changes show the transi-
tion in the director configuration of the LC molecules. The configu-
ration of the LC droplets shows the stability between the elasticity
and surface anchoring energy of LCs [19]. The LC droplets with tun-
able optical properties interact with external stimuli and consider-
ably change their optical appearance [13,20-22]. This results in the
transition of the director from radial to bipolar configuration under
a POM [13,23-26]. Due to intermolecular and intramolecular inter-
actions, the docking of proteins with LCs plays an essential role in
biosensing. This protein-ligand interaction leads to the reorienta-
tion of the LC molecules. Vibrational techniques such as Raman
spectroscopy give us an insight into the structural changes of var-
ious residues of the protein involved in the interaction with LCs
[27-29]. Herein, we report the protein BSA detection by LC 40-oct
yl-4-biphenylcarbonitrile (8CB). 8CB is selected as it is room tem-
perature LCs and BSA as a probe is selected as albumins are essen-
tial to life. The homeotropic alignment induced by surfactant
dimethyl octadecyl [3-(trimethoxy silyl) propyl] ammonium chlo-
ride (DMOAP) on 8CB LC shows dark optical images under a POM
[30].

The novel techniques employed are molecular docking and
temperature-dependent Raman spectroscopy. These techniques
used in our research work are not reported elsewhere before in
the detection of proteins by LCs. On increasing the BSA concentra-
tions, the orientation of the LC director tends to change from
homeotropic to planar, accordingly. This change results in the
detection of BSA at a particular concentration by 8CB during their
crystalline to isotropic phase. The binding properties of the BSA
and 8CB are further investigated with protein–ligand interaction
with detailed docking studies. The vibrational properties of the
2

active residues of BSA involved in the binding with 8CB are exam-
ined by temperature-dependent Raman spectroscopic studies.
These techniques are employed to detect BSA by 8CB LC with the
potential to develop a simple, sensitive, and cost-effective LC-
based biosensor.

2. Experimental section

2.1. Materials

The compounds DMOAP and 8CB LC were procured from Sigma-
Aldrich. BSA (05470) was purchased from HiMedia. They were uti-
lised without further purification. The different phases transitions
of 8CB from a crystal (K)-smectic A (SmA)-nematic (N)-isotropic (I)
is shown in Fig. 1 [31]. The phase transition temperatures and tex-
tures of pure 8CB under a POM were examined and found to agree
with the literature [31-33]. The protein BSA is a heart-shaped
structure, having 583 amino acids [34,35]. BSA free of fatty acids
was prepared in phosphate-buffered saline (PBS) explained in the
literature [12]. The protein concentration was determined with
an extinction coefficient of 43,800 M�1 cm�1 at 280 nm [36,37].
The determination was employed by adsorption measurements
using a UV–Vis spectrophotometer (Shimadzu UVPC 2450 Corpora-
tion, Tokyo, Japan).

2.2. Methods

2.2.1. Preparation of DMOAP coated glass slide
DMOAP is a surfactant that possesses a long alkyl chain. The

surface coupling agent has strong LC orienting interaction and is
predicted to have the permanence necessary for long device life-
times due to its chemical stability [38]. DMOAP facilitates absorp-
tion, induces homeotropic alignment at the surface and produces a
dark background under crossed polarizers. DMOAP solution was
prepared by dissolving 1% (v/v) of DMOAP solution in 100 mL of
deionized (DI) water. The cleaned slides were baked for 15 min
at 80 �C (Fig. 2(a)). After drying, the slide is coated with DMOAP
(1% v/v) and kept undisturbed for 15 mins. The unbound DMOAP
solution was then washed off the slides with DI water. The last step
was to these coated slides under a stream of nitrogen gas and
baked again at 80 �C to form a self-assembly layer shown in
Fig. 2(b).

2.2.2. Fabrication of 8CB-BSA cells
After earlier steps followed in treating the surface of glass slides

with DMOAP, a cell was formed by placing a square-shaped Mylar
spacer of 12 lm thickness with an opening on one side. 8CB was
injected into the cell with the help of a syringe between the two
coated slides. The optical texture under a POM was observed,
and the homeotropic alignment of LCs was validated from Fig. 2



Fig. 2. Schematic presentation of LC-based cell to develop a biosensor with the preparation of (a) cleaned glass slide, (b) DMOAP coated glass slide (c) DMOAP modified 8CB
slide (d) DMOAP modified BSA slide (f) introduction of BSA on (e) DMOAP modified 8CB glass slide, (g) schematic illustration of LC cell describes in section 2.2.2.
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(c). Next, the target molecule protein BSA was introduced into the
cell through an inlet. The initial amount of protein (50 lM, 80 lM,
100 lM, 300 lM, 600 lM) BSA was introduced into 8CB LC at the
DMOAPmodified 8CB LC interface to study the detection and inter-
action between them. The POM images on the introduction of BSA
to the DMOAP treated surface shows a black texture, as shown in
Fig. 2(d). These studies the alteration in the morphology of 8CB
in the presence of BSA (Fig. 2(f)). It is to be noted that a glass cov-
erslip was placed on top of the sample to create uniformity of sam-
ples, as in Fig. 2(g). Two types of cells: 8CB filled cells without BSA
as the control (Fig. 2(c)), and 8CB filled cells with BSA to investigate
the effect of protein-LC interaction (Fig. 2(f)).

2.2.3. Determination of the orientation of 8CB by polarizing optical
microscopy with detection of BSA

The orientation of 8CB LC on protein complex was observed
using a Leica DM2700P (Germany) POM. A thermal stage
(LTS420, Linkam, UK) with a temperature controller mounted on
the POM was used. The POM was used with crossed polarizers in
the transmission mode in the absence of transmitted light during
a 360� rotation of the stage. The LC cell was placed on a thermal
stage of POM. The POM was set at a 10 � objective to observe
3

the morphological changes under crossed polarizers. The studies
were conducted in two domains. First morphological variations
with temperature and secondly with concentration. The
temperature-dependent studies were performed to determine the
orientational changes in LC molecules. These temperature-
dependent studies were conducted for both the control cells as
well as the BSA-filled cells to eliminate the effects of LCs. The
homeotropic alignment was confirmed by an interference pattern
of two crossed isogyres. The images at selected locations were
obtained with a camera by Leica (MC170 HD) mounted on the
microscope at a magnification of 10�. The concentration-based
studies were performed in order to sense and verify the optical
changes observed due to the BSA interaction with 8CB. The optical
images were determined to detect albumins at a particular concen-
tration of BSA.

2.2.4. Determination of the binding sites and the ligand-protein
interaction through molecular docking

The computational study involves the in-silico investigation of
the intermolecular interaction between a receptor and ligand.
The protein BSA, which consists of 585 amino acid residues, is
selected as a receptor [PDB ID: 4F5S] having chain A. The 3D struc-
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tures are obtained from Protein Data Bank (https://www.rcsb.org/)
[39] in PDB format. The liquid crystal 8CB used as a transducing
element was selected as a ligand for docking with receptor BSA.

The 3D structure of 8CB LC was obtained from PubChem (https://

pubchem.ncbi.nlm.nih.gov/)[40] in the extension of.mol file for-

mat. The Blind Docking Server available at https://bio-hpc.eu/soft-

ware/blind-docking-server/ [41] was used to determine the active
amino residues for docking with LC molecules [42]. The docking
analysis was further performed with Discovery studio visualizer
2020 from BIOVIA. Molecular docking aims to predict the ligand
to interact with the protein at the atomic level that allows to deter-
mine the behaviour of the ligand in the binding sites of proteins.
Two basic steps are required: prediction of the ligand confirmation
and its position and orientation within these sites and evaluation
of the docked site of the selected cluster via different interactions
[43,44]. This section focuses on calculating molecular interactions,
the docked conformers, scoring and evaluating docked ligands and
proteins.

2.2.5. Vibrational studies of the interaction through Raman
spectroscopy

The 8CB interaction with BSA was studied by Raman spec-
troscopy with 100 lM BSA concentration, as confirmed from the
POM studies. The spectra were recorded using an inVia Raman
spectrometer from Renishaw (UK), equipped with 532 nm lasers
and a cooled charged coupled device detector. The samples were
placed in a small well 15 mm in diameter in a quartz sample
holder. The plate is then mounted on a THM 600 Linkam hot-
stage. The calibration of the system was done by recording the
spectra at 520 cm�1 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 and focused with a magnification of 50 � long-dis
tance objective. The laser lines with a slit width of 50 lm were
maintained throughout the measurement. The data was recorded
with 100 scans averaging to obtain accurate results. The spectral
parameters, namely, the peak position (PP), line-width (LW), and
the integrated intensity (II), are measured accurately by Lorentzian
fitting. The deconvolution and fitting of the curves were achieved
using the Thermocon GRAMS AI version 9.3 suite from Thermo Fis-
cher Scientific. It is a Windows-based suite of powerful yet intu-
itive software tools for analyzing and processing spectral data.

3. Results and discussions

3.1. Textural studies under polarizing optical microscopy

The polarized optical images of the changes in the DMOAPmod-
ified 8CB in the presence of BSA are investigated under a POM,
observed in Figs. 3-7. The optical textures of pure 8CB and pure
Fig. 3. Crossed polarized optical images of DMOAP modified 8CB LCs exhibited changes d
Scale bars: 40 lm.
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BSA on a DMOAP coated surface are shown in S.I. Fig. 1. The mole-
cules of the surfactant coated on the surface significantly impact
the LC molecular orientation. So, it is an important factor to inves-
tigate the behaviour of the mesogen on modification by surfactant
DMOAP. 8CB molecules are hydrophobic in nature and do not
attach to the surface independently. Due to the long alkyl hydro-
carbon and flexible chains of DMOAP, 8CB molecules readily
adheres to the DMOAP treated surface, as shown in Fig. 2(c) with-
out BSA. DMOAP facilitates the formation of naturally spherical
8CB droplets of radial configuration after allowing it to settle for
some time at room temperature. DMOAP induces homeotropic
alignment of the LCs when no hydrogen bond is present. It stimu-
lates coordination [45,46] between the treated surface and the 8CB
molecules. Dark background in optical images is observed due to
the perpendicular alignment of 8CB molecules. On addition of
BSA to the 8CB treated surface, changes in the orientational order-
ing of the molecules occur, which are observed as textures. By
increasing the concentration of BSA, major changes in texture are
observed that are analyzed further.

The 8CB droplets on interaction with 50 lM of BSA in Fig. 3
show that the phase transition from K to SmA is found to be shifted
from pure 8CB LC by 3 �C. The texture for the SmA phase at 31.9 �C
is shown in Fig. 3(b). The phase transition from SmA to N is at
32.4 �C, and the texture for the N phase is presented in Fig. 3(c)
at 38.5 �C. The visual appearances of LCs show the formation of
8CB droplets at 80 lM of BSA when there is a phase transition from
SmA-N. The droplets start appearing at the temperature of 38.4 �C
(Fig. 4). The textures at the different regions are shown in S.I.
Figs. 2-3.

The K-SmA phase transition temperature of 8CB droplets, in
addition to 100 lM BSA, is observed at 21 �C shown in Fig. 5.
The droplets show the radial configuration, and the same droplets
change their orientation to the twisted radial configuration at the
SmA-N phase and bipolar at the N phase. The same region also
shows the schlieren texture at the N phase, denoting homeotropic
changes to planar alignment at the LC surface. This confirms that
the detection of BSA by 8CB is possible at this concentration as
the orientation changes from homeotropic to planar.

For better results, we further increase the concentration of BSA
to 300 lM. The K-SmA phase transition occurs at a temperature of
23 �C and SmA-N at 32.6 �C, where the 8CB droplets show the
radial configuration. On considering a particular area for the better
visualization of the droplets, a pre radial to escape radial configu-
ration of the droplets is observed as seen from Fig. 6(b)-(c). The
same droplet changes into the bipolar configuration as in Fig. 6
(d). The change in a radial to the bipolar configuration of the dro-
plet occurs due to adsorption of BSA at DMOAP modified 8CB sur-
face. If the concentration is further increased to 600 lM, in that
case, we see that the transition in the droplets is from radial to
twisted radial, twisted-radial to pre-radial and then to bipolar con-
figuration. These configurational changes occur during the N-I
uring the phase transition from K-I on exposure to BSA at a concentration of 50 lM.

https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://bio-hpc.eu/software/blind-docking-server/
https://bio-hpc.eu/software/blind-docking-server/


Fig. 4. Crossed polarized optical images of DMOAP modified 8CB LCs exhibited changes during the phase transition from K-I on exposure to BSA at a concentration of 80 lM.
Scale bars: 40 lm.

Fig. 5. Crossed polarized optical images of DMOAP modified 8CB LCs exhibited changes during the phase transition from K-I on exposure to BSA at a concentration of 100 lM.
Scale bars: 40 lm.

Fig. 6. Crossed polarized optical images of DMOAP modified 8CB LCs exhibited changes during the phase transition from K-I on exposure to BSA at a concentration of 300 lM.
Scale bars: 40 lm.
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Fig. 7. Crossed polarized optical images of DMOAP modified 8CB LCs exhibited changes during the phase transition from K-I on exposure to BSA at a concentration of 600 lM.
Scale bars: 40 lm.
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phase transitions (Fig. 7). The N phase at different regions is shown
in S.I. Figs. 4-5.

Whenever the concentration of BSA has dropped below 100 lM,
the transfiguration of the director and the orientation of the dro-
plets does not occur. The considered concentrations of BSA shows
that the limit of BSA to be detected by 8CB LC is at a concentration
of 100 lM. The detection limit is based on the phase and a specific
time frame when the droplets show the transition from radial
(homeotropic) to bipolar (planar) configuration.

Based on the interfacial adsorption of BSA due to the interac-
tions between BSA and 8CB, POM shows changes in the form of
optical signals. Thus, the hydrocarbon alkyl chains play a vital role
in the adsorption of BSA. The binding behaviour, such as the elec-
trostatic interactions like van der Waals interactions, interfacial
interactions like hydrogen bonding, plays an essential role in LC-
based biosensing. The hydrophobic, hydrogen bond and non-
covalent interactions help provide insights into the radial to the
bipolar configuration of the LCs. Thus, LC biosensing can be imple-
mented based on the detection of BSA at a specific limit of concen-
tration by 8CB droplets.
3.2. Molecular docking

Molecular docking is an in-silico method that determines the
interactions and the docked poses of 8CB with BSA. Molecular
docking has developed to be an essential technique in drug devel-
opment for contributing structural information about protein-
ligand interaction. This method can be used to characterize the
interaction between a small molecule such as LC and the binding
site of the target receptor such as proteins. The possible binding
poses between ligand and receptor are significant due to the six
degrees of freedom including translational, and rotational. How-
ever, the lowest binding energy of all the possible poses is selected
as the best pose for further studies. This docking incorporates
Monte Carlo simulations to model the flexible ligand while the
receptor remains rigid. Monte Carlo method generates ligand poses
through rigid body rotation, bond rotation or translation [47,48].
This method also explains the basic biological and chemical tech-
niques. The scoring function [49], which determines the energy
for the ligand-receptor interaction in a system, calculates the
hydrophobic, hydrogen bonds and van der Waals terms. This scor-
ing function is based on the optimized potential for liquid simula-
tions (OPLS) force field [50]. The receptor and ligand optimization
are done using PLIP version v1.3.2 [51]. The obtained clustered
poses include non-overlapping poses with the best affinities and
lowest scoring function. The clustered affinities and interactions
contain the images depicting and files representing the interac-
tions between the ligand and active residues.
6

The binding Sudlow’s sites I and II of BSA (situated in subdo-
main IIA and subdomain IIIA, respectively) [34] are divided into
three domains and subdivided into six subdomains. The possible
ligand-binding regions with protein BSA are in subdomains IA, IB,
and IIA [35]. The docking analysis shows that the 8CB is bonded
to the subdomain IB of site I surrounded by active residues of
BSA, as shown in Fig. 8(b). The binding energy required by 8CB
to bind with BSA is determined to be �8.80 Kcal/mol at subdomain
IB. The binding site selection is determined with the energetic con-
tribution to the lowest binding energy and highest binding affinity
among all the calculated poses (Fig. 8(c)). The energetic contribu-
tions to the binding energy are shown in Fig. 9.

A graph with the breakdown of the binding energy of the best
cluster having binding energy �8.80 kcal/mol into the different
contributions is shown in Fig. 9(a) and energetic contributions
for each atom in the ligand 8CB in Fig. 9(b). Fig. 8(d) shows the
binding of 8CB with active residues of BSA, namely Leucine (LEU)
115, Proline (PRO)117, LEU122, Glutamic acid (GLU)125, Lysine
(LYS)132, Phenylalanine (PHE)133, LYS136, Tyrosine (TYR)137,
GLU140, Isoleucine (ILE)141, TYR160, ILE181, Arginine (ARG)185,
Methionine (MET)184 and Valine (VAL)188.

Fig. 8(c) shows the residues of BSA stabilize the biphenyl ring of
8CB liquid crystal through p-alkyl, p-sigma, and alkyl interactions,
The C-atom of LEU122 and LYS136 of BSA stabilize the phenyl ring
(A) of 8CB through p-alkyl interactions. The C-atom of LEU115 sta-
bilizes the phenyl ring (B) of 8CB through p-sigma interactions. The
secondary amine nitrogen, i.e., NH2

+ present in PRO117, stabilizes
the phenyl ring (B) of 8CB through p- alkyl interactions. The same
PRO117 also stabilizes the C-atom of 8CB through alkyl interac-
tions. The CH3 of the ILE181 and C-atom of ARG185 stabilize the
C-atom of 8CB through alkyl interactions. The CH3 group of
ILE141 establish alkyl interactions to stabilize the C-atom of 8CB
LC. The benzene ring of TYR137 binds with 8CB through p-alkyl
interactions. Also, the residues GLU125, LYS132, PHE133,
GLU140, TYR160, MET184 and VAL188 stabilize the atoms of 8CB
through van der Waals interactions.

The residues LEU115, PRO117, LYS136 and ARG185 of BSA and
the cyano group of 8CB act as the solvent-accessible surface area
(SAS) for the protein-ligand interaction as shown in Fig. 10(a).
Hydrogen bond donors and bond acceptors are examined during
the interaction. The cyano group of 8CB molecules, LYS136 and
ARG185, have the lowest hydrophobicity region. In contrast, the
LEU115, ILE181 and phenyl rings of 8CB have the highest
hydrophobicity region of value + 3. The hydrophobicity pocket
with the interacting residues is shown in Fig. 10(b). The residues
LYS136 and ARG185 of BSA, cyano group and phenyl rings of 8CB
LC are in the donor region, as shown in Fig. 10(c). The p interac-
tions involved in the binding process of 8CB and BSA involves
the negatively charged p-electron cloud of residues and positively



Fig. 8. Schematic illustration of the molecular docking of (a) protein–ligand: BSA on 8CB LC, (b) docking of 8CB and BSA with the best pose and location; with the (c) 2D and
3D diagram of the active residues of BSA binding with 8CB molecules through different interactions [43].

Fig. 9. Energetic contributions to the binding energy (a) breakdown of the binding energy of the best cluster of the receptor, (b) energetic contributions for each atom in the
ligand.
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charged r framework of the neighbouring residues or molecules.
The positively charged residues of BSA are LYS136, ARG185 and
cyano group of 8CB interact with negatively charged residues
LEU122 and ILE141 of BSA as evaluated from Fig. 10(d). The dock-
ing analysis confirms the binding of 8CB with BSA through non-
covalent interactions as obtained during optical studies. Further
studies with Raman spectroscopy are performed to confirm the
active binding residues of BSA and their interactions with 8CB
7

molecules and to study their structural changes. The detailed infor-
mation of the residues involved in the interaction with the ligand is
listed and summarized in Table 1.

3.3. Vibrational studies through Raman spectroscopy

Raman spectroscopy is an emerging tool to study the vibra-
tional fingerprints of the interaction between the LC 8CB and pro-



Fig. 10. Docking of 8CB LC with BSA where the receptor surfaces show (a) SAS, (b) hydrophobicity region, (c) hydrogen bond, (d) Interpolated charge.

Table 1
Detailed analysis of the BSA residues involved in BSA-8CB interaction.

Residue No. Residue Type Residue Chain Distance (Å)

115 Leucine (LEU) A 3.53
122 Leucine (LEU) 3.84
133 Phenylalanine (PHE) 3.39
136 Lysine (LYS) 3.62
136 Lysine (LYS) 3.95
137 Tyrosine (TYR) 3.69
137 Tyrosine (TYR) 3.54
141 Isoleucine (ILE) 3.60
181 Isoleucine (ILE) 3.54
185 Arginine (ARG) 3.69
188 Valine (Val) 3.54

Residue No. Residue Type Residue Chain Centre Distance
(Å)

Angle (�)

Hydrogen Bonds H-A D-A

125 Glutamic acid (GLU) A 2.81 3.65 66.53
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tein BSA. The formation of the protein-ligand interaction is an
essential step in biosensors. From the POM and docking analysis,
the detection of BSA by 8CB is shown in the previous sections.
But their structural changes that take place during these interac-
tions are yet to be discussed. Therefore, temperature-dependent
Raman spectra in the region of 400–4000 cm�1 are recorded. The
8

temperature under which this study is performed is in the range
of �50 �C to 45 �C at a concentration of 100 lM BSA. The spectral
region for better visibility is parted into three viz. 400–1000 cm�1,
1000–2000 cm�1 and 2000–3300 cm�1 as shown in Figs. 11-13,
respectively. The variation of Raman parameters with temperature
in Figs. 11-13 is calculated and plotted from Figs. 14-21. These



Fig. 11. Temperature-dependent Raman spectroscopic in the spectral region 400–1000 cm�1 for the temperature ranging (a) �50 �C to 25 �C and (b) 28 �C to 45 �C.

Fig. 12. Temperature-dependent Raman spectroscopic in the spectral region 1000–2000 cm�1 for the temperature ranging (c) �50 �C to 25 �C and (d) 28 �C to 45 �C.

Fig. 13. Temperature-dependent Raman spectroscopic in the spectral region 2000–3300 cm�1 for the temperature ranging (e) �50 �C to 25 �C and (f) 28 �C to 45 �C.
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parameters provide information about the structural changes of
molecules that arise due to the interaction between 8CB and BSA.
The notable changes are observed mainly during the phase
transitions of 8CB molecules. Below are the Raman spectra for
9

the temperature range �50 �C to 45 �C divided into two segments
�50 �C to 25 �C and 28 �C to 45 �C. The following sections can
determine the essential features of the interactions and their
assignments.



Fig. 14. Variation of Raman parameters (a) peak position, (b) line-width, and (c) integrated intensity for the peak at 409 cm�1 with temperature ranging from �50 �C to 45 �C.

Fig. 15. Variation of Raman parameters (a) peak position, (b) line-width, and (c) integrated intensity for the peak at 634 cm�1 with temperature ranging from �50 �C to 45 �C.

Fig. 16. Variation of Raman parameters (a) peak position, (b) line-width, and (c) integrated intensity for the peak at 777 cm�1 with temperature ranging from �50 �C to 45 �C.

Fig. 17. Variation of Raman parameters (a) peak position, (b) line-width, and (c) integrated intensity for the peak at 809 cm�1 with temperature ranging from �50 �C to 45 �C.
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Fig. 18. Variation of Raman parameters (a) peak position, (b) line-width, and (c) integrated intensity for the peak at 1521 cm�1 with temperature ranging from �50 �C to
45 �C.

Fig. 19. Variation of Raman parameters (a) peak position, (b) line-width, and (c) integrated intensity for the peak at 1604 cm�1 with temperature ranging from �50 �C to
45 �C.

Fig. 20. Variation of Raman parameters (a) peak position, (b) line-width, and (c) integrated intensity for the peak at 2225 cm�1 with temperature ranging from �50 �C to
45 �C.
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The interaction between protein BSA and LC 8CB show the
Amide bands I, II and III. These bands arise due to the bond vibra-
tions in the albumins.

3.3.1. Raman parameters in the spectral region of 400–1000 cm�1

In the spectral region of 400–1000 cm�1, the prominent peak at
409 cm�1 is assigned to the t(S-S) in albumin of BSA. The different
assignments for Raman bands have been allocated and are listed in
Table 2. The peaks at this region disappear into one peak at a tem-
perature of 22 �C, i.e., at K state observed in Fig. 14. The peak at
634 cm�1 is assigned to the t(C-H) of the benzene ring of PHE on
binding with 8CB C-atoms. Another peak at 648 cm�1 is assigned
to the TYR residue of BSA [52]. The docking analysis also confirms
that the PHE and TYR residue of BSA attaches to a C-atoms and
11
phenyl ring of 8CB, respectively. The peak 648 cm�1 appears during
the SmA-I phase transition of 8CB, and the peak 808 cm�1 is attrib-
uted to the t(C-C) of 8CB.

The Raman parameters, namely PP, LW and II varying with tem-
perature for this spectral region, are shown in Figs. 14-17. The peak
at 409 cm�1 and 777 cm�1 shift their position by 4 cm�1 during the
SmA-I phase transition of 8CB. The peaks at 634 and 809 cm�1 shift
from lower to a higher frequency during the K-I phase transition.
The reason for the decrease in PP the bond either breaks down
due to decreased energy. The LW of these peaks shows a sharp
increase with an increase of temperature, the natural lifetime is
short. The spectral parameters show the LW increases in the
SmA-N phase transition. This analysis gives an indication that the
lower the temperature better is than the detection process. Due



Fig. 21. Variation of Raman parameters (a) peak position, (b) line-width, and (c) integrated intensity for the peak at 2287 cm�1 with temperature ranging from �50 �C to
45 �C.

Table 2
Raman band assignment for the Raman peaks of pure 8CB, pure BSA, and their interactions.

Pure 8CB (Dm)
cm�1

Pure BSA (Dm)
cm�1

Band assignment for pure 8CB 8CB bonded with BSA (Dm)
cm�1

Band assignment for docking of 8CB-BSA complex

– – – 405 Out-of-plane vibrations of the benzene ring
639

-
622
-

Ring vibration 634
648

The TYR of BSA binds with the phenyl ring of 8CB

780 777 Ring breathing vibration 777 Ring breathing vibration d(CO�
2 Þ from LEU

806 800 Ring breathing vibration 809 Ring breathing vibration with TYR residue of BSA; t(C-C)
of 8CB

826 825 Alkyl chain vibration 829 Alkyl chain vibration with TYR residue of BSA
1185 1182 Aromatic C-H in-plane

deformation
1180 C-H in-plane deformation in the presence of TYR residue

1285 1280 C-C stretch of biphenyl 1283 Indicative of a helix and C-C stretching
1527 1508 C-C stretch of aromatic rings 1521 Quadrant stretching mode of the aromatic ring
1606 1605 C-C stretch of aromatic rings 1604 C-C stretch of the phenyl ring
2224 – C � N stretch 2225 C � N stretch
–- 2894

-
m s (CH2) 2850;

2887
m s(CH);
m s(CH2)

– 3000 Aliphatic m(C-H) 3065 m(C-H)

* m-stretching; s- symmetric; as- asymmetric; b-bending; d-deformation.
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to disturbance of charge density, the linewidth broadening occurs
as observed. The total integrated area is calculated where the
intensities of area are calculated by averaging the areas. The inten-
sity for all the prominent peaks observed in this spectral region
sharply increases its value during the K-I phase transition of the
molecules. This abrupt increase in II can be attributed to the
increase in electron cloud density related to the modes.
3.3.2. Raman parameters in region of 1000–2000 cm�1

In the spectral region of 1000–2000 cm�1, the prominent peaks
observed is assigned to the d(C-H) of TYR residue, t(C-C) of the
biphenyl rings and vibrations related to PHE residue. In this region,
we observe the Amide bands I and II consisting of t(C = O) with the
contribution of b(N-H) and t(CN). Amide band II mainly is a com-
bination of in-plane b (N-H) and t(CN) with contribution from in-
plane b(CO) and t(CC) [53]. The Raman parameters can be directly
related to the secondary structure of BSA, namely a-helix, b sheet
and random coil in the region of 1521–1680 cm�1. This bonding
takes place due to the hydrogen bonding between different resi-
dues of BSA and 8CB LC.

The initial conclusion can be correlated with the analysis from
docking and POM studies. The PP shows that the energy in the
vibration of molecules changes with a variation of temperature.
The band in this spectral region shifts its position from higher to
lower frequencies during the K-I phase transition. The LW shows
a sharp increase in its value as it reaches a higher temperature,
as shown in Fig. 18(b)-19(b). The LW shows an increasing trend
during the K-SmA phase transition. The LW shows that at
12
100 lM of BSA, the width is narrower in shape. The LW shows
the natural lifetime limit is long. Also, the changes in the intensi-
ties of the bands show a similar pattern as in the previous spectral
region, where the integrated area increases with the increase of
temperature. This change in the intensities indicates the reorienta-
tion of 8CB molecules due to the conformational changes in bond
formation. The band allocations for the peaks observed in this
region are summarized and listed in Table 2.
3.3.3. Raman parameters in region of 2000–3300 cm�1

In the spectral region of 2000–3300 cm�1, the peaks at
2225 cm�1 are assigned to the triple bond formation of the mole-
cules. With the increase of temperature, as seen in Fig. 13(a-b),
the peak shifts its position, i.e., the peak experiences a red shift
at a temperature of 22 �C. Also, the peak width is broadened from
this temperature onwards, which is actually the K-SmA phase tran-
sition of the 8CB LC. Fig. 20(b) shows that the LW increases with
temperature and the II area increases during the K-I phase transi-
tion. However, the other peaks observed in this region, such as
2287 cm�1 assigned to the m s(CH2), shows a different pattern. Dur-
ing the SmA-I phase transition, the energy of vibration of mole-
cules decreases with the increase of frequency (Fig. 21(a)). This
change in the intensities indicates the reorientation of 8CB mole-
cules due to the conformational changes in bond formation. The
II shows that the modulation of molecular polarizability increases
simultaneously with the increase in the concentration of BSA. With
the increase of temperature, II increases its value during the K-I
phase transition of the molecules. II also provides information
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about the distribution of charges. The Raman parameters for other
spectra are shown in S.I. Figs. 6-8 and their values are listed in S.I.
Table 1.

The peaks observed in this region are assigned, which is sum-
marized and listed in Table 2.

The essential characteristics observed in the interaction studies
of the Raman spectra are the changes in the spectral profile and the
decrease in intensities. From these changes, it can be interpreted
that a disruption of the intermolecular and intramolecular occurs.
These changes in the Raman spectrum on the interaction between
8CB and BSA indicate the difference in the molecular structure. The
binding occurs due to the hydrogen bonding and hydrophobic
interactions of the molecules. Thus, confirming the experimental
findings of docking and POM with Raman spectroscopic studies.
As a result, the quantity of information about the structural
changes of protein and LC, the orientation of LC and the environ-
ment can be concluded from vibrational studies. This makes it a
promising tool for investigating the protein-ligand interaction
and detection.
4. Conclusion

Summarizing our work, we have established a fundamental
detection technique for BSA by 8CB LC. The detection is developed
based on the reorientation of the molecules that trigger a transition
from radial to bipolar configuration easily visualized under a POM.
The coating of the surface by DMOAP induced homeotropic align-
ment and appeared dark when observed under crossed polarizers.
After the addition of BSA to the DMOAP modified 8CB surface, the
transition from homeotropic to the planar alignment of the cells
disrupted the LC orientation. This temperature-driven orienta-
tional transition was observed through POM and confirmed the
detection of BSA by 8CB. It shows high sensitivity at a concentra-
tion of 100 lM of BSA. In-silico molecular docking studies deter-
mined the binding location and the efficient binding energy
required to bind 8CB with the active residues of BSA. The binding
location is detected at a subdomain IB with a �8.80 Kcal/mol bind-
ing energy. The experimental findings from this study depend on
performing accurate docking studies with the stabilization of 8CB
molecules by residues through p-alkyl, p-sigma, and alkyl interac-
tions. Raman spectroscopic studies as a potential tool are
employed to understand the structural changes and confirm the
protein-ligand interactions. The binding of 8CB with BSA outcomes
in the reorientation of 8CB molecules generates modifications in
the intensity of Raman modes. The binding is caused by hydrogen
bonding, hydrophobic and van der Waals interactions. The tech-
nique proposed here for LC-based biosensing is expected to pro-
vide insights and develop the LC molecules to achieve highly
sensitive and cost-effective sensors.
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