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1. Introduction

Developing a biosensing prototype utilising a 7CB
liquid crystal for human insulin detectiont

Athul Satya and Ayon Bhattacharjee (= *

This paper presents a novel prototype for human insulin detection using a 4-heptyl-4-biphenyl-
carbonitrile liquid crystal (7CB-LC). Human insulin is essential for regulating blood glucose levels and
facilitating the metabolism of carbohydrates, lipids, and proteins. Insufficient insulin can lead to
hyperglycemia, where cells cannot utilise glucose effectively for energy production. Prolonged
hyperglycemia can affect the nervous and cardiovascular systems. Our work investigates the scope of
using 7CB-LC as a prototype for the label-free detection of human insulin. Both temperature and time-
dependent studies conducted using a polarising optical microscope (POM) on human insulin in the
concentration range from 25 pM to 500 pM showed that human insulin interacting with 7CB-LC
produces radial, twisted-radial, pre-radial and bipolar textures. A detection limit of 25 puM was observed
since no distinguishable textures were observed below this concentration. An RGB (red, green, and blue)
and grey index study showed a positive correlation graph with an R? value of 0.97279, proving the
selectivity of the proposed biosensor. Molecular docking and Raman spectroscopy studies were
conducted to learn more about the interaction between insulin and 7CB-LC at the molecular level.
Docking studies revealed how the position of the 7CB core and tail ends interacted with amino acid
residues of insulin. Raman spectroscopy studies investigated the segmental mobility of different parts of
LC and changes occurring in the core and terminal regions due to insulin interactions. Vibrational
studies conducted using Raman spectroscopy analysed the change in 7CB-LC parameters such as the
peak position (PP), line width (LW) and integrated intensity (Il) on interacting with human insulin. This
unigue prototype technique shows how 7CB-LC can potentially be employed in biosensing to detect
human insulin since it provides better visualisation in a label-free detection method.

mitogenic influences. Human insulin shortage can cause
various health issues, mostly due to the cell’s inability to use

Liquid crystals (LCs) are a specific state of matter that are
anisotropic and exhibit the properties of both solids and
liquids." Based on the transition mode to mesophases, LCs
can be classified into thermotropic LCs and lyotropic LCs. LCs,
as biosensors, were developed for the first time by Abbot et al.
in 1998 to detect anti-Bi-IgG (anti-bispecific immunoglobin G)
and avidin.> Our work investigates the scope of using a
4-heptyl-4-biphenylcarbonitrile (7CB) LC for the label-free
detection of human insulin. Human insulin is a peptide
hormone synthesised by pancreatic beta cells within the islets
of Langerhans. It is integral in maintaining blood glucose levels
and overseeing the metabolism of carbohydrates, lipids, and
proteins.® It facilitates cell division and growth by exerting
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glucose as an energy source. This can cause hyperglycemia,
which can develop into diabetes mellitus and affect the nervous
and cardiovascular systems.**

Traditional insulin detection methods include enzyme-linked
immunosorbent assay (ELISA), fully automated immunoassay
platforms and chromatography techniques. In addition to these,
tests such as the arginine simulation test and hyperglycemic
clamp test help in evaluating insulin secretion in the human
body. These methods require complicated instrumentation tech-
niques, are time-consuming, and are costly for the day-to-day
insulin monitoring.> An aptamer-based biosensor was developed
for insulin detection by Yoshida et al. in 2009, employing a
process known as SELEX (systematic evolution of a ligand by
exponential enrichment). In this process, DNA aptamers were
isolated against insulin to select IGA3 (insulin growth aptamer)
because of its high affinity towards insulin. IGA3 was later used in
an enzyme system with a thrombin-inhibiting aptamer, which
releases thrombin when insulin binds.® In 2020, Piletsky et al.
developed a molecular imprinting (MIP) based insulin biosensor
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using insulin MIP nanoparticles, immobilising them on a screen-
printed electrode made of platinum for insulin detection.”

In efforts to reduce the costs associated with producing
insulin detection methods, label-free detection techniques were
developed. Notably, LC label-free detectors emerged as signifi-
cant advancements, as they streamline electronics by employ-
ing LCs as electrochemical or optical transducers. In 2023,
Servarayan et al. introduced a label-free fluorescence-based
biosensor for insulin detection in human serum, employing
naturally occurring chromene mimic receptors.® Label-free
detection of insulin using a LC was introduced by Chen and
colleagues, developing a label-free aptamer-based optical LC
biosensor for insulin detection using a 4-cyano-4-pentyl biphe-
nyl (5CB) LC. This biosensor utilised an aptamer (IGA3)
adsorbed to cetyltrimethylammonium bromide (CTAB) and
detected insulin-induced conformational changes at the aqu-
eous-liquid crystal interface using polarised optical microscopy
(POM).” All these detection techniques, besides being label-
free, used aptamers and other chemical reagents to attain
selectivity and high sensitivity. Besides the positive correlation
observed between grey scale analysis and concentration, the
ability of Chen et al.’s biosensor to accurately quantify insulin
remains limited. Conversely, our biosensor model demon-
strates a quantitative detection method using less chemical
reagents and responds to both time and temperature parameters,
showing improved potential for precise sample analysis.

Our research explores the potential of detecting human
insulin utilising 7CB-LC without aptamers. Currently, there
are no biosensors utilising 7CB-LC for label-free detection of
insulin. Optical studies conducted using POM showed that
7CB-LC on interacting with human insulin produces schlieren
textures having radial, twisted-radial, pre-radial and bipolar
textures. Both time and temperature studies were conducted
to know the appropriate temperature for the developed biosen-
sor. Concentrations of insulin ranging from 25 pM to 500 pM
were studied. The temperature studies show that temperatures
ranging from 22 °C to 40 °C are the most appropriate for the
proposed biosensor. The quantitative analysis measured the
greyscale intensity (GI) values of the POM images, and a
correlation graph was plotted between the insulin concentra-
tions and GI values. The correlation graph showed a positive
correlation, having an R*> value of 0.97279. The prototype
biosensor demonstrated a detection limit of 25 uM, as distin-
guishable textures were not observed below this concentration.

To learn more about the interaction between insulin and
7CB-LC at the molecular level, molecular docking studies using
auto dock tools and vibrational studies using Raman spectro-
scopy were conducted. The docking studies showed that amino
acid residues such as leucine (Leu) 15, arginine (Arg) 22,
phenylalanine (Phe) 24, 25 and tyrosine (Tyr) 26 present in
human insulin were found to form hydrophobic interactions
with 7CB-LC. Samples were analysed within a range of 1000-
3200 cm ' using Raman spectroscopy, and six significant peaks
were observed at wavelengths 1180 cm™ ', 1287 cm™ ', 1525 cm ™",
1608 cm ', 2223 cm ' and 2848 cm . Vibrational analyses
revealed that interaction between 7CB and human insulin induces
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a notable symmetric-asymmetric stretch in the (C-H) aliphatic
chains and (C-C) aromatic rings of 7CB-LC, particularly in the
presence of the phenylalanine (Phe) amino acid residue found
in insulin. The overall studies show the possibility of developing
a label-free biosensor using 7CB-LC to detect human insulin.
Despite the average human insulin concentration in the body
being 90 pmol L™, our biosensor serves as a pioneering prototype
model for utilising 7CB-LC in detecting human insulin.

2. Methodology
2.1 Materials

Sigma Aldrich provided the key raw materials, which included
human insulin, 4-heptyl-4-biphenylcarbonitrile (7CB), and dimethyl
octadecyl [3-(trimethoxysilyl)propyl] ammonium chloride (DMOAP).
The materials were used without any purification. Insulin solutions
at various concentrations were prepared using phosphate-buffered
saline (PBS) with a buffer strength of 20 mM and a pH of 7.4. The
insulin molar extinction coefficient (emoyar) Was 5734 M~ ' cm™" at
280 nm, measured with a UV-Vis spectrophotometer (Shimadzu
UVPC 2450 Corporation, Tokyo, Japan). Fig. 1(a) depicts the
molecular structure of human insulin: chains A and B. Chain A
comprises 21 amino acids, whereas chain B has 30 amino acids.
The chemical structure of 7CB is shown in Fig. 1(b).

2.2 Method of preparation of a DMOAP-coated glass slide

1% (v/v) DMOAP solution was prepared by mixing 1 mL of
DMOAP with 100 mL of deionised water. Glass slides were
cleaned using a solution of ethanol and deionised water,
followed by ultrasonication and baking at 80 °C for 15 minutes.
After cleaning, the glass slides were immersed in the DMOAP
solution for 15 minutes and then baked again for another
15 minutes. This process resulted in DMOAP-coated glass slides
that facilitate the homeotropic alignment of the liquid crystal.

2.3 Method of preparation of insulin-7CB cell

To construct 7CB-insulin cells, glass slides were coated with
DMOAP solution. 0.5 uL of 7CB-LC was added above the
DMOAP-coated glass slide. A Myler spacer with a square inlet
was kept above the DMOAP-coated glass slide, which acted as a
spacer. Later, the same volume of insulin was introduced above
the LC droplet using a micropipette. The resulting insulin-7CB
droplet was let to settle for a few seconds. Later, the sample was
sealed with a coverslip to create LC-insulin cells, as illustrated
in Fig. 2. The cells were made with concentrations ranging from
25 UM to 500 uM. A cover slip was employed to maintain the
stability of textures for a significant duration. Normal cover
slips lacking the DMOAP coating were chosen to prevent double
twisting in the arrangement of LC molecules, which could disrupt
homeotropic alignment. Coverslips were specifically used to pre-
serve texture stability on pre-coated glass slides.

2.4 Characterisation techniques

2.4.1. Polarising optical microscopy studies. Polarising
optical microscopy (POM) is a common microscopic technique
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Fig. 1 (a) Primary structure of insulin showing the amino acid sequence of chain A and chain B, (b) chemical structure of the 4-heptyl-4-

biphenylcarbonitrile (7CB) liquid crystal.
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Fig. 2 Preparation of 7CB-insulin cell.

for studying materials such as LCs. POM uses polarised light to
enhance and reveal specific properties of LCs, such as birefrin-
gence and anisotropy. It helps visualise the phase transitions
and the corresponding textures. LC can undergo phase transi-
tions such as the crystalline phase, smectic phase, nematic
phase, and isotropic phase. A Leica DM2700P (Germany) POM
was used in our optical studies. The LC-insulin cell was placed
within a hot stage (Linkam LTS420, UK) attached to the POM,
with the temperature controller linked to the hot stage to
regulate a room temperature of 20 °C. Concentrations ranging

29790 | Phys. Chem. Chem. Phys., 2024, 26, 29788-29804
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from 25 pM to 500 uM were studied using the POM. In the POM
setup, crossed polarisers were employed to examine the material.
Rotating the stage 360 degrees and observing no transmitted
light in the isotropic state revealed the optical isotropy of the
LC sample or the absence of birefringence. Optical images were
recorded using a Leica (MC170 HD) camera mounted on a
microscope. Objectives having magnifications of 10x, 20x, and
50x were used for good resolution of the pictures.

2.4.2. Molecular docking studies. Molecular docking (MD)
is a computational approach in structural molecular science

This journal is © the Owner Societies 2024
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and computer-assisted drug design. It predicts the binding
modes of a ligand to a protein of a known three-dimensional
structure and the optimal orientation, affinity, and interactions
between a ligand and a protein. This technique helps in drug
design by analysing molecular interactions.'® The 3D structure
of human insulin was obtained from the protein data bank
(https://www.resb.org/) using the PDB format ID 4EYN. The 7CB
liquid crystal, which serves as the ligand, was retrieved in the
SVG format from PubChem (https://pubchem.ncbi.nlm.nih.
gov/), PubChem CID: 170468. The ligand is flexible in molecu-
lar docking, while the protein is rigid. The data log (DLG) file
was created using Auto Dock Tool 1.5.7, containing details such
as binding energy for various docked positions, lowest binding
energy, mean binding energy, and root mean square difference
(RMSD). Discovery Studio Visualizer 2021 was utilised for
visualisation, while additional docking software programs like
protein-ligand interaction profiler (PLP) and Lingplot+ V.2.2
were employed for extracting the molecular docking data.

2.4.3. Raman spectroscopy studies. Vibrational studies of
7CB-LC interacting with human insulin were conducted using
Raman spectroscopy. The spectra were recorded using an inVia
Raman spectrometer from Renishaw (UK), equipped with
532 nm lasers and a cooled charge coupled device detector.
Concentrations ranging from 25 pM to 500 uM were analysed.
The samples were kept in a dispersed glass slide coated with
DMOAP. A Leica DM2700M microscope attached to the spectro-
meter having a magnification of a 20 x long-distance object was
used for the study. The system was calibrated by recording the
spectra at 520 cm ™" using a silicon reference. The samples were
analysed within a range of 1000-3200 cm . The samples
underwent analysis with a 20-second exposure time and a
5 mW laser power. Wire 5.5 software was employed for data
extraction, and the collected data were processed using GRAMS
software. Parameters such as peak position (PP), line width
(LW), and integrated intensity (II) were determined following
deconvolution using Lorentzian fitting.

3. Results and discussion
3.1 POM study of the 7CB-insulin interacting texture

3.1.1. Preparation of control parameters. Control para-
meters serve as a reference point or baseline against which

W

on normal GS
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experimental circumstances can be compared. It demonstrates
the consistency and accuracy of the experimental methodology.
7CB-LC on a standard glass slide and 7CB-LC on a DMOAP-
coated glass slide were used as the control parameters. DMOAP
is hydrophobic in nature. It contains a quaternary ammonium
group attached to an aliphatic octadecyl chain (C,sHssNO3SiCl).
The long alkyl chain in DMOAP is responsible for its hydro-
phobicity and regulates its interactions with surfaces. It helps
generate a homeotropic arrangement for the LCs.'"*?

(a) 7CB-LC in a normal glass slide. The optical texture of 7CB-
LC in a standard glass slide was studied using POM. A hex-
agonal texture was observed, as shown in Fig. 3(a).

(b) 7CB-LC interacting with human insulin on a normal glass
slide. 7CB-LC, while interacting with human insulin on a
normal glass slide, does not show any specific textures as
shown in Fig. 3(b). Since the glass slides were not coated with
DMOAP, LCs were poorly aligned, resulting in fewer interactions
with human insulin.

(¢) 7CB-LC on a DMOAP-coated glass slide. 7CB-LC on a
normal glass slide shows a lamellar texture under the POM,
as shown in Fig. 3(c).

(d) 7CB-LC interacting with human insulin on a DMOAP-coated
glass slide. The homeotropic arrangement of 7CB-LCs generated
by the DMOAP coating gives a better alignment for the LCs.
7CB-LC interacting with human insulin in a DMOAP-coated
glass slide generated a twisted radial texture with four schlieren
brushes and a point defect at the centre, as shown in Fig. 3(d).

3.1.2. Time and concentration study of the 7CB-insulin
complex. A time study of 7CB-LC interacting with human
insulin was conducted to study the variation of 7CB-LC under
interaction with different insulin concentrations with respect to
time. 7CB-LC, on interacting with insulin, creates director
orientations in radial, twisted radial, pre-radial and bipolar
textures, as shown in Fig. 4. Concentrations such as 25 uM,
50 uM, 100 pM, 200 pM, 300 pM, 400 uM and 500 pM were
studied for six hours, as shown in Fig. 5.

The POM analysis of blank cells shows that 7CB on a
DMOAP-coated glass slide shows a lamellar texture, as shown
in Fig. 5(a).

7CB.on DMOAP coated GS %} 7CB-insulin on DMOAP coated
¢ GS

S

50pm

& 100pm

() @

Fig. 3 (a) 7CB-LC observed on a glass slide, (b) interaction between insulin and 7CB-LC on a glass slide, (c) 7CB-LC observed on a glass slide coated with
DMOAP, and (d) formation of a twisted radial texture with 7CB-insulin on a DMOAP-coated glass slide.
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Fig. 4 Schematic representation of various kinds of director configurations observed in liquid crystal droplets in the nematic state: (a) radial having a
point defect at the centre, (b) twisted radial having a point defect at the centre, (c) pre-radial having a point defect at the corner end and (d) bipolar having

two-point defects at the corner ends.

At a concentration of 25 uM, no discernible textures were
observed initially (0 minutes). However, after 30 minutes, a
radial texture with four Schlieren brushes and a point defect at
the centre was detected, as depicted in Fig. 5(b-ii). This radial
texture persisted until 60 minutes, after which it disappeared.
On increasing the concentration to 50 uM, thread-like textures
were observed within 0 minutes. After 30 minutes, a twisted
radial texture featuring four schlieren textures with a central
point defect was detected, as illustrated in Fig. 5(c-ii). This
twisted radial texture persisted until 180 minutes, as depicted
in Fig. 5(c-iii-iv), before disappearing after 6 hours. Similar
to the observation at a concentration of 25 pM, a radial tex-
ture was observed at a concentration of 100 uM, as depicted in
Fig. 5(d).

At both 200 pM and 400 pM concentrations of insulin
interacting with 7CB-LC, as shown in Fig. 5(e) and (g), a twisted
radial texture was observed till 180 minutes. At a concentration
of 300 uM insulin, a twisted radial texture was observed at 30
minutes, as illustrated in Fig. 5(f-ii). Subsequently, this radial
texture transformed into a pre-radial texture characterised by
four Schlieren brushes and a point defect at the top corner,
as depicted in Fig. 5(f-iii). Similar to 100 pM concentration,
a radial texture was observed in the case of 500 uM insulin
concentration, as shown in Fig. 5(h).

Three main types of director orientations, such as radial,
twisted radial and pre-radial textures, were observed for insulin
concentrations between 25 uM and 500 pM. It was seen that, for
both 200 uM and 500 pM concentrations of insulin, radial
schlieren textures started to appear instantly within 0 minutes.
At concentrations exceeding 500 uM, distinct liquid crystalline
textures were not observed. Increased protein concentration
results in protein crowding or aggregation within the protein
structure. This aggregation causes steric hindrance, reducing
the protein’s interaction with LC molecules. Investigating the
interactions between liquid crystals and various protein con-
centrations is essential for enhancing the sensitivity of detec-
tion techniques. This understanding plays a pivotal role in
characterising the nature and strength of protein-liquid crystal
interactions, which is valuable for developing biosensors and
gaining insights into biological mechanisms.'*"*

3.1.3. Temperature and concentration study of the 7CB-
insulin complex. Temperature studies of the 7CB-human insulin

29792 | Phys. Chem. Chem. Phys., 2024, 26, 29788-29804

complex of different concentrations ranging from 200 uM to
500 pM were conducted in a limited range of temperature
between 22 °C to 40 °C where the LC remains in the nematic
state as shown in Fig. 6. To conduct the temperature study; the
7CB-insulin cells were placed inside a hot stage connected to the
POM. The experiments included heating at 3 °C per minute using
a hot stage and decreasing the heating rate to 0.5 °C near
transition points. No significant change in the textures was
observed below 200 uM concentration.

At a concentration of 200 pM insulin, interaction with 7CB-
LC at 22 °C results in a twisted radial texture characterised by
four schlieren brushes and a central point defect, as depicted in
Fig. 6(a-i). Upon raising the temperature to 27 °C, this twisted
radial texture transitions into a radial texture, as shown in
Fig. 6(a-ii). At temperatures around 30 °C and above, a bipolar
texture is observed, as illustrated in Fig. 6(a-iii). On increasing
the insulin concentration to 300 uM, concentric textures were
observed till 30 °C, as shown in Fig. 6(b-i and ii). By 37 °C and
above, these concentric textures were converted into a twisted
radial texture, as shown in Fig. 6(b-iii-iv). In the case of 400 uM
concentration of insulin, a pre-radial texture having four
schlieren brushes and a point defect at the top corner was
observed, as shown in Fig. 6(c-i). Increasing the temperature
above 27 °C, this pre-radial texture was converted to a twisted
500 puM, a twisted radial texture with four schlieren brushes
persisted until reaching 30.8 °C, as illustrated in Fig. 6(d-ii).
As the temperature increased to 38.5 °C, the twisted radial
textures began transitioning into a bipolar texture, and at 40 °C,
a bipolar texture was fully observed, as depicted in Fig. 6(d-iv).

The investigation of temperature dynamics in LC-protein
complexes assists in finding the appropriate temperature range
for sensor performance and identifying temperature-sensitive
regions important for certain biomolecular interactions. This
insight increases biosensor sensitivity and selectivity, allowing
for developing temperature-responsive biosensors capable
of precisely and efficiently detecting and quantifying target
molecules.

3.1.4. Selectivity, reproducibility and the detection limit.
To verify the specificity of this method, the optical signals read
out from other similar kinds of samples were evaluated under
the same experimental conditions. Protein samples such as

This journal is © the Owner Societies 2024
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Fig. 5 Various morphological textures arising from the interaction between 7CB and insulin at different concentrations: (a) 7CB alone (blank sample),
(b) 25 uM insulin, (c) 50 uM insulin, (d) 100 uM insulin, (e) 200 pM insulin, (f) 300 uM insulin, (g) 400 puM insulin, and (h) 500 pM insulin.

ascorbic acid, human serum albumin (HSA), human insulin, and with 7CB-LC were evaluated. To ensure the accuracy of this study,
a mixture of ascorbic acid, HSA, and human insulin interacting all samples were standardised to 50 uM concentration and 0.5 pL

This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 29788-29804 | 29793
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Fig. 6 POM images depicting temperature-induced changes in the morphological textures of the 7CB-insulin complex at various concentrations (a),
7CB interacting with 200 pM concentration of insulin, (b) 7CB interacting with 300 uM concentration of insulin, (c) 7CB interacting with 400 uM
concentration of insulin and (d) 7CB interacting with 500 uM concentration of insulin.

volume. Ascorbic acid interacting with 7CB-LC has no significant
selectivity, as shown in Fig. 7(a). In the case of HSA interacting
with 7CB-LC, no specific Schlieren brushes were observed, as
illustrated in Fig. 7(b). Whereas in the cases of 7CB-LC interacting
with human insulin and 7CB-LC interacting with the ascorbic
acid-HSA-insulin mixture, monochromatic optical textures were
observed.

In both cases, a twisted radial texture having four Schlieren
brushes and a point defect at the centre was observed, as shown
in Fig. 7(c) and (d). To have a more scientific point of view, the
RGB (red, green, blue) percentage values were measured as
shown in Fig. 7. The RGB percentage values of POM images
indicate that the more equal the distribution of RGB values is,
the more successful the proteins disrupt the LC molecules.
Fig. 7 shows that the RGB values are more equal in the case of

29794 | Phys. Chem. Chem. Phys., 2024, 26, 29788-29804

insulin interacting with 7CB-LC.'® These results show that
human insulin shows enough selectivity towards 7CB-LC.
Due to insufficient facilities for disposing of biohazards, our
experiments were restricted to commercial samples.

POM observations indicate that no discernible textures were
evident when human insulin interacts with 7CB-LC at concen-
trations below 25 pM. This implies that concentrations below
25 uM do not disturb the organised molecular arrangement of
the LC. Therefore, the proposed prototype biosensor is observed
to have a detection limit of 25 uM.

The concentrations were tested three times under the same
experimental conditions, yielding comparable optical images
and thus demonstrating partial reproducibility in the recorded
results. Multiple measurements (3 times) were taken using
Image] software to calculate the average grey-scale intensity

This journal is © the Owner Societies 2024
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Fig. 7 POM images showing (a) the interaction between 7CB-LC and ascorbic acid, (b) the interaction between 7CB-LC and HSA forming a schlieren
texture, (c) human insulin interacting with 7CB-LC forming a twisted radial texture, and (d) the interaction of a protein mixture (ascorbic acid, HSA and
insulin) with 7CB-LC forming a twisted radial texture, along with their respective RGB values.
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Fig. 8

(a) The calibration curve for HI demonstrates a strong positive correlation between insulin concentrations and its mean grayscale (Gl) values, with

an R? value of 0.97279, (b) for ascorbic acid, the calibration curve shows an R? value of 0.80759, (c) the calibration curve for HSA presents an R? value of
0.41068, and (d) the calibration curve for the protein mixture reveals an R? value of 0.92751.

(GI) within POM pictures to quantify the performance of the LC
biosensor. Fig. 8 illustrates the calibration curve, which dis-
plays the average GI versus insulin concentration values ranging
from 50 puM to 500 puM. This association was linear over the
wide concentration range, with a significant correlation value

(R?) of 0.97279.

This journal is © the Owner Societies 2024

To confirm the specificity of human insulin detection, an
interference study was conducted by analyzing the interactions
of other proteins with 7CB-LC. The POM images of ascorbic
acid, HSA, and a protein mixture (concentrations ranging
from 50 uM to 400 uM) were captured (Fig. S1, ESIf), and

GI calibration graphs were plotted, as shown in Fig. 8(b)—(d).
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Results indicated that the R* values for 7CB-ascorbic acid
(0.80759) and 7CB-HSA (0.41068) interactions were relatively
lower, demonstrating limited specificity. In contrast, the 7CB-
protein mixture containing human insulin yielded a signifi-
cantly higher R value of 0.92751, confirming its specificity for
quantitative analysis. Table 1 illustrates how our biosensor
differs from previously reported label-free biosensors.

3.2 Molecular docking study of 7CB-LC interacting with
human insulin

Molecular docking can be considered as an optimisation pro-
blem, with the objective of determining the best-fit orientation
of a ligand that binds to a specific protein. This technique
entails altering the arrangement of both the protein and ligand
to reach an ideal fit, similar to a “hand-in-glove”” analogy rather
than a “lock-and-key” paradigm.® In the case of 7CB-LC human
insulin docking, 7CB is the ligand, which is flexible and human
insulin is the rigid protein. Docking studies reveal the minimum
binding energy site between the ligand and the protein, provid-
ing insights into their interaction and aiding in understanding
the formation of specific textures observed under POM. Different
types of molecular docking methods exist, such as geometric
matching, stimulation-based, fragmentation, and conforma-
tional ensemble methods.”’ Among these methods, we follow
the simulation-based method in which the protein and ligand
are prepared using docking software. This method allows the
ligand to find its minimum binding energy position at the
protein active site through conformational changes. This kind
of blind docking approach was used in our study for a flexible
docking between 7CB and insulin. An in-depth detailed explora-
tion of the docking mechanism is given in the ESI,{ Section S1.

The human insulin structure obtained from the protein data
bank consists of four chains: A, B, C, and D. Among the four
chains, only chain B was considered for docking. By utilising a
single chain, the docking process is streamlined, allowing for a
more targeted examination of a particular protein structure
without the added complexity of multiple chains. Blind docking
was conducted using Auto Dock tool 1.5.7, which generated
a data log (DLG) file containing all the details regarding the
7CB-insulin docking. Among the binding sites, the minimum
binding energy site having an energy of —6.62 keal mol " was
considered for docking.

7CB-LC docked at the minimum binding energy site of
insulin chain B is shown in Fig. 9(a). Numerous amino acid
residues of human insulin were found around the 7CB ligand
docking site (Fig. S2, ESIt), among which amino acid residues
such as arginine (Arg) 22, cysteine (Cys) 19, phenylalanine (Phe)
25 and leucine (Leu) 15 of insulin were found to form inter-
actions with 7CB at the minimum binding energy site as shown
in Fig. 9(b). The amino acid residue arginine (Arg) 22 of human
insulin formed a m-alkyl interaction with the first benzene ring
of 7CB-LC, having a bond distance of 5.84 A, as shown in
Fig. 9(c). In addition to this, phenylalanine (Phe) 25 formed a
n-7 stacking having a bond distance of 4.61 A with the second
benzene ring of the 7CB ligand. The amino acid residue leucine
(Leu) 15 formed an alkyl interaction having a bond distance of

29796 | Phys. Chem. Chem. Phys., 2024, 26, 29788-29804

Table 1 The performance of existing label-free biosensors for the detection of human insulin

Ref.

Detection limit

Linear range

Sample

Type of biosensor

17

2.247 pmol L™ "

2.247-674.1 pmol L™*
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Fig. 9 (a) 7CB docked in the minimum binding energy site of human
insulin, (b) amino acid residues surrounding 7CB-LC in the minimum
binding energy site of human insulin visualised using a discovery studio
visualiser (DSV), and (c) 2-dimensional representation of 7CB-LC docked
with human insulin and all possible types of interactions made by the
nearby amino acid residues.

4.94 A with the Cy5 carbon atom of the 7CB ligand. Cysteine
(Cys) 19 formed a m-alkyl interaction with both benzene rings of
7CB-LC, with a bond distance of 5.38 A to the first benzene ring
and 5.83 A to the second benzene ring, as illustrated in Fig. 9(c).

All possible hydrophobic interactions made by the amino
acid residues of human insulin surrounding the 7CB ligand
are shown in Table 2 and Fig. 10(b). The amino acid reside
phenylalanine (Phe) 25 forming a n-stacking interaction

This journal is © the Owner Societies 2024
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Table 2 Hydrophobic interactions
Residue Distance Ligand Protein
no Residue type (A) atom atom
15B Leucine (Leu) 3.34 329 141
22B Arginine (Arg) 3.77 322 212
24B Phenylalanine (Phe) 3.20 327 245
25B Phenylalanine (Phe) 3.86 335 260
25B Phenylalanine (Phe) 3.83 334 262
25B Phenylalanine (Phe) 3.56 321 261
26B Tyrosine (Tyr) 3.25 338 272

between human insulin and the 7CB ligand is shown in
Table 3. Amino acid residues such as leucine (Leu) 15, arginine
(Arg) 22, phenylalanine (Phe) 24,25 and tyrosine (Tyr) 26 were
found to form hydrophobic interactions. In addition to this,
van der Waals interactions were observed to be formed by
amino acid residues such as phenylalanine (Phe) 24, leucine
(Leu) 11, threonine (Thr) 27, tyrosine (Tyr) 26, proline (Pro) 28
and glycine (Gly) 23 as shown in Fig. 9(c).

In addition to hydrophobic interactions, properties such as
aromaticity, H-bonds, solvent accessible area (SAS) and hydro-
phobicity were measured, as shown in Fig. 11. Aromatic inter-
actions play a crucial role in influencing the binding affinity of
ligands to proteins. They stabilise complexes, improve specifi-
city, serve as binding hot spots, contribute energetically, and
provide structural stability.>”> Aromatic amino acid residues
such as phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp),
and histidine (His) in the protein show aromatic properties
towards the ligand in molecular docking. As shown in Fig. 11(a),
amino acid residues phenylalanine (Phe) 15, leucine (Leu) 15
and arginine (Arg) 22 showed aromatic properties around the
7CB ligand. Among these, phenylalanine (Phe) 15 was found to
form an edge-to-face interaction with the 7CB ligand. In this type
of interaction, the edge of one aromatic ring of Phe (15) aligns
with the face of another aromatic ring of the 7CB-ligand.*® Other
types of aromatic interactions in protein-ligand docking include
n-n stacking, CH-7 stacking and face-to-face n-stacking.>*

Fig. 11(b) shows the H-bonds observed around the 7CB-
insulin binding site. It can be seen that only the amino acid
residue phenylalanine (Phe) 15 was found to be an H-bond
donor in nature. Hydrogen bonds identified within ligand-
protein binding sites are crucial in dictating the binding
affinity and specificity of the interaction. They play a major
role in the disruption of hydrogen bonds within the water
molecules and the establishment of fresh hydrogen bonds
between the protein and the ligand, thereby influencing the
strength and selectivity of binding interactions.>*°

Solvent-accessible surface (SAS) is vital in protein-ligand
interactions, measuring amino acid exposure to the surround-
ing environment, encompassing both the solvent and protein
core. It aids in understanding how molecular interactions are
influenced by the accessibility and arrangement of amino acids
within the protein structure. The reduction in ligand SAS upon
binding is a crucial indicator of ligand burial within the
binding pocket. SAS calculations are important for elucidat-
ing protein-ligand interactions, enabling the identification of
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Fig. 10 (a) 3-Dimensional visualisation of the 7CB ligand docked at the minimum binding energy site of human insulin. (b) Hydrophobic interaction

made by human insulin docked with 7CB visualised using Ligplot + V 2.2.

Table 3 =-Stacking

Residue no. Residue type Distance (A)

Angle Stacking type Ligand atoms

25B Phenylalanine (Phe) 4.48

binding sites, estimation of binding affinities, and advance-
ment of novel sampling algorithms for molecular design.>”"*®
In the case of 7CB-insulin docking, amino acid residues such as
phenylalanine (Phe) 15, leucine (Leu) 15 and arginine (Arg) 22
showed SAS properties, as shown in Fig. 11(c).

Hydrophobic interactions between the hydrophobic regions
of proteins and ligands enhance the stability and specificity of
the binding complex in molecular docking. The hydrophobic
effect, stemming from the behaviour of hydrophobic molecules
to cluster in water-based surroundings, is crucial in governing
protein-ligand interactions.>*® In the case of 7CB-insulin
docking, amino acid residues such as phenylalanine (Phe) 15
and leucine (Leu) 15 were found to be hydrophobic and
arginine (Arg) 22 hydrophilic, as shown in Fig. 11(d).

Molecular docking complements the POM studies since it
provides detailed insights into the molecular-level interaction
between proteins and ligands. Docking offers insights into
ligand binding sites, identifies the interactions occurring at
these sites, and facilitates the visualisation of ligand-protein
binding on a molecular scale. It helps identify the change in the
position of 7CB tail ends at which the amino acid residues

29798 | Phys. Chem. Chem. Phys., 2024, 26, 29788-29804
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of the insulin interact. Raman studies are conducted to learn
more about the segmental mobility of different parts of LC and
changes happening in the core and terminal changes due to
insulin interactions. Raman studies provide structural information
regarding conformational changes and changes in vibrational
modes that 7CB-LC undergoes on docking with different concen-
trations of human insulin.

3.3 Investigation of the 7CB-human insulin complex using
Raman spectroscopy

Conformational and structural alterations in the vibrational
modes of 7CB-LC induced by various concentrations of human
insulin are investigated using Raman spectroscopy. The analy-
sis includes examining shifts in the peak position, changes in
the line width, and variations in intensity. The peak position in
the Raman spectrum corresponds to the specific vibrational
mode of the molecule. It gives information regarding the
energy linked with each vibrational mode. The frequency of
the Raman peak is directly related to the energy of the vibra-
tional mode. This relationship between the frequency of the
Raman peak and the energy of vibrational mode in the Raman

This journal is © the Owner Societies 2024
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Fig. 11 Schematic of (a) aromaticity, (b) H-bonds, (c) solvent-accessible area (SAS), and (d) hydrophobicity exhibited by the human insulin (chain B)

docked with 7CB-LC (visualised using DSV).

spectra helps identify vibrations in specific functional groups.
The peak position acts as a fingerprint for each sample.**
Line width in the Raman spectra provides information about
a change in the lifetime, energy distribution and broadening of
vibrational modes with respect to a change in the concentration
of the sample. Integrated intensity in the Raman spectra helps
measure the amount of light scattered by the sample at a
specific frequency of vibrations. It measures the overall magni-
tude of a specific vibrational mode in the Raman spectra.’?
Measuring integrated intensity provides insights into the
change in structural characteristics that the sample undergoes
with respect to the change in the concentration of the sample.*
The Raman spectra of pure 7CB-LC show that major
peaks were observed at wavelengths 1180 cm™', 1287 cm ™/,
1525 cm™ %, 1608 cm ™1, 2223 em™* and 2848 cm ™, as shown in
Fig. 12(a). Changes in the Raman spectra of 7CB-LC on adding
different concentrations of insulin, such as 25 pM, 50 pM,
100 pM, 200 pM, 300 pM, 400 pM, and 500 pM, are shown in
Fig. 12(b). For a detailed analysis, the spectral regions were
segmented into three intervals: a vibrational region of 1160 cm™"
to 1320 cm ™', a vibrational region of 1580 cm™ " to 2235 cm ™!,
and a vibrational region of 2853 cm ™" to 3000 cm . A detailed

This journal is © the Owner Societies 2024

mechanism exploration of Fig. 12 is given in Section S2 in
the ESLf

3.3.1. Study of Raman parameters in the spectral region
1160-1320 cm~'. Two prominent peaks were observed in the
spectrum of 7CB-LC between 1160 and 1320 cm'. The first
peak appears at 1180 cm ', and the second peak was observed
at 1288 cm™ ', as illustrated in Fig. 13(a). These peaks within the
1160 to 1320 cm ' range are attributed to the in-plane
deformations of C-H bonds within the aromatic rings.** 7CB-
LC, when interacting with insulin, causes minor shifts in these
peaks, as shown in Table 4. This shift in the peak position (PP)
of 1180 cm™* was due to the C-H in-plane deformations in the
presence of phenylalanine (Phe) amino acid in human insulin.
The peak position (PP) shift of 1287 cm ™" was observed due to
the influence of amide III bands present in insulin.*®

For lower concentrations ranging from 25 uM to 100 pM, the
shift in PP was towards a higher frequency. However, for
concentrations between 200 pM and 500 pM, the PP shift
moved towards a lower frequency, as illustrated in Fig. 13(a).
This shift in PP happens because the molecule’s vibrational
behaviour is affected when the sample’s concentration
changes. This difference in vibrational behaviour changes the
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LC, (b) 25 uM, (c) 50 pM, (d) 100 uM, (e) 200 pM, (f) 300 pM, (g) 400 pM, and
(h) 500 uM.

interaction between the LC and insulin, leading to a shift in PP.
A variation in the chemical environment and molecular inter-
actions can cause a change in vibrational energy, which leads to
a shift in PP.

The linewidth (LW) analysis reveals a gradual decrease in the
LW for the 1180 cm ™~ peak till 400 pM concentration of HI, and
beyond which it increases. Similarly, for the 1287 cm ™" peak, a
decrease in the LW was observed until a concentration of 100
uM, beyond which it remained constant, as shown in Fig. 14(b).
A decrease in the LW indicated that the sample has a well-
defined isolated vibrational mode. The increase in the LW
indicated the broadening of the LW due to the change in
molecular interactions and vibrational energy resulting from
different sample concentrations.

Integrated intensity (II) analyses of the peaks in this range
reveal a consistent trend. Since there were changes in the
background as we vary concentrations, the intensities were
normalised to understand the relative intensities of peaks
at different concentrations. The normalised intensities were
treated as percentage contributions and were termed integrated
intensities. The II initially decreases up to 50 pM, then increases to
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200 pM concentration of HI. Subsequently, there is another
decrease until 400 pM, followed by an increase till 500 pM. These
trends are represented in Fig. 14(c).

3.3.2. Study of Raman parameters in the spectral region
1580-2235 em ™ '. Three prominent peaks were observed in the
spectral range of 1580-2235 cm ™' of 7CB-LC. The first and
second peaks observed at 1525 cm ™' and 1608 cm ™, as shown
in Fig. 13(b) and (c), are due to the stretching of C-C in the
aromatic rings.>* The third peak observed at 2223 cm ™', as
shown in Fig. 13(d), is assigned to the cyano (C=N) stretching
observed in 7CB-LC. 7CB-LC, when interacting with insulin,
showed a shift in these peaks, as shown in Table 4.

The alteration in the PP at 1525 cm ™" is attributed to the
presence of amide II bands, specifically involving C-C stretch-
ing within insulin. The change in the PP at 1608 cm "' corre-
sponds to the stretching of aromatic ring (C-C) bonds,
indicative of the phenylalanine (Phe) amino acid in insulin.
Additionally, the shift in the PP at 2223 cm ™" is due to the
stretching of the cyano (C=N) group in the presence of
insulin. A shift in the PP towards a higher frequency range
was observed up to 100 uM concentrations of HI, beyond which
the PP shifts towards a lower frequency, as illustrated in
Fig. 13(b)-(d) and Table 4. LW analysis of 1525 cm™" shows
an increase in the LW till 100 uM, beyond which it decreases.
In the LW analysis of 1608 cm™ ", a decline in the LW is noted
up to a concentration of 300 pM. Beyond this concentration,
up to 400 pM, the LW increased, as depicted in Fig. 14(b).
Subsequently, from 400 pM to 500 pM concentration, the LW
decreased once more. LW analysis of 2223 cm ' shows an
increase in the LW till 100 pM, beyond which it decreases till
300 pM and increases afterwards. The II analysis of the three
peaks within this range demonstrates a consistent pattern
similar to what was observed in the vibrational region spanning
1160 to 1320 cm ™" and is illustrated in Fig. 14(c). The consis-
tent pattern observed in the range from 1160 to 2223 cm™* can
be attributed to the composition of the 7CB-LC core, as
indicated in Table 4. This core portion of 7CB-LC exhibits
higher organisation levels than the terminal tail. When inter-
acting with varying insulin concentrations, the core undergoes
reorientation to achieve a more favourable configuration.

3.3.3. Study of Raman parameters in the spectral region
2853-3000 cm ™ *. Three prominent peaks were observed in the
region 2853-3000 cm™ ', as shown in Fig. 13(e). The two initial
peaks detected at 2848 cm ™' and 2884 cm ™' arise from the
symmetric stretching of C-H bonds within the aliphatic chains,
specifically representing the CH, groups. The third peak at
2930 cm ! corresponds to the asymmetric stretching of C-H
bonds within aliphatic chains, associated explicitly with CH;
groups. A shift in these peaks when interacting with insulin is
observed due to the presence of phenylalanine (Phe) in insulin.

For the case of 2848 cm ™', a rise in the peak position (PP)
and linewidth (LW) was observed until reaching 100 puM, after
which they decreased. Subsequently, from 300 pM to 400 puM,
there was a noticeable increase in both the PP and LW, followed
by a decrease thereafter, as depicted in Fig. 13(e) and 14(a).
In the case of 2884 cm %, an increase in the PP is observed until

This journal is © the Owner Societies 2024
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Fig. 13 Change in the peak position for different concentrations of the 7CB—insulin complex observed for the regions: (a) vibrational region 1160—
1320 cm™%, (b) vibrational region 1510-1540 cm™?, (c) vibrational region 1580-1650 cm™?, (d) vibrational region 2215-2235 cm™ and (e) vibrational
region 2853-3000 cm ™.

it reaches 50 pM. Beyond this concentration, the PP shifts a shift towards higher frequencies in the PP, as illustrated in
towards lower frequencies. However, beyond 400 uM, there is  Fig. 13(e). Regarding the peak at 2884 cm ™, the LW and II both
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Table 4 Interpretation of Raman vibrational bands observed in the Raman spectra of the 7CB-LC and the 7CB—insulin combinations
Pure 7CB-LC Band assignment 7CB-LC bonded with insulin concentrations Band assignment for the 7CB-human insulin
(Av) em™* for pure 7CB-LC (25 pM, 50 pM, 100 pM, 200 pM, 300 pM, complex
400 puM, and 500 pM) (Av) em™*
1180 Aromatic C-H 1180.19, 1180.13, 1180.24, 1179.82, 1179.95, Aromatic C-H in-plane deformation in the
in-plane deformation 1179.94, and 1179.97 presence of phenylalanine (Phe)
1287 1(C-C) of biphenyl 1287.20, 1286.59, 1286.95, 1286.96, 1286.74, Amide III bands (involves significant C-N
1286.85, and 1286.94 stretching, N-H bending and C-C stretching)
1525 1/(C-C) of 1525.51, 1525.58, 1525.54, 1525.40, 1525.31, Amide II bands (involves significant C-N
aromatic rings 1525.39, and 1525.39 stretching, N-H bending, and C-C stretching)
1608 1(C-C) of 1608.46, 1608.43, 1608.43, 1608.29, 1608.18, 1(C-C) of aromatic rings in the presence of
aromatic rings 1608.34, and 1608.26 phenylalanine (Phe)
2223 Y(C=N) 2223.25, 2223.44, 2223.42, 2223.23, 2223.15, Y([C=N)
2223.18, and 2223.20
2848 v-s(C-H) in 2848.71, 2848.62, 2864.51, 2848.83, 2848.84, 1-s(C-H) in aliphatic chains (CH,) along with
aliphatic chains 2867.62, and 2848.20 phenylalanine (Phe) in insulin
2884 v-s(C-H) in 2882.57, 2885.49, 2883.69, 2877.86, 2876.92, 1~-s(C-H) in aliphatic chains (CH,) along with
aliphatic chains 2882.89, and 2886.65 phenylalanine (Phe) in insulin
2930 v-as(C-H) in 2936.35, 2940.58, 2936.61, 2930.57, 2922.84, v-as(C-H) in aliphatic chains (CH;) along with

aliphatic chains

2951.58, and 2946.01

v - stretching, v-s — symmetric stretching, and »-as - asymmetric stretching.
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show a similar trend, as shown in Fig. 14(b) and (c). A decrease
in the LW until 100 uM was observed, after which it increased.
Subsequently, it starts decreasing again from 300 pM and
increases above 400 M. A trend similar to the LW was observed
in the case of II, as shown in Fig. 14(c).

The PP analysis of the peak 2884 cm ™' shows an increase in
the shift to a higher frequency range till 50 uM, beyond which it
decreases and then increases on reaching 400 uM concen-
tration of HI. A trend opposite to 2848 cm™' was observed in
the case of the LW and II analysis of 2884 cm ™', as shown in
Fig. 14(b) and (c). A similar trend in frequency shift was
observed in the PP analysis of the peak at 2930 cm ™', as shown
in Table 4. The peak at 2930 cm ™" occurs due to the asymmetric
stretching of (C-H) in aliphatic chains (CH;) along with phenyl-
alanine (Phe) in insulin. The observed trends in the II across
this region can be explained by the composition of the alipha-
tic chains within the 7CB-LC, as detailed in Table 4. These
terminal tails undergo reconfiguration in response to inter-
actions with varying concentrations of human insulin, thus
demonstrating the observed patterns. The LW increases gradu-
ally till 400 uM and decreases beyond it, as shown in Fig. 14(b).
The II analysis shows that II increases till 50 uM concentration
of HI and beyond which it decreases till 200 pM. An increase in
II was observed till 400 pM, which decreases upon reaching a
higher concentration, as shown in Fig. 14(c). Raman studies
reveal that the aliphatic chains of 7CB-LC are highly sensitive
to human insulin concentrations. This is demonstrated by
irregular changes in the integrated intensity data beyond the
2853 cm™~ ' range.

4. Conclusion

In this study, a novel prototype for label-free detection of human
insulin detection using a 7CB-liquid crystal is developed. 7CB,
when interacting with human insulin on a DMOAP-coated glass
substrate, showed a distinct director orientation for different
concentrations of human insulin. Concentrations ranging from
25 uM to 500 pM were studied under a polarising optical micro-
scope, and textures such as radial, twisted-radial, pre-radial and
bipolar were observed. A selectivity study conducted using Image J
analysis showed a positive correlation graph between the average
grey scale index and the insulin concentration, having an R* value
of 0.97279. Molecular docking and Raman spectroscopy studies
conducted for different concentrations of human insulin interact-
ing with 7CB-LC showed that the aliphatic chains and the biphenyl
rings of 7CB-LC undergo symmetric and asymmetric stretching in
the presence of amino acid residues such as phenylalanine (Phe)
present in human insulin. A change in the peak position, line
width and integrated intensity in the 7CB-LC spectra was observed
due to the interaction of human insulin. Raman studies indicate
that the aliphatic chains of 7CB-LC exhibit greater sensitivity to
human insulin concentrations, as evidenced by the irregular
changes in the integrated intensity data beyond the 2853 cm™"
range. A detection limit of 25 uM was observed for the proposed
prototype, which is a limitation since it does not meet the required
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detection limit. This study provides a unique way of utilising 7CB-
LC for human insulin detection using both time and temperature
sensing methods. It was observed that among all the LC sensors
existing for human insulin detection, 7CB-LC shows better stability
and visualisation in terms of the labelfree detection method
since it shows significant LC-human insulin interaction textures
with respect to both time and temperature. However, efforts are
ongoing to enhance the biosensor to meet essential detection
criteria, aiming for achieving improved performance in upcoming
experiments.
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