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Liquid crystal-based optical platform for the
detection of colon and breast cancer cell lines
using folic acid-conjugated gold nanoparticles
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In the present study, we report for the first time a liquid crystal-based biosensor for the highly sensitive and
specific detection of colon and breast cancer cells using folic acid-conjugated gold nanoparticles
(FA@QGNPs) as the recognition element. FAQGNPs were immobilized on a glass substrate coated with
N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP), which induces homeotropic
alignment of the liquid crystal molecules. Folate receptors, which are overexpressed in various cancer
types, including colon and breast cancer cells, facilitate the selective binding of these cells to FAQGNPs.
This binding event disrupts the vertical alignment of the liquid crystal molecules, causing a distinct transi-
tion from a dark to a bright state, which is observable via polarizing optical microscopy. Quantitative analy-
sis of the cancer cells was performed by calculating the average grayscale intensity of the optical images,
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demonstrating that the proposed cell detection platform can sensitively detect individual cancer cells. The
proposed liquid crystal biosensor utilizing FAQGNPs as the detection element offers a simple, cost-effec-
tive, label-free platform with exceptional specificity and sensitivity for early cancer detection. This novel ap-
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proach holds significant potential for the development of advanced diagnostic tools in oncological
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1. Introduction

For many decades, research has been directed to developing
new techniques in cancer research, mainly in the area of
early-stage detection, enabling early cancer therapy, which
will help reduce the mortality rate. According to the World
Health Organization 2020 report, ~20 million people are diag-
nosed with cancer, with ~10 million deaths annually." Colon
cancer and breast cancer are the leading causes of cancer-
related deaths worldwide.>® The early-stage detection of any
cancer is very important to reduce the mortality rate. Tradi-
tional methods for colon cancer detection frequently involve
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invasive procedures, which may lack the sensitivity needed
for early diagnosis. Hence, there is a demand for the develop-
ment of novel, non-invasive diagnostic techniques that offer
high sensitivity and specificity.

In recent years, biosensors have emerged as a promising
tool for the detection of different types of cancer.”” Among
the biosensing platforms reported recently, liquid crystal-
based biosensors have attracted great attention due to their
unique properties such as the ability to translate molecular
interactions into optical signals. In the past two decades, re-
searchers have devoted significant efforts to fabricating liq-
uid crystal-based biosensors for the detection of diverse
analytes such as multiple viral respiratory viruses,® HBD-2
(human pB-defensin-2),° sulfadimethoxine,’® DNA,"" patho-
gens,'? glucose,"® cecropin B,'*'*> dopamine,'® bovine serum
albumin (BSA),"” cholesterol,"® and malathion.” However,
despite the versatility and promise of liquid crystal-based bio-
sensors, there remains a noticeable gap in reported studies
specifically on cancer cell detection. H. Pourasl et al. reported
the detection of HER-2 cancer biomarkers using human epi-
dermal growth factor receptor-2 (ref. 20) and Hassanein et al.
detected the cancer biomarker CA125 based on lyotropic
chromonic liquid crystals.>" C. Tsung-Keng et al. proposed a
liquid crystal biosensor for the label-free detection of a single
circulating tumor cell** and H. Su et al. developed a biosensor
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for the detection of the cancer biomarker CA125.>* These liquid
crystal-based biosensors offer several advantages such as label-
free detection with high sensitivity and potential for miniaturi-
zation, making them suitable for diagnostics.

Folic acid (FA) is a small molecule ligand with high affin-
ity for the folate receptors present cancer cells. It has been re-
ported that folate receptors are overexpressed on cancer cells,
which hints that folic acid is suitable as a recognition
agent.”»* It is has also been reported that folate receptors
are expressed in breast, colon, ovarian, cervical and endome-
trial cancers.”*?’

HT-29 cells have been widely reported to overexpress folic
acid receptors. Studies, such as Kalli et al. (2008), have dem-
onstrated that FR expression is elevated in colorectal cancer,
including HT-29 cells, making them an appropriate model
for folic acid-based targeting approaches in both therapeutic
and diagnostic applications®® (Kalli KR, et al., 2008, Clinical
Cancer Research). Alternatively, although MDA-MB-231 cells
have FR, studies such as Lu et al. (2013) have reported detect-
able levels of folic acid receptor-alpha (FR-o)) under specific
experimental conditions, indicating their utility for folic acid-
based targeting® (Lu Y, et al, 2013, Cancer Letters). More-
over, receptor-mediated uptake has been demonstrated for
folic acid-functionalized nanoparticles in MDA-MB-231 cells,
supporting their suitability for these studies.

The integration of liquid crystal technology with these rec-
ognition agents offers several advantages for the detection of
colon and breast cancer, which provides a label-free and sim-
plified detection process at reduced cost.

This research focuses on the development and application
of a liquid crystal-based biosensor for the detection of colon
cancer cells. By harnessing the specific molecular interac-
tions between cancer biomarkers and recognition elements
immobilized on the biosensor surface, this platform aims to
provide a sensitive and rapid detection method for colon can-
cer cells and breast cancer cell in biological samples.

Herein, we present a novel liquid crystal-based cell detec-
tion platform designed for the detection of colon cancer and
breast cancer cells. The cell detection platform utilizes folic
acid-functionalized gold nanoparticles (FA@GNP) as recogni-
tion elements, which have high affinity and specificity to-
wards colon and breast cancer cells overexpressing folate re-
ceptors. The unique optical properties of liquid crystals allow
the real-time monitoring of interactions between FA@GNP
and the target colon and breast cancer cells, enabling rapid
and sensitive detection. In this paper, we discuss the process
for the fabrication of the liquid crystal-based cell detection
platform, the optimization of FA@GNP as the recognition ele-
ment, and the evaluation of the cell detection platform per-
formance in detecting colon and breast cancer cells under a
polarizing optical microscope. Furthermore, its potential as a
promising tool for early-stage cancer diagnosis is
highlighted.

Overall, the development of this liquid crystal-based cell
detection platform represents a significant advancement in
the field of cancer diagnostics, offering a sensitive, label-free,
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and real-time detection platform for the early detection of
cancer cells. Liquid crystal molecules are highly responsive to
changes in their environment, including temperature, electric
field, and surface interactions. Liquid crystal-based biosen-
sors have gained significant attention in recent years due to
their sensitivity, versatility, and potential for the real-time
monitoring of various biological molecules. These biosensors
employ the unique properties of liquid crystals to transduce
biological interactions into measurable signals.

2. Experimental
2.1 Materials

The nematic liquid crystal (LC) 4-cyano-4-pentylbiphenyl (5CB),
N,N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl ~chloride
(DMOAP), gold(m) chloride trihydrate (HAuCl,), sodium trisodium
citrate, dimethyl sulfoxide (DMSO), 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDC), and N-hydroxysuccinimide
(NHS) were obtained from Sigma-Aldrich. The commercial colon
cancer cell line HT-29 was provided by Skanda Life Sciences, Ban-
galore. The commercial breast cancer cell line MDA MB 231 was
provided by the National Centre for Cell Science, Pune. Ultrapure
water was used throughout the experiments.

2.2 FA@GNP formulation

For the detection of cancer cells, folic acid binds to the sur-
face of GNPs, and a schematic illustration of FA conjugation
on the surface GNPs is shown in Fig. 1. In the first step,
GNPs were synthesized using a modified method reported by
D. Wenchao et al*® The synthesized GNPs were coated by
PVP polymer, which is amphipathic in nature. The hydropho-
bic end of PVP polymer initially binds to the surface of GNPs
and its hydrophilic end remains free in the medium, which
is then reacted with EDC. EDC acts as a crosslinking agent
with free amine groups on the surface of GNPs. In the second
step, folic acid is activated by EDC/NHS, and due to this, the
stable NHS-ester is formed. Finally, when the NHS-ester moi-
ety interacts with the free amine group present on the PVP-
coated GNPs, it forms amide bond and coupling occurs to ob-
tain FA@GNPs.
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Fig. 1 Schematic of FA conjugation on the surface of GNPs.
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2.3 Preparation of LC cell substrate

To prepare the sensing substrate, a series of cleaning and dec-
oration steps was followed. Firstly, glass substrates were
cleaned using a piranha solution, which was prepared by
adding 30 mL of concentrated H,SO, to 10 mL of H,0,. The
glass substrates were immersed in the solution for 1 h, and
then rinsed thoroughly three times with distilled water, and
stored at 110 °C overnight to ensure complete drying. Subse-
quently, the cleaned glass slides underwent decoration with di-
methyloctadecyl[3-(trimethoxysilyl)propylJammonium chloride
(DMOAP). This involved immersing the glass slides in an aque-
ous solution containing 0.4% (v/v) DMOAP at room tempera-
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ture for 1 h, followed by rinsing three to four times with dis-
tilled water. Then the slides were heated at 110 °C overnight to
facilitate uniform surface modification and stored under dry
conditions for further use. To fabricate the sensing substrate
for cancer cell detection, 0.5 mL of a folic acid-functionalized
gold nanoparticle (FA@GNP) solution was drop-cast onto the
DMOAP-coated glass slides and allowed to dry overnight at
room temperature. After drying, the slides were rinsed with
distilled water to remove any unbound nanoparticles, ensuring
a selective FA@GNP layer for subsequent interactions. For can-
cer cell detection, varying concentrations of colon cancer cells
ranging from 1 pL to 10 pL (approximately 5-8 cell per uL), as
well as a high-density concentration of 1 uL (10000 cells per
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Fig. 2 Schematic of the preparation steps of the liquid crystal cell detection platform for cancer cell detection.
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uL), were drop-cast onto the FA@GNP-decorated glass sub-
strates. Similarly, breast cancer cells ranging from 1 pL to 10
pL (5-8 cell per uL) were drop-cast onto the FA@GNP-deco-
rated glass substrates. The cells were incubated on the sub-
strates for 2 h, allowing specific binding interactions, after
which the slides were rinsed with distilled water to remove un-
bound cells and dried at room temperature. The liquid crystal
(LC) cell was prepared by assembling two glass slides spaced
with a 20 pum Mylar spacer and sealed with araldite glue. The
top glass slide was modified with DMOAP, while the bottom
slide was decorated with cancer cells and FA@GNPs as the
sensing substrate. An additional LC cell was fabricated by
spacing a DMOAP-decorated glass slide and an FA@GNP-
coated sensing substrate with a 20 um Mylar spacer, and
sealed similarly with Araldite glue. To ensure consistency, the
spacing was verified using a micrometer screw gauge. Nematic
liquid crystals (NLCs) were then drawn into the LC cell via cap-
illary action above the NLC isotropic transition temperature,
achieving homogeneous filling. Optical images of the assem-
bled LC cells were captured under crossed polarizers using a
polarized optical microscope equipped with a digital camera
(Fig. 2).*"

2.4 Detection principle of cell detection platform

The sensing mechanism of the proposed liquid crystal cell de-
tection platform for the detection of breast cancer cells and
colon cancer cells is illustrated schematically in Fig. 2. For the
fabrication of the cancer cell detection platform, the sensing
substrate was prepared by coating FA@GNPs on a DMOAP-
coated glass plate. Coating of DMOAP provides vertical
homeotropic alignment to the liquid crystal molecule, which
results in a dark background in POM (Fig. 2(A)). Then, differ-
ent concentrations of colon cancer cells and breast cancer
cells were drop-cast on the sensing substrate. It has been re-
ported that folate receptors (FRa, FRb and FRc) are cysteine-
rich cell-surface glycoproteins that bind folate with high affin-
ity.>> Due to the overexpression of folate receptors on colon
and breast cancer cells, these cancer cells bind to the folate-
conjugated GNPs. After the specific binding between the
folate-conjugated GNPs and cancer cells, the surface morphol-
ogy of the sensing substrate changes greatly and disturbs the
orientation of the LC molecules (Fig. 2(B) and (C)).

2.5 Characterization

The optical absorption spectra of GNPs and folate-conjugated
GNPs were recorded using a JASCO V-670 UV-vis spectropho-
tometer. Zeta potential was measured using a Malvern
Zetasizer 7.13 version. Transmission electron microscopy
(TEM) was conducted on GNPs and folate-conjugated GNPs
using a TECNAI G220 instrument equipped with EDS attach-
ment, operated at 200 kV. The interaction between GNPs and
folate-conjugated GNPs was investigated through transmis-
sion Fourier-transform infrared (FTIR) spectroscopy using a
JASCO FT/IR 6100 series instrument. Analysis of the align-
ment and uniformity of the liquid crystal (LC) molecules was
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studied using a polarizing optical microscope (POM), specifi-
cally an Eclipse Ci-POL by Nikon Corporation, configured
with a crossed polarizer-analyzer arrangement. POM images
were captured using a CCD camera.

The surface topology of the substrate assembled with
DMOAP, folate-conjugated GNPs and cancer cells was studied
using atomic force microscopy (AFM). The AFM image was
obtained in contact mode at a scan rate of 1.2 Hz in the scan
range of 2.5 pm x 2.5 um. The water contact angles of the
substrates modified with DMOAP and folate-conjugated GNPs
were measured using an automated optical contact angle
(OCA) goniometer system and analysed with the SCA 20 soft-
ware (DataPhysics Instruments, Germany). The contact angle
was recorded using an automated optical contact angle (OCA)
goniometer system and analysed using the SCA 20 software
(Data Physics Instruments, Germany).

3. Result and discussion
3.1 UV-visible spectra of GNPs and folate conjugated GNPs

The UV-visible spectra of GNPs revealed a surface plasmon
resonance peak at 522 nm, a characteristic feature of GNPs
(Fig. 3). When coated with PVP polymer, a minor red shift of
1 nm was observed, confirming the successful coating of PVP
onto the GNPs. The GNP-PVP complex, post-functionalization
with EDC cross-linking agent, readily allows conjugation to
various biomolecules and ligands, particularly FA. Upon EDC
functionalization of GNP-PVP, the absorbance spectrum
shifted to 527 nm. The free folic acid shows characteristic ab-
sorption peaks at 307 nm and 355 nm, while FA@GNPs ex-
hibit peaks at 270 nm and 448 nm. The observed shift in ab-
sorption confirms the successful conjugation, while the
presence of characteristic features supports the retention of
the optical signature of folate after conjugation. The two ab-
sorption peaks at 270 nm and 348 nm indicate an interaction
between the folate molecule and GNPs. This observation con-
firms the covalent attachment of folate to the GNPs.** Fur-
thermore, the UV-visible spectrum of FA-conjugated GNP-PVP
exhibited a surface plasmon band at around 563 nm,
supporting the fact that folate is conjugated or attached to
the surface of the gold nanoparticles. The red shift in the
plasmon band provides additional evidence of the successful
conjugation of folate with the GNPs.**

3.2 Zeta potential

Zeta potential is a measure of the surface charge of nanopar-
ticles in suspension, and it reflects the stability of the parti-
cles in solution. The zeta potential of GNPs is -26.8 mV and
FA@GNPs is —8.01 mV, as shown in Fig. S2(A and B), respec-
tively. The significant change in zeta potential from -26.8 mV
to —8.01 mV indicates that the folate molecules are effectively
conjugated to the surface of the GNPs, altering their surface
charge and stability. Initially, citrate-capped GNPs carry a
strong negative surface charge due to the presence of citrate
ions. However, folic acid itself has both carboxyl and amine
functional groups, which can interact with the surface of

Sens. Diagn., 2025, 4,1024-1036 | 1027
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Fig. 3 UV-visible spectra of GNP and folate-conjugated GNPs.

GNPs in a way that neutralizes some of its surface charge, re-
sulting in a reduction in the overall zeta potential. This re-
duction is a common observation when functionalizing nano-
particles with biomolecules and can actually serve as an
indirect confirmation of successful surface modification. This
reduced zeta potential reflects the modification of the surface
properties, potentially making the GNPs more suitable for bi-

ological applications, where interactions with cell mem-
branes and proteins are influenced by surface charge.*”

3.3 FTIR spectra of GNPs and FA-GNPs

The FTIR spectra of GNPs and FAGNPs are presented in Fig. 4.
The FTIR spectrum of GNPs with peaks at 3386 cm™, 1630
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Fig. 4 FTIR spectra of GNP and folate-conjugated GNPs.
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em™’, 1413 em ™', and 620 cm ™' provides information about the
molecular composition and bonding characteristics of the
nanoparticles. The peak at 3386 cm™ is due to the presence of
hydroxyl groups, which is associated with water molecules or
surface-bound hydroxyl groups on the GNPs. The peak at 1630
em™ can be attributed to the C=C stretching vibrations, sug-
gesting the presence of unsaturated carbon-carbon bonds. The
peak at 1413 cm™' is associated with the CH; bending. The
peak at 620 cm ™" is due to (Au-O) stretching, which is associ-
ated with the metal-oxygen stretching vibrations, indicating the
interaction between gold and oxygen atoms. The FTIR spec-
trum of folic acid shows peaks at 3382 cm™, 2923 ecm ™", 1650
em™, 1031 em™, and 954 em ™. The peak at 3382 cm™ is asso-
ciated with hydroxyl (OH) stretching. The peak at 2923 cm ™" is
associated with alkane stretching vibrations, representing the
presence of aliphatic hydrocarbon chains in the folic acid mole-
cule. The peak at 1650 cm™" corresponds to the amide I band,
revealing the presence of C—=O stretching vibrations in the
amide group of folic acid. The peak at 1031 cm™ is attributed
to the C-O stretching vibrations, which suggest the presence of
ether or alcohol groups in the folic acid molecule. The peak at
954 cm™* corresponds to the C-H bending vibrations in the aro-
matic rings. The analysis of the FTIR spectrum of the folate-
conjugated GNPs reveals important information about the
functional groups present in the sample.*® The peaks observed
at 3392 cm !, 2915 cm ™}, 2134 cm !, 1645 cm !, 1413 cm },
1021 cm', and 948 cm ™" provide insights into the molecular
structure and bonding characteristics of the folate-conjugated
GNPs. The peak at 3392 cm™ shows the presence of hydroxyl
groups. The peak at 2915 cm' is associated with alkane
stretching vibrations, which are due to the presence of aliphatic
hydrocarbons or CH groups in the folate-conjugated GNPs. The
peak at 1645 cm ™" corresponds to the amide I band, indicating
the presence of proteins or peptides. The peak at 1413 cm ™ is
related to methyl (CH;) bending vibrations. The peak at 1021
em ™ is due to C-O stretching vibrations. This could be associ-
ated with the conjugation of folate, which often involves its at-
tachment through oxygen-containing functional groups. The
peak at 948 cm™" corresponds to C-H bending vibrations, likely
associated with alkynes or aromatic rings.*” This indicates the
structure of the folate molecule on the GNP. The FTIR spec-
trum of the gold nanoparticles conjugated with folate exhibits
distinctive peaks related to diverse functional groups, offering
crucial insights into the composition and structure of the con-
jugated nanoparticles. The presence of peaks with slight shifts,
corresponding to folic acid and GNPs, serves as confirmation
of the successful conjugation of folate on the surface of the
gold nanoparticles.*®

3.4 TEM and EDS analysis

The morphology, size, and distribution of the synthesized
GNPs and folate-conjugated GNPs were examined using the
transmission electron microscopy (TEM) technique, as shown
in Fig. 5. The TEM images of the GNPs reveal their spherical
nature with nearly uniform sizes (Fig. 5A). Similarly, the TEM
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images of the folate-conjugated GNPs, denoted as
folate@GNPs, demonstrate spherical shapes with a high de-
gree of size uniformity (Fig. 5B). Notably, in the TEM images
of both GNPs and folate-conjugated GNPs, observable con-
trast differences arise due to the presence of folate ligands
on the surface of the nanoparticles. This contrast variation
provides visual confirmation of the successful conjugation of
folate onto the gold nanoparticles, and it underscores the po-
tential influence of the folate ligands on the overall appear-
ance of the GNPs in the TEM images.

Energy-dispersive X-ray spectroscopy (EDX) proves helpful
in verifying the successful binding of folate to the surface of
GNPs. By conducting EDX analysis on the folate-conjugated
GNPs, distinct bands characteristics of GNPs are identified
(Fig. 5C). Additionally, the detection of elements such as car-
bon (C), nitrogen (N), and oxygen (O) corresponding to the
FA molecule strongly suggests the effective functionalization
of GNPs with folic acid. This observation further supports the
conclusion that the binding of folate to the GNP surface has
been achieved.*”

3.5 Optimization of folate@GNP concentration for enhanced
sensing substrate performance

The development of an effective sensing substrate requires
meticulous optimization of the folate@GNP concentration on
a DMOAP-decorated glass plate. As illustrated in Fig. 6, con-
centrations exceeding 5 pug mL™' have been observed to dis-
rupt the alignment of homeotropic liquid crystals,
compromising the sensing performance of the substrate.
However, at concentrations of 1 ug mL™", 2 pg mL ™", and 5
ug mL™" of folate@GNP, the homeotropic alignment of the
liquid crystal molecules remains undisturbed. This preserva-
tion of alignment is evidenced by the acquisition of a dark
image in the polarizing image of the assembled LC cells cap-
tured under crossed polarizers using a polarized optical mi-
croscope, indicating a stable and suitable configuration for
sensing applications. Considering these findings, the concen-
tration of 5 pg mL™" of folate@ GNPs has been carefully se-
lected for the formulation of the sensing substrate. This par-
ticular concentration not only ensures the preservation of the
homeotropic alignment critical for sensing functionality but
also strikes a balance that avoids the disruptions observed at
higher concentrations. The careful consideration of optimal
concentration is essential in achieving a robust and reliable
sensing platform, thus enhancing the overall performance
and accuracy of the sensing substrate.

3.6 Impact of FA@GNP and cancer cell interaction on surface
morphology of DMOAP-coated substrate

The surface morphology of the DMOAP-coated glass plate af-
ter incubation with FA@GNP and colon cancer cells is
depicted in Fig. 7. The DMOAP-coated substrate initially ex-
hibits a relatively uniform and smooth structure. Upon incu-
bation with FA@GNP, a slight increase in surface roughness

Sens. Diagn., 2025, 4,1024-1036 | 1029
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(A) TEM image of GNPs, (B) TEM image folate-conjugated GNPs, and (C) EDS of folate-conjugated GNPs.

Fig. 6 Optical images (under crossed polarizer) of LC cells in the presence of different concentrations of folate@GNP (A) 1 ung mL™2, (B) 2 ug mL™,

(C) 5 ug mL™ and (D) 10 pg mL™.

is observed compared to the unmodified DMOAP-coated sub-
strate. This minor alteration suggests the successful adsorp-
tion of FA@GNP on the surface without significant disruption
of the substrate integrity. However, when the DMOAP-coated
substrate is exposed to colon cancer cells, a notable increase
in surface roughness is observed, indicating pronounced in-
teractions between the cells and the FA@GNP-modified sub-
strate. Similarly, in the presence of breast cancer cells, the
surface roughness is significantly altered, demonstrating the
sensitivity of the substrate to different types of cancer cells.
These changes in surface morphology indicate cellular adhe-

1030 | Sens. Diagn., 2025, 4,1024-1036

sion and proliferation on the substrate, which can affect the
performance of the sensing platform. The observed variations
in roughness provide valuable insights into the responsive-
ness of the substrate to biological interactions, which is criti-
cal for the development of reliable and efficient biosensing
applications.

To evaluate the capturing efficiency of our sensing sub-
strate, we incubated approximately 20 cancer cells of each
type (breast cancer cells and colon cancer cells) on the sub-
strate and performed a washing step after 2 h. The capturing
rate was calculated using the following formula:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 AFM images of (A) DMOAP, (B) FAQGNP, (C) colon cancer cells, and (D) breast cancer cells.

Capturing Rate (%) = (Captured Cell Total/Cells Incubated)
%x 100

The capturing rate of breast cancer cells is ~90% and colon
cancer cells is ~96.66%.

3.7 Optical response of liquid crystals to FA@GNP-modified
substrates for colon cancer cell detection

Fig. 8(A) shows the optical images of DMOAP decorated on a
glass slide, which provides homeotropic alignment for NLC, re-
sulting in a uniform dark background. When the optimal
amount of FA@GNP is added to the DMOAP-decorated glass
slide, which also results in a dark background, this means that
FA@GNP does not disturb the homeotropic alignment of NLC
(Fig. 8(B)). Colon cancer cells can be bound to the sensing sub-
strate through the specific binding between FA@GNPs and the
folate receptor present on colon cancer cells. Fig. 8(D) to (J)
shows optical images of the 0 to 100 000 colon cancer cells per
1 uL DMSO. The orientation of the LC molecule is highly sensi-
tive to the surface topological structure of the substrate. When
colon cancer cells were added to the FA@GNP-coated sensing

substrate, the surface topology of substrate changed greatly.
This change in surface topology disturbed the homeotropic
alignment of LC and resulted in the birefringent texture in the
optical images of the LC cells. When a solution of 0 cells/1 pL
DMSO was added to the LC, the homeotropic alignment of the
LC molecules is not disturbed and results in a dark back-
ground. Fig. 8(D-I) show the optical images of colon cancer
cells with a concentration of 1 pL to 10 uL (5-8 cells/1 uL),
which disturb the homeotropic alignment of the LC molecules
and result in a birefringent texture in the optical images. Bire-
fringence was observed in the optical images with an increase
in the concentration of colon cancer cells. For a higher concen-
tration of colon cancer cells, i.e. 1 uL (10000 cells/1 pL), the
homeotropic alignment of the LC molecules is highly disturbed
and a completely bright optical image is observed (shown in
Fig. 8(J)). Birefringence is observed in the optical image for a
low concentration of colon cancer cells, i.e. for 1 puL (5-8 cells/1
uL). This indicates that even a low number of cancer cells can
induce localized disturbance in the liquid crystal alignment,
leading to a detectable optical response in their immediate vi-
cinity, which proves that the LC-based sensor for cancer cell de-
tection is highly sensitive.

Fig. 8 Optical images (under crossed polarizer) of LC cells. (A) Nematic liquid crystal, (B) FA@QGNP, (C) DMSO, (D) 1 puL (1 colon cancer cell/1 pl),
(E) 2 pL (1 colon cancer cell/1 pul), (F) 4 pL (1 colon cancer cell/1 pL), (G) 6 uL (1 colon cancer cell/1 pL), (H) 8 uL (1 colon cancer cell/1 pL), () 10 pL

(1 colon cancer cell/1 pL), and (J) 1 pL (10 000 colon cancer cell/1 pL).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.8 Detection of breast cancer cells using FA@GNP-modified
sensing substrate

To evaluate the detection capabilities of the FA@GNP-modi-
fied sensing substrate for breast cancer cells, an experiment
was performed using varying concentrations of breast cancer
cells ranging from 1 pL to 10 uL (5-8 cells uL™). These cells
were immobilized on FA@GNP-coated glass plates, and their
interactions with the liquid crystal (LC) alignment were ob-
served using polarized optical microscopy (POM). As shown
in Fig. 9, the POM images demonstrate that the presence of
breast cancer cells significantly disrupts the homeotropic
alignment of the LC molecules on the substrate.*® This dis-
ruption manifests as a birefringent texture in the optical im-
ages, indicating the loss of uniform dark background typi-
cally associated with undisturbed LC alignment. The degree
of birefringence increases with the concentration of breast
cancer cells, suggesting that even a small number of cells can
effectively alter the LC orientation. These findings highlight
the high sensitivity of the FA@GNP-modified LC-based sensor
in detecting breast cancer cells, given that the optical re-
sponse is strongly correlated with the cell concentration.

In contrast to the folic acid-functionalized GNPs
(FA@GNPs), the bare GNPs did not induce any significant LC
reorientation upon exposure to the breast cancer cells and co-
lon cancer cells, as shown in Fig. S1. This lack of LC response
clearly supports the hypothesis that the FA-folate receptor in-
teraction is critical for the triggering mechanism in our
system.

This control experiment confirms that the LC reorienta-
tion observed in our study is specifically driven by the
targeted interaction between folic acid on the GNPs and the
folate receptors on the cancer cell surface, rather than non-
specific adsorption or interaction of GNPs with the cells.

Fig. 9 Optical images (under crossed polarizer) of LC cells. (A) 1 pL (1 breast cancer cell/1 pL), (B) 2 uL (1 breast cancer cell/1 ul), (C) 4 pL (1 breast
cancer cell/1 pL), (D) 6 uL (1 breast cancer cell/1 ulL), (E) 8 uL (1 breast cancer cell/1 L), and (F) 10 pL (1 breast cancer cell/1 pL).
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3.9 Quantitative analysis of LC cell detection platform
sensitivity using average gray-scale intensity

To quantitatively evaluate the performance of the liquid crys-
tal (LC) cell detection platform, we analyzed the average gray-
scale intensity of the polarized optical microscopy (POM) im-
ages obtained for varying concentrations of colon cancer cells
and breast cancer cells. The analysis of the average gray-scale
intensity of the polarized images involves a systematic proto-
col to ensure accuracy and reproducibility. Firstly, the polar-
ized images are captured using a polarized optical micro-
scope equipped with a digital camera under consistent
lighting conditions to avoid variations in intensity. The cap-
tured images are then converted to gray-scale format to elimi-
nate any color-based interference. A specific region of interest
within the image, typically corresponding to the area of inter-
action or alignment changes, is selected for analysis. Image
analysis the Image] software is commonly employed to calcu-
late the average gray-scale intensity within the region of inter-
est. Specifically, a fixed area of 100 x 100 um* was selected
for grayscale quantification across all images to ensure con-
sistency. Fig. 10 and 11 illustrate the corresponding average
gray-scale intensities for the colon cancer and breast cancer
cell lines, respectively.

In the colon cancer cells, as depicted in Fig. 10, the average
gray-scale intensity of the POM images exhibits a clear upward
trend with increasing cell concentrations, ranging from 1 pL to
10 pL (5-8 cells per pL). This trend is characterized by a strong
linear correlation, with a coefficient of determination (R*) of
0.91986. This linear relationship suggests that the response of
the cell detection platform is proportional to the concentration
of colon cancer cells present, making it feasible to quantitatively
detect and analyze the concentration of colon cancer cells based
on the gray-scale intensity of the POM images.

S

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Correlations between the average gray-scale intensities of optical images under crossed polarizers of colon cancer cell concentrations.
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Fig. 11 Linear relationship between the gray-scale intensity and the breast cancer cell concentration.

Similarly, in the case of breast cancer cells, Fig. 11
demonstrates a highly linear relationship between the av-
erage gray-scale intensity of the POM images and the con-
centration of breast cancer cells. The correlation coeffi-
cient (R*) is remarkably high at 0.99197, indicating the

© 2025 The Author(s). Published by the Royal Society of Chemistry

excellent linearity and sensitivity of the LC cell detection
platform to varying concentrations of breast cancer cells.
This high correlation suggests that the sensor can accu-
rately and reliably detect even minimal changes in breast
cancer cell concentration, confirming the robustness of
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Fig. 12 Optical images of (A) washed normal cells and (B) unwashed normal cells.

the LC cell detection platform for breast cancer cell
detection.

Overall, the results indicate that the developed LC cell detec-
tion platform can be utilized for the quantitative detection of
both colon cancer and breast cancer cells, with significant sensi-
tivity to even single-cell concentrations. The strong linear corre-
lation between gray-scale intensity and cell concentration vali-
dates the potential of this cell detection platform for precise
and effective cancer cell detection, thereby highlighting its ap-
plication for early-stage cancer diagnostics and monitoring. Al-
though the current study utilized serial dilutions to estimate the
detection sensitivity, incorporating replicate measurements and
statistical analyses in future work will further enhance the ro-
bustness and reproducibility of the results. These efforts will
strengthen the quantitative reliability of the platform and sup-
port its advancement toward clinical application as a sensitive
and accessible tool for early cancer diagnostics.

3.10 Specificity testing of FA@GNP-coated sensing substrate
with normal cells

HEK-293 T cells were used as “normal cells” in the present
study. These cells are known to exhibit low to negligible fo-
late receptor expression, making them suitable as a negative
control.”* HEK-293 T cells were obtained from the Cell Line
Repository at the National Centre for Cell Sciences (NCCS,
Pune, India), originally sourced from ATCC and authenti-
cated by mitochondrial DNA analysis. Upon receipt, the cells
were briefly cultured to prepare frozen stocks and stored in
liquid nitrogen. For experiments, the cells were thawed and
passaged prior to use. The HEK-293 T cells were maintained
in DMEM supplemented with 10% FBS, 100 U mL™" penicillin
G, and 100 pug mL™" streptomycin at 37 °C in a humidified
5% CO, incubator. To evaluate the specificity of the
FA@GNP-coated sensing substrate, normal cells were applied
to the substrate and observed by polarizing optical micros-
copy (POM). After coating, the substrate was subjected to a
washing step to remove any unbound cells. The resulting im-
age, as shown in Fig. 12(A), reveals a uniform dark pattern
across the substrate, indicating the absence of bound cells
and confirming that normal cells do not adhere to the
FA@GNP-coated surface. In contrast, when normal cells were
applied to the FA@GNP-coated substrate without subsequent
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washing, the substrate exhibited a bright texture, as illus-
trated in Fig. 12(B). This bright appearance is indicative of
the presence of cells on the substrate surface, suggesting that
normal cells adhere to the substrate initially but are removed
upon washing.

The difference between the dark pattern observed after
washing and the bright texture observed before washing vali-
dates that the FA@GNP-coated substrate does not bind to
normal cells. This observation underscores the selective bind-
ing capability of FA@GNPs, which preferentially interact with
colon cancer and breast cancer cells. Thus, the specificity of
the substrate for cancer cells is affirmed, supporting its po-
tential use in targeted cancer cell detection applications.

The cell detection platform is not able to discern distinct op-
tical signals between HT-29 and MDA-MB-231 cells when incu-
bated simultaneously, as shown in Fig. (13). This limitation
arises because the optical signal observed under polarized opti-
cal microscopy (POM) is primarily due to the birefringence
property of the liquid crystal (LC) molecules. The presence of
cancer cells, regardless of the type, disrupts the molecular orien-
tation of the LC layer, causing the incident light to split and pro-
duce a birefringent signal. Given that both HT-29 and MDA-MB-
231 cells induce similar disruptions in LC alignment, the result-
ing optical signals are not cell-type specific.

3.11 Advantages and sensitivity of FA@QGNP-based liquid
crystal cell detection platform for cancer detection compared
to existing technologies

The comparative Table 1 highlights the progress and effec-
tiveness of various liquid crystal (LC) biosensors for detecting
different cancer cell types, each employing distinct recogni-
tion elements to achieve high sensitivity and specificity. In
this context, our LC-based detection platform, functionalized
with folate-conjugated gold nanoparticles (FA@GNPs), dem-
onstrates an impressive detection capability of 5-8 cancer
cells per pL for both colon and breast cancer cells. This per-
formance is noteworthy when compared with other LC bio-
sensors targeting HER-2 biomarkers, CA125, or EpCAM-
positive cancer cells, which, although sensitive, report detec-
tion limits in the range of 1 fg mL™ to 5 cells.

The incorporation of FA@GNPs offers distinct advantages
over conventional recognition elements such as antibodies

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 POM image of HT-29 cells and MDA-MB-231 cells together in
the LC cell detection platform.

and aptamers. Folate receptors are abundantly overexpressed
on the surface of many malignant cells, enabling highly spe-
cific receptor-ligand interactions that facilitate selective bind-
ing. This biomolecular recognition imparts superior selectiv-
ity and binding stability, even under conditions where
antibody- or aptamer-based systems may be less robust. The
ability of the FA@GNP-LC biosensor to detect individual can-
cer cells underscores its exceptional sensitivity, which is cru-
cial for early diagnosis and timely therapeutic intervention.
Furthermore, the versatility of this platform in detecting both
colon and breast cancer cells expands its diagnostic utility,
positioning it as a promising tool for early cancer detection.

It is important to emphasize that the present study estab-
lishes the detection capability of the FA@GNP-functionalized
LC biosensor in a DMSO-based medium, which provides a
controlled environment to elucidate the fundamental sensing
mechanism. Although clinically relevant biological matrices
such as serum and blood may introduce additional chal-
lenges, including matrix interference and non-specific ad-
sorption, the high sensitivity achieved here demonstrates the
robustness and translational promise of this sensing ap-
proach. Future investigations will focus on optimizing the
platform and validating its performance in complex biologi-
cal fluids to advance its potential for real-world clinical
applications.

4. Conclusion

In this study, we introduced a novel, highly sensitive, and
label-free liquid crystal (LC) cell detection platform for can-
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cer cells utilizing folate-conjugated gold nanoparticles
(FA@GNPs) as the recognition element. This cell detection
platform capitalizes on the overexpression of folate recep-
tors on colon and breast cancer cells, enabling high-affinity
binding between folate and these cancer cells. This specific
interaction results in changes to the surface topography
and disrupts the homeotropic orientation of the liquid crys-
tal molecules, which can be distinctly observed under polar-
ized optical microscopy. Our cell detection platform demon-
strates exceptional sensitivity, with the ability to detect as
low as a single cancer cell for both colon and breast can-
cers. This sensitivity represents a significant advancement
over existing LC cell detection platforms, which generally
achieve detection limits ranging from 1 fg mL™" to 5-8 can-
cer cells per uL for various biomarkers and cell types. The
FA@GNP-based cell detection platform surpasses these
benchmarks, offering a detection limit of 1 cancer cell,
thereby setting a new standard in cancer diagnostics. The
strategic use of FA@GNPs ensures unparalleled specificity
and stability by targeting the folate receptors predominantly
expressed on cancer cells, addressing the limitations faced
by other recognition elements such as antibodies and
aptamers. This high specificity translates into reliable and
precise cancer cell detection under physiological conditions,
enhancing the capability for early diagnosis. Furthermore,
the versatility of this cell detection platform in detecting
both colon and breast cancer cells broadens its diagnostic
utility, presenting a powerful tool for early cancer detection
and monitoring. The exceptional sensitivity, selectivity, and
versatility of the FA@GNP-based LC cell detection platform
highlight its transformative potential, paving the way for
more effective and timely cancer diagnostics and manage-
ment. One of the limitations of our study is that we did not
evaluate how the washing step affects the results. In our
study, we kept washing conditions consistent throughout
our experiments (using the same buffer volume and flow
rate); however, we did not thoroughly investigate how differ-
ent washing intensities might influence our measurements.
Understanding the relationship between washing strength
and detection signal would provide valuable insights into
the behaviour of the system. This gap in our methodology
underscores the importance of developing standardized
washing protocols for liquid crystal-based detection plat-
forms to ensure the reliability and reproducibility of our
findings in the future. Future work should address this vari-
able more systematically to strengthen the robustness of
this detection approach.

Table 1 Comparative table of liquid crystal biosensors for cancer cell detection

Biosensor type Cancer cell type

Recognition element

Detection limit Ref.

HER-2 cancer biomarkers
Cancer biomarker CA125
EpCAM-positive cancer cells
Cancer biomarker CA125

Colon cancer and breast cancer

Liquid crystal
Liquid crystal
Liquid crystal
Liquid crystal
Liquid crystal

© 2025 The Author(s). Published by the Royal Society of Chemistry

HER-2 cancer antibodies
Anti-CA125 antibodies 107" g mL™ 15
EpCAM-specific aptamer

Anti-CA125 antibody
Folate-conjugated gold nanoparticles

1fgmL™’ 20
5 cancer cells 16

0.01 ng mL™" 17
5-8 cancer cell per pL Present work
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