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ARTICLE INFO ABSTRACT

Keywords: Colorectal cancer (CRC) is a type of gastrointestinal cancer affecting the colon and rectum. It can metastasize

gPtameli to other parts of the body, making treatment more challenging. Early identification and treatment of CRC
lomarker

significantly enhance patient survival rates. Therefore, the development of a suitable biosensor to monitor
CRC is crucial for early diagnosis. Interleukin-6 (IL-6) is recognized as a biomarker for CRC, with elevated
levels correlating to tumor progression. A highly sensitive La, Sr, ,Co,,Fe  03-x (LSCF) based interdigitated
microelectrode (IDME) sensor was developed to quantify IL-6 levels. This sensor utilizes an aptamer-conjugated
gold nanoparticle (GNP), which is attached to the LSCF-modified IDME through an amine linker. This step
facilitates IL-6 quantification using an anti-IL-6 aptamer and antibody. The combination of LSCF and GNP
significantly enhanced aptamer immobilization on the IDME, enabling the detection of IL-6 at concentrations
as low as 1 pg/mL. Furthermore, IL-6 was successfully detected in serum spiked with IL-6 without interference,
demonstrating the sensor’s selectivity. The sensor showed no significant current responses when tested with
complementary aptamers, CSE, or globulin, further confirming its specificity. Additionally, the same surface
functionalization was successfully applied on an Ethylene diamine tetraacetic acid (ELISA) plate for IL-6

Gastrointestinal cancer
Metal alloy
Nanosensor

detection.

1. Introduction

Colorectal/colon cancer (CRC) is a type of gastrointestinal cancer
that originates from polyps located inside the colon or rectum [1]. In its
advanced stages, this type of cancer spreads beyond the bowel to other
parts of the body. CRC patients are usually diagnosed at an advanced
stage at which the cancer has spread and developed secondary tumors,
leading to high mortality [2]. Patients in the early stages of CRC often do
not show obvious symptoms, such as abdominal pain or gastrointestinal
bleeding, and it can take years or even decades for a diagnosis to be
made. Despite CRC being a relatively straightforward surgical case
that can benefit from postoperative chemotherapy, it still has a poor
five-year survival rate. Therefore, developing sensitive, efficient, and
compliant detection technologies is crucial for diagnosing CRC early
and increasing the chances of successful treatment and intervention
[3]. Currently, endoscopy, stool analysis, tumor biomarker detection,
and imaging are the most commonly used clinical techniques for CRC
detection. Blood biomarkers, a non-invasive method for CRC screening,

have shown significant potential for early cancer diagnosis, prognosis,
prediction, and staging [4].

A pioneering biosensing technique has been effectively utilized for
the prognosis of CRC by measuring biological markers involved in the
development of the disease. Research has shown that pro-inflammatory
cytokines play a significant role in tumor formation, particularly the
pleiotropic cytokine interleukin-6 (IL-6), which is strongly linked to
inflammation-associated CRC. IL-6 is very involved in both inflammation
and immune responses. It plays a major role in autoimmune diseases,
chronic inflammatory diseases, and cancers. Elevated levels of IL-6
were found in various inflammatory diseases, such as arthritis, Crohn’s
disease, and ankylosing spondylitis. The level of IL-6 is less than 5
pg/mL in normal patients and increases drastically during infection,
inflammation, cancer, and injuries. IL-6 is an inflammatory cytokine,
and its downstream effector, STAT3, is involved in the proliferation
of CRC, cell cycle progression, invasion and metastasis, stemness, and
tumorigenesis [5,6]. The mean serum level of IL-6 was 88.22 pg/mL in
CRC patients, which was much higher than the control group [7]. Further,
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it was identified that the level of IL-6 was higher in CRC tissue samples.
In postoperative settings, IL-6 levels are a major predictive factor for
stage I-III CRC. Elevated levels of IL-6 are correlated with advanced
tumor stages and lower survival rates in CRC patients. This is due to
IL-6 trans-signaling, which stimulates gp130 on tumor cells, promoting
growth, angiogenesis, metastasis, and resistance to treatment. According
to related research, IL-6 levels in the blood and tumor tissue of CRC
patients can indicate the proliferative activity of tumors and are strongly
correlated with tumor stage [8]. In stage III patients, IL-6 levels have
been identified as an independent risk factor for disease-free survival
[8]. So, patients with bowel changes, bloody stools, and abdominal
discomfort need to check their IL-6 level to identify the possibility
of CRC. Additionally, during the treatment of CRC, there is a need to
quantify the IL-6 level to monitor the progress. Therefore, quantifying
IL-6 levels helps in identifying CRC and assessing its progression. In this
study, we introduce a nanomaterial-based interdigitated microelectrode
(IDME) sensor for detecting IL-6 with high sensitivity.

An extensive variety of nanomaterials with superior mechanical,
chemical, and physical properties have been developed and adopted
to biosensing platforms, thanks to advancements in nanoscience and
nanotechnology [9,10]. The use of metal nanostructures in the creation
of highly sensitive electrochemical biosensors has proven appealing.
Noble metal nanostructures, such as those of Au, Ag, Pt, Pd, Ni, Fe,
Si, and zeolites, have been effectively utilized in the development
of biosensors to meet the growing demand for highly sensitive and
selective diagnostic tools [11-13]. Due to their high surface energy,
small size, and fast electron transfer, nanostructured noble metals
possess exceptional qualities that significantly enhance electrochemical
biosensors by facilitating electrochemical processes at the electrode—
solution interface. Among individual metals, alloy-based nanomaterials
offer a promising platform for developing various biomedical
applications, including biosensors. They provide a larger surface area
for immobilizing biological molecules, which helps to lower detection
limits [14]. Additionally, metal alloys are efficient in detecting
biomolecules in complex samples, promoting the selective detection of
target molecules. Furthermore, nanomaterials are non-genotoxic and
biocompatible, and they can be easily functionalized or encapsulated
in polymers. This facilitates the creation of biosensing platforms
with multiple nanomaterials, enhancing their analytical performance
[15,16]. Moreover, nanomaterials have emerged as a remarkable
class of nanoparticles for use as drug delivery vehicles, particularly
in cancer therapies such as hyperthermia, due to their exceptional
biocompatibility and low toxicity [17,18]. Alloys are a combination of
two or more solid elements that can be used for different applications as
they bring a combined effect of all the desired elements. In this research,
molecular immobilization was enhanced using La,Sr,Co ,Fe 03-x
(LSCF) to develop an IL-6 biosensor. This oxide material is frequently
used in electrochemical devices, and its specific composition has been
optimized to improve electrochemical performance and maintain
stability. LSCF has been considered a potential intermediate product
suitable for cathode application.

An aptamer is a single-stranded nucleic acid identified from a
randomized library of molecules by a method called the ‘Systematic
Evolution of Ligands by Exponential Enrichment’. This process involves
binding, recovery, and amplification steps to select high-affinity
molecules [19,20]. Aptamers possess unique characteristics, such as
high binding affinity and specificity for their target molecules. Often
referred to as artificial antibodies, aptamers can replace antibodies
in various biomedical applications. Moreover, aptamers have several
advantages over antibodies, including high affinity, ease of preparation,
lack of variation, non-immunogenicity, and simple functionalization
[21]. Aptamers bind to small regions of their target via their secondary
structure, allowing them to distinguish between closely related
molecules, a task that is often challenging for antibodies [22]. Due to
these beneficial features, aptamers are increasingly used in biosensors
to develop high-affinity sensors for early disease diagnosis [23].
Various point-of-care biosensors, including portable models, have
also been developed using aptamers as probes for disease screening.
In this study, an anti-IL-6 aptamer was attached to an LSCF-modified
IDME to quantify IL-6 levels. To enhance aptamer immobilization, the
aptamer was first conjugated to a gold nanoparticle (GNP) and then
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attached to the amine-modified LSCF. The combination of aptamers
and GNPs is widely popular in the biosensor field due to its versatile
applications [24]. For instance, a colorimetric assay using aptamers
and GNPs enables the detection of target molecules by the naked eye
[25]. Beyond that, this conjugation proved to provide stable aptamer
immobilization on the electrode with proper orientation, lowering the
detection limit. Aptamers were conjugated to GNPs through an SH
linker and immobilized on amine-modified LSCF, which was then used
to quantify IL-6 levels with the immobilized aptamer and detection
antibody.

2. Materials and Methods

2.1. Materials and reagents

Aluminum oxide, ethanol, acetone, positive photoresist, and
resist developer (RD6) were purchased from Futurrex, Inc. Current-
voltage (I-V) measurements were conducted using a Keithley 2450,
assisted by a probe station and Kickstart software. carcinoembryonic
antigen (CEA), tumor necrosis factor (TNF), ELISA plates, phosphate-
buffered saline (PBS), IL-6, (3-Aminopropyltriethoxysilane, and gold
nanoparticle (10 nm) were obtained from Sigma-Aldrich (USA). Anti-
IL-6 antibody, IgG antibody, Horseradish peroxidase (HRP)-conjugated
secondary antibody, and TMB substrate were sourced from Promega
(USA). The anti-IL-6 aptamer was adapted from a previous study and
synthesized commercially by a local supplier [26]. [5-SH-GGTGGCA
GGAGGACTATTTATTTGCTTTTCT-3’]. The sensing surface was kept
wet using 10 mM PBS (pH 7.4) in order to maintain the secondary
and tertiary structures of biomolecules. For the preparation of alloys,
La(NO,),.6H,0, Sr(NO,),, Co(NO,),.6H,0 and Fe(NO,),.9H,0 were
obtained from Thermo Scientific, USA. Citric acid monohydrate (CA)
(MERCK, USA), Ethylene diamine tetraacetic acid (EDTA), and ethylene
glycol were obtained from Thermo Scientific, USA. Charcoal-activated
carbon was received from HmbG, Malaysia. The current supply was
provided by picoammeter at the range of 0 to 2 V with a sweep interval
of 0.1 V on a fixed dual probe station.

2.2. Synthesis of La, Sr, Co, Fe, 03-x (LSCF)

The stoichiometric composition of La(NO,)..6H,0, Sr(NO,),,
Co(NO,),.6H,0, and Fe(NO,),.9H,0 was dissolved in 100 mL of deionized
water to create the precursor solution. CA and EDTA were added to the
nitrate solution after the salts had completely dissolved. The mixture was
then heated in a water bath at 70°C with constant stirring. Powdered CA
and EDTA were used as the starting materials for the chelation process.
To promote dispersion and prevent clumping of the resulting cathode
materials, dispersing agents were added to the clear solution. Two types
of dispersing agents, ethylene glycol and activated charcoal, were used
in the synthesis process. The mixture was continuously stirred and
heated to evaporate the water. Afterward, the solidified precursor was
ground and calcined at 400 to 1100°C for five hrs, following the drying
of the resulting viscous gel at 100°C overnight in a vacuum oven to
promote the formation of the LSCF perovskite phase.

2.3. IDME sensor fabrication

Using AutoCAD software, the electrode length, gap size, and thickness
were first optimized. The following steps outline the fabrication and
transformation process: (a) Si wafer was cleaned using RCA1 and RCA2
solutions; (b) thermal oxidation was performed at 500°C for one hour to
create a layer of SiO,; (c) an aluminum coil was used to deposit the Al
layer on SiO, with the assistance of a thermal evaporator; (d) a positive
photoresist was deposited using the spin-coating technique; (e) UV light
exposure was used to transfer the pattern onto the photoresist; (f) the
electrode was immersed in the photoresist developer and aluminum
etching solution to remove the unexposed areas; and (g) the final
product was cleaned with acetone and distilled water.

2.4. Gold-aptamer conjugation

The conjugation of GNP and aptamer was carried out using a thiol-
linker with six carbon spacers. A solution of 0.12 uM thiol-linked
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aptamer and 50 pL of GNP was mixed and allowed to rest for 30 mins.
The aptamers bound to the GNP were collected by centrifugation at
10,000 x g for 10 mins. The conjugated material was then rinsed with
distilled water to remove any unbound aptamer and separated again
by centrifugation before being stored in a refrigerator for future use.
Similarly, other aptamer concentrations (0.25, 0.5, 1, and 2 uM) were
also conjugated with GNP.

2.5. Aptamer immobilization on IDME

Aptamer immobilization on the IDME was performed using
three different methods and compared. In Method 1, the IDME was
immersed in KOH for 10 mins and then rinsed with distilled water. A
1% solution of APTMS was applied to the surface and left for three hrs,
followed by the addition of 1 pM COOH-aptamer, which was allowed
to rest for 30 mins. In Method 2, 1 uM aptamer-GNP was added to
the APTMS-modified IDE. All other steps were followed as described
previously. In Method 3, after KOH treatment, APTMS-LSCF (1 mg/
mL of LSCF dispersed in 1% APTMS, left for three hrs, and separated
by centrifugation) was applied to the IDME. Then, 1 pM Aptamer-GNP
was added to the (3-Aminopropyl)trimethoxysilane (APTMS)-LSCF-
modified IDME. The I-V measurements were recorded for all three
methods and compared.

2.6. Optimization of aptamer-GNP on LSCF modified IDME

Aptamer-GNP optimization was performed on the LSCF-modified
IDME. In this process, the IDME was immersed in KOH for 10 mins and
then rinsed with distilled water. After the KOH treatment, APTMS-LSCF
was applied to the IDME. Subsequently, Aptamer-GNP concentrations
ranging from 0.12 uM to 2 uM were added to the APTMS-LSCF-modified
IDME. After washing the surface with PBS buffer, I-V measurements
were recorded for all aptamer concentrations, and the current responses
were compared.

2.7. IL-6 interaction with aptamer and antibody

The quantification experiment for IL-6 was performed using the
optimized aptamer-GNP concentration. The optimized aptamer-GNP
was applied to the IDME and allowed to rest for 30 mins. Afterward,
an IL-6 concentration of 0.1 pg/mL was added, and the mixture
was allowed to sit for another 30 mins. After washing the electrode
with PBS, I-V measurements were recorded. Similarly, the other IL-6
concentrations (1, 10, 100, 1000, 2000, and 3000 pg/mL) were also
measured. The differences in current responses were plotted on a linear
regression line to calculate the limit of detection for IL-6. Furthermore,
to ensure selective detection of IL-6, the same procedures were carried

Aptamer
+GNP ©
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La, ¢Sry.4Co, ,Feg gO3-0c (LSCF)
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out with IL-6-spiked human serum. Different IL-6 concentrations were
diluted in serum and applied to the aptamer-GNP-modified IDME,
which was then sandwiched with anti-IL-6 antibody. After washing the
surface with PBS buffer, I-V measurements were recorded.

2.8. Specific detection of IL-6

Specific IL-6 detection performance was assessed using control
proteins, namely the carcinoembryonic antigen (CEA) and tumor
necrosis factor (TNF). Instead of IL-6, these two proteins were used.
In another experiment, the complementary aptamer-GNP was attached
to APTES-LSCF and detected using IL-6 and anti-IL-6 antibodies.
Furthermore, the IgG antibody was used in the control experiments
instead of the anti-IL-6 antibody. I-V measurements were recorded in
all the control experiments.

Results were averaged from three independent experiments
performed on three sensing surfaces fabricated from the same batch.
The regression coefficient (R?) was calculated on a linear curve graphed
on an Excel sheet. The limit of detection (LOD) was considered the
lowest concentration of a target (on the calibration line) against the
background signal (S/N = 3:1). Meaning, LOD = standard deviation of
the baseline+3o0. All experiments were performed at room temperature
(RT) and ambient humidity. Washed the interactive surface between
each modification using 10 reaction volumes of 10 MM PBS (pH 7.4).

2.9. ELISA surface functionalization for IL-6 detection

The same surface functionalization was performed on the ELISA
polystyrene plate to detect IL-6. The ELISA wells were hydroxylated
with KOH, and then APTMS-LSCF was added. Subsequently, the
Aptamer-GNP conjugation was introduced, followed by the addition
of PEG-COOH to block the free APTMS. After that, IL-6, ranging from
0.1 to 3000 pg/mL, was added to different wells and allowed to rest
for 30 mins, after which the anti-IL-6 antibody was added. Finally, a
secondary antibody conjugated with HRP was added, followed by the
addition of the substrate for HRP. The absorbance was recorded using
an ELISA reader at 405 nm.

3. Results and Discussion

Perovskite is a class of materials with the ABO, crystal structure,
where 'A' represents a larger cation, usually an alkaline earth metal
like calcium (Ca), strontium (Sr), or lanthanum (La). 'B' stands for a
smaller cation, such as iron (Fe), cobalt (Co), or titanium (Ti), which
are transition metals. O, forms an octahedral coordination around
the B-site ion, enveloping the cations. The mineral CaTiO,, named
after the Russian mineralogist Lev Perovski and initially identified by

Figure 1. (a) Graphical illustration of the IL-6 biosensor on the La0.6Sr0.4Co0.2Fe0.803-x-gold nanoparticle (LSCF-GNP) modified interdigitated microelectrode (IDME). The

electrode was hydroxylated with KOH and then modified with (3-Aminopropyl)trimethoxysilane)-La0.6Sr0.4C00.2Fe0.803-c [APTMS-LSCF). Aptamer-GNP conjugation was applied,

followed by the addition of IL-6. Finally, the immobilized IL-6 was sandwiched with the anti-IL-6 antibody. (b) 3D nanoprofiler observations are shown. The upper panel displays
observations before molecular attachment, while the lower panel shows the results after molecular attachment.
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Gustav Rose in 1839, is the origin of the term “perovskite.” However,
a broad variety of materials with the same crystal structure but distinct
chemical compositions are also referred to as perovskites. The ability
of perovskite oxides to selectively permit ion flow makes them useful
in sensors. This study utilizes LSCF-mediated sensors to monitor the
condition of CRC. Figure 1(a) shows a graphical illustration of the IL-6
biosensor on LSCF-GNP modified IDME. To improve the sensitivity of
the affinity-based biomolecular interactions, an aluminum-modified
electrode was preferred for better conductivity. The electrode was
hydroxylated with KOH, which enhanced the amine modification. On
the amine-modified IDME, aptamer-GNP conjugation was applied,
followed by the addition of IL-6. Finally, the immobilized IL-6 was
sandwiched with the anti-IL-6 antibody. LSCF and GNP increase the
aptamer attachment on the IDME and enhance the detection of IL-6.
The surface intactness and the molecular attachment were confirmed
by imaging under 3D-nanoprofiler (Figure 1b).

3.1. Characterization of LSCF

The shape and size of the LSCF were identified using Field
Emission Scanning Electron Microscopy (FESEM) (Figure 2), showing a
magnitude of 500 nm. The nanoparticles are spherical, with a diameter
ranging between 15 and 60 nm. Furthermore, the nanoparticles
exhibit uniform size and shape distribution. The elements in the
synthesized nanoparticles were analyzed using Energy Dispersive X-ray
Spectroscopy (EDX), revealing the presence of Co (34%), Sr (17%), La
(26%), and Fe (23%) (Figure 2; inset).

3.2. Comparison of aptamer immobilization on IDME

Probe immobilization plays a vital role in improving biosensor
performance. A higher number of probe molecules on the biosensor
enhances target detection and lowers the detection limit. Researchers
have studied various physical, chemical, and electrostatic interactions
for the efficient immobilization of probe molecules. In recent
decades, nanomaterials have garnered significant attention for
surface functionalization in biosensor development. In this study,
two nanomaterials, namely LSCF and GNP, were used to enhance the
immobilization of the aptamer probe on the IDME. Figure 3(a) shows
the aptamer immobilization without LSCF and GNP. As shown in the
figure, the hydroxylated IDME shows the current response as 1.07 E-05;
after APTES modification, it was increased to 2.33 E-05 A. Further,
adding aptamer to the surface, the current was drastically increased
to 5.44 E-05 A. This current increment is considered as the binding of
aptamer-GNP on the APTS-LSCF-modified surfaces. This immobilization
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Figure 2. The Field Emission Scanning Electron Microscopy (FESEM) image of

La0.6Sr0.4C00.2Fe0.803-c (LSCF) shows a magnification of 500 nm, revealing

nanoparticles with a uniform shape. The Energy Dispersive X-ray Spectroscopy (EDX)

analysis of LSCF, displaying the presence of various alloys, is presented as an inset
figure. Figure inset displays percentages of the elemental concentrations.

happened due to the binding of citrus-capped GNP with the amine in
the APTES. Figure 3(b) shows the aptamer immobilization with GNP.
For that, aptamer-GNP was added onto the APTES modified IDME. As
shown in Figure 3(b), after adding aptamer, the current was improved
to 8.44 E-05 A. Compared with the previous experiment, when aptamer
was conjugated with GNP, the aptamer immobilization was almost
doubled on the IDME. This was due to the higher aptamers attaching
to the surface of the GNP. Various research proved that biomolecules
with GNP are stable and improve the number of probes immobilization
on the electrode. Apart from that, the gold nanomaterials have a higher
surface area, and aptamers are smaller in size than antibodies, which
improves the number of bindings of aptamers on the GNP. For instance,
the strong binding of clotting FIX on the ELISA polystyrene plate was
achieved through the GNP. The antibody or protein immobilization and
its stability depended on the charges arising from the amino acids and
the sensing surfaces. GNP conjugated FIX was stable under the high
sodium concentrations, and it increased the number of FIX binding on
the ELISA polystyrene (ELISA PS) well, which lowered the detection
limit of FIX to 100 pM [27]. Similarly, the aptamer and antibody were
attached to the single gold urchin through the chemical modification
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Figure 3. Comparison of aptamer immobilization: (a) Without GNP and LSCF, (b) With GNP, (c) With LSCF and GNP, and (d) Comparison of current responses
from aptamer immobilization. The highest current level was recorded when both nanomaterials, LSCF and GNP, were used in the aptamer immobilization process.
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and attached on the electrode surface to quantify the Alzheimer
biomarker ABO. Gold nano-urchin is capable of carrying out the two
probes of aptamer and antibody with higher stability on the electrode,
increasing the detection probe immobilization and lowering the limit of
detection of ABO for diagnosing Alzheimer’s disease [28]. Due to the
excellent stability of the GNP with biomolecules, in the third method,
aptamer-GNP was attached to the LSCF-modified IDE (Figure 3c). Bare
IDME shows the current response as 1.09 E-05 A; after modifying with
APTMS-LSCF, it was increased to 3.86 E-05 A. This current change
indicates that the surface was converted into amine-modified LSCF.
Further, aptamer-GNP was added, and the current was changed to
1.31 E-04 A. This current increment is the highest among the previous
two methods. When comparing these three methods of aptamer
immobilization, the highest level of current was recorded when using
both nanomaterials LSCF and GNP for the aptamer immobilization
process (Figure 3d). Gold with a higher surface area enables the
increment of biomolecule functionalization, whereas LSCF plays an
exceptional role in transmitting the electrical signal throughout the
electrodes. The application of nanocomposites has been widely reported
in recent days for various biosensing applications. For instance, metal
and nanocellulose crystalline conjugation was modified on the screen-
printed carbon electrode for the identification of tuberculosis. The
DNA biosensor was conducted. The fabricated biosensor identifies the
target DNA as low as 7.96 x 10~!* M. In addition, the sensor can clearly
differentiate between TB and non-TB samples [29]. In another study,
iron and gold nanomaterial is proposed, which can simultaneously
work as a reporter and at a preconcentration of a target. This dual
nanomaterial improves the target DNA detection by 18 times compared
to the magnetic particle in the plasmonic biosensor [30]. With this
regard, the successful application of LSCF nanocomposite with GNP was
used to attach higher aptamer immobilization and detection of IL-6,
creating a highly sensitive biosensing platform for CRC.

3.3. Aptamer optimization on LSCF-GNP composites on IDME

It was identified that the combination of LSCF and GNP improves
the aptamer immobilization on IDME. Different concentrations of
aptamers were optimized on LSCFO-modified surfaces. Figure 4(a)
shows the I-V measurement graph of different aptamer-GNP (0.12
nM to 2 uM) immobilization on APTMS-LSCF-modified electrodes. As
shown in the figure, 0.12 uM of aptamer shows the response of current
as 5.03 E-05 A, which is 1.17 E-05 increment of current from the LSCF
modified electrodes. This indicates some of the APTES-LSCF surfaces
were covered with Aptamer-GNP. With further increase in the aptamer-
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GNP concentration to 0.25, 0.5, 1, and 2 uM, the response of current
increased to 7.57 E-05 A, 1.22 E-04 A, 1.31 E-04 A, and 1.37 E-04
A, respectively. It was noticed that the aptamer binding drastically
increased at 0.5 pM, after which gradual increment was noted,
followed by saturation at 1 uM (Figure 4b). The aptamer saturation
on the GNP depends on its size. Smaller-sized particles cannot cover a
higher number of biological molecules. In the previous experiment with
ELISA surface modification, 10, 15, and 80 nm of GNPs were tested for
antibody immobilization. It was found that 15 and 80 nm shows the
same absorbance level, while 10 nm shows a lower absorbance due
to the lesser attachment of antibody [27]. So, in our experiment, the
median size of 30 nm of GNP was used for the aptamer immobilization.
In addition, compared with antibodies, the aptamer need a smaller
space on the GNP, which also increases the aptamer binding on GNP
surface. In our experiment, the current response was approximately
the same for 1 uM aptamer, indicating the saturation point. A previous
study also revealed that the aptamer concentration is more stable on
the GNP from 1 pM, even with the higher concentration of the salt.
The optimized concentration of 1 uM was used further for quantifying
IL-6. After the confirmation of aptamer concentration, the GNP binding
on aptamer was further confirmed with UV-Vis spectroscopy analysis.
Figure 4(c) shows the clear shift of the spectrum to the right side with
the aptamer-conjugated GNP, which confirms the immobilization of
aptamer on the GNP.

3.4. IL-6 detection LSCF-GNP composites on IDME

The optimized aptamer-GNP was attached to the IDME, and then
IL-6 was detected by the aptamer-IL-6-antibody assay. IL-6 from 0.1
to 3000 pg/mL was dropped on the aptamer immobilized surface and
then sandwiched with the anti-IL-6 antibody. Figure 5(a) shows the
I-V measurement graph of a different concentration of IL-6 detection.
As shown in Figure 5(a), before adding IL-6, the surface current was
recorded as 1.39 E-04 A; it was increased a bit to 1.67 E-04 A when adding
0.1 pg/mL of IL-6. Smaller changes of current were noted due to lesser
immobilization of IL-6 with the aptamer. Further, IL-6 was increased to
1 pg/mlL, the current response was almost double from the blank, which
confirms the clear interaction of IL-6 with its aptamer and antibody.
This current increment was due to the stable and proper orientation
of the aptamer, which attracts even the lower concentration of IL-6
and enhances the current response when sandwiched with its antibody.
With increasing IL-6 to 10, 100, 1000, 2000, and 3000 pg/mL, current
shows increments to 2.7 E-04 A, 4.31 E-04 A, 5.81 E-04 A, 7.09 E-04 A,
9.07 E-04 A, and 12.3 E-04 A, respectively (Figure 5b). This increment

=
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— Aptamer-GNP

0.08 A
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0.04 -

Absorbance (0.D)
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Figure 4. Aptamer Optimization: (a) I-V measurement graph showing different aptamer-Gold Nanoparticle (GNP) immobilizations on (3-AminopropyDtrimethoxysilane)

La0.65r0.4Co0.2Fe0.803-cc (APTMS-LSCF) modified electrodes. Changes in current responses were noted after adding each aptamer concentration. (b) Current levels of different

aptamer-GNP combinations on La0.6Sr0.4C00.2Fe0.803-« (LSCF). As the concentration of aptamer-GNP increased, the current response also increased, saturating at 1 uM. (¢) UV-Vis
spectroscopy of aptamer and aptamer-GNP. The shift of the spectrum to the right with the aptamer-GNP confirms the immobilization of the aptamer on the GNP.
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IL-6 Quantification. (a) I-V measurement graph showing the detection of different concentrations of Interleukin-6 (IL-6). Changes in current responses were noted after

adding each IL-6 concentration. (b) Current levels for various IL-6 detections. As IL-6 concentration increased, the current response exhibited an increasing trend. (c) Limit of detection
for IL-6. The detection limit was calculated by identifying the differences in current responses from the blank for each IL-6 concentration and plotted in an Excel spreadsheet. The
detection limit was determined to be 1 pg/mL, with an R? value of 0.9754.

of current was due to the higher IL-6 interaction with aptamer and
detected by anti-IL-6 antibody. In this IL-6 biosensor, aptamer was used
to capture the IL-6 due to its higher sensitivity with IL-6 than antibody.
The research was proven in the sandwich assay, when aptamers were
used to capture the target molecule. They specifically capture the
target with higher sensitivity and improve the LOD. Previously, an
AP oligomer was detected by its aptamer and antibody on the ELISA
plate. Aptamer was used to capture the AR oligomer and detected
with an anti- AP oligomer antibody. The nanomaterial-modified ELISA
well lowers the detection limit to 50 pM [31]. In another research,
Lakshmipriya et al. developed an influenza biosensor by using the
aptamer selected against influenza B and anti-influenza B antibody. It
was identified that aptamers have more potential to detect the influenza
virus than antibodies [14]. Our IL-6 biosensor also shows a great
increment of current responses with increasing IL-6 by using aptamer-
IL-6-antibody sandwich assay. The detection limit was calculated by
identifying the difference between current responses and blank for each
IL-6 concentration and they were plotted in an Excel spreadsheet. The
detection limit was calculated as 1 pg/mL with an R? value of 0.9754
(Figure 5c¢). Similar to this experiment, researchers developed an IL-6
biosensor on GNP and platinum carbon-modified sensor with the linker
of anti-IL-6 antibody. This biosensor specifically recognizes the IL-6 by
using voltammetry as low as 3 pg/mL with a range of detection of 100-
700 pg/mL [32]. Similarly organic electrochemical transistor biosensor
was performed to quantify the level of IL-6. GNP was deposited on the
poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate
gate electrode for the subsequent immobilization of SH-linked aptamers.
This sensing surface shows the A detection range of IL-6 from picomolar
to nanomolar range [33]. Similarly various sensors are developed by
researchers for IL-6 quantification and have been summarized in Table 1.

Table 1. IL-6 detection with various currently available sensors

Sensor Probe Nanomaterial Detection limit Reference
(pg/mL)

Voltammetry Antibody Carbon-GNP 3 [33]

Electrochemical  Aptamer Gold Lower [34]

transistor picomolar

Paper-based Antibody Gold nanoparticle 1.3 [35]

Cyclic Antibody Biochar 0.78 [36]

voltammetry

Electrochemical ~ Antibody ZnoO 0.2 [37]

Paper-based Antibody Graphene 9.55 [38]

FET-sensor Antibody Graphene oxide 1.53 [39]

IDME Aptamer and  LSCF and GNP 1 This study
antibody

Our sensing strategy is comparable with the already existing method
with a detection limit of 1 pg/mL.

3.5. IL-6 detection in serum spiked sample

A successful biosensor can identify targets in biological samples
such as urine, serum, sweat, and blood. To mimic this situation, IL-6
(0.1-3000 pg/mL) was spiked into serum and detected using the IL-6
biosensor. In healthy individuals, the IL-6 level is typically less than 6
pg/mL. The IL-6 level in serum is highly correlated with tumor stages
in CRC, with the mean tumor level of IL-6 in CRC being approximately
400 pg/mL. For stages 1, 2, 3, and 4, the IL-6 levels were recorded as
approximately 230, 282, 394, and 785 pg/mL, respectively [32]. Thus,
serum-spiked IL-6 was quantified on the LSCF-GNP-modified IDME
in the range of 0.1 to 3000 pg/mL. As shown in Figure 6(a), a clear
increase in current responses was recorded for all IL-6 concentrations,
indicating selective identification of IL-6 in human serum without any
interference.

3.6. Specific IL-6 detection

Specific IL-6 detection experiments were performed with relative
proteins namely CEA, TNF, complementary aptamer, and anti-IgG
antibody. The CEA is the established biomarker for CRC and its over-
expression is found in 95% of cases [33]. Further, the TNF cytokine is
involved in various inflammatory processes. So these two molecules
were chosen as the control proteins in the IL-6 biosensor. Apart from
this, to confirm the specificity, a complementary aptamer was tested.
As shown in Figure 6(b), there is no increment of current was noted
with CEA, TNF, complementary aptamer, and anti-IgG antibody, which
proved that the specific IL-6 detection on LSCF-GNP-modified IDME.

3.7. ELISA assay for IL-6 detection

To assess the efficiency of the IL-6 biosensor, the same
functionalization was conducted on an ELISA polystyrene plate for
IL-6 detection. ELISA is a well-established technique used to detect
and screen various diseases. In the ELISA well, immobilization of the
capture molecule plays a major role in target identification. In most
cases, immobilization occurs through electrostatic interactions between
biomolecules and the polystyrene ELISA well. However, this method may
not be sufficient, as it can lead to instability and reduced biomolecular
interactions. We evaluated our surface functionalization for aptamer
immobilization and detected IL-6 using a sandwich assay. As shown in
Figure 6(c), a clear increase in absorbance was noted with increasing
IL-6 concentrations, and color changes in the ELISA well were visible
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(a) IL-6 detection in serum-spiked samples. IL-6 was spiked into serum and detected using the IL-6 biosensor. Increases in current responses were recorded for all IL-6

concentrations, indicating selective identification of IL-6 in human serum without any interference. (b) Specific IL-6 detection. Specific IL-6 detection experiments were performed

with relative proteins, namely Carcinoembryonic antigen (CEA), Tumour necrosis factor (TNF), complementary aptamer, and anti-IgG antibody. No increase in the current was noted

with the control molecules. (¢) Enzyme-linked immunosorbent assay (ELISA) assay for IL-6 detection. A clear increase in absorbance was observed with increasing IL-6 concentrations,
and the color change in the ELISA wells was also visible starting from 1 pg/mL of IL-6.

starting from 1 pg/mL of IL-6. In both the IDME and electrochemical
sensors, 0.1 pg/mL showed a slight increment of current response and
the absorbance increment. At 1 pg/mL the current, the current response
was doubled in IDME sensor and the visible detection from 1 pg/mL
was observed in ELISA. The bigger response was obtained from 1 pg/
mL in both cases. This consistency of the response was obtained through
the stable immobilization of aptamer through the nanomaterials and
enhanced the IL-6 interaction with its aptamer and antibody. Thus, the
improved IL-6 biosensor has the potential to work effectively with any
sensing surface without compromising the limit of detection.

4. Conclusions

In conclusion, a highly sensitive IL-6 biosensor was developed
for the early diagnosis of CRC. An aptamer and antibody were used
to detect IL-6 on the IDME. Higher immobilization of the aptamer
on the IDME was achieved by utilizing LSCF and GNPs. The current
response to IL-6 increased with higher concentrations on the IDME
using the aptamer-IL-6-antibody sandwich assay. IL-6 was detected in
a range from 0.1 to 3000 pg/mL, with a limit of detection of 1 pg/
mL. Additionally, the same current response was recorded with serum-
spiked IL-6, indicating the selective detection of IL-6. Further control
experiments with complementary aptamer, CEA, and TNF did not show
any increase in current responses, confirming the specific detection of
IL-6. Moreover, the same surface functionalization was demonstrated
on the ELISA plate, resulting in the successful detection of IL-6. This
biosensor, developed with LSCF and GNP, effectively detects low levels
of IL-6 and aids in diagnosing CRC and its stages.
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