
This is an open-access article distributed under the terms of the Creative Commons Attribution-Non Commercial-Share Alike 4.0 License, which allows others to 
remix, transform, and build upon the work non-commercially, as long as the author is credited and the new creations are licensed under the identical terms.

© 2025 Arabian Journal of Chemistry - Published by Scientific Scholar

https://arabjchem.org

Arabian Journal of Chemistry

Original Article

Aminated Si-Al-Fe nanocomposite on dielectrode points sensing junction: A high-
performance colorectal aptasensor
Xiaogang Lia, Ping Lua, Wanfu Zhanga, Zhao Niua, Hongwei Wana, Subash C.B. Gopinathb,c,d,e, Bo Lia*
aDepartment of General Surgery, The Affiliated Hospital of Yunnan University, Kunming, 650021, China
bCenter for Global Health Research, Saveetha Medical College & Hospital, Saveetha Institute of Medical and Technical Sciences (SIMATS), Thandalam, Chennai – 602 105, Tamil Nadu, India
cFaculty of Chemical Engineering & Technology and Institute of Nano Electronic Engineering, Universiti Malaysia Perlis (UniMAP), 02600 Arau, Perlis, Malaysia
dDepartment of Technical Sciences, Western Caspian University, Baku AZ 1075, Azerbaijan.
eDepartment of Computer Science and Engineering, Faculty of Science and Information Technology, Daffodil International University, Daffodil Smart City, Birulia, Savar, Dhaka 1216, Bangladesh

A R T I C L E  I N F O

Keywords: 
Biomarker
Biosensor
Colon
Nanomaterial

A B S T R A C T

Colorectal cancer (CRC) begins in the innermost layer of the colon or rectum. It can grow outward from this 
layer and spread to different parts of the body. Screening for CRC with suitable biomarkers helps to identify the 
early stages and improves the recovery rate. Carcinoembryonic antigen (CEA) is a widely accepted biomarker 
for CRC because it is overexpressed in 95% of cases, aiding in the identification and monitoring of the disease. 
This research developed a highly sensitive CEA biosensor on a Si-Al-Fe (Silica-Alumina-Iron) nanomaterial-
modified dielectrode. In the sandwich test, CEA was captured and detected using an aptamer and an antibody. 
An aptamer ending with -COOH was attached to the Si-Al-Fe nanocomposite through an amine linker, which 
then captured the CEA and was detected with an antibody. When an aptamer was used as the capture probe 
rather than an antibody, the current response increased. In addition, amine-modified Si-Al-Fe increases aptamer 
immobilization through the reaction of amine with Si-Al-Fe and COOH in the aptamer. Si-Al-Fe modified surface 
provides a better arrangement of aptamer on a dielectrode. Aptamer-CEA-antibody surface identified CEA on a 
linear regression range of 0.3 to 20 ng/mL, and the detection limit was calculated as 0.3 ng/mL with an R2 value 
of 0.9893. Additional complementary aptamer sequences and control proteins, such as Alpha fetoprotein (AFP) 
and CA15-3, did not significantly alter the responses obtained, suggesting that CEA is specifically detected. 
Furthermore, in serum-spiked CEA, the current response increased with rising CEA concentrations, confirming 
the selective identification of the antigen. 
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1. Introduction

Colorectal cancer (CRC) is a type of cancer that causes damage to 
the rectum or colon and has a higher mortality rate than other cancers 
[1]. The risk of stomach-related cancers, such as gastric and CRC, 
increases with age, particularly in individuals over 50 years of age [2,3]. 
Symptoms of CRC include blood in the stool, constipation, diarrhea, 
fatigue, and abdominal pain. The incidence of CRC has been decreasing 
in developed countries due to effective screening programs. Recovery 
from CRC is highly dependent on the stage of cancer, with early stages 
having higher survival rates than advanced stages. Timely identification, 
proper medication, and follow-up treatment are necessary to improve 
the prognosis of CRC in patients. Biomarkers play a major role in the 
screening and clinical management of CRC. Therefore, sensitive and 
rapid quantification of biomarkers is crucial for the early diagnosis of 
CRC.

Carcinoembryonic antigen (CEA) is a human embryonic antigen 
extracted first from embryonic tissue and colon cancer. CEA is expressed 
abnormally in CRC and is thus used widely as a biomarker for diagnosing 
it [4]. The normal CEA level in the serum of healthy individuals is lower 
than 5 µg/L; a value exceeding 20 µg/L may indicate cancer. The range 

of elevation of CEA indicates whether the cancer has metastasized or is 
localized and helps predict outcomes. When the range falls between 5 
and 10 µg/L, the rate of CRC occurrence is lower. A range greater than 
1 µg/L may indicate a poor outlook with a high risk of recurrence. At 
the same time, the range of CEA greater than 20 µg/L indicates that the 
CRC can metastasize to other areas of the body. In addition, the level of 
CEA decreased in patients who have had surgery to remove the tumor. 
Physicians should, hence, do the CEA screening test on patients with 
CRC before and after the surgery. They should also conduct regular 
screening after surgery 3-month month intervals, then every six months 
of the first three years, and every five years to make sure the CRC 
does not relapse. Quantifying the level of CEA helps to identify the 
CRC and its condition. At present, enzyme linked immunosorbent assay 
(ELISA), AI based imaging, fluorescent based immunoassay and the 
radioimmunoassay are commonly used to quantify the CEA levels [5,6]. 
Still, research to develop a cheaper, easy, and highly sensitive biosensor 
for detecting CEA is ongoing [7-9].

A biosensor is an analytical tool that produces signals proportionate 
to the interactions between molecules on the detecting surface to 
monitor chemical and biological responses [10,11]. Biosensors are 
useful in many areas, including environmental monitoring, dietary 
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control, medication delivery, and point-of-care monitoring of illness 
progression [12]. Researchers are focusing on improving biosensors 
for sensitive detection of target molecules. Such improvement depends 
on various factors like the affinity of biomolecular interactions and 
the surface functionalization of target or analyte immobilization 
[13,14]. High-affinity detection molecules such as aptamers, proteins, 
peptides, nucleic acids, and antibodies were utilized to identify the 
target molecule. Among them, antibodies and nucleic acids such 
as DNA and RNA are commonly used as molecular detectors and 
successfully applied in various biosensors. Among them, aptamers 
are recently emerging molecules and are used for various biosensing 
and therapeutic applications. The aptamer is a promising molecule, a 
potential substitute for antibodies. It can be a DNA or RNA molecule, 
chemically synthesized using Systematic evolution of ligands by 
exponential enrichment (SELEX) method [15,16]. Due to their high-
affinity target identification and 3-D folding, aptamers are considered 
the superior alternatives to antibodies. Apart from that, aptamers, with 
the advantage of easy surface modification, can be synthesized without 
animal routes and are cost-effective and stable. Due to this positive 
feature, aptamers are utilized as detection molecules for various sensors 
and help to diagnose diseases. Here, a CEA specific aptamer was used 
to create a CEA biosensor on nanomaterial modified dielectrode points 
sensing surface, to monitor CRC.

Nanotechnology has become the most developed field in the areas 
of engineering, chemistry, biology, physics, medicine and forensics [17-
21]. Nanomaterial application in the biomedical field offers potential 
opportunities in the treatment of damaged tissue, bone cancer, 
neurodegenerative disorders, infection, cancer, and other diseases 
[22,23]. Organic nanomaterials such as liposomes, organic polymers, 
dendrimers, and hydrogel nanomaterials have been generated for 
various biomedical applications. Nanomaterials’ application in surface 
functionalization of biosensors is playing a crucial role in improving 
sensing strategies. Enhancing the stability of biomolecules on the 
electrode and optimizing their arrangement can lead to improved 
analytical results and a reduction in the detection limit [24,25]. Various 
types of biosensors are developed with nanomaterials to target cancer 
biomarkers. For instance, cancer antigens 15-3 are effectively focused 
with a nanomaterial-based electrochemical sensor for diagnosing breast 
cancer [26]. Gold nanobiosensors are becoming popular for treating 
and diagnosing breast cancer. These sensors identify protein markers of 
cancer by utilizing the nanoscale characteristics of gold particles, and 
this method enables the early and more precise identification of breast 
cancers [27]. Apart from that, a novel composite of graphene oxide 
(2D) and graphitic carbon nitride decorated with gold nanoparticles 
is used for the sensitive detection of prostate-specific antigen (PSA) 
by using an aptamer-based electrochemical biosensor. The biosensor 
achieved rapid detection of PSA at 30 mins, and its potential for 
clinical use was further validated by analyzing real serum samples [28]. 
Similar to other cancer detections, nanomaterials have transformed 
the detection and treatment of CRC, making disease management 
more accurate and effective. Nanomaterials are conjugated with the 
desired ligand that targets the CRC biomarkers and enables detection. 
Biomarkers such as CA19-9, TP53, and CEA are detected with higher 
sensitivity by nanomaterial-based biosensing systems [29]. Here, Si-Al-
Fe nanomaterial extracted from the fly ash was used to attach the anti-
CEA aptamer to the dielectrode. Silica is commonly used in biosensors 
due to its larger surface area and optical properties. Due to its highly 
selective nature of the recognition of the target molecules, silica has 
been reported for various biosensors to identify biomolecules such as 
DNA, antibodies, and viruses [30]. Aluminum is one of the established 
materials known for its high sensitivity, specificity, and reusability, 
which enhance the properties of sensing devices [31]. Iron oxide, due 
to its low toxicity and unique biocompatibility, is widely used for drug 
delivery in cancer therapies. Additionally, iron has been extensively 
utilized in biosensor applications, such as Bisphenol A (BPA) sensors, 
glucose sensors, and gas sensors [32]. In this research, a combination 
of Si-Al-Fe was prepared for the surface functionalization of a CEA 
biosensor for diagnosing CRC.

2. Materials and Methods

2.1. Reagents and biomolecules

Anti-CEA antibodies, CEA, carbohydrate antigen 15-3 (CA15-3), 
and alpha-fetoprotein (AFP) were purchased from Beijing Dingguo 
Changsheng Biotechnology Co. Ltd, China. Phosphate buffered solution 
(PBS), Human serum, (3-Aminopropyl) triethoxysilane (APTES), and 
PEG-COOH were ordered from Sigma Aldrich, USA. Anti-CEA aptamer 
was commercially synthesized and received from a local supplier. The 
dielectrode points junction sensing surface was fabricated as described 
earlier by the photolithographic technique and verified by a scanning 
electron microscope image [33].

2.2. Si-Al-Fe extraction from fly ash

Si-Al-Fe nanomaterial was synthesized using the extracted silica, 
alumina and iron from the coal mine fly ash. Three major steps are 
involved in this process. (i) Extraction of Fe; (II) extraction of sodium 
aluminosilicate; (iii) Si-Al-Fe synthesized by Sol-gel method.

2.3. Fe extraction from fly ash

Using a magnetic stirrer, fly ash (25 g) was mixed with distilled 
water (500 µL) and swirled for 15 mins. The stacked Fe was collected 
on the magnetic rod. The process was repeated until all Fe particles 
were extracted from the fly ash. Next, 20 % H2SO4 was combined with 
the separated Fe particles (1 g), and the mixture was agitated for two 
hrs at 60 °C. After passing through a Whatmann filter paper, the Fe-
containing solution was utilized as the foundation for synthesis of Si-
Al-Fe nanomaterials.

2.4. Sodium aluminosilicate extraction

Alkaline extraction was followed by using sodium aluminosilicate 
from fly ash. First, 100 g of the fly ash was combined with 2 L of NaOH 
(2.5 M), and this combination was heated for 5 hrs at 100 °C while 
being stirred. A Whatmann filter paper was used to separate the sodium 
alumina-silicate solution once it had cooled. Si-Al-Fe nanomaterials 
were synthesized by using this solution as a foundation.

2.5. Si-Al-Fe synthesizes by sol gel method

Si-Al-Fe nanomaterial was synthesized by using the sol-gel method. 
At first, 500 mL of sodium aluminosilicate (extracted from fly ash) was 
placed into a beaker and stirred. Extracted Fe solution was further added 
drop-by-drop until pH 7 was reached and the gel was formed. The gel 
was stirred overnight to get a uniform distribution of nanomaterials. 
Further, the gel was rinsed with ethanol and distilled water and 
separated by centrifugation (10000 rpm for 10 min). The final Si-Al-Fe 
nanomaterial was dried at 100 °C and kept at room temperature (RT).

2.6. Amine modification on Si-Al-Fe nanomaterial

Si-Al-Fe nanomaterial was modified into amine by silane coupling. 
Briefly, 1 mg/mL of Si-Al-Fe was dispersed in 1 % KOH (10 min) and 
then washed with distilled water. The nanomaterials were separated 
by centrifugation. After that 2 % of APTES was introduced in the 
nanomaterial and heated at 300 °C. After that, the nanomaterials were 
rinsed with ethanol and separated by centrifugation.

2.7. Optimization of antibody in antibody-CEA-aptamer sandwich assay

Antibody-CEA-aptamer assay was conducted on Si-Al-Fe modified 
IDME. For this process, IDME was immersed in KOH and distilled water 
was used to remove the excess KOH. After that, amine-modified Si-
Al-Fe was added on the surface and the electrode was kept at room 
temperature (RT) for 3 hrs to enable APTES attachment to KOH. 
Further, an antibody concentration of 50 nM was introduced to the 
electrode for 1 hr to interact the antibody with the amine-modified 
Si-Al-Fe. PEG-COOH was added to block the uncovered amine surfaces, 
followed by CEA (20 ng/mL). It was then allowed to rest (30 min) to 
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allow the binding of CEA with its antibody. Finally, a fixed aptamer (1 
µM-diluted in PBS) was added to make the sandwich assay of antibody-
CEA-aptamer. In between each process, the electrode was rinsed with 
PBS to clear the unbound chemicals and biomolecules. The same 
experiment was conducted with other antibody concentrations such as 
100, 200, 400, 800, and 1600 nM.

2.8. Optimization of aptamer in aptamer-CEA-antibody sandwich

Aptamer-CEA-antibody was performed on Si-Al-Fe modified sensing 
surface. After treatment with KOH, amine modified Si-Al-Fe was added 
on the surface of the electrode kept at RT for 3 hrs to allow attachment 
of APTES on KOH. Further, a COOH-aptamer (50 nM) was introduced 
to the electrode and rested for 1 hr to interact the antibody with the 
amine-modified Si-Al-Fe. PEG-COOH was added to block the uncovered 
amine surfaces and then CEA (20 ng/mL) was added. Finally, a fixed 
antibody concentration of 400 nM was added to make the sandwich 
assay of aptamer-CEA-antibody. The surface was washed with PBS in 
between each immobilization and the current changes were recorded. 
The same experiment was conducted with other aptamer concentrations 
such as 100, 200, 400, 800, and 1600 nM (diluted in PBS).

2.9. Detection limit of CEA

The CEA limit of detection was calculated by titrating CEA from 
0.6 to 20 ng/mL. The following steps are involved in this process. (i) 
bare surface was immersed in KOH for 15 min; (ii) Si-Al-Fe was added 
on the surface and rested for 3 hrs; (iii) optimized COOH-aptamer was 
added; (iv) PEG-COOH wad placed on the electrode (iv) 5 µL of CEA 
from 0.312 to 20 ng/mL was introduced; (v) optimized anti-CEA was 
added. The current level was recorded before and after adding CEA. The 
difference in current was plotted in a linear regression line to calculate 
the detection limit of CEA.

2.10. Control experiments with CA15-3, AFP and complementary aptamer

Control experiments were conducted with AFP, CA15-3, and 
complementary anti-CEA aptamer. Instead of CEA, AFP and CA15-3 
were added to the aptamer-modified IDME, followed by the addition 
of the anti-CEA antibody. In another experiment, the -COOH ended 
complementary was added on the Si-Al-Fe modified IDME and then 
CEA (20 ng/mL) followed by anti-CEA was added. The current 
responses were monitored in all these three experiments and compared 
with specific sandwich assay with CEA, anti-CEA aptamer, and anti-
CEA antibody.

2.11. Detection of serum spiked CEA and the stability of sensing electrode

An aptamer-CEA-antibody sandwich assay was used to quantify 
serum-spiked CEA to determine its detection condition from biological 
samples. CEA was diluted in 10% human serum to a concentration of 
0.32 to 20 ng/mL, put onto a sensing surface that had an aptamer linked 
to it, and then sandwiched with an anti-CEA antibody. Every serum 
spiking CEA concentration had a documented current reaction. To 
identify the stability of the sensing electrode, dielectrode points sensor 
modified with Si-Al-Fe and aptamer was tested at the intervals of 1, 4, 
8, 16, and 32 weeks. For this experiment, the same batch of dielectrode 
points sensing surface was surface functionalized with the aptamer 
and kept in the refrigerator. On these aptamers modified surfaces CEA 
was added and then sandwiched with anti-CEA antibody. Any changes 
of current were noted and compared. Further, stability analysis was 
performed on aptamer modified Si-Al-Fe electrodes with different 
time intervals. For this process, the aptamer modified electrodes were 
kept in the refrigerator for 1-, 2-, 3- and 4-weeks. The sandwich assay 
was performed with the electrodes for CEA detection and the current 
responses were recorded. All experiments were performed at room 
temperature under ambient humidity. The surface of sensors was kept 
wet [by 10 mM PBS (pH 7.4)] during the biomolecular interactive 
analysis. Washings were carried out between each step or modification 
using 10 reaction volume of PBS. To cover the gap region 5 µL of 
sample was used for each reaction. Power supply was provided by a 

picoammeter at the range of 0-2 V with the sweep of 0.1 V on the dual 
electrode probe station.

3. Results and Discussion

CRC starts in the rectum or colon. Diagnosing this cancer with 
suitable biomarkers is essential to provide better treatment and improve 
the quality of life. Here, we introduced a highly sensitive CEA biosensor 
for diagnosing CRC. Figure 1 shows a schematic illustration of the 
CEA biosensor on dielectrode points sensor and the surface imaging 
under scanning electron microscope. The sensing surface was initially 
immersed in KOH, and then the surface of the electrode was modified 
with Si-Al-Fe using an APTES amine linker. After that, an aptamer (or 
antibody) ending with -COOH was added, followed by the addition of 
CEA. Finally, an anti-CEA antibody (or anti-CEA aptamer) was added to 
create the sandwich assay of aptamer-CEA-antibody or antibody-CEA-
aptamer. For surface functionalization, Si-Al-Fe was used to attach the 
aptamer or antibody to the sensing electrode. Various research studies 
have shown that nanomaterials enhance biomolecule attachment and 
improve the stability of the molecules on the sensing surfaces [34]. The 
dielectrode fabricated in this study was made up of two independently 
bright electrodes arranged in a triangular pattern, which showed a 
better potential for developing a highly sensitive biosensor than the 
conventional parallel electrodes. In addition, surface functionalization 
on dielectrode plays a major role in improving the sensitivity of the 
sensor. To improve the aptamer immobilization, Si-Al-Fe was utilized 
as a nanocomposite. Si-Al-Fe modified dielectrode provides a better 
arrangement of aptamers with higher stability on the sensing surface, 
which interacts with a higher number of CEAs, and increases the 
sensitivity. Apart from this, Si-Al-Fe modified electrodes increase the 
current flow upon interaction of CEA with its aptamer and antibody, 
which lowers the detection limit. When the antibody is directly 
attached to the APTES surface, there is a limited number of antibodies 
that can bind to the surface. At the same time, on the single Si-Al-Fe 
nanomaterial many APTES molecules are attached and attract more 
antibodies, which improves the capture biomolecule immobilization 
and helps lower the detection limit. This modified sensor identifies the 
lower level of CEA.

3.1. Surface morphology of Si-Al-Fe

Imaging of synthesized Si-Al-Fe was analyzed by field emission 
scanning electron microscopy (FESEM) and field emission transmission 
electron microscopy (FETEM). Figure 2(a) and 2(b) shows the FESEM 
image of Si-Al-Fe with the magnitude of 1 µm and 200 nm, respectively. 
Nanomaterials are uniformly distributed and sized within the range 
of 20-30 nm. The FETEM image also clearly shows the distributed 
nanomaterial with uniform arrangement (Figure 2c). The electron 

Figure 1. Schematic illustration of Carcinoembryonic antigen (CEA) biosensor on 
dielectrode points sensor. The dielectrode points sensor was initially immersed in KOH, 
and then the surface of the electrode was modified with Si-Al-Fe using (3-Aminopropyl)
triethoxysilane (APTES) as a amine linker. After that, aptamer ended with -COOH was 
added, followed by the addition of CEA. Finally, an anti-CEA antibody was interacted to 
make a sandwich with aptamer-CEA-antibody. Dielectrode points junction is displayed 

with a scanning electron microscope image.
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dispersive X-ray (EDX) result confirms the presence of the major 
elements Si, Al, Fe, and O in the synthesized material (Figure 2d).

3.2. Comparison of aptamer and antibody attachment on Si-Al-Fe modified 
dielectrode points sensor

Capture probe immobilization plays a major role in improving the 
biosensor. The interaction of capture and target is also important for 
lowering the detection limit. Here, an antibody and aptamer were used 
to detect CEA. To identify the suitable capture probe, two different 
types of experiments were conducted: antibody-CEA-aptamer and 
aptamer-CEA-antibody.

3.3. Antibody immobilization on dielectrode points sensor

In the sandwich assay of antibody-CEA-aptamer, to immobilize 
the higher number of antibodies, different concentrations of antibody 
immobilization were tested on the Si-Al-Fe modified dielectrode 
points sensor. Figure 3(a) shows the current-volt graph of different 
concentrations of antibody attachment on the dielectrode points sensor. 
As shown in the figure, the dielectrode points sensor-KOH shows the 
current response as 1.03 E-08 A, which after the addition of amine-
modified Si-Al-Fe current, changed to 2.23 E-08 A. This indicates the 
modification of the electrode with the nanomaterial Si-AL-Fe. After that 
antibody with 100 nM was added, the current was increased to 3.52 
E-08 A, which indicates attachment of the anti-CEA antibody to the 
amine-modified Si-Al-Fe. On increasing the concentration of antibodies 
to 200, 400, 800, and 1600 nM, the current level increased to 6.56 
E-08 A, 1.05 E-07 A, 1.52 E-07 A, and 1.59 E-07 A, respectively. It 
clearly showed that the increment in current responses is by increasing 
the antibody concentration. The differences in current before and after 
antibody attachment with 100, 200, 400, 800, and 1600 nM were 
1.29, 4.33, 8.27, 12.97, and 13.67 E-08 A, respectively (Figure 3b). 
The current response was saturated from 800 nM; this indicated that 
a maximum of 800 nM of the antibody is enough to cover the Si-Al-
Fe modified dielectrode points sensor surface. On these surfaces, an 
antibody-CEA-aptamer sandwich assay was conducted.

3.4. Aptamer immobilization on dielectrode points sensor

In the sandwich assay of aptamer-CEA-antibody, to immobilize 
the higher number of aptamers, different concentrations of aptamer 
immobilization were tested on the Si-Al-Fe modified dielectrode 
points sensor. Figure 3(c) shows the current-volt graph of different 
concentrations of aptamer attachment on the dielectrode points sensor. 
As shown in figure, dielectrode points sensor-KOH shows the current 
response as 1.04 E-08 A. After the addition of amine, modified Si-Al-Fe 

current was changed to 2.25 E-08 A, which implies the modification of 
the electrode with the nanomaterial Si-AL-Fe. After that aptamer with 
50 nM was added and the current was increased to 3.22 E-08 A, which 
indicates the attachment of anti-CEA aptamer on the amine-modified 
Si-Al-Fe. Increased the concentration of aptamers to 100, 200, 400, and 
800 nM, the levels of current were increased to 4.66 E-08 A, 9.55 E-08 
A, 1.31 E-07 A, and 1.36 E-07 A, respectively. This clearly showed that 
the increment of current responses was due to increasing the aptamer 
concentration. The differences in current before and after aptamer 
attachment with 50, 100, 200, 400, and 800 nM were 0.99, 2.43. 4.32, 
10.09, and 11.4 E-08 A, respectively (Figure 3d). The current response 
was saturated to 400 nM, indicating that the maximum aptamer 
concentration was enough to cover the Si-Al-Fe modified dielectrode 
points sensor surface. On these surfaces, an aptamer-CEA-antibody 
sandwich assay was conducted.

3.5. Comparison detection of CEA on aptamer-CEA-antibody and 
antibody-CEA-aptamer sandwich assay

On the aptamer- and antibody-optimized surfaces, CEA was detected 
by aptamer-CEA-antibody and antibody-CEA-aptamer sandwich assay 
(Figure 4). Figures 4(a) and 4(b) show the current-volt graph of 20 
ng/mL of CEA detection by antibody-CEA-aptamer and aptamer-CEA-
antibody sandwich assay. As shown in Figure 4(c) the difference of 
current response was higher in the aptamer-CEA-antibody assay. 
This may be due to the higher binding affinity of aptamer with CEA 
compared with antibody. Aptamers exhibit superior sensitivity and 
selectivity towards target molecules in comparison to antibodies, as 
demonstrated by numerous studies. When paired with antibodies, the 
aptamer can draw in more targets and enhance the existing reactions 
when employed as the capture molecule.

3.6. Detection limit of CEA

Since aptamer as the capture probe increases the current flow for 
the CEA detection, different concentrations of CEA were tested with 
aptamer-CEA-antibody sandwich assay. CEA was diluted and dropped 
on an aptamer immobilized electrode and then sandwiched with anti-
CEA antibody. Figure 5(a) shows the current-volt measurement of 
CEA from 0.6 to 20 ng/mL detection by aptamer-CEA-antibody assay. 
With zero CEA, the current response was recorded as 1.26 E-07 A. 
After introducing CEA with 0.6 ng/mL, the current was increased to 
3.01 E-07 A. This increment of current confirms the binding of CEA 
with its aptamer and antibody. Furthermore, with an increase in the 
concentration of CEA to 1.2, 2.5, 5, 10, and 20 ng/mL, the current 

Figure 2. Characterization of Si-Al-Fe. (a) Field emission scanning electron microscopy 
(FESEM) image of Si-Al-Fe with the scale at 1 µm. (b) Field emission transmission 
electron microscopy (FETEM) with 200 nm scale. (c) FETEM with 200 nm scale. 
Nanomaterials are uniformly distributed and sized within the range of 20-30 nm. (d) 
Energy-dispersive X-ray (EDX) of Si-Al-Fe. EDX result confirms the presence of the major 

elements of Si, Al, Fe, and O in the synthesized material.

Figure 3. Comparison of aptamer and antibody attachment on dielectrode points 
sensor. (a) Current-volt graph of different concentration of antibody attachment on 
dielectrode points sensor and shows a clear increment of current after introducing each 
antibody. (b) Current response of antibody attachment on dielectrode points sensor. 
With increasing the concentration of antibodies, current response also increased and 
saturated at 800 nM (c) Current-volt graph of different concentrations of antibody 
attachment on dielectrode points sensor and shows a clear increment of current after 
introducing aptamer. (d) Current response of aptamer attachment on dielectrode 
points sensor. With increasing concentrations of antibodies, current responses also 
increased and saturated at 400 nM. Data was averaged by averaging three independent 
measurements using the sensing surfaces prepared from the same batch of fabrication.
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The normal level of CEA in a healthy human is less than 5 mcg/L, if 
it is more than 20 mcg/L in the human serum may be the indicator 
of cancer. Here the clear increment of current response was indicated 
from 0.3 ng/mL to 20 ng/mL, which helps to identify colorectal cancer.

3.8. Specific detection of CEA

Specific identification of CEA was analyzed on the Si-Al-Fe modified 
dielectrode points sensor using the control proteins and complementary 
aptamer. Experiments were performed with control proteins AFP, CA15-
3, and complementary anti-CEA aptamer. Instead of CEA, AFP and 
CA15-3 were added to the anti-CEA aptamer attached IDME, followed 
by adding an anti-CEA antibody. In another experiment, -COOH ended 
complementary was used instead of anti-CEA aptamer. The current 
responses were monitored in all three experiments. The current 
responses for control experiments did not show any significant changes, 
which confirms the specific identification of CEA (Figure 6b). In the 
stability analysis, CEA was detected on the aptamer-modified surfaces 
at intervals of 1 to 4 weeks. As shown in Figure 6(c), no difference 
in current responses was recorded for all the electrodes, indicating 
that aptamer-modified electrodes were more stable and detected CEA 
interaction without losing sensitivity (Figure 6c).

4. Conclusions

CRC is a type of cancer that starts in the colon or rectum. Biomarkers 
play a vital role in CRC diagnosis, treatment, and prognosis. In this 
research, a CEA biosensor was developed on a Si-Al-Fe modified 
dielectrode points sensor. The Si-Al-Fe modified surface helps enhance 
the capture probe of aptamer immobilization. Aptamers and antibodies 
were compared as capture probes detect CEA, and it was found that 
the current response was increased when an aptamer was used as the 
capture probe compared to an antibody. The aptamer-CEA-antibody 
sandwich assay increased current response more than the antibody-
CEA-aptamer assay for the same concentration of CEA. The current 
response gradually increased with increasing CEA concentrations from 
0.6 ng/mL to 20 ng/mL, with a detection limit of 0.6 ng/mL and an 
r-squared value of 0.9893. Further, CEA-spiked serum was detected by 
the aptamer-CEA-antibody sandwich assay without any interferences. 
Control experiments with proteins AFP, CA15-3, and complementary 
anti-CEA aptamer did not show any significant changes in current 
responses, indicating the specific detection of CEA. This aptamer-CEA-
antibody sandwich assay on the Si-Al-Fe modified dielectrode points 
sensor identifies CEA at low levels and helps diagnose and monitor the 

Figure 4. Detection of Carcinoembryonic antigen (CEA) by aptamer and antibody. (a) 
Current-volt measurement graph of CEA detection by antibody-CEA-aptamer sandwich. 
The current increment was confirmed the CEA interaction with antibody and aptamer. 
(b) Current-volt measurement graph of CEA detection by aptamer-CEA-antibody 
sandwich assay. Current increment was confirmed the CEA interaction with aptamer 
and antibody. (c) Comparative detection of CEA by aptamer and antibody as the capture 
probe. Clearly seen that the current response was increased when aptamer was used as 
the capture probe. Data was averaged by averaging three independent measurements 

using the sensing surfaces prepared from the same batch of fabrication.

Figure 5. Detection limit of Carcinoembryonic antigen (CEA). (a) Current-volt 
graph with different concentrations of CEA interaction with aptamer and antibody. A 
clear increment of current was noticed after introducing each CEA concentration. (b) 
Current response of CEA interaction with aptamer and antibody. Clear increments of 
current response were recorded for all the concentrations of CEA, and it proportionally 
increased by increasing concentrations of CEA. (c) Difference in current before and after 
CEA detection was plotted in an Excel spreadsheet and calculated for the detection of 
CEA as 0.6 ng/mL with the R-squared value of 0.9893. Data was averaged by averaging 
three independent measurements using the sensing surfaces prepared from the same 

batch of fabrication.

Figure 6. (a) Carcinoembryonic antigen (CEA) detection in CEA-spiked human serum. 
Different concentrations of CEA were spiked in human serum and detected by aptamer-
CEA-antibody sandwich. Aptamers selectively recognized the CEA in human serum 
and increased the current response. (b) Specific identification of CEA. Experiments 
were performed with control proteins Alpha fetoprotein (AFP), cancer antigen 15-3 
(CA15-3), and complementary anti-CEA aptamer. The current responses for the 
control experiments did not show any significant changes, which confirms the specific 
identification of CEA. (c) Stability analysis for CEA detection. CEA was detected on 
aptamer-modified surfaces at intervals of 1 to 4 weeks. There were no differences in 
current responses for all the electrodes, indicating that the aptamer-modified electrodes 
are more stable and detected CEA without losing sensitivity. Data was averaged by 
averaging three independent measurements using the sensing surfaces prepared from 

the same batch of fabrication.

response increased to 5.03 E-07 A, 8.57 E-07 A, 1.25 E-06 A, 1.71 
E-06 A, and 2.02 E-06 A. Clear increments of current response were 
recorded for all concentrations of CEA and it proportionally increased 
by increasing the concentration of CEA (Figure 5b). The difference 
in current before and after CEA detection was plotted in an excel 
spreadsheet and calculated. The detection of CEA was 0.6 ng/mL with 
the R-squared value of 0.9893 (Figure 5c). This lower-level detection 
limit was achieved through the higher-level immobilization of aptamer 
on the dielectrode points sensor through the Si-Al-Fe nanomaterial.

3.7. CEA detection from CEA-spiked human serum

By using an aptamer-CEA-antibody sandwich assay, CEA was spiked 
in human serum to determine the effectiveness of CEA detection in 
the real-world sample. The current response of CEA detection, which 
increased as CEA concentrations rose, is shown in Figure 6(a) and 
ranges from 0.6 ng/mL to 20 ng/mL. This confirms the CEA detection 
in the human serum without any interference. The presence of other 
proteins in human serum, such as albumin and globulin, may potentially 
obstruct CEA's ability to interact with its aptamer and antibody. Since 
aptamer was employed as the capture probe, the current response is 
increased and the CEA in the human serum is preferentially recognized. 
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condition of CRC. The demonstrated dielectrodes provide a potential 
and common platform for analyzing other clinical biomarkers. 
Further, optimizing the sensing surface with other nanomaterials or 
nanocomposites will reveal a great sensing surface for high-performance 
analysis. The current sensor uses a gap region at the micromolar scale. 
Further reduction to a nanoscale level without a short-circuit would be 
a fined-tuned sensing surface.
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