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Abstract: Biosensors have emerged as a promising tool for early detection of oral squamous cell carcinoma
(OSCC) due to their rapid, sensitive, and specific detection of cancer biomarkers. Saliva is a non-invasive and
easy-to-obtain biofluid that contains various biomarkers of OSCC, including carcinoembryonic antigen (CEA).
In this study, an electrochemical biosensor for the detection of CEA in Saliva has been developed towards the
diagnosis and early screening of OSCC. This biosensor utilized CEA-sensitive aptamer as sensitive elements.
Fluorine-doped Tin Oxide (FTO) chip with surface modification of zinc oxide nanorod was employed as
transducer. Electrochemical measurements were carried out to detect the responsive signals originated from
the specific binding between aptamers and CEAs. The measurement results indicated that this biosensor was
responsive to different concentrations of CEA ranging from 1 ng/mL to 80 ng/mL in a linear relationship. The
limit of detection (LOD) was 0.75 ng/mL. This biosensor also showed very good specificity and regenerative
capability. Stability testing over a 12-day period showed excellent performance of this biosensor. All the results
demonstrated that this biosensor have great potential to be used for the detection of CEA in the saliva of OSCC
patients. This biosensor provides a promising method for the rapid detection of CEA with convenience, which
have great potential to be used as a new method for clinical diagnosis and early screening of OSCC.

Keywords: carcinoembryonic antigen; oral squamous cell carcinoma; electrochemical; biosensor;
saliva

1. Introduction

Oral squamous cell carcinoma (OSCC) is one of the most common head and neck malignancies,
accounting for more than 90% of all oral cancers[1,2]. Because the early symptoms of OSCC are not
obvious or even asymptomatic, most OSCC is not detected and diagnosed until the late stage, and
the mortality rate is high[3]. Survey data from the National Cancer Institute (NCI) show that the 5-
year survival rate for patients with OCSCC is about 63% overall, with 83% in the early stage and 38%
in the late stage[4,5]. Therefore, early and accurate diagnosis of OSCC is of great significance to
improve the survival rate of patients and reduce the mortality rate.

At present, OSCC is mainly diagnosed by oral examination and tissue biopsy[6]. As the gold
standard in diagnosis, tissue biopsy has irreplaceable value, but it is not suitable for the early
diagnosis of OSCC due to its invasive nature, high cost, and possible infection close to normal
tissues[6-9]. In recent years, liquid biopsy has shown important clinical value in the early diagnosis
of tumors through the detection and analysis of biomarkers[10-12]. Carcinoembryonic antigen (CEA)
is one of the most widely used tumor biomarkers. Studies have shown that the increase of CEA
concentration in blood and saliva is related to the occurrence and development of OSCC, which can
be used for early identification, efficacy judgment and prognosis monitoring of OSCC[13,14].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Compared with blood testing, saliva testing has the advantages of non-invasive and painless
sampling, simple and convenient, and low risk of contamination, and is more suitable for point-of-
care testing (POCT)[15,16]. In addition, because saliva is more stable than blood, there are fewer
interfering substances, and it is in direct contact with cancerous tissue, so the accuracy and specificity
of the test is also higher[6,17]. Traditional CEA detection methods include enzyme-linked
immunosorbent assay (ELISA), fluorescence spectrometry, colorimetry, chemiluminescence
immunoassay, etc.,, which have many shortcomings such as low sensitivity and selectivity, time
consuming, complex operation and high cost[18-20]. Therefore, it is particularly important and
essential to develop a sensitive, accurate, simple, rapid and low-cost CEA detection method towards
early diagnosis and screening of OSCC.

Electrochemical biosensors have great prospects for CEA detection due to their high sensitivity,
convenience, and significant specificity[21,22]. For example, antibody-based electrochemical
immunosensors have been widely studied in the determination of CEA. Although they are specific,
they have disadvantages such as high cost and poor stability[23-25]. In contrast, aptamers are
specially modified oligonucleotides, which have the advantages of small size, high affinity, strong
stability, non-immunogenicity, easy preparation, low cost of synthesis and modification. Therefore,
electrochemical biosensors based on aptamers have attracted much attention[26-28].

In recent years, nanomaterials have been widely used in the field of biosensors because of their
superior physical and chemical properties[29-31]. Among them, zinc oxide (ZnO) nanomaterials
have attracted much attention in the field of electrochemical biosensors due to their good
biocompatibility, electron transfer properties, large specific surface area and non-toxicity, which
effectively improve the sensitivity and responsiveness of biosensors[32,33]. In order to continuously
optimize the performance of ZnO nanosensors, 3D ZnO nanostructures have attracted extensive
attention in recent years[34-36]. The three-dimensional structure of ZnO nanocrystals has a higher
specific surface area, which can effectively increase the contact area between the tested substance and
the semiconductor material, improve the electron transfer rate and the fixing efficiency of the
aptamer[33,37,38]. To effectively monitor CEA levels in saliva, aptamers need to be fixed to substrates
such as carbon nanotubes and metal-organic frameworks[39,40]. In recent years, gold (Au), silver
(Ag) and other metal nanoparticles (NPs) have been widely used to fix aptamers on the surface of
sensor electrodes because of their good electrical conductivity and biocompatibility, large surface
area, and easy synthesis[41,42] . Studies have shown that 3D biosensors based on 3D ZnO
nanostructures and gold nanoparticles can effectively improve the sensitivity of detection[43].

In this study, an electrochemical biosensor based on aptamer-modified Fluorine-doped Tin
Oxide (FTO)-ZnO-Au structure was developed to detect CEA in saliva for the early diagnosis and
screening of OSCC. Firstly, the FTO-ZnO-Au structure was formed by modifying ZnO nanorods with
gold nanoparticles, and the signal amplification system of aptamer-based biosensor was constructed.
Then, the 3'-SH CEA-sensitive aptamer was covalently immobilized onto the surface of the electrode
gold nanoparticle by Au-S bond to achieve the high-efficient coupling of sensitive elements with
transducers. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)
measurement were employed to characterize the biosensor preparation process as well as the
performance testing of this biosensor for CEA detection. This electrochemical biosensor based on the
FTO-ZnO-Au structure utilizes the three-dimensional structure constructed by ZnO-NRS to bind
more aptamer molecules, and the highly specific binding of the aptamer to CEA also facilitates rapid
and inexpensive CEA detection. The obtained results demonstrated the good performance of this
electrochemical biosensor for CEA detection. This biosensor provides a new method for clinical
diagnosis and early screening of OSCC by realizing rapid detection of CEA in a rapid and convenient
manner. It is worth to note that FTO chips and CEA-sensitive aptamers used in this study are only
for demonstration of the technical feasibility of the novel approach for CEA detection in saliva.

2. Materials and Methods

2.1. Materials and Reagents
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The following reagents were used as received: 6-mercapto-1-hexanol (MCH), tris-(2-
carboxyethyl) phosphine hydrochloride (TCEP), bovine serum albumin (BSA) (purchased from
Sigma-Aldrich, St.Louis, Missouri, USA). AREG Antigen (AREG-Ag), C-reactive protein (CRP),
carcinoembryonic antigen (CEA) (purchased from Sangon Biotech, Shanghai, China). The wash
buffer was phosphate buffer saline (PBS) (0.1 M, pH 7.4). Sulfuric acid (H2504), hydrochloric acid
(HCI), sodium hydroxide (NaOH), hydrogen peroxide(H20z), potassium ferricyanide (Ks[Fe(CN)s]),
potassium ferrocyanide (Ks[Fe(CN)s]) and potassium chloride (KCI) (purchased from Sinopharm
Chemical Reagent Co, Ltd, Shanghai, China). All reagents were analytical grade and used directly
without further purification.

The CEA-sensitive aptamer sequence was chosen according to previous literatures[44], it had
high affinity and specificity, and modified at the 3-terminus with a thiol group for the purpose of
immobilization on the gold surface. The CEA-sensitive aptamer sequence was as follows:3’-SH-
ATACC AGCTT ATTCA ATT-5. The aptamers were dissolved in PBS buffer (pH 7.4) to certain
concentrations for further experiments.

2.2. Preparation of FTO-ZnO-Au Structure

ZnO NRAs were prepared by hydrothermal method onto the FTO substrate. A thin film of ZnO
was deposited onto the surface of FTO by radio frequency (RF) spurting as seeding layer. The
hydrothermal deposition was carried out in the solution of equal volume of same concentration of
0.02 M Zn(NO:s)2 and methenamine in a sealed beaker. The surface onto which the arrays was
expected to grow was put downward, with temperature for the growth at 95°C for 2 h. After growth,
the substrate is removed from the container and rinsed with deionized water thoroughly, blown dry
with N2 for deposition a layer of Au by evaporation. Then, the prepared FTO-ZnO-Au structure can
be used as electrochemical electrode for further experiments.

2.3. Immobilization of Aptamer

To covalently immobilize CEA-sensitive aptamer onto the gold surface of electrochemical
electrode, TCEP offers a good linkage between the gilded groups and the aptamer. To achieve this,
CEA-sensitive aptamer (10 pM, 18 pl), TCEP solution (10 mM, 3 ul), and NaAc solution (500 mM, 2
ul) were mixed, and the solution was stirred 1 h at room temperature allowing for the full reaction.

Prior to biosensor preparation, the bare gold electrodes (specs 1 x 1 cm, FTO-ZnO-Au) were
pretreated for cleaning. Firstly, the electrodes were ultrasonically washed in 1 M NaOH solution for
30 min. Then, the electrodes were rinsed with ultrapure water and dried in a stream of nitrogen gas.
Afterwards, the electrodes were ultrasonically washed in 1 M HCl solution for 5 min and rinsed with
ultrapure water and dried in a stream of nitrogen gas. Next, the electrodes were ultrasonically
washed in piranha solution (H202:H250s= 1:3, 1 ml / 3 ml) for 8 min. Finally, the electrodes were
rinsed with ultrapure water and dried in a stream of nitrogen gas.

The preparation process of the biosensor was schematically shown in Figure 1. First, 20 ul of
previously prepared CEA-sensitive aptamer solution was added dropwise onto the surface of
pretreated electrodes with FTO-ZnO-Au structure, which was incubated for 12 h at room
temperature. Then, the electrode surface was rinsed with PBS buffer (PH 7.4) to remove the aptamers
that was not bound to the gold surface, and dried naturally at room temperature. After that,
previously prepared MCH solution (1 mM, 10 pl) was added dropwise onto the modified electrode
surface, which was incubated for 30 min at room temperature to seal the non-specific binding sites.
Then, the excess MCH on the electrode surface was removed with PBS buffer (PH 7.4) to obtain an
electrochemical biosensor suitable for the detection of CEA. The prepared biosensors were stored in
a refrigerator at 4°C for future use.
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Figure 1. Schematic diagram showing the preparation process of electrochemical biosensors based on
FTO-ZnO-Au structure and CEA-sensitive aptamer.

2.5. Electrical Measurement

The three-electrode system is a commonly used system in electrochemical experiments,
especially in electroanalytical chemistry. In this study, the electrochemical measurement circuit
adopted a three-electrode system, including a zinc oxide nanopillar gold electrode as the working
electrode, a silver chloride electrode as the reference electrode, and a Pt wire as the counter electrode.
The electrochemical measurements were performed on an electrochemical workstation (CHI600E,
Chenhua, Shanghai, China), with a signal generator update rate of 10 MHz. The data acquisition used
was two synchronous 16 bit high-resolution and low noise analog-to-digital converters, and the
maximum speed for dual channel simultaneous sampling was 1 MHz. When the scanning speed of
cyclic voltammetry was 1000 v/s, the potential increment was only 0.1 mV. When the scanning speed
was 5000 v/s, the potential increment was 1 mV. The scanning voltage of parameter for CV was set
to -0.4~0.8 v. The electrochemical impedance signal acquisition system used a 32-bit high-precision,
high-resolution analog/digital signal converter with high dynamic range technology and a scanning
voltage range of 14 V. The frequency range of parameter for EIS was set to 100 kHz ~100 MHz.

Electrical measurements were carried out in electrolyte containing 5 mM Ks[Fe(CN)¢], 5 mM
K4[Fe(CN)s and 0.1 M KCl. Firstly, the electrochemical characterization of bare electrodes, adapter-
modified electrodes, and sealed electrodes were measured separately. Next, the electrode surface was
rinsed with PBS buffer (PH 7.4) and dried naturally at room temperature. Then, a certain
concentration gradient CEA solution (5 ng/ml, 20 ng/ml, 50 ng/ml, 60 ng/ml, 80 ng/ml) was added
dropwise onto the electrode surface, which was incubated for 1 h at room temperature. The
electrochemical measurement of different concentration CEA were performed separately. After that,
the electrochemical characterization of the electrodes, which were hydrolyzed with trypsin for 5 min
at room temperature. Finally, the electrochemical characterization of the electrodes, which were
incubated with 20 ng/ml CRP, BSA and Areg-Ag to test the specificity of this biosensor.

2.6. Signal Analysis

Accurate resistance values on the surface of the working electrode chip under different testing
environments were analyzed using ZView software to fit and merge the measured electrochemical
impedance spectra. Perform linear fitting and plot fitting curves for the resistance of electrodes
incubated with different concentrations of CEA using SPSS 13.0. The electrochemical impedance map
and cyclic voltammetry map were all plotted using Origin 8.0.

3. Results and Discussion

3.1. Characterization of Prepared FTO-ZnO-Au Structure

FTO-ZnO-Au structure was utilized as transducer for the development of electrochemical
biosensor towards CEA detection. The surface with ZnO-NRs could improve the coupling efficiency
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between the transduce surface and aptamers. This could consequently improve the sensing
performance for target detection. The surface gold layer was employed to facilitate the
immobilization of thiol-modified aptamers onto the sensor surface via the strong Au-S bond. As a
result, it is crucial to characterize the surface morphology of the FTO-ZnO-Au structure. In this study,
atomic force microscope (AFM) and scanning electron microscope (SEM) were employed to
characterize the electrode surface morphology. The characterization resulting images are shown in
detail in Figure 2. As shown in Figure 2A, the SEM result indicated that ZnO-NRs are uniformly and
densely distributed on the electrode surface. ZnO-NRs grow approximately vertically, with a
hexagonal cross-section and a diameter of ~75nm. From AFM result shown in Figure 2B, it is indicated
that ZnO-NRs grow uniformly, which further demonstrate the nano structure on sensor surface.
Figure 2C shows SEM images of the surface of ZnO-NRs after deposition of a thin layer of chromium
and gold. We can see that the chromium and gold layers are evenly distributed on the surface of ZnO-
NRs by magnetron sputtering, and the morphology of ZnO-NRs can still be observed, which indicate
that the three-dimensional structure of ZnO NRs is still retained on the electrode surface after gold
deposition. All the results demonstrate that the FTO-ZnO-Au structure has been successfully
prepared and is suitable for further experiments.

Figure 2. (A) SEM characterization of ZnO-NRs; (B) AFM characterization of FTO-ZnO-Au; (C) SEM
image shows the surface of ZnO-NRs after the deposition of a thin layer of gold.

3.2. Electrochemical Characterization of Biosensor Preparation

The electrochemical biosensors were constructed by assembling CEA-sensitive aptamers on the
electrode surface, and then treated with 1 mM MCH to block the non-specific sites on the surface of
aptamer-modified electrode (Figure 1). Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) were performed to describe its electrochemical characterization. For the Nyquist
diagram, the semicircle diameter of the electrochemical impedance spectroscopy equals to the surface
electron transfer resistance (Re). As shown in Figure 3A, the bare gold electrode showed a very small
semicircle domain, which has almost no effect on electron transfer, exhibiting a very fast electron
transfer process of [Fe(CN)s]*/+. When the aptamer was immobilized onto the electrode surface via
Au-Sbond, the R« value increased significantly. This is mainly due to the negatively charged aptamer
acting as an electrostatic barrier in the [Fe(CN)e]>/* system, hindering the electron transfer on the chip
surface, which leads to an increase in the R« value. After MCH blocks the aptamer-modified electrode
surface, the electron surface defects are repaired, which makes the electron surface layer more
compact and further hinders the electron transfer, with a consequent further increase in R« value.

Cyclic voltammograms (CVs) were also carried out to describe the electrochemical
characterization of surface modification process. As shown in Figure 3B, the peak current decreased
with the connections of aptamers and the closure of MCH and increase in the peak to peak separation.
This is mainly caused by the electrostatic repulsion between negative charges of the DNA aptamer
and the anionic redox probe and the formation of the compact layer by the modification of MCH,
which together results in the hamper of the interfacial electron transfer. The CV results were
consistent to the EIS measurement results, further confirming the successful fabrication of the sensing
interface.
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Figure 3. (A) The Nyquist plots and (B) CVs of the preparation steps of electrochemical biosensor
based on CEA-sensitive aptamer.

3.3. Optimization of Measurement Conditions

To achieve the best detection performance, we optimized the relevant experimental parameters
such as CEA-sensitive aptamer concentrations, incubation time of CEA-sensitive aptamer and
reaction time. The more CEA aptamers attached onto the electrode surface, the greater R« value that
could be detected.

Optimizing the time of incubate CEA-sensitive aptamer was an important step in building the
electrochemical biosensors. As we can see from the curves shown in Figure 4A, when we use the
CEA-sensitive aptamer with concentration of 5 pM for incubation, the peak current first increased
and then decreased with the CEA-sensitive aptamer incubation time increased from 3 h to 20 h.
Meanwhile, an excessive amount of incubation time might have a negative impact on the aptamer
attachment onto the electrode surface. Therefore, in this study, 12 h was selected as the appropriate
incubation time. Observing the trends depicted in Figure 4B, it was evident that the peak R« value
also initially increased and later leveled off with the increase of CEA-sensitive aptamer
concentrations from 1 uM to 40 uM. This indicated that the number of binding sites for CEA-sensitive
aptamer on the electrode surface had reached saturation at the concentration of 10 uM. Therefore, a
concentration of 10 uM for CEA-sensitive aptamer was deemed suitable for optimal performance.
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Figure 4. Optimization of biosensor preparation conditions. (A) Influence of incubation time of CEA-
sensitive aptamer. (B) Influence of the concentrations of CEA-sensitive aptamer.

3.4. Analytical Performance Testing of Electrochemical Biosensor

When different concentrations of CEA were added under optimal conditions, as shown in Figure
5A, the electrode impedance increased with increasing CEA concentrations. The linear regression
equation was R«(ohm) =27.68 x C[CEA] +1335.69 (ng/mL) (R2=0.9986). The linear range between the
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electrode impedance and CEA concentrations was from 1 to 80 ng/mL (Figure 5B), with a limit of
detection (LOD) estimated to be 0.75 ng/mL (S/N = 3). Typically, the salivary CEA concentration in
healthy individuals is found to be minimal (0~3 ng/mL), whereas in cancer patients, the CEA
concentration is significantly elevated (>5 ng/ml), correlating with the presence of malignancies[45].
A prior investigation employing the enzyme-linked immunosorbent assay (ELISA) have reported
salivary CEA levels of 42.6 + 21.1 ng/mL in OSCC patients, contrasting with the levels of 22.6 + 22.1
ng/mL observed in the control cohort[46]. Then, Table 1 concluded the detection performance of the
developed electrochemical biosensor and the previously reported CEA biosensors. The developed
electrochemical biosensor using the FTO-ZnO-Au nanostructure showed exceptional analytical
performance, and characterized by a wide linear range, a lower LOD, and an exemplary linear
correlation. In addition, compared with the anti-CEA antibody-based biosensors, the developed
biosensor adopted an aptamer-based strategy to effectively improve the accuracy and reliability of
detection.

A B

- 1ng/mLCEA 40003

+— 5ng/mLCEA y=27.68xCcen+1335.69
+— 20ng/mLCEA
- 40ng/mLCEA
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Figure 5. (A) EIS responses of the electrochemical biosensor for the detection of different
concentrations of CEA. (B) Linear calibration plot between the electrode impedance and CEA
concentrations.

3.5. Selectivity, Reproducibility, Stability and Regeneration of the Biosensor

To examine the selectivity of this electrochemical biosensor, we measured other proteins
presented in human saliva, such as amphiregulin (Areg), C-reactive protein (CRP), Interleukin-8 (IL-
8), and bovine serum albumin (BSA), which is commonly used for blocking. As shown in Figure 6A,
only CEA showed significant responses, and other interferers only had subtle signal changes. These
similar signal changes indicated that the interfering substances had little effect on the sensor, which
proved that the developed biosensor have high specificity, which can be used for the specific
detection of CEA. Secondly, we prepared 2 batches of 6 electrodes under the same conditions to detect
5 and 50 ng/mL CEA. The results were basically consistent, and the relative standard deviations
(RSD) were 2.44 and 1.83%, respectively. The detection results showed that this biosensor had good
reproducibility. At the same time, the stability of this biosensor was also investigated (Figure 6B).
The results showed that after storage of 12 days at 4°C, compared with the current test signal on the
initial experiment, the signal change rate was 94.52%. Therefore, this biosensor could be stored stably
at least 12 days. This was attributed to the biocompatibility of ZnO-NRs stabilized the biological
activity of the aptamers.

Table 1. Comparison of analytical methods for the detection of CEA.

Linear

Analytical Sensitive  Analyt LOD Refere
ranges ( R?

method elements es (ng/mL) nce
ng/mL)
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] Aptamer CEA 1~80 75x101  0.999
biosensor work

The regeneration of electrode surface is of great significance for reusable biosensors. In this
study, we innovatively selected trypsin to digest CEA specifically bound to the aptamer, changing
its structure and thus separating it from the aptamer to achieve the purpose of sensor regeneration,
and achieved good results. The resistance of the sensor chip incubated with 5 and 60 ng/mL CEA for
5 min by trypsin digestion decreased to 67.04% of the original resistance, and the resistance increased
to 89.81% of the original resistance after the same concentration of CEA was incubated again,
indicating that the state of the chip surface after digestion basically returned to the state of unbound
protein, and the activity of the aptamer was not affected.

A B

800+

600~ 1000

AR (ohm)

200+

T T T T T T T
CEA Areg BSA CRP 2 4 [ 8 10 12
Days

Figure 6. (A) Selectivity of the biosensor against CEA (20 ng/mL), Areg (50 ng/mL), BSA (50 ng/mL),
CRP (20 ng/mL), and IL-8 (20 ng/mL). (B) Stability of the biosensor for 12 days of storage.

4. Conclusions

This study developed a simple and highly-sensitive biosensor for detecting the salivary
biomarker CEA in OSCC. This biosensor is based on an FTO-ZnO-Au composite structure, where the
corresponding ligands are immobilized on the electrode surface for target protein capture and signal
detection. The combination of ZnO-NRs electrode and ligands offers multiple advantages, including
high sensitivity, specificity, stability, and ease of fabrication. EIS and CV electrochemical
characterization confirmed that the biosensor was successfully constructed and could effectively
capture the target protein CEA. The results showed good linearity in the range of 5~80 ng/mL, with
a LOD of 0.75 ng/ml. Experimentally determined tiny responses of AREG, CRP, IL-8 and BSA to the
biosensor ensure that the aptamer sensor achieves specific detection of CEA in complex
environments. Additionally, consistent detection results were obtained from multiple batches of
sensors, confirming their reproducibility. Stability testing over a 15-day period showed excellent
performance of the biosensor. Furthermore, the activity and detection performance of the ligands
were minimally affected by pancreatic trypsin treatment, demonstrating the regenerative potential
of the biosensor. This indicated that this biosensors has great potential for application in the detection
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of the tumour marker in saliva, and it is expected to develop a class of non-invasive, portable and
highly-sensitive OSCC detection devices based on this biosensor.
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