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Carbohydrate antigen-19-9 (CA19-9) is an abnormal tumor marker in the blood of many patients with
esophageal cancer, thus a rapid test for CA19-9 is conducive to the diagnosis of cancer. The end of
MXene surface is rich in -OH, -O and F functional groups, which can be used as a modification to
construct electrochemical sensors. This work reports on a MXene-based electrochemical sensor for the
highly sensitive detection of CA19-9. XPS and XRD were used to characterize the materials. Under
optimal conditions, this sensor can quickly detect CA19-9 from 0.002 to 30 U/mL. The detection limit
can be as low as 0.001 U/mL. In addition, the sensor was successfully adopted to detect the CA19-9 in
the serum.
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1. INTRODUCTION

Esophageal cancer is the eighth most common cancer in the world and the sixth most common
cancer in terms of death rates. Esophageal cancer is the fifth leading cancer and the fourth leading cause
of cancer death in China. It can be classified as squamous and glandular types, and the squamous type
is the most common esophageal cancer in China. Despite that great progress has been made in the
treatment technology of esophageal cancer in recent years, the malignant degree of esophageal cancer is
still high, the course of disease progresses rapidly, and it is easy to relapse and metastasize [1-5]. A large
number of experiments show that the occurrence and development of esophageal cancer is related to
multiple genes and factors, and the specific markers for the diagnosis and treatment of esophageal cancer
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still need to be further studied. Screening efficient and specific molecular biomarkers for esophageal
cancer is of great significance for the diagnosis, treatment and prognosis of esophageal cancer [6-10].

Sampling from local tumor tissue by biopsy or microdissection is difficult and invasive.
Therefore, it is recommended to identify biomarkers from body fluids readily available in general clinical
practice, such as serum, saliva, urine, brain crest fluid, etc. Serum contains a large number of proteins
and molecules [11,12], thus serum circulation provides the most up-to-date information on human
proteomics. Proteomics has become a powerful technique for explaining biological processes,
representing the large-scale role building of proteins, including complex features such as isomers,
modifications, interactions and functional structures [13-15]. Many biomarkers in biopsied cancer tissue
can also be found in blood. Since the ultimate goal of detecting biomarkers is to conduct specific, early
and non-invasive diagnosis and post-treatment monitoring of cancer, blood is an appropriate biomaterial.
In the past few years, several studies have reported serological biomarkers in various combinations.
However, currently there are no reliable and validated biomarkers with specificity, sensitivity and
stability. Therefore, a multi-biomarker that can improve the accuracy of early diagnosis is urgently
needed. Tumor markers can be described as molecular products expressed in tumor tissue or metabolized
and secreted by tumor, which have biochemical characteristics in body fluids such as blood and urine
[16,17]. They can be adopted as indicators of tumor staging and grading to monitor the response to
treatment and predict recurrence, progression, metastasis, and even patient survival. Carbohydrate
antigen-19-9 (CA19-9) is an abnormally high tumor marker in the blood of many patients with
esophageal cancer. The development of a rapid test for CA19-9 is of great help in the diagnosis of
cancer. With the improvement of human living standards, the demand for new materials has also been
increasing [18-20]. The excellent chemical and physical properties of two-dimensional materials have
received extensive attention from international researchers. MXene is a two-dimensional material of
transition metals, similar to the layered structure of graphene. The versatility and adjustable properties
of MXene, including excellent electrical conductivity, hydrophilicity and intercalation, make MXene an
excellent candidate for a number of applications. These favorable electrochemical properties have
allowed this new 2D material to be adopted primarily for energy conversion and storage applications
[21-24]. In addition, it is also applied in a wide range of emerging fields in electronics, sensing and
photonics.

The advantages of MXene or its composite materials, such as high mechanical flexibility, good
ductility and excellent electrical conductivity, attract a large number of researchers to adopt MXene to
construct sensors with different functions [25-27]. MXene can be mixed with other materials to improve
the sensitivity of sensors. The end of MXene surface is rich in -OH, -O and F functional groups, and
other functional groups present negative charges [28-30], thus positively charged molecules can be
adsorbed on the surface of MXenes by electrostatic force [30,31]. The composite material has strong
sensing ability, excellent mechanical properties, and hydrophilicity, and it is easy to control. In this work,
an electrochemical sensor for the detection of CA19-9 was assembled with MXene modified
conventional glassy carbon electrode (GCE).
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2. MATERIALS AND METHODS

Tis3AlC,, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), glutaraldehyde, horseradish
peroxidase (HRP), thionine (TH) and N-hydroxysuccinimide (NHS) were purchased from Aiyuan
Chemical Co. Ltd. Graphene sheets (GS) were purchased from Pioneer Nanomaterials Inc. The CA19-
9, antibody CA19-9 (Abl) and CA19-9 (Ab2) were purchased from Yeshenghua Biotech Co. Ltd. All
of the other reagents were of analytical quality and were utilized without any additional purification or
purifying steps. The electrolyte utilized throughout the experiment was phosphate-buffered saline (PBS).
Ultrapure water was adopted as a solvent in the following electrochemical studies.

The multilayer TisC,Tx MXene was synthesized in accordance with the published procedures
[32], with only minor alterations. After being incubated for five hours in an HF solution at room
temperature with 10 grams of TizAIC. powder (stacked MXene), a tip sonicator was used to accomplish
sonic delamination on Ti3sC2Tx for 0.5 h (MXene).

To make the MXene/HRP/Ab2 conjugation, 2 mg of MXene was dispersed into 4 mL of PBS,
which was then incubated for 60 minutes with 2 mL of Ab2 solution (5 g/mL) + HRP solution (50 g/mL).

GCE was cleaned and dried in the open air. The GS/TH solution (5 pL) was applied to the surface
of this GCE, which was then dried. The CA19-9 antibody (Ab1) was immobilized on the modified GCE.
The subsequent addition of EDC/NHS boosted the reaction, after which the electrode was rinsed. After
0.5 hours incubation in BSA solution (1%) to prevent nonspecific binding sites, this electrode was
incubated for 60 minutes with CA19-9 solution at various concentrations before being dripped with the
MXene/MSN/HRP/Ab2 solution. Afterwards, the electrode was rinsed and incubated for another 60
minutes before being used.

On a CHI760E Electrochemical Analyzer with a three-electrode setup, all electrochemical
experiments were conducted. As the working electrode, a glassy carbon electrode (GCE) was utilized.
A simple drop casting technique was adopted for the GCE surface modification. The current signal was
obtained by the catalytic reaction caused by HRP. The potentiostatic (-0.3V) detection was adopted to
record the current signal of different sensors.

3. RESULTS AND DISCUSSION

Before and after the delamination of MXene, the layered structure of MXene is visible after HF
etching with the layers separated [33]. Thinner MXene multi-layer films were observed after
delamination. The TisC>Tx sheets have high aqueous solution dispersibility and may be employed for
the direct modification of GCE surface [34].

XRD (Figure 1A) and XPS (Figure 1B) were adopted to assess the quality of the MXene that had
been synthesized. The XRD pattern reveals the MXene (002) peak, which moves from 9.48 degrees in
MXene, indicating that the etching procedure increased the d-spacing between layers. Signals from Ti,
C, O, and F elements may be seen in the XPS scan. The presence of F and O means that the MXene
surface was terminated by -F and -O groups [35].

The interface property was analyzed with electrochemical impedance spectroscopy. As
illustrated in Figure 2, both GCE and MXene/GCE exhibit a semicircle portion in the high frequency
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range, which is consistent with an electron transfer-limited process. GCE and MXene/GCE have charge
transfer resistances of 871 and 598 Q, respectively, which implies that modifying the commercial
electrode surface with MXene might marginally increase its electrochemical performance owing to its
superior conductivity and large surface area. Despite the outstanding electrical characteristics, the
negative dipole and hydrophobicity of the surface, which are related with the fluorine termination, may
hinder electron transfer kinetics. These findings can be explained by the shape of the MXene employed
to modify the electrode surface.
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Figure 1. (A) XRD pattern and (B) XPS survey of MXene.

A modified GCE was created in this work by surface casting a MXene dispersion (dubbed
MXene(stacked)/GCE). As seen in Figure 2, the charge transfer resistance of the MXene(stacked)/GCE
is 1904 Q, which is much more than the charge transfer resistance of bare GCE. A well-delaminated
MXene dispersion can form a flat and continuous thin film on the electrode surface, allowing the full
access to the electrode's electronic superiority while minimising surface fluorine termination effects [36].
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Figure 2. Electrochemical impedance spectroscopy of bare GCE, MXene/GCE and
MXene(stacked)/GCE in 5 mM Fe(CN)e*’* and 0.1 M KCI.
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According to a recent work, the MXene might be employed directly for electrochemical sensing
applications in the cathodic potential window due to the possibility of MXene oxidation at potentials
greater than 180 mV. However, an anodic cyclic voltammetry (CV) scan of the MXene/GCE shows no
detectable oxidation peak, indicating that the TisC>Tx is stable during the scan range studied [37]. This
result can be explained by the varied surface chemical states of MXene as a consequence of the
preparation procedure. In this work, the MXene/GCE was used for anodic potential sensing. Meanwhile,
MXene's two-dimensional structure makes the interface of electrochemical sensor composed by it has
the advantage of being relatively stable and will not fall off directly in the process of detection [38,39].

The comparison of various electrodes was shown in Figure 3, which is to determine the
advantages of our suggested immunoassay, where a large current was detected on the
MXene/HRP/Ab2/GCE. Since the current signal is obtained by the catalytic reaction caused by HRP,
the potentiostatic (-0.3V) detection was adopted to record the current signal of different sensors.
MXene/HRP/Ab2/GCE and HRP/Ab2/GCE were also utilized as probes to determine the influence of
MXene/HRP on the measurement's sensitivity. Initially, the same batch of sensors were employed with
the same concentration of CA19-9. Subsequently, two more probes were used. In comparison to the
signal obtained with HRP/anti-CA19-9, the MXene/HRP/Ab2/GCE showed a more significant response
due to the enhancement of thionine and Ab2 immobilization density. The electron transfer rate can be
enhanced with thionine being used as a mediator, where a high number of HRP can be attracted on the
electrode surface [40,41]. The transported HRP molecules demonstrated a much greater catalytic
effectiveness than the thionine-H20- system or the reaction employing simply the HRP-labeled Ab2. It
can be ascribed to the large protein immobilized on the electrode which prevents electron transport from
the solution to the electrode's surface [42]. As a result, the MXene loaded HRP can increase the sensing
performance towards CA19-9.
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Figure 3. Currents of the sensor towards different concentrations of CA19-9: MXene/HRP/Ab2/GCE
and HRP/Ab2/GCE in PBS + 5.0 mM H20:.
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The first signal amplification was caused by the increase in the amount of HRP. It is clear that
increasing the quantity of HRP encapsulated in the MXene can result in an increase in the
electrochemical immunosensor's sensitivity. As a result, HRP at concentrations ranging from 10 to 200
g/mL was employed to optimize HRP encapsulation inside MXene. The CA 19-9 concentration was
evaluated electrochemically utilizing a variety of anti-CA19-9 antibody-coated MXene encapsulated
with HRP (varied concentrations) [43]. The stripping peak decreased significantly when HRP
concentrations increased from 10 to 200 g/mL. There was no discernible reduction in HRP
concentrations greater than 200 g/mL. The substantial signal amplification of the MXene/HRP/Ab2
modified GCE bioconjugate may be a result of the synergistic effect of MXene and HRP, which may
significantly amplify the electrochemical signal [44-46]. As a result, 200 g/mL was chosen as the
optimal HRP concentration for further investigations involving the synthesis of liposomes.

The pH condition of the sensing with MXene/HRP/Ab2/GCE has been optimized for enhancing
the sensitivity. Figure 4 illustrates the influence of pH on the detection of CA 19-9 (10 U/mL). After 0.5
hours of incubation at room temperature with the incubation solution + CA19-9 (5 uL, 10 U/mL) and
MXene/HRP/AD (5 pL), our suggested immunosensor was measured with voltammetry in PBS buffer
containing 5.0 mM H»O; at a range of pH values. The immunosensor's current shows the presence of an
effect. From the test findings, it can be seen that as the PBS pH climbs, the current surges first and
subsequently declines, which is consistent with previous reports [47—49]. Nonetheless, since the current
response is optimal at pH 7.5, pH 7.5 was chosen as the optimal pH for the CA19-9 measurement.

In addition, the electrochemical sensor can be influenced by the temperature and incubation time.
Nonetheless, all experiments were conducted at room temperature to account for their eventual
applicability in actual samples. CA19-9 (10 U/mL) was chosen as the sample by varying the length of
incubation at room temperature. With the increase of incubation time, a rise in cathodic currents was
noted, which tended to diminish after 0.5 h. As a result, 0.5 hours was chosen for the antibody-antigen
interaction.
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Figure 4. The influence of pH on the detection of CA19-9 (10 U/mL) in the presence of 5.0 mM H20>
using MXene/HRP/Ab2/GCE.
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Figure 5 A shows the MXene/HRP/Ab2/GCE towards different concentrations of CA19-9. As
the concentration of CA19-9 in the incubation solution grows under ideal circumstances, DPV curves
slowly becomes flat. No shift is shown in the response potential, indicating the good repeatability of the
sensor. Figure 5B presents a good linear plot between the peak current and the concentrations of CA19-
9 from 0.002 to 30 U/mL (R=0.995). The limit of detection (LOD) can be calculated to be 0.001 U/mL
(S/N). The narrow error bars indicate that the signal responses are precise. The RSD is within the
acceptable range of 4.4-7.2%, indicating that the sensor shows an excellent reproducibility. Table 1
shows the proposed sensor with other previous reported sensors. The comparison reveals that the as-
prepared biosensor has a much lower LOD. The encapsulated HRP acquired by amplification acts as a
label and significantly increases the sensitivity and linear range. As mentioned above, the as-prepared
sensor exhibits the optimal linear range and LOD, and hence has the potential to be utilized to the
detection of CA19-9. The intra- and inter-assays were used to determine the repeatability of the proposed
sensor. The intra- and inter-assay relative standard deviations (RSD) are all less than 3.6%. The
experimental findings indicated that the proposed sensor is reproducible.

80 80
70-A 70+ B
—~ B0 60 -
< <
=50 =50+
e et
$ 40 S 401
= =30
3 30 3
20 20+
S 10
104 _ :
‘EI' T - T T T — T 0 T T T T T T T
01 00 01 02 03 04 05 0 5 10 15 20 25 30
Potential (V) Concentration (U/mL)

Figure 5. (A) DPV curves of the sensor towards different concentrations of CA 19-9 using
MXene/HRP/Ab2/GCE. (B) Corresponding calibration plots.

Table 1 Comparison of the proposed electrochemical sensor with previous reported sensors for CA19-

9 detection.
Sensor LR LOD Reference
Polythionine-Au 6.5-520 U/mL 0.26 U/mL [33]
Polythionine/sodium 5-400 U/mL 0.45 U/mL [50]
dodecyl sulphate
Carbon 0.3-100 U/mL 0.03 U/mL [28]
nanoonions/grphene
oxide
Carbon 0.01-40 U/mL 0.07 U/mL [51]
black/polyelectrolytes
MXene/HRP/Ab2/GCE 0.002-30 U/mL 0.001 U/mL This work
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This study makes comparison between the findings of CA19-9 measurement in serum specimens
acquired with devised approach and the reference values obtained with a commercially available
electrochemiluminescent analyzer. Recovery tests were conducted by introducing CA19-9 at varying
concentrations to serum specimens. As shown in Table 2, relative errors for the determination of CA19-
9 are less than 3.22%, with a recovery range of 99.04% to 104.02%. These satisfactory findings
demonstrate that the specimen determination procedure we created is accurate. The results obtained from
the other two procedures corroborate the aforementioned findings. Therefore, our created immunosensor
can be employed to detect CA 19-9 in the early stages of diagnosis.

Table 2. Detection of CA19-9 in serum samples using proposed sensor and electrochemiluminescent

analyzer.
Sample Found Electrochemiluminescent | RSD (%) Recovery Reference
(U/mL) analyzer (U/mL) (%) (U/mL)
Serum 1 4.51 4.50 1.54 103.04 4.46
Serum 2 22.04 22.03 3.22 99.04 22.38
Serum 3 7.79 7.84 3.13 104.02 7.86

4. CONCLUSION

This work proposes the development of a novel electrochemical sensor for the detection of
CA19-9, applying GS/TH as the substrate material, and HRP and MXene as the labels. MXene is a good
carrier for secondary antibody and HRP immobilization due to its biocompatibility and wide specific
surface area. Its catalytic activity toward H202 allows the MXene to facilitate the signal response.
Compared with the approaches using bare electrodes, this methodology has the potential to increase the
signal and sensitivity of our created sensor.
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