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Abstract: Carbohydrate antigen 19-9 (CA19-9) is an important biomarker for the early diagnosis
and clinical monitoring of pancreatic cancer. Reliable, simple, and accurate methods for the detec-
tion of CA19-9 are still urgently needed. In this study, polythionine-Au composites (AuNPs@
PThi) were designed and prepared through one-pot reaction using HAuCl, as the co-oxidant and
raw material in thionine solution containing FeCl, as the oxidant. AuNPs@PThi-immobilized
glassy carbon electrode was used as a sensitive redox probe for electrochemical interface.
AuNPs@PThi not only favored the amplification of electrochemical signals but also facilitated
excellent environmental friendliness for bioassay. Maximizing the electrochemical properties of
AuNPs@PThi, an effective label-free electrochemical immunoassay for the ultrasensitive and
reliable detection of CA19-9 was developed. Under optimal conditions, the linear range of the
proposed immunosensor was estimated to range from 6.5 to 520 U/mL, with a detection limit
0f'0.26 U/mL at a signal-to-noise ratio of 3. The prepared immunosensor for CA19-9 detection
showed high sensitivity, stability, and reproducibility. Furthermore, the fabricated immunosen-
sor based on AuNPs@PThi can effectively detect and distinguish clinical serum samples of
pancreatic cancer and normal control with accuracy and convenience.

Keywords: polythionine-Au composites, label-free electrochemical immunoassay, carbohydrate
antigen 19-9, clinical sample, signal amplification

Introduction

Pancreatic cancer is the ninth most common malignant tumor in China.' The 5-year
survival rate of pancreatic cancer patients is <5% because of the high degree of malig-
nancy of the disease.? Pancreatic cancer shows the worst prognosis among malignant
tumors. This disease usually shows a short time window before clinical diagnosis.**
Furthermore, pancreatic cancer patients are expected to be cured through early diag-
nosis and surgery.’ Therefore, early diagnosis is important in the treatment efficacy
and quality of life of pancreatic cancer patients.

Tumor markers are molecules found in blood, tissue, and body fluids, and their
measurement or identification is useful in patient diagnosis or clinical management.®
During tumorigenesis, altered levels of tumor markers in patients are associated
with a certain tumor. Carbohydrate antigen 19-9 (CA19-9) is a glycoprotein highly
associated with malignant tumors and commonly used as a clinical marker for the
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diagnosis of pancreatic cancer, colorectal cancer, and gas-
tric carcinoma, particularly pancreatic carcinoma.’”® The
CA19-9 levels of normal adults are significantly lower than
37 U/mL.° However, a slight elevation of CA19-9 level
in blood is closely related to pancreatic cancer incidence
and development.!” A sensitive and accurate determina-
tion of CA19-9 is crucial for the early clinical diagnosis of
pancreatic cancer.

Traditional immunoassay methods for tumor markers
include fluorescence,'"!? spectroscopy,'*!* chemilumine-
scence,'>!® radioimmunoassay,'”!® electrophoresis,’
polymerase chain reaction (PCR), and enzyme-linked immu-
nosorbent assay (ELISA).?*22 Current methods can obtain
accurate and reliable detection results but usually require
expensive instruments and complex operating procedures.
The development of a new, facile, and cost-effective tech-
nology with improved sensitivity to detect tumor markers is
urgently needed to facilitate the early diagnosis and treatment
of tumors.?% Electrochemical immunosensors, which are
a novel type of biosensors that combine electrochemical
sensing technology and immunoassay technology, feature
high sensitivity and specificity; thus, these biosensors can
be applied to the analytical investigation of monitoring
immunogenicity and its response.?*?” Label-free electro-
chemical immunosensors, which feature easy control, simple
apparatus, and low price, can be explored to detect different
biological molecules.?*%

The efficient immobilization of antibodies and the genera-
tion with amplified signals are the key steps in constructing
label-free electrochemical immunosensors.*®3! The emer-
gence of new nanomaterials has opened a new approach to
develop such sensors. In recent years, several nanocomposites
or their redox products have been gradually used to design
and build a novel biosensing interface because of their good
electrochemical activity and strong adsorption ability.3>3¢
In the development of new biosensing interface, label-free
style electrochemical sensor, with the introduction of special
redox mediator for specific target biomarkers, is attractive.
The electron mediator thionine can be used to construct
label-free electrochemical immunosensors because of its
favorable electron transfer capability; however the stability
of the electrode remains to be improved. Compared with its
monomer, polythionine features larger specific surface area,
higher reaction activity, and long-term stability.?”® Regula-
tion of polythionine can improve the ability and application
performance in electrochemical biosensors.’*** Anionic
surfactant-doped polythionine with sensitive response was
recently prepared and used for the fabrication of label-free
electrochemical immunosensor.** The previous work reported

that polythionine and gold nanocomposites can be effectively
synthesized and applied to detect biomarkers with high
isoelectric point.** Although reported works illustrated the
fact that specific electrochemical biosensors for some targets
based on polythionine or its composites can be obtained,
the construction of facile label-free electrochemical sensing
interface for large-scale analysis of biomarkers for variable
clinical samples is still not available.

The present study aims to explore a label-free electro-
chemical immunosensor based on polythionine-Au com-
posites (AuNPs@PThi) and Au nanoparticles for CA19-9
detection. The abovementioned immunosensor not only
favors signal amplification but also improves stability,
selectivity, sensitivity, and reproducibility. It provides a new
path for the scientific basis of clinical applications based
on AuNPs@PThi. The resulting label-free electrochemical
immunosensor could be used to accurately detect CA19-9
sensitively and facilely in a large number of clinical samples.
Thus, the method established in this work was used to detect
and differentiate CA19-9 concentration in pancreatic cancer
patients and healthy controls.

Materials and methods

Chemicals and materials

CA19-9 antibody was obtained from Abcam Co., Ltd.,
Cambridge, UK. CA19-9 antigen was obtained from Siemens
Co., Ltd., Berlin, Germany. N,N-Dimethylformamide (DMF),
chloroauric acid solution (HAuCl,-4H,0), C. H.NaO,-2H,0,
K,[Fe(CN),]-2H,0, and K,[Fe(CN),] were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Thionine (C ,H ,N,O,S) and bovine serum albumin (BSA)
were obtained from Sigma-Aldrich Co. LLC, St Louis,
MO, USA. All chemicals were of analytical grade, and all
stock solutions were prepared using deionized or autoclaved
water.

Apparatus

The electrochemical measurement was performed with a
CHI 660C electrochemical analytical system (CH Instrument,
Inc., Shanghai, China) connected to a personal computer. All
electrochemical measurements were carried out with a con-
ventional three-electrode system composed of a glassy carbon
electrode (GCE, 3 mm in diameter), a platinum wire counter
electrode, and an Ag/AgCl (saturated KCl solution) reference
electrode. Electrochemical impedance spectroscopy (EIS)
were performed on an Autolab PGSTAT302F system (Eco
Chemie Co., Ltd., Utrecht, the Netherlands). Transmission
electron microscopy (TEM) was operated on a JEM-1400
system (JEOL Co., Ltd., Tokyo, Japan) with an accelerating
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applied potential of 100 kV. Atomic force microscopy (AFM)
was performed on a NanoScope VIII system (Bruker Co.,
Ltd., Karlsruhe, Germany). All the experiments were carried
out at ambient temperature.

Synthesis of AuNPs

AuNPs were prepared via reduction of HAuCl, by sodium
citrate, according to an established method.** In short, 4 mL
of 1% sodium citrate solution was added into 250 mL of
boiled 0.01% HAuClI, solution rapidly, followed by keep-
ing the mixture solution boiling for another 10 min under
stirring. As-formed AuNPs solution was stored at 4°C for
further use.

Preparation of AUNPs@PThi

In a 250 mL round bottom flask, with the temperature con-
trolled at 50°C, 0.08 g thionine, 1 mL 1% HAuCl,, and 1 mL
30% H,0, were successively added into the 50 mL 6 mM
FeCl, solution under vigorous stirring for 24 h. Afterward,
the obtained black liquor was centrifuged, and then the pre-
cipitate was successively washed with 0.1 mol/L HCI and
deionized water three times to remove impurities, by-product,
and excess ions. Then, the black powder was dried in vacuum
at 40°C for 8 h to get the final product. Pristine PThi was
prepared through the same procedure as AuNPs@PThi, just
without the addition of HAuCl,.

Synthesis of AuNPs/AuNPs@PThi/GCE

The AuNPs/AuNPs@PThi/GCE was prepared by adsorp-
tion of citrate-stabilized AuNPs onto the GCE using
AuNPs@ PThi as a cross-linking agent. In a typical synthesis,

Potential (V)

4 uL of 0.5 mg/mL AuNPs@PThi dispersed in DMF solu-
tion was dropped on the surface of pretreated GCE and left
to dry at room temperature, followed by adding 5 uL of
AuNPs collosol and leaving at room temperature for 12 h
to form AuNPs/AuNPs@PThi/GCE. As-prepared electrode
was stored at 4°C for further use.

Fabrication of the immunosensor

The immunosensor was fabricated by a simple casting
method. First, 10 uL of 100 pg/mL anti-CA19-9 was dropped
on the surface of the prepared AuNPs/AuNPs@PThi/GCE
and then incubated for 60 min to form the anti-CA19-9/
AuNPs/AuNPs@PThi/GCE after washing with phosphate
buffer and drying in a stream of nitrogen. Following that,
the above GCE was incubated in 0.1% BSA solution for
30 min to eliminate nonspecific binding. Subsequently, the
BSA/anti-CA19-9/AuNPs/AuNPs@PThi/GCE detection
electrode was succeeded after washing with phosphate
buffer and drying in a stream of nitrogen. Finally, the elec-
trode was incubated with a series of concentrations of CA19-9
solution for 60 min, and the electrochemical signal before
and after the binding of CA19-9 was tested and compared.
Figure 1 displays the fabricated procedure and the measure-
ment protocol of the electrochemical immunosensor.

Results and discussion
Characterization of AuUNPs@PThi

The morphology and inherent electrochemical property of
AuNPs@PThi may affect the testing performance of the
fabricating sensor. The characterization of AuNPs@PThi was
conducted first. Figure 2A shows the transmission electron

- AuNPs@PThi

AuNPs Y Anti-CA19-9

Bsa ) catoo

Figure | Schematic illustration of the label-free electrochemical immunosensor for CA19-9 detection.
Abbreviations: CA19-9, carbohydrate antigen 19-9; AuNPs@PThi, polythionine-Au composites; BSA, bovine serum albumin; GCE, glassy carbon electrode.
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Figure 2 Transmission electron microscopic (A) and atomic force microscopic (B) images of AUNPs@PThi.
Note: The inset of (A) illustrates the amplification (upper) and distribution (bottom) of AuNPs in AuNPs@PThi.

Abbreviation: AuNPs@PThi, polythionine-Au composites.

microscopic image of the as-formed AuNPs@PThi. A thin
and uniform PThi layer was coated on the surface of 50 nm
subglobular AuNPs. The composites were well separated
from each other. The typical atomic force microscopic
image in Figure 2B shows that AuNPs@PThi-modified GCE
exhibited a homogeneous, orderly, and sheet form. Hence,
AuNPs@PThi can successfully and effectively form and
modify on the surface of GCE.

The electrochemical property of the prepared AuNPs@
PThi was investigated and compared to confirm whether
the AuNPs@PThi owned the superiority than the pure
polythionine. Thus, the same contents of PThi and AuNPs@
PThi were used to prepare the modified electrode, and
the cyclic voltammetry (CV) performance was tested. As
shown in Figure 3, PThi and AuNPs@PThi both exhibited
quasireversible redox behavior with AEp values of 109
and 107 mV, respectively. In addition, the reduction and
oxidation peak currents of AuNPs@PThi increased com-
pared with the same content of simple PThi. The electro-
active behavior of AuNPs@PThi was superior to that of
PThi because of the introduction of AuNPs. Furthermore,
AuNPs@PThi effectively improved the electrochemical
response, illustrating the possible improvement of sensing
performance.

Characterization of immunosensor

fabrication

According to the excellent electrochemical property of
AuNPs@PThi, differential pulse voltammetry (DPV) was
used to investigate the varied signals and to monitor the
fabrication of the proposed immunosensor based on the

immobilized AuNPs@PThi, as shown in Figure 4. Com-
pared with no peak on GCE (curve a), curve b shows an
apparent anodic peak of AuNPs@PThi at approximately
0.01 V because of the internal response of the prepared
AuNPs@PThi. The electrode electrochemical response
indicated the sensitive response of AuNPs@PThi/GCE.
After AuNP assembly, AuNPs/AuNPs@PThi/GCE exhib-
ited a strengthened current (curve c), implying that the
transfer rate was improved due to the formation of an AuNP
layer with enhanced current transfer. For anti-CA19-9
immobilization, anti-CA19-9/AuNPs/AuNPs@PThi/GCE
exhibited further enhanced current response (curve d). The
improved current was markedly different from the inhibited
behavior of antibody immobilization of the immunosensor
with AuNPs@PThi as the signal.?”*4> When the pH of the
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Figure 3 CV of PThi (a) and AuNPs@PThi (b) in 0.1 mol/L PBS with pH 3.5.
Abbreviations: CV, cyclic voltammetry; AuNPs@PThi, polythionine-Au composites;
PBS, phosphate-buffered saline.
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Figure 4 DPV responses of GCE (a), AuNPs@PThi/GCE (b), AuNPs/AuNPs@PThi/
GCE (c), anti-CA19-9/AuNPs/AuNPs@PThi/GCE (d), BSA/anti-CA19-9/AuNPs/
AuNPs@PThi/GCE (e), and CA19-9/BSA/anti-CA19-9/AuNPs/AuNPs@PThi/GCE
(f) in PBS (pH 3.5) for the different steps of the label-free immunosensor-.

Note: The inset shows the amplified section of varied current (Al) between curve e
and curve f due to the formation of immunoreactions exposed to CA19-9.
Abbreviations: DPV, differential pulse voltammetry; GCE, glassy carbon electrode;
AuNPs@PThi, polythionine-Au composites; CA19-9, carbohydrate antigen 19-9;
BSA, bovine serum albumin; PBS, phosphate-buffered saline.

-0.4

detecting solution was 3.5, the immobilized anti-CA19-9
may adjust the surface charge of the electrode.*” The modu-
lated surface structure and surface charge promoted the
current transfer between the electrode and the electrolyte
in a total sensing loop and improved the response current.*
Subsequently, when the electrode was modified with BSA
to eliminate nonspecific binding, the peak current decreased
because of the formation of an electron-blocking layer.
Finally, the current response obviously decreased compared
with curve e because of the insulating CA19-9 protein lay-
ers on the electrode that hinder the electron transfer. Thus,
using AuNPs@PThi as the signal indicator and AuNPs as
the antibody carrier, we can calculate CA19-9 concentra-
tion from the current before and after the formation of the
immunocomplex (Al) with added CA19-9.

Correspondingly, electrochemical impedance spectra
were used to investigate the surface changes in the modifica-
tion process of the immunosensor. As shown in Figure 5, a
semicircle portion at high frequencies and a linear portion at
low frequencies were obtained at different electrode assem-
bly steps. Using [Fe(CN),]*"*~ as the electrochemical probe,
various electron-transfer resistances (R ) of different elec-
trodes exhibited successful fabrication of the immunosensor.
The R  of AuNPs@PThi/GCE (4,375 €, curve b) was larger
than that of the bare GCE (500 €, curve a), suggesting the
successful assembly of AuNPs@PThi.

With the assembly of AuNPs, R decreased to 1,675 Q
(curve c) compared with that of AuNPs@PThi/GCE, illustrat-
ing the accelerated electron transfer effect because of the high

2,500

2,000

1,500

-2’ (Q)

1,000+

500

P T B
0 1,500 3,000 4,500 6,000 7,500

Z' Q)

Figure 5 EIS of GCE (a), AuNPs@PThi/GCE (b), AuNPs/AuNPs@PThi/GCE (c),
anti-CA19-9/AuNPs/AuNPs@PThi/GCE (d), BSA/anti-CA19-9/AuNPs/AuNPs@
PThi/GCE (e), and CAI19-9/BSA/anti-CAI9-9/AuNPs/AuNPs@PThi/GCE (f) in
10 mmol/L [Fe(CN)]*"/[Fe(CN) ]* and 0.1 mol/L KCI from 0.| Hz to 100 kHz.
Abbreviations: GCE, glassy carbon electrode; AuNPs@PThi, polythionine-Au
composites; CA19-9, carbohydrate antigen 19-9; BSA, bovine serum albumin; EIS,
electrochemical impedance spectroscopy.

conductivity of AuNPs. When the anti-CA19-9 immobilized
on the surface of AuNPs/AuNPs@PThi/GCE, the value of
R further decreased (curve d), which agreed with the results
of DPV. After the capture of BSA and CA19-9, the values
of R increased to 3,500 Q (curve €) and then to 6,875 Q
(curve f). This result suggests that the formation of the immu-
nocomplex layer hindered the electron transfer. Therefore,
the results of DPV and EIS of the different assembly steps
of the proposed immunosensor confirmed the feasibility of
the sensing of CA19-9 through such a method.

Optimization of experimental conditions

The signal source of the immunosensor was the introduction
of AuNPs@PThi. Thus, the origin of the electrochemical
response of the AuNPs@PThi-modified GCE is important for
the sensing performance of the immunoassay. The concentra-
tion of AuNPs@PThi for the modified electrode was initially
investigated, as shown in Figure 6A. AuNPs@PThi at con-
centrations between 0.05 and 5 mg/mL significantly increased
the reduction peak current but exerted no significant influ-
ence at greater concentrations. For convenience, 5 mg/mL
AuNPs@PThi was used for electrode modifications. The
quantitative basis of CA19-9 was Al due to the introduction
of CA19-9 to the antibody-modified electrode. Thus, several
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Figure 6 Effects of the original response () of the concentration of AuNPs@PThi (A), and effects of pH (B), incubation time (C), and incubation temperature (D) of
immunoreaction on the Al of the recognition 100 U/mL CA19-9 using the proposed immunosensor.

Note: Error bars represent the SDs from three independent detections.

Abbreviations: AuNPs@PThi, polythionine-Au composites; CA19-9, carbohydrate antigen 19-9; SD, standard deviation.

factors, including the pH of the sensing solution, reaction
temperature, and reaction time, were optimized. Solution
pH significantly affected the electrochemical behavior of the
immunosensor because the acidity of the solution may influ-
ence the activity of the immobilized protein and the response
of AuNPs@PThi. To optimize the pH, a series of phosphate-
buffered saline (PBS) buffer with pH 3.0-5.5 was prepared
and Al was compared through DPV. Figure 6B shows that
the current response (Al) increased and then decreased in the
pH range of 3.0 to 5.5 with a maximum value at pH 3.5.
Therefore, pH 3.5 of the detection solution was chosen as the
optimal solution to obtain high sensitivity. Incubation time is
another important parameter in the construction of the immu-
nosensor. The effect of incubation time was investigated
within the time range of 15-90 min with 10 U/L CA19-9.
Figure 6C shows that the current response rapidly increased
within 30 and 60 min and then tended to level off due to
the saturated formation of an antigen—antibody complex.
Therefore, the optimal incubation time was set at 60 min.
We also investigated the effect of temperature on the reac-
tion. Figure 6D shows the effect of different temperatures
(20°C—-40°C) on the current responses. The peak current
increased with increasing temperature, reached the maximum

value at 37°C, and then decreased at temperatures over 37°C.
This result may be attributed to the irreversible behavior
(protein denaturation) involved in the process, which is
caused by high temperatures. Thus, the optimal incubation
temperature to achieve immunoreaction was 37°C.

Detection performance of the

electrochemical immunosensor

Under the optimal conditions, different concentrations of
CA19-9 in the incubation solution were detected by DPV.
Figure 7 shows the DPV curves of the constructed BSA/
anti-CA19-9/AuNPs/AuNPs@PThi/GCE after immunore-
action with different concentrations of CA19-9. The peak
currents of AuNPs@PThi proportionately decreased with
increasing concentrations of CA19-9. Typically, CA19-9
was attached to the electrode surface through immunoreac-
tion with anti-CA19-9, which was previously immobilized
on the immunosensor. The insulating CA19-9 protein layer
acting as a nonconductor obstructed the electron transfer
between the electrolyte and the electrode surface. Therefore,
the DPV peak currents decreased proportionally with
increasing CA19-9 concentration, which can be utilized
as a quantitative measurement of CA19-9 concentration.*’
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Figure 7 DPV responses to different concentrations of CA19-9 (froma to j: 0, 6.5,
13, 26, 52, 104, 208, 312, 416, and 520 U/mL) in the PBS.

Notes: The inset shows the linear relationship between Al and the logarithm of
CA19-9 concentrations. The error bars represent the SDs from three independent
detections.

Abbreviations: DPV, differential pulse voltammetry; CA19-9, carbohydrate antigen
19-9; PBS, phosphate-buffered saline; SD, standard deviation.

As presented in Figure 7, decreased currents (Al) showed a
linear relation with the logarithm of CA19-9 concentrations
in the range of 6.5-520 U/mL. The linear equation was Al
(LA) =—0.0136+1.4950 LogC (U/mL) with R=0.9989, and
the limit of detection was calculated to be 0.26 U/mL at a
signal-to-noise ratio of 3.

Several common interfering proteins, including digestive
enzymes and tumor markers, were tested to evaluate the
specificity of the proposed immunosensor. The Al values of
the immunosensor toward interfering proteins were obtained
under the same experimental condition for CA19-9, as
shown in Figure 8. Compared with the Al value of CA19-9,
the Al values of the interferents were much lower, indicat-
ing the good specificity of the proposed immunosensor for
CA19-9 detection. Moreover, in Figure 7, the reproducibility
of the immunosensor was evaluated using the error bars of
the different concentrations of CA19-9 of three indepen-
dent electrodes. The relative standard deviation values of
the tests were not more than 1.81% for different CA19-9
concentrations, suggesting the excellent reliability of the
fabricated immunosensor.

Application of the immunosensor in human

serum samples

The feasibility of the proposed immunosensor for possible
clinical application was investigated by analyzing 30 serum
samples from The First Affiliated Hospital of Fujian Medical
University and People’s Liberation Army of China (PLA)
476 hospital. The collection and use of clinical serums
obtained from anonymous participants were approved by

1.6
1.2
<
Z 0.8
S|
0.4+
0.0+ NN - Y & O
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¥ @ & KL AN O TN
)
QQQQQ,Q

Figure 8 Specificity of the electrochemical immunosensor toward 5 ng/mL common
proteins and digestive enzymes (5 U/mL for CA125 and CA19-9).

Note: Error bars represent the SDs from three independent detections.
Abbreviations: CA19-9, carbohydrate antigen 19-9; BSA, bovine serum albumin;
SD, standard deviation; AFP, alpha fetoprotein; CEA, carcinoembryonic antigen.

the ethics committee of Fujian Medical University, and the
obtained samples were divided into normal control and pan-
creatic cancer, which was pathologically confirmed. Written
informed consent was not obtained from the anonymous
participants as this was a retrospective study, and all data
was anonymous. Thus, the ethics committee did not require
written informed consent from the participants who provided
serum sample. According to the Al value and the linear equa-
tion in Figure 7, the sensing results of the two groups were
significantly different and we could qualitatively identify a
positive or negative serum specimen, as shown in Figure 9.
The positive serum samples of pancreatic cancer showed
much higher concentration of CA19-9 than the concentra-
tion of CA19-9 of normal control, confirming the clinical

Normal control | Pancreatic cancer
i (x+s, U/mL) (X s, U/mL) -

—I 250 Immunosensor 15.20+8.14 14.8618.24
E ECL 140.03+114.62 138.49+114.89
—
= 200
g Pancreatic cancer
= 150
©
S
=
o 100
o
5
O 50+

Normal control

T
ol HEEE NN

T
Immunosensor ECL Immunosensor ECL
Figure 9 Comparison of detection results between the proposed label-free electro-
chemical immunosensor and ECL.
Note: Error bars show the varied concentrations of CA19-9 in different clinical
samples.

Abbreviations: ECL, electrochemiluminescence; CA19-9, carbohydrate antigen 19-9.
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Table 1 Comparison of test results of the proposed label-free
electrochemical immunosensor with ECL

Samples Found by the Found by Relative
immunosensor the ECL error (%)
(U/mL) (U/mL)

Normal control
| 2.39 2.44 -2.05
2 5.15 5.47 -5.85
3 9.84 9.49 3.69
4 9.25 10 -7.50
5 13 13.95 —6.81
6 17.71 18.59 —4.73
7 18.75 19.58 —4.24
8 20.72 22.48 -7.83
9 25.86 24 7.75
10 25.92 25.99 -0.27

Pancreatic cancer
I 36.11 39.2 —-7.88
12 37.97 40.3 -5.78
13 45.73 48.5 =571
14 51.38 56 -8.25
15 65.94 62.3 5.84
16 64.86 63.5 2.14
17 71.55 70.4 1.63
18 81.26 735 10.56
19 75.82 76 —0.24
20 83.85 80.3 442
21 90.05 88.3 1.98
22 88.26 96.2 -8.25
23 131.3 124.5 5.46
24 144.5 150.8 —4.18
25 189.1 198 —4.49
26 198.9 219 -9.18
27 213.9 227.8 —6.10
28 289.8 276 5.00
29 3453 360 —4.08
30 464.3 450 3.18

Abbreviation: ECL, electrochemiluminescence.

significance of CA19-9 for the diagnosis and prognostic
evaluation of pancreatic cancer.!” Furthermore, the testing
results of the proposed immunosensor and the established
electrochemiluminescence (ECL) technique were compared
(Table 1). The two methods correlated well with a correlation
0f 0.998, as shown in Table 2; the P-value of the paired #-test
was 0.4 (no significant difference). Moreover, the absolute
values of the relative errors of the two methods were lower
than 11% (except for one, the others were less than 10%),
suggesting the excellent accuracy of the proposed immu-
nosensor for clinical applications. To further elucidate the
advantage of the proposed electrochemical immunosensor,
the linear range, limit of detection, and clinical applications
of the immunosensor were compared with other CA19-9 elec-
trochemical immunosensors. As shown in Table 3, the linear
range and limit of detection of the proposed electrochemical
immunosensor are comparable, while the proposed method
shows the advantage for the detection of the clinical samples
due to the reliability, reproducibility, and sensitivity of the
fabricated label-free electrochemical immunosensor based
on AuNPs@PThi as signal indicator.

Conclusion

In this work, we designed and prepared AuNPs@PThi
through a convenient and economical route. The electro-
chemical response of AuNPs@PThi required the participation
of electrons. The immobilization of CA19-9 can cause dif-
ferent electrochemical responses depending on the blocking
of the electron transfer before and after immunoreaction.
Maximizing the electrochemical properties of AuNPs@

Table 2 Statistics, correlation, and the paired t-test of ELC and the proposed immunosensor

Pair Serum Mean SD SEM Correlation P-value
samples, N
ECL 30 98.42 110.50 20.17 0.998 0.4
Immunosensor 30 97.28 110.38 20.15
Abbreviations: ECL, electrochemiluminescence; SD, standard deviation; SEM, standard error of the mean.
Table 3 Comparison of the sensing performance of different electrochemical immunosensors for CA19-9
Sensing interface Linear range Limit of Clinical samples References
(U/mL) detection detection
(U/mL)
Anti-CA19-9/AuNPs/poly(thionine)-SDS nanocomposites 5400 0.45 Not mentioned 39
Cation-exchange-labeling anti-CA19-9 and methylene blue 5-100 1.6 4 samples 48
Electrochemical microfluidic chip with K;[Fe(CN) /K [Fe(CN),] 10.75-172 10.75 150 samples 49
HRP-AbI/TiO, collosol-gel matrix 3-20 2.68 9 samples 50
ZnO quantum dot-labeled anti-CA19-9 0.1-180 0.04 Not mentioned 51
Anti-CA19-9/3D-ordered macroporous magnetic Au film 0.05-15.65 0.01 4 samples 52
Anti-CA19-9/AuNPs/poly(thionine)-SDS nanocomposites 6.5-520.0 0.26 30 samples containing This work

normal serum and
pancreatic cancer serum

Abbreviations: CA19-9, carbohydrate antigen 19-9; HRP, horseradish peroxidase; SDS, sodium dodecyl sulfonate.
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PThi, we developed an effective label-free electrochemical
immunosensor for the ultrasensitive and reliable detection
of CA19-9. The proposed immunosensor showed excel-
lent performance for CA19-9 detection with a remarkable
detection limit, acceptable stability, and reproducibility.
Furthermore, the proposed assay, which was used to test the
clinical serum samples, exhibited accuracy, suggesting the
feasibility of the assay in future real applications. In brief, this
study suggested an effective strategy for signal amplification
based on AuNPs@PThi that can be used to assess CA19-9.
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