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Ultrasensitive Detection of Carcinoembryonic Antigen by Chitosan/
Polythiophene/CdTe Electrochemical Biosensor
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ABSTRACT: A facile method for the in situ fabrication of 0_° ¥ wmo “>
chitosan/polythiophene/CdTe (CS/PTh/CdTe) nanocomposite - O S
has been developed. It was then connected with anti-CEA (Ab), o

which was evoked for the electrochemical detection of 6@ on ,,fﬂj,,/+m > ﬂ/
carcinoembryonic antigen (CEA, Ag) within K,Fe(CN)s. The 0 1%
results indicate that CS/PTh/CdTe/GCE has a high selectivity for
the detection of CEA with a wide linear range of 0.0001—10000
ng/mL and excellent sensitivity with a low detection limit of 40 fg/
mL. Cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS), X-ray photoelectron spectroscopy (XPS), and in
situ FT-IR spectra are evoked to study the mechanism of detection of CEA via CS/PTh/CdTe/GCE. The high sensitivity of the
electrochemical sensor is due to the fact that the electrochemical oxidation products of K,;Fe(CN); can directly oxidize CdTe from a
low energy state to a high energy state (CdTe)*, making CdTe more prone to be oxidized and facilitate electron transfer. The
developed electrochemical biosensor can be used for the detection of real samples, providing a precise method for the detection of
CEA with potential application in the clinical detection of tumors.
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1. INTRODUCTION

Carcinoembryonic antigen (CEA) is a type of highly
glycosylated protein that exists in many cancers, including
liver cancer, lung cancer, pancreatic carcinoma, colorectal
carcinoma, and breast carcinoma. It is recognized as a tumor
marker because an obvious increase of CEA is generally
presented in malignant tumors.' > Accordingly, CEA detection
is extensively utilized in the early clinical diagnosis of cancer,
the monitoring of cancer progression, and the therapeutic
efficiency evaluation of malignant tumors.”"'* To date, many
techniques for detecting CEA such as electrochemilumines-
cence, electrophoresis-chemiluminescence, surface-enhanced
Raman scattering (SERS), fluorescence, and colorimetric
have been well developed.''™'® For example, Zhu et al.
proposed a method for the ultrasensitive detection of CEA by
MALDI-TOF mass spectrometry.'” Su et al. developed a
surface plasmon resonance-based methodology for the
detection of CEA."® Qiu et al. reported a method based on
SERS for qualifying a low abundance of CEA."” However,
these methods are restricted in practical applications due to
their high dependence on precise instruments, fussy operation
procedures, time-consumption, and limited sensitivity. There-
fore, developing a convenient, rapid, and sensitive analytical
method for the detection of CEA in serum is of great
significance in the early diagnosis and treatment evaluation of
cancer.

Electrochemical detection of CEA via biosensors has
attracted increasing attention due to its simple equipment,
facile operation, high selectivity, economical value, high
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sensitivity, short diagnostic time, fast response, and ease of
miniaturization.”’”** Enzymes are generally utilized as labels of
immunosensor for the detection of CEA, while washing and
separation procedures involved during the labeling process
unavoidably reduced the stabilities of the enzymes to make
labeled immunosensor-based CEA chemical detection a
nonrepeatable process.”””* Thereby, a label-free biosensor
without labeling of enzymes becomes a promising alternative
for the electrochemical quantification of CEA.>>?° However,
the nonselective adsorption of antigen and the low sensitivity
of the unlabeled biosensor greatly restrict the precise detection
of CEA.

Beneficial from the development of nanotechnologies,
carbon-based materials such as carbon nanotubes (CNTs),””
graphene oxide,” and metallic nanoparticles including Au
nanoparticles” and Ag nanoparticles’ have been extensively
utilized as nanocarriers of biosensors for amplifying their
sensitivity due to their high specific surface area, excellent
electrical conductivity, and remarkable biocompatibility. There
are limitations of electron transfers via modification of the
biosensor that still exist, reducing the detecting signals of CEA.
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As compared to these nanomaterials, quantum dots (QDs) are
more attractive semiconductors with an average diameter of
2—20 nm because of their high fluorescence efficiency’"** and
unique quantum size effect.”>** Recently, QDs with a
remarkable optoelectronic property, especially II-VI semi-
conductors containing CdS, CdSe, and CdTe, have been
extensively utilized as electrochemiluminescence reagents in
bioanalytical applications.***® However, most QDs have poor
biocompatibility, hindering their bioanalytical applications.

Organic/inorganic hybridization is a feasible approach for
surface modifications of QDs because their carboxyl functional
groups on the surface of QDs can form covalent bonds with
amino-functionalized molecules. Among them, conductive
polymers such as polythiophene (PTh), polypyrrole (PPy),
and polyaniline (PANi) are more attractive due to their good
optoelectrical effects, remarkable biocompatibility, and easy
fabrication properties.’”*® Meanwhile, chitosan (CS), a
positively charged natural polysaccharide with abundant
hydroxyl and amino groups, is beneficial for the selective
adsorption of antibody and dispersion of PTh/CdTe, as well as
for improving the sensitivity of the biosensors for the detection
of CEA*™* To the best of our knowledge, there are no
published data for the application of CS/PTh/CdTe as the
platform and the signal probes in the fabrication of an
electrochemical biosensor.

On this basis, a facile in situ ultrasonic copolymerization
approach for the fabrication of CS encapsulated PTh/CdTe
(CS/PTh/CdTe) electrode has been reported. The CS/PTh/
CdTe biosensor has been utilized for the detection of CEA by
immobilizing CEA antibody specific recognition. To explore
how CS/PTh/CdTe/GCE amplify the electrochemical signal
during CEA detection, CV and SWV scanning combined with
in situ FT-IR spectroelectrochemistry and XPS are employed.
Parameters affecting CEA detection including the concen-
trations of CS/PTh/CdTe and K,Fe(CN)4 the reaction
temperature, and the reaction time have been optimized to
further improve the sensitivity and selectivity of CEA
detection.

2. EXPERIMENTAL SECTION

2.1. Materials. TeO, KH,PO,, NaCl, CdCl,-2.5H,0,
bovine serum albumin (BSA), and vr-ascorbic acid (AC) were
all purchased from Shanghai Aladdin Reagent Co., Ltd. KCI,
NaOH, Na,HPO,, thiophene (Th), and glutaraldehyde (GA)
were obtained from Shanghai Macklin Biochemical Co., Ltd.
Interleukin-6 (IL-6) and IL-6 antibody, MUC1, CEA, and
CEA antibody were bought from Sangon Biotech (Shanghai)
Co., Ltd. L(+)-Cysteine (1-Cys), HNO;, K,Fe(CN),, K;Fe-
(CN)g, acetic acid, and ethanol were bought from Sinopharm
Chemical Reagent Co., Ltd. NaBH, was supplied from
Shanghai Energy Chemical Co., Ltd. EIS electrolyte solution
consisted of 5.0 mM [Fe(CN)s]*~/* containing 0.1 M KCl,
and the frequency range was 0.1—100 kHz with a signal
amplitude of 5 mV using a Thales electrochemical workstation.
All reagents were of analytical grade and used as obtained
without further purification. The solutions were all prepared
with deionized water (DI water) (18.2 MQ cm).

2.2. Apparatus. The following were used: vacuum drying
oven (Jinghong Laboratory Co. Ltd., Shanghai, China); BGZ
series heating and drying oven (Boxun Industry & Commerce
Co. Ltd, Shanghai, China); analytical balance (Huazhi
Scientific Instrument Co. Ltd., Fujian, China); ultrasonic
cleaners (Kunshan Ultrasonic Instrument Co., Ltd., Suzhou,

China); ultra high-resolution scanning electron microscope
(Regulus 8230, Hitachi, Japan); supercentrifuge (Xiangyi
Centrifuge Instrument Co., Ltd, Hunan, China); rotator
(Joanlab, Ningbo, China); electrochemical workstation (CHI
660D, CH Instrument Co., Ltd., Shanghai, China); X-ray
diffraction (XRD, Rigaku D/max-rA, 40 kV/100 mA, Japan);
scanning electron microscope (SEM) (S-4800, Hitachi, Japan);
Thales electrochemical workstation (IM6, Zahner, Germany);
Fourier transform infrared spectrometer (FTIR) (Nicolet iS50,
Nicolet Instrument Co., Ltd., U.S.); and X-ray photoelectron
spectroscopy (XPS, Escalab 250Xi, U.S.).

2.3. Preparation of PTh/CdTe Nanocomposite. Water-
soluble PTh/CdTe nanocomposite were prepared following a
modified hydrothermal growth method:>**** First, 0.0319 g
(0.2 mmol) of TeO, powder was mixed with 10.0 mL of
NaOH aqueous solution (0.4 mM) with stirring to form
Na,TeO;. The Na,TeOj; solution as-formed was diluted with
20.0 mL of DI water and 10.0 mL of ethanol. 256 uL of Th
solution was then added into a diluted Na,TeO; solution
under N, atmosphere and kept stirring at 25 °C until it turned
transparent. Afterward, 0.2 mM NaBH, was added into the
mixture and continuously stirred for 12 h. 0.6 mM NaBH, was
then added until the mixture changed to pink wool via
flocculation.

Second, 2 mM of CdCl,-2.5H,0 and 0.485 g of L-Cys were
dissolved into 120 mL of DI water at 25 °C and stirred under
N, atmosphere for 0.5 h. The pH value of the mixture was
adjusted to 11 by the addition of 1.0 M NaOH aqueous
solution. The pink PTh/NaHTe flocculation was then reacted
with the above mixture in N, atmosphere at 25 °C for 0.5 h.

Finally, the mixture was hydrothermally reacted in a
polytetrafluoroethylene lined autoclave at 90 °C for 2.5 h.
The precipitate obtained was centrifuged, washed, and
vacuum-dried at 37 °C to obtain PTh/CdTe nanocomposite.
For comparison, pure CdTe and PTh were synthesized as
reported.”****

2.4. Preparation of CS/PTh/CdTe Nanocomposite. 1.0
mg of CS was dissolved in 1% (v/v) acetic acid aqueous
solution to obtain a 1% (m/v) CS solution. Afterward, 1.0 mg
of PTh/CdTe particles was ultrasonically dispersed into 5.0
mL of CS solution at 25 °C for 1 h to form a CS/PTh/CdTe
hydrogel.*” The hydrogel was then immersed into 0.5% (m/v)
NaOH aqueous solution to remove residual acetic acid and
washed with DI water until the pH value turned to 7. The
composite materials were finally vacuum-dried at 37 °C to
obtain pure CS/PTh/CdTe.

2.5. Fabrication of Electrochemical Immunosensor.
First, the glassy carbon electrode (GCE, 3 mm) was polished
with 1.0, 0.3, and 0.05 ym a-Al,O; powder sequentially to
obtain a mirror-like surface. The polished GCE was then
sonicated in DI water, ethanol, and DI water, alternately, and
dried in N,. Afterward, it was modified with 10 yL of CS/
PTh/CdTe nanocomposite solution (0.5 mg/mL) by drop-
casting and dried at room temperature. Second, 10 uL of 5%
GA solution was dropped onto the surface of the electrode to
activate the modified electrode, and kept at 37 °C for 30 min.
Ten microliters of 0.01 mg/mL anti-CEA solution (10 mM
PBS, PH 7.4) was dropped onto the activated electrode and
incubated at 4 °C for 12 h, after which it was washed with DI
water. Ten microliters of 1 wt % BSA as a blocking reagent was
dropped onto the electrode surface for 1 h at 37 °C to
eliminate nonspecific binding sites. Last, the resulting electrode
was incubated with 10 uL of different concentrations of CEA
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at 37 °C for 1 h and rinsed with PBS (10 mM, pH 7.4). All
fabrication steps of the electrochemical biosensor are shown in
Scheme 1.

Scheme 1. Fabricating Steps of the Electrochemical
Immunosensor
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2.6. Electrochemical Detection. All electrochemical
measurements were conducted at room temperature with
BSA/Ab/CS/PTh/CdTe/GCE as the working electrode, a
platinum wire electrode as the counter electrode, and a
saturated electrode as the reference electrode.

Electrochemical impedance spectroscopy (EIS) was used to
study the preparation of immunosensor within 5.0 mM of
K;Fe(CN)4/K,Fe(CN)g and 0.1 M of KClI from 0.01 Hz to
100 kHz with an amplitude of S mV. The electrode was
incubated by a series of CEA samples (10 yL) with various
concentrations at 37 °C for 60 min. The electrochemical
measurement was carried out in a mixture of 0.1 M PBS (pH
7.0), 0.1 M KCl, and 20 mM K,Fe(CN)¢ with the scanning
potential ranging from —0.2 to 0.8 V, an amplitude of 0.05V, a
pulse width of 0.05 s, and a quiet time of 2 s to obtain the SWV
signal.

A

3. RESULTS AND DISCUSSION

3.1. Characterization of CS/PTh/CdTe Nanocompo-
sites. The morphology of the synthesized CS/PTh/CdTe
nanocomposites was characterized by SEM and TEM. The
nanocomposites are of flocculent wool-like morphology
(Figure 1A), with CdTe QDs evenly distributed on the
surface of CS/PTh (Figure 1B), providing more active sites for
the attachment of antibodies and subsequent improvement of
the electronic transfer rate. The cubic phase of CdTe had an
interplanar spacing of d = 0.371 nm, which is presented in
Figure 1B (inset). The FTIR spectra of CdTe QDs (blue),
PTh/CdTe (red), and CS/PTh/CdTe (black) are all
characterized and presented in Figure 1C. As presented,
characteristic peaks at 3430 and 1134 cm™, attributed to the
stretching vibrations and bending vibrations of O-—H,
respectively, are all observed.”** Two main characteristic
peaks at 1620 and 1400 cm™’, ascribed to the antisymmetrical
and symmetric vibrations of carboxyl, respectively, further
prove that electrodes are successfully modified by chitosan.*®
The characteristic peak of the amino group at 1560 cm™" and
the C—N bending vibrations at 1405 cm™" indicate successful
capping of L-Cys. The peak at 1085 cm™' ascribed to the
vibration of —C—O—C— further demonstrates successful
modification of the electrode with chitosan.>

An XPS measurement of CS/PTh/CdTe is performed and
shown in Figure 1D—G. The characteristic peaks of Cd 3d;,, at

412.0 eV and Cd 3ds, at 405.1 eV contribute to the binding
energy of Cd (II+) (Figure 1D). The Te 3ds,, peak at 583.0
eV and the Te 3d;,, peak at 572.5 €V are attributed to the
binding energy of Te (II—) (Figure 1E). The shoulder peak on
the high-binding energy side of Te peak confirms the presence
of Te (IV+) in the form of CdTe nanocrystals.”” The peak at
S31.5 eV in the O 1s spectrum is attributed to COO™ or
tellurium oxides (Figure 1F). The peak at 162.5 eV in the S 2p
spectrum (Figure 1G) shows sulfur in the form of C—S—C or
Cd—S—C. Meanwhile, the peak at 168.8 eV suggests the
existence of sulfur oxides."”*” The XPS spectrum reveals the
presence of the main elements in the CS/PTh/CdTe
nanocomposite sample (Figure 1H).

3.2. Electrochemical Behavior of the Electrodes. EIS
analysis is evoked to evaluate the interfacial characteristic of
the modified electrode.”® According to the Nyquist plots
(Figure 2A), the resistance of bare electrode, CdTe, and
polythiophene ranks as bare electrode < polythiophene <
CdTe. The modification of the bare electrode with CdTe leads
to an increase in the polarization resistance of the modified
electrode (curve d); however, doping of PTh and CS greatly
improves the conductivity of the modified electrode, which is
beneficial to amplify the signal of electrochemical analysis.

To explore the reliability of the electrode, EIS analysis of the
electrode at different modification stages is also conducted and
presented in Figure 2B. The immobilization of CS/PTh/CdTe
on the bare GCE electrode increases the resistance of the
electrode possibly due to the electrostatic repulsion of
[Fe(CN)4]>~* via the negatively charged carboxy group of
CS/PTh/CdTe (Figure 2B, curves a). The immobilization of
antibody and BSA on electrode increases the electro-resistance
of the electrode because of the insulation of the protein layer
(Figure 2B, curves b,c). The modification of the electrode with
antigen further retards the interfacial electron transfer on the
surface of the electrode (Figure 2B, curves d). The EIS results
confirm that the immunosensor is successfully fabricated.

3.3. Electrochemical Properties of the CS/PTh/CdTe
Nanocomposites. The SWVs of GCE, CS/PTh/CdTe/
GCE, Ab/CS/PTh/CdTe/GCE, BSA/Ab/CS/PTh/CdTe/
GCE, and Ag/BSA/Ab/CS/PTh/CdTe are recorded and
shown in Figure 3. As demonstrated, the current signal of
the bare GCE electrode in PBS (0.1 M, pH 7.0) is near zero.
However, there is a significant current signal of bare GCE in
PBS with K,Fe(CN)4 at 0.25 V (curve b), due to the redox
reaction of Fe(CN)* on the surface of the electrode. When
the GCE electrode is modified with CS/PTh/CdTe nano-
composite, a small peak at 0.29 V of CS/PTh/CdTe-modified
GCE in PBS buffer solution appeared due to the oxidation of
CdTe.”" The current peaks of K,Fe(CN)4 and CS/PTh/CdTe
disappear with an increase of K,Fe(CN)y; in PBS buffer
solution, and a greater current peak presents at 0.189 V (curve
d). It is supposed that the catalytic oxidation of K,Fe(CN)
could facilitate the oxidation of CS/PTh/CdTe nanocompo-
sites on the GCE electrode.’” The electron transfer on the
surface of the electrode leads to an increase of the peak current
and a negative shift of the peak potential. However, contact
between K,Fe(CN); and CS/PTh/CdTe is unavoidably
hindered when the antibody and BSA incubate on the surface
of the electrode, subsequently resulting in a decrease of the
current (curves ef). The specific recognition of antigen—
antibody on the surface of the electrode makes the antigen
(Ag) further incubate on the surface of the electrode, hindering
the contact between K,Fe(CN), and CS/PTh/CdTe. There-
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Figure 1. Measurement results of the products: (A) SEM image of CS/PTh/CdTe; (B) TEM image of CS/PTh/CdTe; and (C) FTIR absorption
spectra. XPS spectra of the CS/PTh/CdTe product: (D) Cd 3d core level spectrum; (E) Te 3d core level spectrum; (F) O 1s core level spectrum;
(G) S 2p core level spectrum; and (H) survey spectrum.

fore, a significant decrease of current is observed due to the
reduction of the catalytic effect (curve g), which can be
consequently used as an indicator for detecting CEA antigens.
The mechanisms of detection of CEA in 0.1 M PBS with
K,Fe(CN); solution via the BSA/Ab/CS/PTh/CdTe/GCE
and Ag/BSA/Ab/CS/PTh/CdTe/GCE electrodes are illus-

trated in Scheme 2.

The electron transfer mechanism could be expressed simply
as follows:

[Fe(CN),]*™ — [Fe(CN), P~ + e~ (1)

[Fe(CN)J’~ + CdTe QDs — [Fe(CN)]*~

45364

+ (CdTeQDs)* (2)
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Figure 2. EIS of (A) the following materials: (a) bare GCE electrode; (b) CdTe/GCE electrode; (c) PTh/GCE electrode; (d) PTh/CdTe/GCE
electrode; and (e) CS/PTh/CdTe/GCE electrode. EIS of (B) the stepwise biosensor fabrication: (a) CS/PTh/CdTe/GCE electrode; (b) Ab/CS/
PTh/CdTe/GCE electrode; (c) BSA/Ab/CS/PTh/CdTe/GCE electrode; and (d) Ag/BSA/Ab/CS/PTh/CdTe/GCE electrode. EIS for the
stepwise biosensor fabrication was measured in the frequency range between 0.01 Hz and 100 kHz with an amplitude of S mV; the concentration of

CEA was 10 ng/ mL. Inset: Equivalent circuits.
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Figure 3. SWV curve of (a) bare GCE electrode in PBS; (b) bare
GCE electrode in PBS with K,Fe(CN)4; (c) CS/PTh/CdTe/GCE
electrode in PBS; (d) CS/PTh/CdTe/GCE in PBS with K,Fe(CN)g;
(e) Ab/CS/PTh/CdTe/GCE in PBS with K,Fe(CN); (f) BSA/Ab/
CS/PTh/CdTe/GCE in PBS with K,Fe(CN)g; and (g) Ag/BSA/Ab/
CS/PTh/CdTe/GCE in PBS with K,Fe(CN)4 The SWV curve was
obtained in different components of PBS (0.1 M, pH 7.0, with or
without 20 mM of Fe(CN)4*"); the concentration of CEA is 10 ng/
mL.

(CdTe QDs)* + H,0 — CdTeO, + H" + e~ (3)

To verify the above electron transfer mechanism (formulas
1-3),>* in situ infrared spectro-electrochemical studies have
been carried out in the thin-layer electrochemical cell.”® As
shown in Figure 4A, the CV curves of GCE, CS/PTh/GCE,
and CS/PTh/CdTe/GCE in 0.1 M PBS solution with 20 mM
K,Fe(CN)4 (pH 7.0) in the scanning range of —0.2—1.0 V and
the corresponding IR 3D spectra are recorded simultaneously.
In comparison, bare GCE and PTh/CS/GCE have good
reversible redox peaks (curves a and b), while the oxidation
current of CS/PTh/CdTe/GCE is larger than its reduction
current (curve c).

According to the in situ FT-IR spectra, there are two
absorption peaks observed in the spectra of bare GCE (Figure
4B) and CS/PTh/GCE (Figure 4C) in the wavenumber range
of 1000—2500 cm™' (corresponding to the electrochemical
process from —0.2 to 1.0 V) with spectra gathered at —0.2 V as
the reference spectrum. There are two types of IR peaks with a
negative band at 2036 cm™' assigned to the consumption of
Fe(CN)4*", and an upward peak at 2115 cm ™" attributed to the
formation of the Fe(CN)>~ observed.”® The corresponding

Scheme 2. Reaction Process Mechanism of the BSA/Ab/CS/PTh/CdTe/GCE and Ag/BSA/Ab/CS/PTh/CdTe/GCE

Electrodes in 0.1 M PBS with K,Fe(CN)4 Solution”

Zi(ohm)

“The concentration of CEA is 10 ng/mL.
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Figure 4. (A) Thin-layer CV of (a) GCE, (b) CS/PTh/GCE, and (c) CS/PTh/CdTe/GCE in 0.1 M PBS containing 20 mM K,Fe(CN),; and the
corresponding 3D spectra of (B) GCE, (C) GCE/PTh/CS, and (D) CS/PTh/CdTe/GCE. Potential scan rate: 10 mV/s.
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Figure 5. XPS spectra of the postreaction product: (A) Cd 3d core level spectrum; (B) Te 3d core level spectrum; (C) Fe 2p core level spectrum of
K,Fe(CN)j after it reacts with CS/PTh/CdTe; and (D) Fe 2p core level spectrum of K,Fe(CN)j, after it reacts with CS/PTh.

3D spectra of CS/PTh/CdTe/GCE are shown in Figure 4D.
No IR absorption peak at 2036 and 2115 cm™! is observed

because K;Fe(CN), generated by electrochemical oxidation is

rapidly reduced to K,Fe(CN)g; that is, the reaction shown in
formula 2 occurred.

To reveal the surface composition and elemental valence of
the electrochemical products of K,[Fe(CN)] attached on the
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Figure 6. (A) CV of CS/PTh/CdTe in 0.1 mM PBS contain 20 mM K,Fe(CN)j at different scanning rates from 5 to 1000 mV/s; and (B) the ratio

of I,/I, at different scanning rates.

surface of CS/PTh/CdTe or CS/PTh, XPS analysis of the pre-
and postelectrochemical reaction is studied and shown in
Figure S. The characteristic peaks of Cd 3d;,, at 412.0 eV, Cd
3ds,, at 405.0 eV (Figure SA), Te 3d,, peak at 587.0 eV, and
Te 3ds/, at 577.0 eV (Figure SB) correspond to the binding
energy of Cd (II+) and Te (IV+), respectively, indicating that
Cd (II+) remains unchanged, while all of the Te (II-) in
CdTe is oxidized to Te (IV+) according to the current signal
caused by the change of valence of tellurium.”* The XPS
spectrum of Fe 2p after the electrochemical reaction of CS/
PTh/CdTe is shown in Figure SC. Two strong peaks at 721.5
and 708.7 eV are comparable to those of K,Fe(CN),,
indicating that there is no change of electrolyte during the
oxidation process.”° When the above experiment is repeated
with CS/PTh electrode instead, an Fe 2p;/, peak at 710.6 eV
and an Fe 2p, /, peak at 724.1 eV corresponding to the binding
energy of Fe (III+) are observed because Fe (II+) is oxidized
to Fe (III+) after the electrochemical reaction (Figure 5D).”7
The results of XPS analysis are consistent with the results of IR
spectroelectrochemistry.

The CV curves of CS/PTh/CdTe in a mixture of 0.1 mM
PBS and 20 mM K,Fe(CN); are scanned at a rate of 5S—1000
mV/s. The CV curves show a good redox couple with a
gradual increase of current intensity with the increase of
scanning rate. Meanwhile, a larger oxidation current (I,,) than
the reduction current (I,.) with I,,/I,. > 1 is demonstrated
(Figure 6A), suggesting that K,Fe(CN)4 catalyzes the
electrochemical reaction of CS/PTh/CdTe (Figure 6B).

The influence of K,Fe(CN)4 concentration on the electro-
chemical intensity is also investigated. As shown in Figure 7,
the electrochemical signals of the GCE electrode and CS/
PTh/GCE electrode increase with the increase of K,Fe(CN)4
concentration. Moreover, the increased amplitude of the
electrochemical signals of the GCE electrode is larger than
that of the CS/PTh/GCE electrode due to hindered electron
transfer by CS/PTh. The electrochemical intensity of the CS/
PTh/CdTe/GCE electrode remains constant when the
concentration of K,Fe(CN)j is higher than 20 mM. Therefore,
K,Fe(CN); is a catalyst of the electrochemical oxidation of
CdTe rather than a probe.

3.4. Condition Optimization. To improve the CEA
detection sensitivity of the immunosensor, the concentrations
of K,Fe(CN)¢ and CS/PTh/CdTe, the pH of PBS, the
incubation temperature of antigen, and the incubation time are
optimized. The optimization of the experimental conditions
was shown in Figures SIA—SIE.
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Figure 7. Corresponding calibration curve of (a) GCE, (b) CS/PTh/
CdTe/GCE, and (c¢) CS/PTh/GCE in 0.1 M PBS containing
different concentrations of K,Fe(CN)y (5—50 mM, respectively).

3.5. Performance of the Biosensor for the Detection
of CEA. The detection of CEA via a fabricated CS/PTh/
CdTe/GCE immunosensor under optimal reactions is
conducted. As shown in Figure 8B, a linear relationship
between the SWV signal intensity and the logarithm of CEA
concentration (log C) is observed with a linear equation (R* =
0.9983) listed as follows: I = —18.98 X log Ccg + 120.3, where
I (uA) is the current signal and Ccpsy (ng/mL) is the
concentration of CEA. Noteworthy, the SWV signal decreases
with an increase of CEA concentration due to the hindered
transfer of electrons caused by the formation of an
immunocomplex (Figure 8A). The results indicate that CEA
ranging from 0.0001 to 10000 ng/mL can be quantitatively
detected with a limit of 40 fg/mL (S/N = 3).

As compared to previous studies shown in Table 1, the CS/
PTh/CdTe/GCE immunosensor fabricated in this work has a
relatively lower detection limit and wider linear range.
Moreover, the average recovery efficiency of six CEA detection
tests with different concentrations in the normal serum
samples ranged from 99.8—105% with a relative standard
deviation (RSD) of 4.1—5.2% (Table 2), confirming that the
proposed electrochemical biosensor is an ultrasensitive tool for
the determination of CEA in biological samples with
remarkable reproducibility. The inter-assay and intra-assay
repeatability of the electrochemical biosensor of the detection
tests results is shown in Table SI.

To further study the selectivity of the immunosensor, the
detection of CEA with target and nontarget by adding IL-6
(100 ng/mL), MUCI (100 ng/mL), L-ascorbic acid (100 ng/
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Figure 8. (A) Square wave voltammetry response and (B) the corresponding calibration curve of the biosensor for the CEA assay (from 0.0001 to
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Table 1. Comparison of Different Sensing Methods on the Detection of CEA

electrode/materials method
CdTe/RGO-AuNPs PEC
CdTe CVG-AFS/ICP-MS
Mn:ZnCdS@ZnS/CdTe FL
NaYF,:Yb,Er/Ag,S PEC
H,0 and CaO thermometers
AuNPs/MoS, colorimetric
AuNPs colorimetric
BIQ-1 fluorescent
CS/PTh/CdTe electrochemistry

linear range (ng/mL) detection limit ref
0.001-2.0 0.47 pg/mL 58
0.5-20 0.2 ng/mL 59
0.0001-10 65 fg/mL 60
0.005-5 1.9 pg/mL 61
0.00781-0.5 0.6 pg/mL 62
0.005—10 0.5 pg/mL 63
10—-120 3 ng/mL 16
0—-200 0.2 ng/mL 15
0.0001—10000 40 fg/mL this work

Table 2. Recovery Tests for CEA Samples Using the
Proposed Method (n = 6)

samples add (pg) found (pg) rate of recovery (%) RSD (%)
1 5.000 5.200 104.0 5.2
2 50.00 52.60 105.0 4.1
3 500.0 499.0 99.80 4.6
4 5000 5087 102.0 4.7

mL), and a mixture (100 ng/mL of IL-6, 100 ng/mL of
MUC]I, 100 ng/mL of L-ascorbic acid, and 10 ng/mL of CEA)
was depicted in Figure 9. The biosensor is proved to be highly
selective for the detection of CEA with negligible changes

200
150 -
E 100 ~ £
50
PS’\&& 6'\\/’6 C'\\A\SC\P&-@&&@& \2;&“‘15&6 ?'@h
oM

Figure 9. Selectivity of the proposed electrochemical biosensor with
different targets: (A) blank; (B) 100 ng/mL of IL-6; (C) 100 ng/mL
of MUCI; (D) 100 ng/mL of vr-ascorbic acid; (E) a mixture
(containing 100 ng/mL of IL-6, 100 ng/mL of MUCI, 100 ng/mL of
L-ascorbic acid, and 10 ng/mL of CEA); and (F) 10 ng/mL of CEA.
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caused by the other interfering biomolecules. The stability of
the biosensor for the detection of CEA was evaluated at 4 °C
for one month. The results show that the immunosensor
exhibited good stability without a significant change in the
SWYV signal.

4. CONCLUSIONS

In this work, CS/PTh/CdTe nanocomposites were directly
synthesized by the one-step method and were linked with
previously functionalized anti-CEA via the covalent bond
reaction to construct the sandwich-like immunosensor for
ultrasensitive detection of CEA. The immunosensor had a
wider linear concentration range of 0.0001—10000 ng/mL
with a detection limit of 40 fg/mL (S/N = 3), as well as
favorable reproducibility, durable stability, and satisfactory
selectivity and sensitivity due to that the electrochemical
oxidation products of K,Fe(CN)g can directly oxidize CdTe
from a low energy state to a high energy state (CdTe)*, which
facilitates electron transfer at the electrode with an amplified
signal of biosensor during CEA detection. Because of its simple
preparation and high sensitivity, this biosensor holds great
promise for the clinical detection of tumors.
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