Biosensors and Bioelectronics 132 (2019) 68-75

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Electrochemical immunosensors with AuPt-vertical graphene/glassy carbon = M)

Check for

electrode for alpha-fetoprotein detection based on label-free and sandwich- %
type strategies

Danfeng Sun®, Hongji Li”", Mingji Li**, Cuiping Li®, Lirong Qian®, Baohe Yang®

2 Tianjin Key Laboratory of Film Electronic and Communicate Devices, School of Electrical and Electronic Engineering, Tianjin University of Technology, Tianjin 300384,
PR China

Y Tianjin Key Laboratory of Organic Solar Cells and Photochemical Conversion, School of Chemistry and Chemical Engineering, Tianjin University of Technology, Tianjin
300384, PR China

ARTICLE INFO ABSTRACT

We proposed label-free and sandwich-type electrochemical immunosensors for the quantification of alpha-fe-
toprotein (AFP), which plays a critical role in the early diagnosis of primary liver cancer. Both detection stra-
tegies involved monitoring of the electrochemical response current of the AuPt-vertical graphene (VG)/glassy
carbon electrode (GCE) for the oxidation of the redox probe, methyl orange. AuPt nanoparticles, which have
good biocompatibility and excellent conductivity, were used to immobilize the primary antibody, Ab,, while VG
sheets helped accelerate electron transfer at the liquid-solid and solid-solid interfaces. The sensing electrode
played a key role in signal amplification, and the sensitivity of the sandwich-type sensor was higher than that of
the label-free sensor. The former exhibited a wide linear range from 1fgmL™' to 100 ngmL~' and a low de-
tection limit of 0.7 fgmL ™! under the optimal experimental conditions. The excellent performance of the AuPt-
VG/GCE-based immunosensors in AFP detection in human serum, coupled with their good stability, makes them
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promising tools for the clinical monitoring of AFP and other tumor markers.

1. Introduction

Electrochemical immunosensors have been developed for electro-
chemical analytical methods of quantitative detection of various tumor
markers. They are characterized by their fast response, cost effective-
ness, and simple operation (Alizadeh et al., 2017). Because common
tumor markers, such as alpha-fetoprotein (AFP), carbohydrate antigen
125 (CA-125), CA-15-3, and prostate-specific antigen, are electro-
chemically inactive, their response signals must be indirectly obtained
using a redox probe (Cevik et al., 2016; Gasparotto et al., 2017;
Khoshroo et al., 2018; Zhang et al., 2018).

The working electrode and carrier are the main components of
electrochemical immunosensors. Improving their fabrication and
modification processes can amplify the response signal, thereby in-
creasing the sensitivity of the sensing system. One approach is to im-
mobilize antibodies (Ab's) or antigens (Ag's) using highly biocompatible
materials, such as Au (Gasparotto et al., 2017), Pt (Dutta et al., 2017),
Ag (Cincotto et al., 2016), and other metal nanoparticles. To control the
nanoparticle size, stability in liquid and air, and biocompatibility, a few
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researchers proposed using a nanohybrid, such as A u@Ag (Zhang et al.,
2018) and ZnO nanorod-Au (Gasparotto et al., 2017), which is ad-
vantageous to protein immobilization. Most of the carriers that have
been used, such as graphene (Khetani et al.,, 2018; Natarajan et al.,
2017), carbon nanotubes (CNTs) (Li et al., 2015), and TiO, nano-
particles (Alarfaj et al., 2018), are porous, highly biocompatible, and
have a large surface area and high electrocatalytic activity. These car-
riers can adsorb more metal nanoparticles and prevent agglomeration,
thus improving the probe response current. Moreover, they facilitate
fast electron transfer and adsorb a significant amount of Ab's or Ag's.
The sensitivity of immunosensors can also be significantly increased by
creating a strong chemical bond between the metal nanoparticles and
carrier, selecting a suitable redox probe, and designing an effective
signal amplification strategy (i.e., label-free or sandwich-type) (Akter
et al., 2016; Dutta et al., 2017; Serafin et al., 2018).

AFP is a key tumor marker for the early diagnosis of liver cancer
patients, who have serum AFP concentrations higher than 25 ng mL™!
(Giannetto et al., 2011; Preechakasedkit et al., 2018). A reliable and
highly sensitive electrochemical method for the quantitative analysis of
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AFP in serum not only will play an important role in cancer diagnosis,
but also can be further extended to other cancer markers. Label-free and
sandwich-type biosensors are commonly used in the quantitative ana-
lysis of various tumor markers (Alarfaj et al., 2018; Samanman et al.,
2015; Shamsipur et al., 2018). Compared with label-free electro-
chemical biosensors, sandwich-type ones generally have higher sensi-
tivities because the label helps amplify the electrochemical signal.
Hence, it is necessary to further analyze the main differences between
the two strategies. We have investigated the sensitivity of various
electrochemical immunosensors for AFP detection proposed in recent
studies. The best among them were a sandwich-type immunosensor
with a sensitivity of 16.07 pA (log(ngmL~1))~! (Zhang et al., 2018)
and a label-free immunosensor with a sensitivity of 0.42pA
(ngmL~H~! (Xu et al., 2017).

In this study, label-free and sandwich-type immunosensors for AFP
detection were designed and constructed. The sensing platform is ver-
tical graphene (VG) grown on glassy carbon electrode (GCE) modified
by electrodeposited AuPt hybrid nanoparticles, and the redox probe
was the methyl orange (MO) dye. The AuPt-VG/GCE sensing platform
had excellent electrocatalytic activity in the oxidation of MO. The
characteristics of the response to AFP in the two detection strategies
were analyzed, and the differences between key parameters were
compared. This study can serve as a basis for the development of reli-
able electrochemical immunosensors.

2. Experimental method
2.1. Reagents and solutions

Anti-AFP (Ab, and Ab,), AFP Ag, CEA, CA-199, CA-125, and CA-153
were obtained from Shanghai Linc-Bio Science Co., Ltd. (China). Bovine
serum albumin (BSA), dopamine, HAuCl;-4H,0, and citric acid were
purchased from Alfa Aesar (USA). The other details are provided in the
Supplementary material (SM).

2.2. Morphological and elemental analyses

The morphological characteristics, microstructures, and composi-
tions of the various samples were studied by field-emission scanning
electron microscopy (FE-SEM), transmission electron microscopy
(TEM), powder X-ray diffraction (XRD), energy-dispersive X-ray spec-
troscopy (EDS), X-ray photoelectron spectroscopy (XPS), Fourier-
transform infrared spectroscopy (FTIR), Raman spectroscopy, and
UV-visible spectrophotometry. The details are provided in the SM.

2.3. Electrochemical measurements

Electrochemical experiments, specifically differential pulse vol-
tammetry (DPV) and electrochemical impedance spectroscopy (EIS),
were performed on an electrochemical workstation (CHI660E,
Chenhua, China). The details are described in the SM.

2.4. Preparation of the AuPt-VG composite on GCE

AuPt-VG/GCE was prepared in two stages: chemical vapor deposi-
tion (CVD) and electrodeposition (Fig. 1).

First, to produce VG/GCE, graphene nanosheets are vertically
grown on GCE (10 X 20 X 1 mm) via CVD using a DC arc plasma jet
system. The GCE is polished to obtain a mirror-like surface using a
polishing powder, cleaned by ultrasonication in 1:1 (v/v) HNOjz, ul-
trapure water, and ethanol for 10 min, and finally, dried under an IR
lamp. It is then placed in the CVD reaction chamber, and H, and Ar
gases are introduced at flow rates of 2 and 1.5 dm® min ~*, respectively.
The chamber and pump pressures are maintained at 3000 and
13,000 Pa, respectively. The magnetic field control voltage is set to 6 V
(1.57 A) to switch on the device. The arc voltage and arc current are set
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to 65V and 116 A, respectively, to form a high-temperature H,/Ar
plasma stream and maintained for 5 min, after which 0.2 dm® min~"! of
CH, is introduced into the chamber. The chamber and pump pressures
are fixed, and the substrate temperature is controlled at 1100 °C for
5 min.

Subsequently, AuPt hybrid nanoparticles are electrodeposited on
the VG layer of VG/GCE. VG/GCE, as the working electrode, forms a
three-electrode system with the Pt electrode and SCE. The electrodes
are immersed in a mixture of 0.05 mM HAuCl, and 0.04 mM H,PtClg
and connected to the electrochemical workstation to complete the
electrodeposition system. A multi-potential step method is employed
for electrodeposition. The initial potential is set to 0V, the first step
potential to 2V at a step time of 15, and the second step potential to
—2V at a step time of 5s. Thirty cycles (3 min) are run continuously to
obtain AuPt-VG/GCE. In addition, this electrodeposition process is re-
peated in a separate solution of either 0.05mM HAuCl, or 0.04 mM
H,PtClg to obtain Au-VG/GCE and Pt-VG/GCE, respectively.

2.5. Preparation of the MO/CNT-Au/Ab;, label

Fig. 1 shows the preparation of the MO/CNT-Au/Ab, label. First,
100 mg of CNT-OH and 500 pL. of APTES were dispersed in 10 mL of
ethanol. The mixture was stirred and heated at 80 °C for 1.5 h and then
dried via suction filtration with ultrapure water to obtain aminated
CNT (CNT-NH,) powder. Subsequently, 100 mg of CNT-NH, was dis-
persed in 10 mL of a mixture of 1.5 mM HAuCl, and 80 mM citric acid.
The Au particles were reduced in situ under UV irradiation at a wave-
length of 302nm and power of 425W for 3h to produce CNT-Au
powder. CNT-Au powder (250 mg) was then dispersed in 250 mL of
2mM MO aqueous solution, stirred for 24 h, washed, and dried to ob-
tain MO/CNT-Au powder. Finally, 25 mg of MO/CNT-Au powder was
added to 25 mL of 2 ug mL ™! Ab, solution, stirred at room temperature
for 2h, and then filtered via suction filtration to obtain the MO/CNT-
Au/Ab, label. The MO/CNT-Au/Ab, label was diluted to 2 mL with PBS
(pH 7.4) and kept at 4 °C for future use.

2.6. Fabrication of the immunosensors

Ab; was immobilized on AuPt-VG/GCE via the interaction between
its -NH,, groups and the AuPt hybrid nanoparticles. First, AuPt-VG/GCE
was immersed in 1.5 mL of 500-5000 ng mL ™' Ab, solution, incubated
at 37°C for 1h, and dried at room temperature. After incubation, the
washed electrode was immersed in 1% BSA solution and incubated at
37 °C for 30 min to prevent nonspecific binding between Ab; and AuPt-
VG/GCE. Ab;-AuPt-VG/GCE was washed with PBS (pH 7.4) and cov-
ered by 300 pL of AFP Ag solutions of different concentrations and in-
cubated at 37 °C for 0.3-2 h to obtain Ag-Ab;-AuPt-VG/GCEs (Fig. 1).

2.7. Detection of AFP

Sandwich-type strategy: MO/CNT-Au/Ab, (100 pL of 2pugmL~")
was dropped onto the surface of Ag-Ab,-AuPt-VG/GCE and incubated at
37 °C for 30 min. The electrode was washed with PBS (pH 7.4) to re-
move any physically adsorbed MO/CNT-Au/Ab, particles. Using MO/
CNT-Au/Ab,-Ag-Ab;-AuPt-VG/GCE as the working electrode, electro-
chemical measurements were carried out in 25mL of 0.1 M PBS at
various pH values (Fig. 1).

Label-free strategy: Using Ag-Ab;-AuPt-VG/GCE as the working
electrode, electrochemical measurements were carried out in 25 mL of
0.1 M PBS containing 70 pM MO (Fig. 1).

The oxidation peak of MO is at about 0V. The response current of
the sensors is the oxidation peak current of MO, which, in all cases, was
taken as the electrochemical response of MO. Blocking of nonspecific
binding sites was performed using 1% BSA solution after each step of
the immunological reaction. Dissolved oxygen was dispelled by purging
the solution with nitrogen before the measurements.
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Fig. 1. (A) Preparation of the MO/CNT-Au/Ab, label. (B) Schematic diagram of the fabrication of AuPt-VG/GCE-based immunosensor electrodes and label-free
strategy for AFP detection. (C) Sandwich-type strategy for AFP detection. (D) Photographs of GCE (1), VG/GCE (2), AuPt-VG/GCE (3), Ag-Ab;-AuPt-VG/GCE (4),
MO/CNT-Au/Ab,-Ag-Ab;-AuPt-VG/GCE (5), and MO/CNT-Au/Ab, label solution (6).

3. Results and discussion
3.1. Characterization of electrodes and carrier

Fig. 2A-D show the SEM images of VG/GCE and AuPt-VG/GCE. The
top-view SEM image shows that the VG sheets are staggered in a multi-
porous 3D morphology (Fig. 2A), while the cross-sectional one shows
that they are grown vertically on the surface of the GCE (Fig. 2B). Most
VG sheets are multilayered (less than 10 layers), as confirmed by the
Raman spectrum and high-resolution TEM image (Fig. S1). The SEM
images of AuPt-VG/GCE show that AuPt hybrid nanoparticles are uni-
formly embedded on the surface (Fig. 2C), as well as the roots of the VG
sheets (Fig. 2D). The AuPt hybrid nanoparticles remain firmly em-
bedded on the surface of the VG sheets after ultrasonication in ethanol
for 2h (Fig. 2E). The AuPt alloy is characterized by an interplanar
spacing of approximately 0.23 nm, which is wider than the Pt (111)
plane but narrower than the Au (111) plane (Fig. 2F) (Hu et al., 2016).

The composition of the AuPt-VG layer was investigated using SEM-
EDS mapping (Fig. S2). The distributions of Pt and Au atoms on the VG
sheets are largely the same, and the Pt/Au atomic ratio is approxi-
mately 2:1. In another XPS survey spectrum, C, O, Pt, and Au are de-
tected (Fig. 2G), and the Pt/Au atomic ratio is consistent with that from
the EDS measurements (Fig. S3). The C 1s core spectrum shows peaks at
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284.8 eV, corresponding to the Cg,,—Cspo bond in the graphene skeleton,
and 285.6 eV, corresponding to the C-OR bond associated with the
surface adsorbate (Fig. S4A) (Kraus et al., 2016). The peaks at 531.1
and 532.5 eV attributed to the C-O and O-H bonds, respectively, can be
distinguished from the O 1s core spectrum (Fig. S4B) (Strauss et al.,
2018). In the Pt 4f spectrum, the peaks at 71.3 (4f,,5) and 74.6 eV (4fs,
) correspond to the Pt° state (Fig. s4Q), indicating the successful re-
duction of Pt (IV) (Rettew et al., 2011). The metallic Au° state is con-
firmed by the presence of the Au 4f,,, and Au 4fs,, peaks at 84.1 and
87.8 eV, respectively, in the Au 4f spectrum (Fig. S4D). The energy level
splitting, resulting in a peak-to-peak distance of 3.7 eV, is caused by
spin-orbital coupling. This result is consistent with those reported in
literature (Abd-Ellah et al., 2016; Jiang et al., 2010; Tian and Tatsuma,
2005).

The SEM image of the CNT-Au nanocomposite, the carrier for MO
and Ab, in the sandwich-type method, is shown in Fig. 3A. Fig. 3B
shows the XRD patterns of the CNT-OH and CNT-Au carriers. The latter
exhibits the characteristic peaks of the (111), (200), (220), (311), and
(222) phases of Au at diffraction angles (26) of 38.2°, 44.44°, 64.64°,
77.6°, and 81.64°, respectively (JCPDS Card no. 89-3697). The CNT-
NH, sample obtained by treatment with APTES shows the characteristic
peaks of the amino group (-NH,) in the FTIR spectrum (Fig. 3C); the
broad band at 3438cm™' partly overlaps with that of the O-H



D. Sun, et al.

Biosensors and Bioelectronics 132 (2019) 68-75

M Mag= 2000 KX Signal A= SE2

®

Intensity / a.u.

0o 100

300

400
Binding Energy / eV

500 600 700 800

Fig. 2. Characterization of VG/GCE and AuPt-VG/GCE. Surface and cross-sectional SEM images of (A and B) VG/GCE and (C and D) AuPt-VG/GCE. (E) TEM and (F)

high-resolution TEM images of AuPt-VG. (G) XPS survey spectrum of AuPt-VG.

stretching vibration, and the band at 1634 cm ™! corresponds to the

N-H deformation vibration mode (Bogdanowicz et al., 2014). These
results, as well as the N 1s core spectrum shown in Fig. 3D, confirm the
formation of CNT-NH,. CNT-NH, enhances the stability of interactions
between Au nanoparticles and CNT via chemical adsorption with the
-NH, groups. The CNT-Au nanocomposite can adsorb a significant
amount of Ab, and MO probe molecules owing to its large surface area,
while the Au nanoparticles can immobilize the -NH, groups of Ab,,
which is an excellent label carrier for the sandwich-type method.

3.2. Analysis and selection of experimental conditions

EIS is widely used to investigate the interfacial properties of elec-
trodes. The Nyquist plots were recorded at each step to investigate the
effect of changes in the interfacial state, from the GCE to the final MO/
CNT-Au/Ab,-Ag-Ab;-AuPt-VG/GCE, on electron transfer kinetics. The
corresponding equivalent circuit is given in Fig. 4. It includes the series
resistance (Rg) and three circuits. The first circuit includes the inter-
facial charge-transfer resistance between the electrode and electrolyte
(Rt or Ry), Warburg impedance (Z,), and constant phase element
(CPE;). The second and third circuits include a solid-solid interfacial
resistance (R, or R3) and constant phase (CPE,) or capacitance element
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(Q). The Nyquist plots show a semicircle in the high-frequency region
and straight line in the low-frequency region. Intuitively, the semicircle
diameter, which is related to R, decreases in the order: bare GCE >
MO/CNT-Au/Ab,-Ag-Ab;-AuPt-VG/GCE > Ag-Ab,-AuPt-VG/GCE >
Ab;-AuPt-VG/GCE > VG/GCE > AuPt-VG/GCE. The R values corre-
sponding to these steps, calculated from the equivalent circuit, are 26.4,
14.5, 12.1, 7.1, 3.0, and 0.01 Q. The VG on the GCE surface sig-
nificantly reduces R.; owing to its large surface area, high electrical
conductivity, and high electrochemical activity. The AuPt nanoparticles
further reduce R . by improving the electrochemical activity of VG/
GCE. However, incubations with Ab,, Ag, and Ab, increase R, because
these proteins are non-conductive and hinder electron transfer. There-
fore, we confirmed that the modifications made to the electrode and
immunological reaction at each step were successful.

The sensitivity of the sensor depends on the immune response be-
tween AFP and anti-AFP on the electrode, which, in turn, depends on
the loads and incubation times of Ab;, the MO/CNT-Au/Ab, label, and
the Ab, conjugated on CNT-Au, and MO concentration. If the amounts
of Ab; and Ab, are significant, the surface conductivity of the electrode
will decrease. However, excess Ab; can increase the degree of im-
mobilization of AFP and the label, which would increase the response
signal for both detection strategies. Almost all AFP immobilized on the
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Fig. 4. Nyquist plots from the EIS measurements for bare GCE, VG/GCE, AuPt-
VG/GCE, Ab,-AuPt-VG/GCE, Ag-Ab,-AuPt-VG/GCE, and MO/CNT-Au/Ab,-Ag-
Ab;-AuPt-VG/GCE (inset: equivalent circuit used to fit the data and enlarged
high-frequency region). The electrolyte was a mixture of 5mM each of K3[Fe
(CN)g] and K4[Fe(CN)g] in 0.1 M KCI.

electrode can undergo an immunological reaction with the Ab, con-
jugated on CNT-Au. Thus, the experimental conditions, including the
Ab; concentration, pH, incubation time of the AFP, and MO con-
centration on the CNT-Au carrier, were optimized to obtain better
analytical performance in AFP detection.

In the label-free method, the peak current significantly decreases
with an increase in Ab; concentration from 0 to 5000 ng mL ™, while in
the sandwich-type method, it remains constant within
1000-5000 ng mL ™! (Fig. 5A and S5). To compare the two methods at a
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relatively high peak current, the Ab; concentration was set to
1000 ng mL ™. The effect of the pH of the PBS solution on the response
current at an MO concentration of 70 uM was investigated (Fig. 5B and
S6). The pH affects the electrocatalytic oxidation of MO by AuPt-VG/
GCE. The current signal increases at pH 4-7.5 and then decreases at pH
7.5-9. High acidity or alkalinity may damage the activity of the bio-
molecules and break the Ag-Ab linkage. Therefore, pH 7.0 was chosen
as the optimal pH of the PBS electrolyte in the following experiments.
The incubation time of AFP is known to significantly influence the
sensitivity of immunosensors. Therefore, the detection of 10 ng mL ™!
AFP was performed using various incubation times (Fig. 5C and S7). For
the sandwich-type method, the current response initially increases
sharply with an increase in incubation time. However, further increase
does not significantly influence the current signal. For the label-free
method, the current response decreases sharply with an increase in
incubation time. In the label-free method, the response current for MO
oxidation decreases because R increases with increasing incubation
time (Khoshroo et al., 2018). However, with extended immobilization
time, more AFP Ag's are loaded onto the electrode surface, leading to
high immobilization efficiency (Yin et al., 2017). Therefore, in the
sandwich-type strategy, more MO/CNT-Au-Ab, labels can be captured
by the Ag-Ab;-AuPt-VG/GCE, resulting in increased electrochemical
response. On the other hand, AuPt-VG/GCE becomes saturated with
immobilized Ab,, resulting in a plateau in the electrochemical response.
As can be seen from Fig. 5C, the response current of the label-free
method is much lower than that of the sandwich-type method. To
compare the results from the two strategies under the same conditions,
an AFP incubation time of 30 min, at which the label-free method has
the highest response current, was selected. Furthermore, the absor-
bance increases sharply with an increase in MO concentration of up to
2 mM; further increase leads to a significant decrease in the absorbance
(Fig. 5D and S8). Therefore, the probe label was prepared using 2 mM
of MO.
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3.3. Detection and analysis

AFP detection was carried out via DPV using AuPt-VG/GCE after
condition optimization and analysis. In the sandwich-type strategy, Ag-
Ab;-AuPt-VG/GCE was first incubated in MO/CNT-Au/Ab,, and the
response signals at different AFP concentrations in 0.1 M PBS (pH 7.0)
were recorded (Fig. 6A). In the label-free strategy, the DPV curves were
recorded with the electrodes incubated in different concentrations of
AFP in 0.1 M PBS (pH 7.0) containing 70 uM MO (Fig. 6B). As the AFP
concentration increases, the peak current gradually increases in the
former method (Fig. 6C) but decreases in the latter method (Fig. 6D).
The relationship between the logarithm of the AFP concentration and
peak current is linear; furthermore, it is proportional for the sandwich-
type strategy and inversely proportional for the label-free strategy
(Fig. 6C and D, respectively). For AFP concentrations ranging from 1 fg
mL~! to 100 ng mL™Y, the regression equations are I (UA) = 43.31log C
(pg mL™Y) + 169.1 with a correlation coefficient (R) of 0.996 for the
sandwich-type strategy and I (A) = -33.1logC (pg mL™ 1) + 213.1
with an R of 0.990 for the label-free strategy. The sensitivities and
detection limits (at a signal-to-noise ratio of 3, details provided in the
SM) are 43.3pA (log(pg mL™ 1))~ and 0.7 fg mL™Y, respectively, for
the sandwich-type strategy, and —-33.1pA (log(pgmL™'))"! and
0.9 fgmL™!, respectively, for the label-free strategy. Compared with
existing sensors for AFP detection listed in Table S1 (Kavosi et al., 2014;
Moazeni et al., 2018; Wang et al., 2018; Xu et al., 2017; Zhang et al.,
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2018; Zhao et al., 2015), the electrochemical immunosensors fabricated
in this work have relatively high sensitivity and lower detection limit.

The excellent performance of the designed sensors may be attrib-
uted to two factors: (1) The AuPt nanoparticles ensure the successful
conjugation of a significant amount of Ab; and the VG sheets ensure
electron transfer toward the GCE. (2) The peak current for MO oxida-
tion of the AuPt/GCE-based sensors is very small compared with that of
the AuPt-VG/GCE-based sensors (Fig. S9). The AuPt-VG nanosheets are
interlaced in a multi-stage, multi-gap network structure and exhibit
high electrocatalytic activity for MO oxidation, which result in im-
proved sensitivity of the immunoassay method.

3.4. Reproducibility, specificity, and stability of the immunosensor

To evaluate the reproducibility of the two strategies, we prepared
four working electrodes for the detection of AFP (10 ngmL™') under
the same conditions. The relative standard deviations (RSDs) of the
measurements are 1.22% and 2.07% for the label-free and sandwich-
type methods, respectively (Fig. S10). To confirm the specificity of the
two strategies, the current response in the presence of individual in-
terfering substances, including CEA (200 ngmL‘l), CA-125 (0.1kU
mL™), CA-199 (0.1kUmL™), and CA-153 (0.1kUmL™"), was mea-
sured. Experiments with and without AFP were performed using the
two strategies. Fig. S11 shows that the current variation does not ex-
hibit any significant influence (less than 7%) from the presence of
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Fig. 6. DPV responses of the (A) sandwich-type sensor in 0.1 M PBS (pH 7.0) and (B) label-free sensor in 0.1 M PBS (pH 7.0) containing 70 uM MO. The AFP
concentration ranged from 1 fgmL~' to 100 ng mL ™" in both experiments. (C and D) Calibration curves of the two sensors for a range of AFP concentrations [error

bars: RSD (n = 5)].

interfering substances.

For samples containing both interfering substances and AFP, the
current variation of the label-free method is larger than that of the
sandwich-type method. For samples containing only the interfering
substances, the current variations of the two strategies are similar. The
stability of the two strategies was evaluated by periodically detecting
the current responses to AFP. After storing Ab;-AuPt-VG/GCE at 4 °C for
one month, the peak current decreases by 1.5% and 4.0% with respect
to the initial value for the sandwich-type and label-free methods, re-
spectively (Fig. S12). This result confirms that the two sensors have
good stability.

3.5. Real sample analysis

The reliability of the two strategies for clinical applications was
investigated by measuring the AFP concentration in serum. Normal
human serum was first diluted to 20 vol% with PBS (pH 7.4). For dif-
ferent amounts of the AFP standard added to the 20% serum solution,
the recoveries are 98.2-101.1% and 96.6-100.4% for the label-free and
sandwich-type strategies, respectively (Tables S2 and S4). Further, the
interference of coumarin (1 uM), curcumin (1 uM), and bergamot es-
sential oil (1%) on the detection of AFP in human serum was in-
vestigated. The change in the response current was 1.8-6.7% and
2-5.3% for the label-free and sandwich-type methods, respectively,
which are acceptable for real sample application (Fig. S13). Thus, the
AuPt-VG/GCE-based AFP detection system can be effectively applied to
the clinical monitoring of patients.
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3.6. Comparison of label-free and sandwich-type strategies

The label-free and sandwich-type strategies have a similar linear
concentration range and percentage recovery for the detection of AFP
in human serum. The lack of significant difference between the two
strategies is due to the use of the same working electrode. Nevertheless,
the sandwich-type method has higher sensitivity and lower detection
limit than the label-free method. The layer of immune complex cov-
ering the electrode is thicker in the former method (Fig. S14), which
reduces the MO probe concentration on the contact electrode surface.
Despite this loss, the effective immune response increases under op-
timal test conditions, which increases several key indicators of the
Sensor.

4. Conclusions

Sandwich-type and label-free electrochemical immunosensors based
on the same signal amplification platform (AuPt-VG/GCE) and redox
probe (MO) for AFP detection were designed. AuPt-VG/GCE has a
multi-porous 3D morphology and high electrochemical activity, which
successfully amplify the electrical signals of the sensors. Both sensors
exhibited excellent performance at AFP concentrations ranging from
1fgmL™! to 100ng mL™~'. In terms of sensitivity and detection limit,
the sandwich-type immunosensor [43.3pA (log(pgmL™ )~ ' and
0.7 fgmL ™, respectively] was superior to the label-free immunosensor.
The two sensors exhibited good reproducibility, selectivity, and long-
term stability, making them promising tools for tumor marker detection
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for clinical diagnosis. Our future research will focus on the detection of
different tumor markers using the same sensing platform to develop
sensor arrays for the detection of multiple analytes.
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