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ABSTRACT: Herein, an electrochemical (EC)—photoelectrochemical (PEC) dual- D
mode biosensor was constructed for cytokeratin 19 fragment 21-1 (CYFRA21-1) assay -
based on the dual-signaling electrochemical ratiometric strategy and “on—off—on” PEC
method. The indium tin oxide (ITO) electrode was modified by 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA)@Cg, and gold nanoparticles (Au
NPs), and the double-stranded DNA composed of thiol/methylene blue (MB)-labeled
single-stranded DNA (ssDNA) (S0-MB) and antibody/ferrocene (Fc)-labeled ssDNA
(Ab1-S1-Fc) was immobilized on the Au NPs/PTCDA@C,/ITO electrode via the
Au—S bond between Au NPs and thiol of SO-MB. With the help of another antibody-
labeled ssDNA (Ab2-S2), the presence of CYFRA2I1-1 triggered a typical antigen—
antibody sandwich immune reaction (Abl, CYFRA21-1, and Ab2) and proximity
hybridization between Ab1-S1-Fc and Ab2-S2. This caused the release of Ab1-S1-Fc
from the modified electrode and the change of SO-MB to a hairpin structure, resulting in
a decrease (an increase) of the oxidation peak current of Fc (MB) and an increase of the photocurrent due to the enhancing
(inhibiting) effect of MB (Fc) on the photoelectric performance of the Au NPs/PTCDA@Cy,/ITO electrode. Thus, CYFRA21-1
was detected by the developed EC—PEC dual-mode sensing platform sensitively, and the linear response ranges of 0.001—40 ng/mL
with a detection limit of 0.3 pg/mL for the EC technique and 0.0001—4 ng/mL with a detection limit of 0.03 pg/mL for the PEC
method were obtained. Furthermore, by changing the specific antibodies of disease-related biomarkers, the developed dual-mode
biosensing platform could be readily extended to detect other antigens, implying its great potential applications in biological analysis
and early disease diagnosis.
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H INTRODUCTION mode sensing platforms, EC—PEC dual-mode assay has
received wide attention due to the following merits, such as

Highly sensitive and reliable assay of disease-related bio-
fast response, high sensitivity, good selectivity, easy portability,

markers is a crucial challen§e in early diagnosis, monitoring,

and prognosis of a disease.” To date, many methods with a and low cost." "' Interestingly, the EC—PEC dual-mode
single response mechanism have been developed for the platform needs only one electrochemical instrument, but has
quantitative assays of disease-related biomarkers with high two signal readouts, providing the sensing platform with the
sensitivity, such as electrochemistry (EC),” photoelectrochem- advantages of a simple sensing structure.

istry (PEC),” colorimetry (CL)," electrochemiluminescence Recently, a new electrochemical assay strategy, ratiometric
(ECL);é and fluorescence (FL),” and using an electrochemical electrochemical assay with both “signal-on” and “signal-off”
quartz crystal microbalance (EQCM)." However, the quanti- signal readouts, has been reported.'®™'® The ratiometric
tative determination relying on single-mode readout may suffer electrochemical method can provide built-in correction and

from the effects of possibly co-existing interferents, different
operators, apparatus, and nonstandard assay processes.”®

To solve the above problems, dual-mode sensing platforms
have recently been developed based on two different response
mechanisms and relatively independent signal transduction,
such as EC-PEC,° ECL—FL,’ and PEC—CL."" The dual- ~ Received: February 18, 2021
mode sensing strategies not only possess the inherent Accepted:  April 12, 2021
characteristics of each response mode but also offer the Published: April 21, 2021
mutual verification of the assay results obtained from different
modes, which will effectively improve the accuracy and
reliability of detection.'™"® Among these developed dual-

circumvent fluctuations in the signal caused by complex
experimental conditions through its self-reference capabil-
ity,'”*° and thus exhibits enhanced reproducibility, stability,
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21,22 .
** and has received

sensitivity, and anti-interference ability,
wide attention.

On the other hand, PEC analysis has attracted great interest
in recent years due to its excellent analytical performance
originating from the complete separation between the
excitation source (light energy) and detection signal (electric
signal).”*™*® Various PEC biosensors have been developed and
applied in many fields, such as DNA analysis,”” enzymatic
sensing,”””” heavy metal ion detection,”® and immunoassays.’'
Recently, the on—off—on PEC strategy has received strong
attention due to the integration of the signal quenching and
amplification process, which ingeniously avoids the short-
comings of efficient PEC biological analysis.****

Considering the above findings, a new all-in-one dual-mode
biosensing platform for the sensitive assay of protein
biomarkers has been developed based on the dual-signaling
electrochemical ratiometric strategy and on—off—on PEC
method. Here, cytokeratin 19 fragment 21-1 (CYFRA21-1)
was selected as a model due to its important role in the early
diagnosis of non-small cell lung cancer (NSCLC).*** As
shown in Scheme 1, the indium tin oxide (ITO) electrode was

Scheme 1. Schematic Illustration of the Dual-Mode Sensing
Platform for CYFRA21-1 Assay
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modified with 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA)@fullerene (C4) and gold nanoparticles (Au
NPs), and the hairpin structure single-stranded DNA
(ssDNA) (SO-MB) was immobilized on the Au NPs/
PTCDA@C4/ITO electrode via the Au—S bond. The
photocurrent increased and an electrochemical oxidation
peak current of MB was obtained because MB was close to
the electrode surface. When the antibody-labeled ssDNA
(Ab1-S1-Fc) was introduced onto the electrode surface, the
hybridization between SO0-MB and Abl-S1-Fc occurred,
making the MB probe move away from and the Fc probe
come close to the electrode surface. This results in a decrease
of the electrochemical oxidation peak current of MB and an
increase of the electrochemical oxidation peak current of Fc.
Meanwhile, the photocurrent of the electrode decreased
obviously due to the enhancement effect of MB and inhibition
effect of Fc toward the Au NPs/PTCDA@C,/ITO photo-
electrode. Afterward, the presence of CYFRA21-1 and
antibody-labeled ssDNA (Ab2-S2) triggered a typical anti-
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gen—antibody sandwich immune reaction (Abl, CYFRA21-1,
and Ab2) and proximity hybridization between Ab1-S1-Fc and
Ab2-S2, which not only caused the release of Ab1-S1-Fc from
the electrode but also transformed SO-MB into a hairpin
structure. These led to a decrease (an increase) of the
oxidation peak current of Fc (MB) and an increase of the
photocurrent of the electrode. Thus, CYFRA21-1 could be
sensitively detected by the developed EC—PEC dual-mode
sensing platform. By altering particular antibodies, the
proposed dual-mode biosensor can be easily expanded to
detect other biomarkers and may have potential applications in
biological analysis and early disease diagnosis.

B EXPERIMENTAL SECTION

Materials and Reagents. CYFRA21-1, two antibodies of
CYFRA21-1 (Abl and Ab2), vascular endothelial growth
factor (VEGF165), carcinoembryonic antigen (CEA), carbo-
hydrate antigen 125 (CA12S), and neuron-specific enolase
(NSE) were acquired from Shanghai Linc-Bio Science Co. Ltd.
(Shanghai, China). Perylene-3,4,9,10-tetracarboxylic dianhy-
dride (PTCDA), fullerene (Cg) (99.5%), bovine serum
albumin (BSA), 6-mercapto-1-hexanol (MCH), and gold
chloride (HAuCl,-4H,0) were bought from Sigma-Aldrich.
Potassium ferrocyanide ([K,Fe(CN)4]), potassium ferricya-
nide ([K;Fe(CN)¢]), glutaraldehyde (GA), and ascorbic acid
(AA) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China). Human serum was purchased from Anyan Inc.
(China). The oligonucleotides (SO-MB: $'-MB-CGC GTT
AAC ATA CAA TAG ATC GCG-(CH,)sSH; S1-Fc: §'-Fc-
GCG GAT CTATTG TAT CACATATTT TTT TTT TTT
TTT TTT CAC CGT ATG CTA CTG TAG AT-NH,; S2:
NH,-TAG GAA AAG GAG GAG GGT GGT TTT TTT TTT
TTT TTT TTT TTA GAT ACA ATA GAT C) were obtained
from Shanghai Sangon Biotech Co., Ltd. (Shanghai, China).
The ITO slices (coating thickness, 180 + 25 nm; sheet
resistance, <10 €/sq) were supplied by Zhuhai Kaivo
Electronic Components Co., Ltd (China). Ultrapure water
(182 MQ cm) provided by a Milli-Q filtration system
(Millipore Corp., Bedford, MA) was used throughout this
work.

Apparatus. The morphologies of the samples were
characterized by scanning electron microscopy (SEM)
(Hitachi S-4800, Japan). UV—visible (UV—vis) spectra were
recorded on a UV-2100 spectrophotometer (Beijing Lab Tech,
China). Photoelectrochemical (PEC) measurements, electro-
chemical impedance spectroscopy (EIS), and square wave
voltammetry (SWV) experiments were performed on an
electrochemical workstation (CHI 660D, China) with a
three-electrode system including a modified ITO electrode
(diameter, 5.6 mm) as the working electrode, a platinum wire
as the auxiliary electrode, and a saturated calomel electrode
(SCE) as the reference electrode. Photoelectrochemical
investigation was conducted with a 300 W Xe lamp fitted
with a 420 nm UV filter (Perfect Light, Beijing) as the
irradiation source at a light intensity of 20 mW/ cm?. Here, the
420 nm UV filter was used to avoid the possible damage to
biomolecules caused by UV rays.*°

Preparation of Antibody-Labeled Single-Stranded
DNA. The antibody-labeled ssDNA used in this work were
prepared as follows: The antibodies of CYFRA21-1 (Abl or
Ab2, 2 mg/mL) were reacted with GA in phosphate buffer
(PBS, 100 mM, pH 7.4) at 4 °C for 15 min to obtain the GA-
functionalized antibody. Then, the GA-functionalized Ab1 (S
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ug/mL) was mixed with Fc-labeled (S1-Fc) (1 M) under
stirring for 30 min to get Abl-S1-Fc through the chemical
cross-linking reaction between GA and amino-modified DNA.
The Ab2-labeled DNA (Ab2-S2) was also synthesized
according to the above procedure. The resulting Abl-S1-Fc
and Ab2-S2 were stored at 4 °C for further use.

Preparation of Cg,-Functionalized PTCDA (PTCDA@
Cgo)- PTCDA was modified with C4, based on the n—n
stacking interaction between PTCDA and Ceo”*® The
preparation procedure is as follows: PTCDA (1 mg) was
dispersed in ultrapure water (1.6 mL) and then the Cg,
solutions (0.4 mL) with different concentrations were added
under stirring for 12 h. The prepared PTCDA@Cy, solution
(2.0 mL) with 0.5 mg/mL PTCDA and different concen-
trations of Cq, were stored at 4 °C when not in use.

Preparation of the Dual-Mode Biosensor. Before
modification, the ITO electrode was washed ultrasonically in
acetone, ethanol/1 M NaOH (1:1, v/v), and ultrapure water in
sequence, and then dried in air. After that, the ITO electrode
was coated with PTCDA@Cy, solution (25 L) and then
dried in air at room temperature. Next, in 1% HAuCl, solution,
Au nanoparticles (Au NPs) were deposited on the PTCDA@
Cgo modified electrode at —0.2 V for 30 s. Subsequently, SO-
MB (20 pL, 1 uM) was immobilized on the Au NPs/
PTCDA@C4,/ITO electrode via the Au—S bond at 4 °C for 8
h. To block the nonspecific binding sites, the S0-MB/Au NPs/
PTCDA@Cg,/ITO electrode was incubated with MCH
solution (20 uL, 1 mM) for 30 min at room temperature.
The resulting electrode was further incubated with Ab1-S1-Fc
solution (20 uL, 1 uM) including 0.5 wt % BSA for 2 h at
room temperature. Finally, the obtained electrode (Ab1-S1-
Fc/MCH/S0-MB/Au NPs/PTCDA@C,,/ITO) was stored in
the dark at 4 °C for future use.

EC-PEC Dual-Mode Assay of CYFRA21-1. For
CYFRA21-1 assay, the Abl-S1-Fc/MCH/SO-MB/Au NPs/
PTCDA@Cg4,/ITO electrode was incubated with the solution
of Ab2-S2 (1 uM), CYFRA21-1 with different concentrations,
and BSA (0.5 wt %) at 37 °C for 1 h. After that, the PEC assay
was performed in PBS (100 mM, pH 7.4) containing 0.1 M
ascorbic acid (AA) at an applied potential of 0 V. Furthermore,
the SWV responses were recorded in PBS (100 mM, pH 7.4)
from —0.4S5 to +0.6 V at a frequency of 15 Hz and an
amplitude of 25 mV. On the other hand, the EIS experiments
were carried out in 0.1 M KCI containing S mM [Fe-
(CN)4]*~/* with a frequency range from 10° to 0.1 Hz and an
amplitude of S mV.

B RESULTS AND DISCUSSION

Characterization of PTCDA@C,, and Au NPs/PTCDA@
Ceo/ITO Electrodes. Figure 1A shows the UV—vis absorption
spectra of PTCDA and PTCDA@C4,. Obviously, the
absorption intensity of PTCDA@Cy, is stronger than that of
pure PTCDA over the whole wavelength range, especially from
400 to 700 nm. This indicates that Cg, has a sensitization effect
on PTCDA and PTCDA@Cy, may have good photoelectric
behavior in the visible light range.

The morphologies of the ITO, PTCDA@C,/ITO, and Au
NPs/PTCDA@C,/ITO electrodes have been characterized
by scanning electron microscopy (SEM). A short rod-like
morphology of PTCDA@Cy, is observed and should originate
from the PTCDA crystal (SI Figure S1B). On comparing
Figure 1B with SI Figure S1, it is noted that Au NPs are
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Figure 1. (A) UV—vis absorption spectra of PTCDA and PTCDA@
Cg- (B) SEM image of Au NPs/PTCDA@C,,/ITO.

deposited on the surfaces of both ITO and PTCDA@Cy, and
the average diameter of Au NPs is about 220 nm.

Electrochemical and Photoelectrochemical Investi-
gations of the Developed Dual-Mode Biosensor. EIS is a
powerful tool to monitor the stepwise preparation process of
an electrode and the semicircle diameter of the Nyquist
diagram of EIS is associated with the interfacial charge transfer
resistance (R). Here, the preparation procedure of the
developed dual-mode biosensor is monitored by EIS, and the
corresponding results are shown in Figure 2A. As shown in
Figure 24, the ITO electrode shows a small semicircle (curve
a), indicating a rapid charge transfer process. When the ITO
electrode is modified with PTCDA@Cy,, the R, value of the
electrode increases because of the low electrical conductivity of
PTCDA@Cy, (curve b). Further modification of Au NPs on
the PTCDA@C/ITO electrode makes the R, value of the
electrode decrease (curve c) because of the good electrical
conductivity of Au NPs. The immobilization of SO-MB on the
Au NPs/PTCDA@C4,/ITO electrode via the Au—S bond
results in an increase of the R, value (curve d) owing to the
electrostatic repulsion between the negatively charged DNA
and the anionic redox probe ([Fe(CN)]*~/#7). Due to the low
conductivity of MCH and Abl-S1-Fc, the R, values of the
electrodes (curves e and f) increase further after the electrode
is modified with MCH and Ab1-S1-Fc. However, when the
electrode is incubated with CYFRA21-1 and Ab2-S2 solution,
the R, value of the electrode decreases (curve g). This is
because ADbI1-S1-Fc is released from the electrode surface
because of the formation of the Ab1-S1-Fc/CYFRA21-1/Ab2-
S2 complex through the antigen—antibody sandwich immune
reaction between CYFRA21-1 and its antibodies (Abl and
Ab2) and proximity hybridization between S1 and S2. These
results show that the proposed dual-mode biosensor is
successfully prepared according to Scheme 1.

The electrochemical and photoelectrochemical perform-
ances of the various electrodes have also been investigated. As
shown in Figure 2B, the bare ITO (curve a), PTCDA@Cg,/
ITO (curve b), and Au NPs/PTCDA@C,/ITO (curve c)
electrodes show no significant peak current signals. After the
immobilization of SO-MB on the Au NPs/PTCDA@C,/ITO
electrode, an oxidation current peak is observed at —0.24 V
(curve d) as the MB label approaches the Au NPs/PTCDA@
Cgo/ITO electrode. The introduction of the nonconductive
MCH to the electrode slightly weakens the oxidation peak
current of MB (curve e). When the electrode is further
incubated with Ab1-S1-Fc, the hybridization between SO-MB
and Ab1-S1-Fc occurs and makes the MB move away from and
the Fc close to the electrode surface, resulting in that the MB
oxidation peak current (at —0.24 V) decreases and a new
oxidation peak (known as the oxidation peak of Fc) appears at
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Figure 2. (A) EIS results of different electrodes in 0.1 M KCl aqueous solution containing 5 mM [Fe(CN)¢]>~#~ (1:1) in the frequency range
from 10° to 0.1 Hz. (B) SWV responses of different electrodes in PBS (100 mM, pH 7.4) and PEC responses of different electrodes in PBS (100
mM, pH 7.4) containing 0.1 M AA at 0 V. (a) ITO, (b) PTCDA@Cg/ITO, (c) Au NPs/PTCDA@Cq,/ITO, (d) SO-MB/Au NPs/PTCDA@Cgo/
ITO, (e) MCH/S0-MB/Au NPs/PTCDA@Cg,/ITO, (f) Ab1-S1-Fc/MCH/S0-MB/Au NPs/PTCDA@C/ITO, and (g) Ab1-S1-F¢/MCH/S0-
MB/Au NPs/PTCDA@C4,/ITO electrodes incubated with 1 ng/mL CYFRA21-1 and Ab2-S2.

400 ng/mL

4500+

Current / nA
TR
o o
e 2

O- /_\
04 02 00 02 04 06
Potential / V
(C)
< 2400 /
+= 1800- /
[0}
—_
5 1200+
[&]
o
© 600
c
o
0- JUILJLIL I L
CCYFRA21-1 / ng/mL

(B)

1.6- $e ¢
—~ 121
\LL
2 08
D g4
0.0
3 2 4 0 1 2
19C ¢yerani.s / NG/ML
(D)2800
e @
24001
< 20004
1600 .
1200 —
4 3 2 4 0 1 2
IgCCYFRA21-1 / ng/mL

Figure 3. (A) SWV responses of the developed dual-mode biosensor toward various concentrations of CYFRA21-1: 0, 0.001, 0.004, 0.01, 0.04, 0.1,
0.4, 1, 4, 10, 40, 100, and 400 ng/mL. (B) Linear relationship between logarithm of Iy;z/I. and logarithm of CYFRA21-1 concentration. (C) PEC
responses of the developed dual-mode biosensor toward various concentrations of CYFRA21-1: 0, 0.0001, 0.0004, 0.001, 0.004, 0.01, 0.04, 0.1, 0.4,
1, 4, 10, and 40 ng/mL. (D) Linear relationship between photocurrent and logarithm of CYFRA21-1 concentration.

0.4 V (curve f). In the presence of CYFRA21-1 and Ab2-S2,
the immune reaction of the Abl-target-Ab2 triggers the
proximity hybridization between S1 and S2, resulting in the
release of Abl-S1-Fc from the electrode surface and the
regeneration of the hairpin structure of SO-MB. As a result, the
oxidation peak current of MB (at —0.24 V) increases, and the
oxidation peak current of Fc (at 0.4 V) decreases (curve g). On
the other hand, the PEC responses of different electrodes are
shown in Figure 2B. Note that the bare ITO electrode (curve
a) has no obvious photocurrent signal. However, a photo-
current response can be observed on the PTCDA@Cq,/ITO
electrode (curve b) due to the good photoelectric properties of
the PTCDA@Cy, composite. The Au NPs deposited electro-
chemically on the PTCDA@Cg,/ITO electrode further
increases the photocurrent of the electrode due to the good
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electron transfer capability of Au NPs (curve c). When SO-MB
is immobilized on the Au NPs/PTCDA@C,/ITO electrode
via the Au—S bond, the photocurrent increases obviously due
to the approaching of the sensitizer (MB) to the PTCDA@Cy,
composite.””*" Further modification of MCH weakens the
photocurrent signal slightly due to the blocking effect of MCH
(curve e). After this, the hybridization between SO-MB and
Ab1-S1-Fc makes the photocurrent decrease sharply due to the
weakening of the enhancing effect of MB and the
strengthening of the inhibiting effect of Fc on the Au NPs/
PTCDA@Cg/ITO electrode (curve f). The possible charge
transfer routes are shown in SI Scheme S1. After the addition
of CYFRA21-1 and Ab2-S2, the photocurrent of the electrode
increases obviously (curve g) because the hairpin structure of
SO-MB is formed again and Abl-S1-Fc is released from the
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Figure 4. (A) Specificity of the developed EC—PEC dual-mode biosensor for CYFRA21-1 (1 ng/mL) detection over other interfering antigens,
including VEGF16S (1 ng/mL), CEA (1 ng/mL), NSE (1 ng/mL), and CA125 (1 U/mL). (B) Reproducibility of the dual-mode biosensor in the
same batch. (C) The storage stability of the dual-mode biosensor examined every S days for 30 days.

electrode surface via the immune reaction of the Abl-target-
Ab2 and proximity hybridization between S1 and S2. Based on
the above results, the developed sensing platform has been
established successfully according to Scheme 1 and CYFRA21-
1 can be detected sensitively by this dual-signaling electro-
chemical ratiometric strategy and on—off—on PEC method.

Electrochemical and Photoelectrochemical Assay of
CYFRA21-1. Under the optimal conditions (SI Figures S2 and
S3), the developed EC and PEC biosensing platform was used
for CYFRA21-1 assay. As the concentration of CYFRA21-1
increases, the oxidation peak current of MB (Fc) increases
(decreases) and the photocurrent increases (Figure 3A,C).
The results show that the logarithm of the ratio of the
oxidation peak currents of MB to Fc has a good linear
relationship with the logarithm of the CYFRA21-1 concen-
tration in the concentration range of 0.001—40 ng/mL
(Ig(Iys/Iz) = 0.3171g[CYFRA21-1] + 0970, R> = 0.9921)
(Figure 3B). In the range of 0.0001—4 ng/mL, the photo-
current also has a good linear relationship with the logarithm
of the CYFRA21-1 concentration (I = 218.5lg[ CYFRA21-1] +
2414.2, R* = 0.9949) (Figure 3D). Furthermore, the limits of
detection (LOD, S/N = 3) of EC and PEC are calculated to be
0.3 and 0.03 pg/mL, respectively. It is noted that the
developed dual-mode method can be used to identify the
cut-off value of CYFRA21-1 in 3.3 ng/mL serum in NSCLC.*"'
On the other hand, the developed dual-mode biosensor shows
a lower detection limit than most other reported methods (SI
Table S1).

Selectivity, Reproducibility, and Stability. Selectivity is
a key factor for assessing the practicality of the developed
biosensing platform. Several possible interferents, VEGF16S,
CEA, NSE, and CA12S5 were utilized to evaluate the selectivity
of the dual-mode biosensing platform (Figure 4A). In the
presence of CYFRA21-1, the obvious EC and PEC responses
are obtained, but no significant changes are observed in the
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presence of other antigens. Also, the EC and PEC signals are
not affected obviously when CYFRA21-1 is mixed with other
antigens. These indicate that the dual-mode biosensor has
good selectivity and can resist the interference of other
antigens. On the other hand, the PEC responses of the
biosensing platform under 10 “on” and “off” irradiation cycles
(SI Figure S4) are studied and show good PEC stability.
Furthermore, the reproducibility and stability of the dual-mode
biosensor were also evaluated. For 1 ng/mL CYFRA21-1, the
relative standard deviation (RSD) value of EC responses on six
independent electrodes is 2.4%, and the RSD value of PEC
responses is 2.2% (Figure 4B). Moreover, the developed dual-
mode biosensing platform was stored at 4 °C for 30 days to
investigate its stability. The EC response is still 85.4% and the
PEC response is still 87.6% of the initial values (CYFRA21-1, 1
ng/mL) (Figure 4C). These results show that the dual-mode
biosensor has acceptable reproducibility and stability.
Recovery Test of CYFRA21-1 in Serum. To investigate
the analytical feasibility of the dual-mode biosensor in complex
samples, the developed dual-mode sensor was used to analyze
CYFRA21-1 in serum. Different concentrations of CYFRA21-1
were spiked in 10-fold diluted blank human serum samples,
which were diluted with PBS (100 mM, pH 7.4). CYFRA21-1
in the serum was detected by EC and PEC methods of the
proposed dual-mode biosensor, and the results are compared
with those obtained from enzyme-linked immunosorbent assay
(ELISA). As described in SI Table S2, the recoveries obtained
from our developed EC—PC dual-mode sensing platform are
acceptable and have good consistency with those from ELISA.
These indicate that the developed dual-mode biosensor can
mutually verify the measurement results obtained by the two
methods, which further proves to effectively improve the
accuracy and reliability of detection and has an excellent
potentiality for CYFRA21-1 assay in complex samples.
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B CONCLUSIONS

In summary, a sensitive EC—PEC dual-mode biosensing
platform has been developed based on the enhancing effect
of MB and inhibiting effect of Fc on the photoelectric
performance of the Au NPs/PTCDA@C,/ITO electrode and
electrochemical activities of MB and Fc at different potentials.
The NSCLC marker CYFRA21-1 can be detected by either the
dual-signaling electrochemical ratiometric strategy with a linear
range of 0.001—40 ng/mL and the limit of detection of 0.3 pg/
mL or the on—off-on PEC method with a linear range of
0.0001—4 ng/mL and the limit of detection of 0.03 pg/mL. In
addition, the dual-mode biosensor has acceptable selectivity,
stability, and reproducibility, as well as good applicability in
human serum samples. Furthermore, by altering the particular
antibody of disease-related biomarkers, the developed dual-
mode biosensing platform can be readily extended to the assay
of other tumor marker antigens, implying its great potential
applications in biological analysis and early disease diagnosis.
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