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ABSTRACT: In this work, an antigen-down photoelectrochemical
(PEC) immunosensor based on a signal polarity switching strategy
for the detection of cytokeratin 19 fragment 21-1 (CYFRA21-1) was
proposed. 3,4,9,10-Perylene tetracarboxylic acid (PTCA) is a
conjugated organic dye containing five benzene nuclei, which has
excellent film-forming and optical properties. PTCA sensitized by
SnS2 can further improve the basal signal and the stability of the
PEC immunosensor. Moreover, avidin-functionalized CuInS2 as a
signal probe can convert the basal anodic photocurrent to a cathodic
photocurrent. Therefore, the PEC sensor realized the photocurrent
polarity conversion before and after labeling. With avidin-function-
alized CuInS2, the polarity of the photocurrent was changed once
CYFRA21-1 was detected. Therefore, the PEC immunosensor owns
high sensitivity. The linear range of the immunosensor for the
detection of CYFRA21-1 is 0.00001−500 ng·mL−1, and the
detection limit is 3.5 fg·mL−1. The PEC immunosensor has good
stability, high selectivity, and good repeatability. This work may
provide a new way for the detection of CYFRA21-1 and other proteins.

1. INTRODUCTION
Lung cancer is one of the malignant tumors with fast-growing
morbidity and mortality, posing a great threat to people’s
health and life, and it remains the leading cause of cancer-
related death in the world.1,2 Non-small cell carcinoma is a
kind of lung cancer, accounting for about 80% of lung cancer.3

Therefore, it is of great significance to monitor non-small cell
carcinoma. Cytokeratin 19 fragment 21-1 (CYFRA21-1) is the
most valuable tumor marker of non-small cell carcinoma. A
concentration of CYFRA21-1 in human serum higher than 3.5
ng·mL−1 is considered abnormal.4,5 Up to now, there have
been many techniques for detecting cancer markers, such as
electrochemistry,6−8 electrochemiluminescence,9,10 and fluo-
rescence.11−13 Because the expensive instruments and complex
operating steps severely restrict development of these
techniques, it is necessary to find a highly sensitive, low cost,
and simple technique for the detection of CYFRA21-1. As an
innovative immunoassay platform, a photoelectrochemical
(PEC) immunosensor has the advantages of low background
signal, low cost, easy miniaturization, high sensitivity, and
specificity in detecting CYFRA21-1.14−16 All in all, it is of great
significance to construct a sensitive PEC immunosensor for
CYFRA21-1 detection.

A PEC immunosensor is mainly used to detect antigen (Ag)
and antibody (Ab) by chemical methods.17,18 Substrate
photosensitive material is an indispensable component of the
photoelectrochemical immunosensor, so it is necessary to seek
stable and nontoxic materials with good photoelectric
properties. 3,4,9,10-Perylene tetracarboxylic acid (PTCA) is a
sheetlike organic photosensitizer with a pentaphenyl nucleus
and has excellent photoelectric properties and film-forming
ability;19 thus it is used as an ideal photoelectric material for
constructing a PEC immunosensor. However, PTCA has a
narrow band gap energy (∼2.2 eV),20 which leads to the easy
recombination of photogenerated electrons (e−) and holes
(h+). The method to solve this problem is to use SnS2 with an
excellent performance for sensitization. A possible mechanism
for this sensitization method can be explained as follows: when
light is excited, electrons in the conduction band (CB) of
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SnS2
21,22 can be transferred to the CB of PTCA, thus

improving the photoelectric conversion efficiency.
Meanwhile, it is vital to find a sensitive strategy for

construction of a PEC immune platform. At present, most of
the reported photoelectrochemical immunosensors are based
on the detection strategy that the polarity of the photocurrent
does not change before and after labeling, but this detection
strategy has some disadvantages. For conventional signal-off
and signal-on sensors, the direction of the photocurrent does
not change with the concentration of the target. For the
former, when the target molecule concentration reaches a
certain value, the photocurrent cannot decrease with the
increase of the target molecule concentration. This limits the
detection limit of the sensor.23,24 Moreover, the different
photocurrent directions of the constructed sensor and the base
photosensitive material can eliminate false positive and false
negative detection results to a certain extent. Therefore, a PEC
sensor based on the polarity switching strategy can have a
larger detection limit and better anti-interference ability.
In this work, a highly sensitive detection method of

CYFRA21-1 based on the polarity conversion of photocurrent
before and after labeling is proposed for the first time, and the
above problems can be effectively avoided. SnS2 sensitized
PTCA could produce a stable and large anodic photocurrent as
the basal material. CuInS2, as a ternary p-type semiconductor
photosensitive material, has the advantages of a high light
absorption coefficient and low toxicity.25,26 It is generally
accepted by researchers that photosensitive materials are
irradiated with internal electrons due to the transition from the
valence band (VB) to the CB. The possible mechanism of the
change of the photocurrent signal before and after labeling is
the following. In this work, the photoexcited electrons of SnS2
and PTCA transition from the VB to the CB. Due to the
appropriate band gap matching, the electrons can transmit
from the CB of SnS2 to the CB of PTCA and the ITO
electrode. At the same time, the holes in the VB of SnS2 and
PTCA can consume the electrons provided by the electron
donors in the solution. The electrons can move from the
electrolyte solution to the ITO electrode, resulting in an
anodic current (Scheme 1A). However, when the marker
CuInS2 is introduced into the ITO electrode surface, CuInS2
plays a leading role on the sensor surface. Electrons transition
from the VB to the CB of photosensitive materials, and most of
the electrons are transferred from the electrode to the VB of
PTCA, further to the CB of SnS2, and then to the CB of
CuInS2. Finally, the electron acceptor in the solution is
captured. The electrons move from the ITO electrode to the
electrolyte solution, resulting in a cathodic current (Scheme

1B). The avidin−biotin immobilization process involves
merely a single attachment point of the biomolecules, thus
facilitating a recognition phenomenon such as immuno-
reaction.27 Avidin-CuInS2 is used as the marker, and Ab-biotin
is an antibody linked with biotin. The major distinguishing
feature of the avidin−biotin connection is the extraordinary
affinity, which provides an effective method for connecting Ab
and markers. Moreover, the fixation process of avidin linked
with biotin only involves a single attachment point of
biomolecules, which is beneficial to an immune reaction. At
the same time, the identification of markers and antigens is
accomplished by the specific identification of avidin and biotin,
which greatly improves the sensitivity of immunosensor. The
strategy realizes the conversion of photocurrent polarity before
and after marking. In general, the sensor constructed that uses
PTCA as the base material switches the photocurrent polarity
before and after the avidin-CuInS2 labeling, so that a greater
detection limit can be obtained. The construction process of
the immunosensor is shown in Scheme 2.

2. EXPERIMENTAL SECTION
Preparation of Avidin-CuInS2. The preparation of

CuInS2 was according to the simple hydrothermal method
shown in the Supporting Information. Briefly, the prepared
CuInS2 (50 mg) was dispersed in a mixed solvent consisting of
47.5 mL of ethanol and 2.5 mL of water. Next, CuInS2

Scheme 1. Possible Photogeneration Electron Transfer Mechanisms at (A) SnS2/PTCA/ITO and (B) Avidin-CuInS2/Ab-
Biotin/BSA/Ag/EDC-NHS/TGA/SnS2/PTCA/ITO

Scheme 2. Fabrication Process of Proposed
Photoelectrochemical Immunosensor
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suspension liquid was added to 1 mL of APTES, and the mixed
suspending liquid was ultrasonicated for 20 min. After that, it
was heated at 75 °C for 1 h. Then, the suspending liquid was
washed with ethanol three times and dried at 60 °C to get
amino-functionalized CuInS2. The prepared amino-function-
alized product (10 mg) was dispersed in 2 mL of Tris-HCl
(pH 7.4) buffer. Then, 400 μL of glutaraldehyde solution (2.5
wt %) was injected into the suspension and incubated for 2 h
at room temperature. After it was washed, the obtained mixture
was dispersed in 1 mL of Tris-HCl (pH 7.4) buffer solution.
Afterward, 100 μL of avidin (1 mg·mL−1) was added to the
above suspension and the suspension was incubated at 4 °C for
1 h. Finally, after it was washed, it was redispersed in 2 mL of
Tris-HCl (pH 7.4, containing 1 wt % BSA) to obtain avidin-
CuInS2.
Preparation of Ab-Biotin. First, 10 μL of EDC/NHS

solution (EDC 5 mg·mL−1, NHS 1 mg·mL−1) was dispersed in
1 mL of Ab (1 μg·mL−1) solution, and then 200 μL of biotin
hydrazide (1 mg·mL−1) solution was added. The obtained
solution was shocked at room temperature for 2 h and then
stored in a refrigerator at 4 °C for standby.
Fabrication of PEC Sensor. The size of the ITO glass

electrode is 0.8 × 2.0 cm2. ITO electrodes were washed and
dried before modification. First of all, 10 μL of PTCA solution
(5 mg·mL−1) was dropped onto the ITO electrode and dried
at room temperature to obtain the PTCA-modified electrode.
The PTCA/ITO electrode was then modified with 10 μL of
SnS2 solution (5 mg·mL−1). Following the same procedure, the
electrode was modified with 3 μL of TGA solution (3 mmol·
L−1) and 3 μL of mixed solution (containing 5 mg·mL−1 EDC
and 1 mg·mL−1 NHS) at room temperature to obtain TGA/
SnS2/PTCA/ITO and EDC-NHS/TGA/SnS2/PTCA/ITO
electrodes. Then, 4 μL of CYFRA21-1 (0.00001−500 ng·
mL−1) solution was added dropwise to the electrode and
incubated at 4 °C for 40 min to obtain the Ag/EDC-NHS/
TGA/SnS2/PTCA/ITO electrode. The electrodes were then
modified with 3 μL of BSA (1 wt %) to block nonspecific
active sites. The electrodes were incubated with 4 μL of Ab-
biotin solution for 40 min at 4 °C. Until it was washed, the
electrode was incubated with 4 μL of avidin-CuInS2 for 40
min. Finally, the electrode was rinsed with Tris-HCl (pH 7.4)

buffer solution and was ready to be used for PEC
measurements.
PEC Measurement. The photocurrent was measured on a

photoelectrochemical workstation (CHI 760E Chenhua
Instrument Co., Shanghai, China). A Ag/AgCl electrode and
a platinum electrode were used as the reference electrode and
the counter electrode, respectively, and detection was carried
out in Tris-HCl (pH 7.4) buffer solution. An LED lamp (450
nm) was used as the excitation light, and it was switched every
10 s at 0 V (vs Ag/AgCl) potential.

3. RESULTS AND DISCUSSION
Characterization of Synthesized Materials. Figure 1A

shows the XRD pattern of synthesized SnS2 powder, which
accords with that of SnS2 (JCPDS 23-0677). Figure 1B shows
that SnS2 is in nanosheets with a diameter of about 20 nm.
This indicates that SnS2 nanosheets have been successfully
prepared. In Figure 1C, the SEM image of PTCA shows a
short rodlike appearance, which is consistent with the literature
report. An XRD pattern consistent with CuInS2 is shown in
Figure 1D, which is in conformity with JCPDS 27-0159. The
observed peaks belong to (112), (004), (204/220), (312), and
(332) crystals. Figure 1E shows an SEM image of CuInS2. It
can be seen that the sample is a floret about 2 μm in size. It can
be observed that these microflowers are composed of plates
with large specific surface areas, which provide more areas for
photogenerated electrons. In order to study the chemical
valence and surface chemical environment of the sample,
CuInS2 was studied by XPS. As shown in Figure 1F, for the
peaks of four main elements, including S, In, Cu, and C, the
binding energy of S 2p is about 160−161.5 eV and the 2p
orbital of Cu is divided into two peaks (950.35 and 930.6 eV),
which respectively refer to Cu+. The peak intensities of In are
at 444.6 and 452.3 eV, pointing to In 3d5/2 and In 3d3/2,
respectively. Therefore, it has been proved that CuInS2 was
successfully synthesized.
Possible PEC Mechanism of Immunoassay. The

electron transfer process in the Tris-HCl (7.4) buffer solution
was expected to be as described below. PTCA has a narrow
band gap, e− and h+ are easy to recombine, and SnS2 has a
matching energy level with it. Inhibition of recombination can

Figure 1. (A) XRD pattern and (B) SEM image of SnS2. (C) SEM image of PTCA. (D) XRD pattern and (E) SEM image of CuInS2. (F) X-ray
photoelectron spectrum of CuInS2.
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increase the photocurrent and improve the stability of the
photoelectrochemical immunosensor. Avidin-CuInS2 was used
as a marker to change the polarity of the photocurrent. It could
reduce the interference of the background signal and improve
the sensitivity of the PEC immunosensor. SnS2/PTCA/ITO
was illuminated, and photogenerated electrons were trans-
ferred from the CB of PTCA to ITO, which reduced the
recombination of e− and h+ and produced an anodic
photocurrent. For avidin-CuInS2/Ab-biotin/BSA/Ag/EDC-
NHS/TGA/SnS2/PTCA/ITO electrodes, photoelectrons are
transferred from the CB of PTCA to the CB of SnS2 and
further to the CB of CuInS2 (Scheme 1). Then the electrons at
the conduction band of CuInS2 are consumed by the dissolved
oxygen in the electrolyte solution, thus generating a cathodic
photocurrent. Avidin-CuInS2, as a polarity conversion element,
produced a photocurrent with opposite polarity before and
after labeling, which improved the sensitivity of the PEC
immunosensor. Therefore, an immunosensor of photocurrent
polarity conversion before and after marker labeling was
successfully constructed.
Characterization of the PEC Immunosensor. By

modifying the ITO electrode layer by layer with different
materials, the photocurrent was detected. As shown in Figure
2A, the photocurrent detected by the bare ITO can almost be
ignored (curve a). With the modification of PTCA (curve b),
the value of photocurrent increased further. With the
modification of SnS2 (curve c), the photocurrent value reached
the maximum at this time. With the subsequent modification
of Ag (curve d) at a concentration of 0.05 mg·mL−1, BSA

(curve e), and Ab-biotin (curve f) with great impedance, the
photocurrent value gradually decreased. After the modification
of the last layer of avidin-CuInS2 (curve g), because avidin-
CuInS2 was a photocathode material, it produced a cathodic
photocurrent with the opposite polarity to the photocurrent of
the previous modified layer; thus the above showed that this
sensor was perfectly modified.
At the same time, electrochemical impedance spectroscopy

(EIS) was used to prove that the electrode layer was
successfully modified. As shown in Figure 2B, the bare ITO
glass electrode (curve a) showed a small resistance. The
successive increase in impedance values of curves a and b is
due to the sequential modification of the semiconductor PTCA
and SnS2. When the electrode was modified with Ag (curve d),
BSA (curve e), Ab-biotin (curve f), and avidin-CuInS2 (curve
g) in turn, the radius of the semicircle increased in turn due to
the insulating effect of the protein hindering the rapid transfer
of electrons. These above results show the sensor was perfectly
modified.
PEC Determination of CYFRA21-1. The fitting curve of

this immunosensor was achieved under optimal experimental
conditions, and the result is shown in Figure 3A. The optical
flow response is linearly related to the logarithm of the Ag
concentration (0.00001−500 ng·mL−1); the equation of the
fitting curve is I = −607.2 − 87.24 log c (ng·mL−1) and the
correlation coefficient is 0.9843 (Figure 3B). The limit of
detection (LOD; n = 3) calculated according to the literature is
about 0.0035 pg·mL−1.

Figure 2. (A) PEC signal responses and (B) EIS results of (a) unmodified ITO electrode, (b) PTCA/ITO, (c) SnS2/PTCA/ITO, (d) Ag/EDC-
NHS/TGA/SnS2/PTCA/ITO, (e) BSA/Ag/EDC-NHS/TGA/SnS2/PTCA/ITO, (f) Ab-biotin/BSA/Ag/EDC-NHS/TGA/SnS2/PTCA/ITO,
and (g) avidin-CuInS2/Ab-biotin/BSA/Ag (0.5 ng·mL−1) EDC-NHS/TGA/SnS2/PTCA/ITO. (B, inset) Electrical equivalent circuit applied to fit
the impedance spectra.

Figure 3. (A) Photocurrent response and (B) homologous fitting curve of avidin-CuInS2/Ab-biotin/BSA/Ag/EDC-NHS/TGA/SnS2/PTCA/ITO
electrode in the presence of 3 μL of different concentrations of Ag: (a) 0.00001, (b) 0.0005, (c) 0.0001, (d) 0.005, (e) 0.1, (f) 1, and (g) 200 ng·
mL−1. This results were tested in Tris-HCl buffer solution (pH 7.4). Error bars = SD (n = 3).
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Reproducibility and Selectivity of the PEC Immuno-
sensor. Good repeatability is the basic requirement of the
sensor. Here, in order to study the repeatability of this
immunosensor, under the uniform state, multiple electrodes
were modified to measure the photocurrent. As depicted in
Figure 4A, the relative standard deviation (RSD) of the sensor
is less than 2.95%, which proves excellent repeatability of the
immunosensor.
Selectivity is a key factor in evaluating the practicality of

photoelectrochemical immunosensors. Here, Aβ (amyloid
beta), BNP (brain natriuretic peptide), CEA (carcinoem-
bryonic antigen), and PSA (prostate-specific antigen) were
used to evaluate the selectivity of the PEC immunosensor
(Figure 4B). The sensors constructed by the above single
interference antigen (50 ng·mL−1) all observed an anodic
photocurrent. This phenomenon shows that these interferents
cannot change the signal polarity of the sensor. A cathodic
photocurrent was observed when the sensor platform was
incubated with CYFRA21-1 (0.5 ng·mL−1) without interfer-
ence. In addition, the cathodic photocurrent was also observed
in the mixed samples including CYFRA21-1 (0.5 ng·mL−1) and
all the above-mentioned interferents (the concentration of
each interferent was 50 ng·mL−1), and the value of the
cathodic photocurrent was slightly smaller than that in the
CYFRA21-1 sample. This meant that only CYFRA21-1 can
generate a cathodic photocurrent, and the above-mentioned
interferents caused an anodic photocurrent. The PEC response
exhibited the RSD of 1.32%, which indicated that the PEC
immunosensor developed has high selectivity.
In addition, to prove that photocurrent generated by the

constructed sensor has good stability, the constructed sensor
was detected for multiple periods. The current value of the
sensor did not change much in multiple sensing cycles, which
proves that the sensing platform has good stability.
Serum Sample Detection. In order to prove the practical

value of the proposed PEC immunosensor, different
concentrations (1, 5, and 10 ng·mL−1) of the normal Ag
solution were increased to serum samples. As depicted in Table
S1, this means the recovery of this PEC sensor was between
97.20 and 102.1% and the RSD was 1.29−3.06%. Moreover, a
comparison of our method and ELISA was added. The results
are revealed in Table S2. As a result, the relative deviation of
the two methods was in the range from −2.86 to 1.21%,
suggesting that the PEC immunosensor was reliable and
accurate for CYFRA21-1 detection.

4. CONCLUSION
An antigen-down photoelectrochemical immunosensor based
on SnS2 sensitized PTCA was successfully fabricated. Avidin-

CuInS2 and Ab-biotin were connected by the specific
recognition of biotin and avidin. A conversion strategy of the
photocurrent polarity before and after the modification of the
marker was realized by the marker of avidin-CuInS2, and the
high sensitivity detection of CYFRA21-1 was completed. The
immunosensor has a high sensitivity to CYFRA21-1 detection:
the detection range is 0.00001−500 ng·mL−1 and the detection
limit is 0.0035 pg·mL−1. Compared with previous work (Table
S3), the sensor has a wide detection range and a lower
detection limit. Also, the immunosensor also has good stability
and reproducibility. In clinical diagnosis, the PEC detection of
CYFRA21-1 in non-small cell carcinoma samples provides a
highly sensitive detection method, which has a certain
application value for early diagnosis of lung cancer.
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concentration of each interferent, 50 ng·mL−1). (C) Stability test of the photoelectrochemical immunosensor. Error bars = SD (n = 3).
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