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HIGHLIGHTS

e >An ultrasensitive and selective
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developed for the detection of carci-
noembryonic antigen.
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showed a cathodic background
signal.

e >The plasmonic TiO,@Au nano-
particles//CdS quantum dots were
photocurrent-direction switching
system.

ARTICLE INFO

Article history:

Received 12 November 2020
Received in revised form

28 January 2021

Accepted 1 February 2021
Available online 7 February 2021

Keywords:

Photoelectrochemical biosensor
TiO,@Au NPs//CdS QDs

LSPR effect
Photocurrent-direction switching
Cathodic background signal

CEA

GRAPHICAL ABSTRACT

ABSTRACT

An ultrasensitive and selective photoelectrochemical (PEC) biosensor with cathodic background signal was
developed for the detection of carcinoembryonic antigen (CEA) based on innovative plasmonic TiO,@Au
nanoparticles//CdS quantum dots (TiO,@Au NPs//CdS QDs) photocurrent-direction switching system,
coupling with hybridization chain reaction (HCR) for the signal amplification. Firstly, innovative TiO,@Au NPs
were successfully fabricated through in situ ascorbic acid-reduction of Au NPs dispersed on TiO, surface, and
TiO,@Au NPs as the photoactive material showed a cathodic background signal. When target CEA existed, a
sandwich-type reaction was performed in capture CEA aptamer-modified TiO,@Au NPs and trigger CEA
aptamer. Interestingly, after HCR triggered by target CEA, a mass of CdS QDs were introduced into the bio-
sensing platform, resulting in the formation of TiO,@Au NPs//CdS QDs system, along with the switch of
photocurrents from cathodic to anodic. The obtained remarkable anodic photocurrent was depended on the
localized surface plasmon resonance (LSPR) effect of Au between TiO, and CdS. Under the optimal conditions,
plasmonic TiO,@Au NPs//CdS QDs photocurrent-direction switching PEC biosensing platform with cathodic
background signal exhibited ultrasensitive for the determination of CEA with a low limit of detection 0of 18.9 fg/
mL. Importantly, the proposed PEC biosensor can eliminate the interferences of the initial photocurrent and
background signal, and has high-efficiency anti-interference ability, satisfactory stability and excellent
reproducibility, which may have great potentials in bioanalysis and disease diagnosis.
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1. Introduction

As an emerging and promising analytical technique for bio-
markers detection, photoelectrochemical (PEC) biosensor has
attracted extensive research owing to low background, cost effec-
tiveness, simple operation, and easy miniaturization [ 1—8]. Notably,
the properties of photoactive materials directly determine the PEC
efficiency, will further influence the detection sensitivity in PEC
biosensing system [9—13]. Nowadays, titanium dioxide (TiO), as a
representative photoactive material, has received increasing
attention for the construction of PEC biosensors because of its high
electronic mobility good biocompatibility, inexpensiveness, and
chemical stability [14—16]. However, one disadvantage of TiO, re-
lies on the narrow light absorption regions, which can only use
ultraviolet light as light source and limits its application [17—19]. To
address this issue, plasmonic metallic were usually applied to
modify TiO, [20—22]. Compare with the pure TiO,, the nano-
composite showed strong absorption intensity in the visible region
because of the strong localized surface plasmon resonance (LSPR)
effect of plasmonic metallic. For example, a plasmonic enhance-
ment coupling with defect-engineered TiO,_x was reported for
sensitive PEC biosensing [23]. A plasmonic PEC biosensor based on
the cyclodextrin and Au—TiO, composite for prion assay was
developed in our group [24]. Despite the above success, these
Au—TiO, composites show anodic background signal and result in
interference from some reductive components in complex biolog-
ical samples. Therefore, it remains great challenging to seek new
avenues to surmount the above phenomenon and owns enormous
performance for anti-interference capability.

Carcinoembryonic antigen (CEA) is one of the widely used bio-
markers for clinic diagnosis and treatment of cancer [25—27].
Massive clinical data showed when the level of CEA biomarker
concentrations in serum, tissue, or saliva increases or decrease, they
can be indicative of disease states [28—30]. Up to now, many efforts
are devoted to the development of advanced PEC biosensing plat-
forms for CEA assay. For example, Tang et al. developed a NaYF4:Yb,
Er upconversion nanotransducer with in-situ fabrication of Ag;S for
near-infrared light responsive PEC assay of CEA [31]. Ye et al.
applied a PEC biosensor for CEA detection based on SnS,-GR with
multiple quenching effects of Au@CuS-GR [32]. In above literatures,
when these biosensors added CEA, the photocurrent enhancer or
quencher was imported to produce “signal-on” or “signal-off”
response, thus the CEA was quantified. However, the single
photocurrent direction is difficult to identify whether the signal
response is produce by target object or distractors, resulting in false
positive or negative errors. Recently, some PEC biosensors based on
the photocurrent-direction switching systems (such as CdS//hemin,
CdS//CdTe) have been developed in our group [33—35], where the
switching system was formed after the addition of the target,
achieving a reverse photocurrent. This fascinating experimental
phenomena inspires us to establish novel PEC biosensors of CEA to
overcome the above problems on initial photocurrent and back-
ground signal.

Herein, an ultrasensitive and selective PEC biosensor based on
plasmonic TiO,@Au NPs//CdS QDs photocurrent-direction switch-
ing system with cathodic background signal was for the first time
constructed for CEA detection (Scheme 1A). Firstly, innovative
TiO,@Au NPs were successfully fabricated through in situ ascorbic
acid (AA)-reduction of Au nanoparticles (NPs) dispersed on the
surface of TiO, NPs different from traditional preparation methods
[36—39]. Surprisely, it firstly found that TiO,@Au NPs modified
indium tin oxide (ITO) electrode showed cathodic background
signal due to the LSPR effect coupling TiO, with Au NPs [40,41].
After the immobilization of capture CEA aptamer (C-DNA) via Au—S
bond, CEA was added, and a sandwiched reaction was performed
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among the initially assembled C-DNA and trigger CEA aptamer (T-
DNA). Afterwards, the T-DNA induced the formation of hybridiza-
tion chain reaction (HCR) between CdS-labeled DNA probes to
introduce large amounts of CdS quantum dots (QDs), and the
plasmonic TiO,@Au NPs//CdS QDs were formed, resulting in the
photocurrent-direction switch from cathodic to anodic, due to the
energy level match between TiO,@Au and CdS. Based on the target-
induced photocurrent-direction switching with cathodic back-
ground signal, this PEC biosensor could distinguish the effects of
initial photocurrent and background noise, leading to a much more
reliable analysis result. Under the optimal conditions, the PEC
biosensor showed ultrasensitivity for CEA with a limit of detection
down to 18.9 fg/mL and satisfactory selectivity. Based on the
excellent anti-interferent ability and ultrasensitivity, the proposed
PEC biosensing platform may show promising applications in early
diagnosis of diseases and bioanalysis.

2. Experimental section
2.1. Materials and reagents

TiO, powder (P25) was purchased from the Degussa Co. (Ger-
many). ITO electrode was purchased from Zhuhai Kaivo Electronic
Components Co., Ltd (China). Carcinoembryonic antigen (CEA) was
obtained from Shanghai Linc-Bio Science Co., Ltd, China. 6-
mercaptohexanol (MCH), tris(2-carboxyethyl) phosphine hydro-
chloride (TCEP) and hydrogen tetrachloroaurate (IIl) trihydrate
(HAuCly-3H50, 99.999%) were obtained from Sigma Aldrich (USA).
Sodium sulfide (Na;Se9H,0), ascorbic acid (AA), and cadmium ni-
trate (Cd(NO3)e4H,0) were all offered by Sinopharm Chemical
Reagent Co., Ltd. (China). Other chemicals were of analytical grade
and used as received. All aqueous solutions were prepared with
ultrapure water from a Milli-Q filtration system (Millipore Corp.,
USA). DNA oligonucleotide was acquired from Sangon Biotech-
nology Co., Ltd. and the sequence was listed in Table S1.

2.2. Apparatus

Transmission electron microscopy (TEM) image was character-
ized by JEM-2100F microscope (JEM-2100F, Japan). X-ray diffraction
(XRD) experiment was carried out on an X-ray diffractometer (D/
MAX-RA, Japan). The UV—vis spectrum was obtained using a DS5
UV—vis spectrophotometer (DS5, England). A Xe lamp (PLS-
SXE300) fitted with a 420 nm filter was used as light source. PEC
and electrochemical impedance spectroscopic (EIS) measurements
were accomplished by a CHI 660E electrochemical workstation
with a ITO electrode (diameter, 5.6 mm) as the working electrode, a
saturated calomel electrode (SCE) as the reference electrode, and a
platinum wire as the counter electrode. EIS measurements were
performed in 0.1 M KCI +5 mM (1:1) [Fe(CN)g]> /4~ solution in the
frequency range from 0.1 Hz to 100 kHz with 5 mV as the
amplitude.

2.3. Preparation of TiO,@Au NPs

The TiO,@Au NPs were successfully prepared as followed: 50 mg
TiO, powders were injected into 50 mL of 0.01 wt% HAuCl4 solution
and stirred for 30 min. Subsequently, 500 pL of 1 mM AA solution
was quickly added to the above solution for 60 min stirring. Then,
the mixture was obtained and stored at 4 °C for further use.

2.4. Preparation of CdS QDs and signal probe

5.5 mL of Na,S (0.1 M) aqueous solution was poured into 5 mL of
Cd(NOs3),; (0.1 M) solution under stirring for 2 h. The synthetic
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Scheme 1. (A) Schematic illustration for the preparation of PEC biosensor with cathodic background signal for CEA detection based on plasmonic TiO,@Au NPs//CdS QDs
photocurrent-direction switching system, (B) The photo-generated electron/hot transfer mechanism of TiO,@Au and plasmonic TiO,@Au NPs//CdS QDs system.

products were obtained by centrifugation and washing. Finally, the
CdS QDs were scattered in 50 mL water. For the preparation of
signal probe, 50 puL of 10 uM DNA probe 1 (DNA1) or DNA probe 2
(DNA2) were separately incubated with 1 mL of CdS QDs under
gentle shaking for 12 h to achieve the signal probes (DNA1-CdS and
DNA2-CdS).

2.5. Fabrication of the PEC biosensor and PEC assay

Prior to modification, ITO electrodes were cleaned by ultrasonic
treatment for 15 min in acetone, 1 M NaOH in ethanol/water
mixture (v/v, 1:1) and water, respectively, and then dried at 60 °C
for 2 h. Then, 25 pL of the above TiO,@Au NPs solution was dropped
onto the ITO electrode surface, and the obtained electrode was
labeled as ITO/TiO,@Au electrode. Before assembled on the ob-
tained electrode surface, the C-DNA was dissolved in PBS solution
(20 mM, pH 7.4, 140 mM NacCl, 1 mM MgCl, and 10 mM TCEP), and
incubated for 1 h to decrease disulfide bonds. Then, 20 pL of C-DNA
solution (1.5 pM) was coated onto the surface of ITO/TiO,@Au
electrode at 4 °C for 12 h. The obtained ITO/TiO,@Au/C-DNA elec-
trode was immersed into 2 mM MCH for 1 h to prevent the non-
specific adsorption. Next, the modified electrode was incubated
with 20 pL PBS solution containing different-concentration CEA at
37 °C for 60 min to get ITO/TiO,@Au/C-DNA/MCH/CEA electrode.

Before HCR reaction, DNA1-CdS and DNA2-CdS were separately

incubated at 95 °C for 5 min and naturally cooled to room tem-
perature. Afterwards, the mixture of T-DNA solution (2 uM), DNA1-
CdS (2 pM) and DNA2-CdS (2 uM) was dropped onto the surface of
resulted electrode and reacted for 90 min at 37 °C to form the HCR
reaction. Finally, the PEC investigates were performed in Tris—HCI
solution (0.1 M, pH 7.4) containing AA (0.1 M) at0 V.

3. Results and discussion
3.1. Material characterization

The TEM was used for characterizing the as-synthesized
TiO,@Au NPs and the result was shown in Fig. 1A. The TiO,@Au
NPs are approximately 30 nm, and numerous Au NPs are coated on
the surface of TiO, NPs, suggesting the successful preparation of
TiO,@Au NPs. The structural characteristic and crystalline phase
analyses of TiO and TiO,@Au NPs were carried out by X-ray
diffraction (XRD). As displayed in Fig. 1B, the characteristic peaks
for TiO, at 25.6°, 38.1°, 48.3°, 54.2°, 55.3° and 63.1° correspond to
the diffractions from the (101), (004), (200), (105), (211), and (204)
planes of TiO, (JCPDS 21—1272). After the modification of Au NPs,
some new peaks appear at 38.4°, 44.7°, 64.9° and 77.7° for TiO,@Au
composite, assigning to the diffractions of the (111), (200), (220),
and (331) planes of Au. Furthermore, the UV—vis absorption spectra
of TiO, and TiO,@Au NPs were investigated (Fig. 1C). Compared
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with bare TiO, NPs (curve a), the light absorption intensity of
TiO,@Au NPs (curve b) is significantly enhanced in the visible re-
gion, which indicates that Au NPs can enhance the adsorption
behaviour of TiO, NPs [42]. However, no characteristic peak was
detected for Au owing to its low volume fraction. As the Au content
increases, an absorption peak at about 565 nm is coincident to that
of the optical characteristic peak of Au NPs (Fig. S1) [23,40].

The obtained CdS QDs were observed by TEM and high resolu-
tion transmission electron microscopy (HRTEM). From Fig. 1D, the
as-fabricated CdS QDs display a characteristic sphere-shape size
distribution with 7 nm in diameter, and a interplanar distance of
0.292 nm matching with the (111) facet of CdS QDs [43,44]. The
phase of CdS QDs are further characterized by XRD (Fig. 1E), and the
peaks at 26.6°, 42.6° and 51.9° are determined, which assign to the
diffractions of the (111), (220), and (311) planes from the CdS
standard card (JCPDS No.19—0191), respectively [45]. Moreover, the
successful preparation of signal probes was confirmed by UV—vis
absorption spectroscopy (Fig. 1F). It is noted that the DNA strands
(DNAT1 and DNA?2) display inherent characteristic absorption peaks
at 260 nm (curve a and b) [46]. Compared with CdS QDs which
exhibit a broad light absorption from 540 nm to low wavelengths
(curve c), the characteristic absorption of DNA is separately
observed for DNA1-CdS (curve d) and DNA2-CdS (curve e), indi-
cating that CdS QDs are successfully labeled on the DNA probes.

3.2. Characterization of the fabricated process of the PEC biosensor

EIS is an effective method for investigating the stepwise modi-
fied processes of the PEC biosensor. In Nyquist plot, the diameter of
the semicircular circle represents the interfacial charge transfer
resistance (R¢) of an electrode. As described in Fig. 2A, the R value
of the ITO/TiO,@Au electrode is 57.9 Q (curve a). Subsequently, with
the modifications order of C-DNA and MCH on the obtained elec-
trode, the R values are increased to 65.4 Q (curve b) and 71.6 Q
(curve c), respectively, due to their blocking effect on the electron
transfer process of the redox probe at the electrode. As showed in
curve d, after the ITO/TiO,@Au/C-DNA/MCH electrode captures
target CEA, the R value is enlarged (84.3 Q). After further assembly
with T-DNA, DNA1-CdS and DNA2-CdS, CdS is introduced to the
biosensor based on the specific interaction between CEA and T-
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DNA, and the HCR is induced by T-DNA, DNA1 and DNA2, resulting
in an increased R value (109.7 Q, curve e) due to the electrostatic
repulsion action and steric hindrance resulting separately from
DNA strands and CdS QDs. The obtained results demonstrate the
successful fabrication of the biosensor.

To further confirm the successful construction of the PEC bio-
sensing interface, PEC measurements were also performed
(Fig. 2B). It is noted that the photocurrent decreases with the time
during the light-on period due to the consumption of AA and O,
[47]. Thus, the maximum photocurrent value is used throughout.
The ITO/TiO,@Au electrode shows an obvious cathodic background
photocurrent (curve a), implying the good photoelectric conversion
efficiency of TiO,@Au NPs due to the LSPR-induced “hot electrons”
transferring to the CB of the TiO, NPs and suppressing the photo-
generated electrons/holes recombination of TiO,. Subsequent suc-
cessive introduction of C-DNA, MCH, and CEA on the surface of the
ITO/TiO,@Au electrode, the photocurrents successively decrease
(curves b—d), which corresponds to the obtained EIS results
(Fig. 2A). However, when the biosensor is incubated with the
mixture of T-DNA, DNA1-CdS and DNA2-CdS bound by the HCR
reaction, the plasmonic TiO,@Au NPs//CdS QDs system is formed,
leading to a switch of photocurrent direction and generation of the
great anodic photocurrent (curve e). The presented results indicate
that the proposed PEC biosensor with cathodic background signal
can be employed for CEA detection.

3.3. Plasmonic TiO,@Au NPs//CdS QDs photocurrent-direction
switching mechanism

To confirm the superiority of TiO,@Au NPs as the substrate
photoactive material and CdS QDs as the switcher in this sensitive
structure, some contrast experiments were characterized through
comparing the photocurrent responses of the electrodes modified
with different materials. In general, TiO,-coated ITO electrode and
TiOz-coated ITO electrodes loaded with Au exhibit anodic photo-
current, which are typical for n-type semiconductors. However,
different stimuli were implemented to switch the charge transport
properties at electrode surfaces with semiconductor nanoparticles
to yield switchable photocurrent direction, which included pho-
tonic, electrical, magnetic, thermal, pH, or chemical signals [36,37].
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Fig. 1. (A) TEM image of TiO,@Au NPs, (B) XRD patterns and (C) UV—vis absorption spectra of TiO, (a) and TiO,@Au (b) NPs, (D) TEM image and (E) XRD pattern of CdS QDs, (F)
UV—vis absorption spectra of DNA1 (a), DNA2 (b), CdS QDs (c), DNA1-CdS (d) and DNA2-CdS (e). Inset of D is the related HRTEM image of CdS QDs.
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Fig. 2. (A) EIS results and (B) Photocurrent responses of (a) ITO/TiO,@Au, (b) ITO/TiO,@Au/C-DNA, (c) ITO/TiO,@Au/C-DNA/MCH, (d) ITO/TiO,@Au/C-DNA/MCH/CEA, (e) ITO/
TiO,@Au/C-DNA/MCH/CEA electrode after incubation with T-DNA + DNA1-CdS + DNA2-CdS.

As shown in Fig. 3A and B, the photocurrent response after modi-
fication of TiO2 NPs on the bare ITO electrode is 2.211 pA, and the
photocurrent of TiO,@Au NPs-modified electrode is seen at
about —0.826 pA. Comparison of Fig. 3A with 3B, it is noted that the
as-prepared TiO,@Au NPs in this work have benefits of cathodic
background signal and high photoelectric efficiency in established
PEC biosensor since the modification of Au NPs changes the pho-
toelectric performance of TiO,@Au NPs and the LSPR effect of
plasmonic noble metal can reduce the electrons/holes recombina-
tion (Fig. S2) [38—41]. After the CEA-triggered the introduction of
CdS QDs, the photocurrent direction of PEC biosensor is changed
from cathodic to anodic photocurrents and the significant anodic
photocurrents are obtained (3.593 pA, Fig. 3C), which is about 4.5
times bigger than that of TiO,@Au NPs, on account of well-matched
energy levels of TiO, NPs//CdS QDs, with large plasmonic
enhancement and hot-electron injection mechanism of Au NPs.
Additionally, the anodic photocurrent of DNA1-CdS + DNA2-CdS in
Fig. 3C (3.593 pA) is larger than that of T-DNA-CdS in Fig. 3D

(1.227 pA), because of the large amounts of CdS QDs introduced by
HCR amplification strategy for enhancing anodic photocurrent. The
above results manifest that CdS QDs as an ideal switcher can effi-
ciently improve the photoelectric conversion efficiency of TiO,@Au
NPs to achieve amplification of the PEC responses.

To reveal the possible electron-transfer mechanism of plas-
monic TiO,@Au NPs//CdS QDs photocurrent-direction switching
system, CB and VB of TiO; NPs and CdS QDs were investigated by
electrochemical method (Fig. S3). The results show that TiO, NPs
have a CB edge at —0.65 V and a VB edge at 2.12 V, and CdS QDs have
a CB edge at —0.92 V and a VB edge at 1.34 V vs. SCE (equivalent
to —0.41, 2.36, —0.68 and 1.58 V vs NHE, respectively.). These values
will be useful for understanding the PEC behaviors of the designed
TiO,@Au NPs//CdS QDs system.

Based on the results shown in Fig. 3 and S3, a possible photo-
current generation mechanism of the TiO,@Au NPs//CdS QDs sys-
tem is illustrated in Scheme 1B. For the TiO,@Au NPs, both TiO; and
Au NPs can be excited under visible light illumination. The plasmon
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Fig. 3. PEC signal comparison of different modified electrodes: (A) ITO/TiO,, (B) ITO/TiO,@Au, (C) ITO/TiO,@Au/C-DNA/MCH/CEA electrode after incubation with T-DNA + DNA1-
CdS + DNA2-CdS, and (D) ITO/TiO,@Au/C-DNA/MCH/CEA electrode after incubation with T-DNA-CdS.
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resonance energy transfer promoted the photon absorption of TiO,
NPs in the visible region with LSPR-induced localized electric field
amplification, and the generated hot electrons by LSPR excitation in
the Fermi level of Au were easily injected into CB of TiO, for the
electrochemical reduction of O (electron acceptors) in the elec-
trolyte, leading to a cathodic photocurrent background [47—49].
After the introduction of CdS QDs, the well-matched energy bands
between TiO; and CdS could make a significant contribution in the
promotion of the separation and transfer of photo-generated
electron/hole pairs. And the electrons on the CB of CdS (—0.68 eV
vs NHE) moved to the CB of TiO, (—0.41 eV vs NHE), and finally
transferred to the ITO electrode, thus generating the anodic
photocurrent response. Additionally, the LSPR effect results in the
generation of electron-hole pairs of Au NPs, and the hot electrons of
Au NPs can be injected into the CB of TiO, and CdS, respectively,
while Au NPs serve as the plasmonic photosensitizer for improving
photocurrent response (Fig. S4) [50,51]. Besides, In order to clarify
the influence of the applied potential on the working electrode on
the PEC performance more clearly, the potential-dependent
photocurrent toward different nanomaterials (TiO,, TiO,@Au NPs
and TiO,@Au NPs/CdS QDs) were investigated and 0 V is served as
the optimal applied potential for this PEC biosensing
(Figs. S5A—-5C).

3.4. PEC detection of CEA

Under the optimal experimental conditions (Figs. S6A—6C), the
analytical performance of the obtained PEC biosensing platform
was characterized by incubating with different-concentration CEA
and the results were showed in Fig. 4. From Fig. 4A, in the presence
of CEA, a cathodic photocurrent background (lo, -0.324 pA) of the
electrode is changed from cathodic to anodic photocurrents, and
the anodic photocurrent (I) enhances with the CEA increased
concentration, which inferences that the proposed biosensor ex-
hibits satisfactory analytical characteristics to eliminate false pos-
itive or negative errors, because the common interferences just
decrease or increase cathodic photocurrents of the biosensor and
not switch photocurrent direction from cathode to anode. The
linear relationship between the value of photocurrent change
(AI=I-Ip) and CEA concentration is displayed in Fig. 4B. A linear
response range of 0.2—20 pg/mL and a linear regression equation of
Al (HA) = 0.2861Ccpa (pg/mL) + 0.9458 (R* = 0.9984) are achieved.
The limit of detection is estimated to be 18.9 fg/mL (30). It can be
seen that the fabricated PEC biosensor exhibits ultrahigh sensitivity
with a lower detection limit than some previous reports (Table 1).
Such improved sensitivity of this proposed PEC biosensor may be
attributed to reasons as follows: (1) TiO,@Au NPs exhibit cathodic
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background signal; (2) the well-matched energy levels between
TiO,@Au and CdS result in the high-efficiency photocurrent direc-
tion switching of the ITO/TiO,@Au electrode; (3) large plasmonic
enhancement and hot-electron injection mechanism of Au NPs can
reduce the electrons/holes recombination; (4) HCR amplification
strategy can introduce large amounts of CdS.

3.5. Selectivity, stability and reproducibility

Selectivity is a greatly significant parameter for the PEC
biosensor. It was evaluated by several possible interfering proteins,
such as alphafetoprotein (AFP), bovine serum albumin (BSA), IgG,
CEA and prostatespecific antigen (PSA). From Fig. 5A, the photo-
current direction of the PEC biosensor is not changed by the
interference and no obvious change of the anodic photocurrent
response is surveyed compared with the blank. When target the
CEA exists (5 pg/mL), the cathodic photocurrent of the prepared
PEC biosensor is changed to an anodic photocurrent because of
target CEA-induced the introduction of CdS QDs, leading to a
photocurrent-direction switching. Additionally, the photocurrent
responses towards only 5 pg/mL CEA is almost same with that to-
wards the mixture of CEA (5 pg/mL) and other proteins (each
500 pg/mL), indicating that the prepared PEC biosensor possesses
good selectivity.

The reproducibility of the developed biosensor was estimated,
five parallel biosensors were utilized to analyze CEA (5 pg/mL), and
the relative standard deviation (RSD) is 3.1%. In addition, the sta-
bility of the PEC biosensor was an important criterion for the
application to bioassay. From Fig. 5B, no noticeable photocurrent
change occurred in the PEC biosensor under off-on-off irradiation
for 26 cycles. On the other hand, the storage stability of the
biosensor was also evaluated during a 2-week period, by storing it
at 4 °C in the refrigerator. The photocurrent response of the PEC
biosensor toward CEA retained about 97.3% of its initial value. These
results suggest that the prepared biosensor has good reproduc-
ibility and satisfactory stability.

3.6. CEA assay in human serum samples

To further study the feasibility and application potential, the
prepared PEC biosensor was employed to detect CEA in sophisti-
cated biological samples (collected from local affiliated hospital
(Zhengzhou, China) according to the rules of the local ethical
committee). Different-concentration CEA (0.2, 1, 5, 8 and 10 pg/mL)
is added into 10-fold diluted serum samples (10 mM PBS, pH 7.4) for
practical determination. As presented in Table 2, the average re-
coveries are from 96.7% to 103.5% with the RSDs of 1.2%—5.6%,
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Fig. 4. (A) Photocurrent response of the biosensor with a series of CEA concentrations. The concentrations were (froma to i) 0, 0.2, 0.5, 1, 2, 5, 8,10 and 20 pg/mL. (B) The calibration

plot of I versus the CEA concentration.
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Table 1

Comparison of various methods for CEA detection.
Method Strategy LOD Ref.
quartz nanopipettes Fe304@Au NPs 0.6 ng/mL [52]
electrochemical Ag/MoS,@Fe;04 30 fg/mL [53]
fluorescent CdTe/CdSe QDs 6.7 pg/mL [54]
fluorescent Exo II[/DNA walker 1.2 pg/mL [55]
electrochemiluminescence g—C3N4—CNT@Au//CuO@PDA 25.7 fg/mL [56]
electrochemiluminescence CdTe//CdSe NCs 1 pg/mL [57]
photoelectrochemical SnS,-GR//Au@CuS-GR 59.9 fg/mL [32]
photoelectrochemical g-C3N4/Au/Bi,MoOg 4.5 pg/mL [50]
photoelectrochemical NaYF4:Yb,Er//Ag,S 1.9 pg/mL [31]
photoelectrochemical TiO,@Au NPs//CdS QDs 18.9 fg/mL This work

2.5 5
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Fig. 5. (A) Selectivity of the biosensor. CEA (5 pg/mL), other proteins (AFP, BSA, IgG, NSE and PSA, each 500 pg/mL), and their mixture. (B) Time-dependent photocurrent signal of

the PEC biosensor incubated with 10 pg/mL CEA for 26 on-off cycles.

demonstrating that the established PEC biosensor can possess great
potential application and feasibility in human biological fluids.

4. Conclusions

Based on the innovative plasmonic TiO,@Au NPs//CdS QDs
photocurrent-direction switching system, an ultrasensitive and
selective PEC biosensor was constructed for the detection of CEA
coupling cathodic background signal with HCR for the signal
amplification. After target CEA-induced HCR, abundant CdS QDs
were introduced into the biosensing platform, resulting in the
formation of TiO,@Au NPs//CdS QDs system and the switch of the
photocurrents from cathodic to anodic. The obtained remarkable
anodic photocurrent was depended on the LSPR effect of Au be-
tween TiO; and CdS. The constructed PEC biosensor exhibited a
linear range of 0.2—20 pg/mL with a low detection limit of 18.9 fg/
mL. Importantly, this proposed biosensor could eliminate the
interference caused by the varied initial current and background
noise, and possessed high-efficiency anti-interference ability,
satisfactory stability and excellent reproducibility. This design
provides a universal PEC biosensing platform and has great po-
tentials in bioanalysis and early diagnosis of disease.

Table 2
Recovery tests of CEA in the human serum sample.
Sample Added (pg/mL) Found (pg/mL) RSD (%) Recovery (%)
1 0.2 0.207 32 103.5
2 1 0.966 5.6 96.6
3 5 4.895 34 97.9
4 8 8.080 1.2 101.0
5 10 9.841 1.5 98.4
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