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Abstract: We report the proof-of-concept of molecularly imprinted polymer (MIP) functionalized
Bi2S3/Ti3C2TX MXene nanocomposites for photoelectrochemical (PEC)/electrochemical (EC) dual-
mode sensing of chlorogenic acid (CGA). Specifically, the in-situ growth of the Bi2S3/Ti3C2TX MXene
served as a transducer substrate for molecularly imprinted polymers such as PEC and EC signal
generators, due to its high surface area, suitable bandwidth and abundant active sites. In addition, the
chitosan as a binder was encapsulated into MIP by means of phase inversion on a fluorine-doped tin
dioxide (FTO) electrode. In the determination of CGA as an analytical model, the dual-mode sensor
based on MIP functionalized Bi2S3/Ti3C2TX MXene nanocomposites had good selectivity, excellent
stability and acceptable reproducibility, which displayed a linear concentration range from 0.0282 µM
to 2824 µM for the PEC signal and 0.1412 µM to 22.59 µM for the EC signal with a low detection limit
of 2.4 nM and 43.1 nM, respectively. Importantly, two dual-response mode with different transduction
mechanisms could mutually conform to dramatically raise the reliability and accuracy of detection
compared to single-mode detection. This work is a breakthrough for the design of dual-mode sensors
and will provide a reasonable basis for the construction of dual-mode sensor platforms.

Keywords: Bi2S3/Ti3C2TX MXenes; dual-model; photoelectrochemical; electrochemical; molecularly
imprinted polymers; chlorogenic acid

1. Introduction

The photoelectrochemical (PEC) sensing platform is an integration of the electrochem-
ical sensor and photoelectric conversion process, which has attracted a lot of researchers’
growing attention [1–3]. As a novel and prospective analytical technology, it has intrinsic
merits of negligible background signals, fast response time, high sensitivity, good selectivity,
and flexible instrument device due to the separation of light source and electrochemical
detection [4]. Then, it has been widely applied for quantification in chemical, biomedical
and environmental fields [5]. However, the accuracy of a PEC platform relying on single-
mode detection cannot be guaranteed, which suffers from external interferents, such as
the fluctuation of testing environment, the influence of different instruments and different
personnel operation [6,7]. Thus, there is an urgent need for a separate signal that possesses
a totally independent transmission path, which improves the accuracy and sensitivity
of the proposed strategy. In recent years, a number of dual-mode biological detection
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strategies have been reported, in which two independent signal transductions from differ-
ent mechanisms can calibrate the systematic errors or background signals, and mutually
verify dual responses, such as electrochemiluminescence (ECL)-electrochemical (EC) [8],
ECL-colorimetry [9], PEC-fluorescence [10], PEC-colorimetry [11] and chemiluminescence-
PEC strategies [12]. In these dual-mode platforms, the PEC-EC strategy requires only one
electrochemical instrument to achieve two signal readouts on the same probe, optimizing
the sensing interface and reducing uncontrollable changes. To construct high performance
PEC-EC dual-mode sensing, it is important to design a multifunctional signal transmitter
with PEC and EC readouts for a simplified sensing structure. Generally speaking, the
core element of the sensor includes materials and recognition probes. For a PEC signal,
it is efficient photoelectric conversion based on photosensitive material [13], i.e., hollow
In2O3–In2S3 [14], AuNPs/Cs3Bi2Br9 QDs/BiOBr [15] and In2S3/WO3 heterojunction [16]
presented efficient PEC performance for biosensors, whereas for an EC signal, suitable
electrocatalytic materials can obtain a sensing model with high sensitivity [17], such as
Au-Based nanocomposites [18], two-dimensional nanomaterials [19] and metal-organic
frameworks (MOFs) [20]. Therefore, the selection of materials with high photosensitiv-
ity, conductivity and electrocatalytic properties is crucial to the development of PEC-EC
dual-mode sensors for the ideal signals acquisition.

As a new kind of two-dimensional transition metal material, MXene has been widely
reported due to its ultrathin structure and excellent physical and chemical properties [21]. It
will be obtained from the MAX phase by etching Al, where M represents the early transition-
metal, A usually belongs to IIIA or IVA element, and X refers to C or N element. Ti3C2TX, as
the first typical MXene, has various merits including a huge special dynamic area, practical
metal conductivity, highly adaptable band gap, good biocompatibility and proper optical
and mechanical execution [22]. Furthermore, it is noteworthy that the OH-functionalized
Ti3C2TX MXene can effectively separate photocarriers and transport photogenerated carri-
ers to the Ti3C2TX MXene/semiconductor heterojunction to form Schottky junction due to
the difference between valence band and Fermi level (EF) [23]. It also allows the intrinsic
electric field between Ti3C2TX MXene and photosensitive materials such as semiconductors
to ascend. In contrast to other narrow bandwidth semiconductors, bismuth sulfide (Bi2S3)
was being considered as a potential semiconductor material due to its unique features
such as n-type properties, reasonable photoelectric conversion efficiency (5%), excellent
biocompatibility and high absorptivity coefficient (λ ≤ 800 nm) [24]. We believe that the
heterojunction arrangement between Bi2S3 and Ti3C2TX MXene might induce a self-driven
charge transport channel at the interface due to the well-matched energy levels of Bi2S3 and
Ti3C2TX MXene, which would accelerate charge transmission and suppress the recombina-
tion of electron-hole pairs at those interfaces. MXene-based composites have the potential
to construct PEC/EC dual-signal biosensing platforms because of their structural tunability
and possible excellent photoactivity and electrochemical activity.

To achieve the applicability of the PEC/EC dual-mode biosensor, the recognition ele-
ment also plays a crucial role [25]. Usually, the intimate fixation of molecules might bring
some inherent disadvantages, such as being time consuming, complex interface modifica-
tions and poor reproducibility. Compared to other expensive biomolecule recognition units
(aptamer, antibody and peptide), molecular imprinting is an effective technique for simulat-
ing molecular recognition through molecularly imprinted polymers (MIPs) called artificial
receptors [26,27]. MIP is formed by copolymerization of template molecules (targets) and
functional monomers, which are then removed to produce the memory cavities toward
the target with complementary shapes, sizes and functions [28]. The memory cavities can
recognize the target by “locking and bonding” mechanisms [29]. Molecular imprinting is
a low-cost and simple identification method, which facilitates interface simplification for
dual-mode detection.

In this work, we reported a novel MIP functionalized Bi2S3/Ti3C2TX MXene nanocom-
posites for PEC/EC dual-mode sensing of chlorogenic acid (CGA), as shown in Scheme 1
The CGA is a phenolic acid compound, which broadly exists in vegetables and other
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foods [30]. Many studies have demonstrated that CGA has a massive range of functions,
such as having anti-tumor, antibacterial, antiviral, antioxidant and blood pressure-lowering
blood lipid properties [31]. With these motivations, this work first prepared Bi2S3/Ti3C2TX
MXene nanocomposite as a transducer substrate. Specifically, as shown in Scheme 1, the
nanosheet Ti3C2TX MXene was prepared by etching and ultrasonic exfoliation, and the
Bi2S3/Ti3C2TX MXene nanocomposite was prepared through the hydrothermal method.
Then, MIP precursor was synthesized via chemical polymerization with CGA as the tem-
plate, chitosan as the monomers and sulfuric acid as cross-linking agents. Subsequently,
Bi2S3/Ti3C2TX MXene and MIP precursors were combined with the FTO electrode by
a layer-by-layer assembly strategy with the drop coating method. After removing the
CGA template, the recognition site of CGA remained on the MIP/Bi2S3/Ti3C2TX MXene
electrode. In the presence of CGA, the MIP/Bi2S3/Ti3C2TX MXene electrode enhanced
the steric hindrance effect and blocked the electron-hole pair conduction, resulting in
photocurrent reduction. Additionally, the electrochemical signal was raised due to the
electrocatalytic activity of the MIP/Bi2S3/Ti3C2TX MXene electrode towards CGA. This
strategy provides a new perspective for the construction of dual-signal sensing platform
and an effective improvement for enhancing the accuracy of biological analysis.
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Scheme 1. Schematic illustration of (A) the formation process of the Bi2S3/Ti3C2TX MXene; (B) the
mechanism of chitosan cross-linking; (C) the principle of MIP functionalized Bi2S3/Ti3C2TX MXene
nanocomposites for PEC/EC dual-mode sensing of CGA.
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2. Materials and Methods
2.1. Chemical Reagents

The chemical reagents used in the bioassay are detailed in the Supplementary Materials.

2.2. Synthesis of MXene Nanosheets

The MXene nanosheets were synthesized through a liquid-phase exfoliation
method [32,33]. Briefly, 4 g of Ti3AlC2 powder was gently added to 40 mL of HF so-
lution (40 wt%) with slight stirring. After etching at room temperature for 72 h, the mixture
was washed with pure water and centrifuged 6 times until the pH of the solution was
equal to or greater than 6. Then, the centrifuged product was dried in a vacuum oven
at 40 ◦C. The dried product was dispersed in 25 mL of DMSO, stirred for one day at
room temperature and then centrifuged and washed thoroughly with pure water several
times to remove excess DMSO. After that, the MXene nanosheets solution was obtained by
sonication in water for 1.5 h with N2 atmosphere protection. After that, the product was
centrifuged at 8000 rpm for 1h to remove the impurities. At last, the product was stored in
a cool place for use in successive experiments.

2.3. Synthesis of Bi2S3/MXene Composites

The Bi2S3/MXene was synthesized by slightly modifying the previous method [34,35].
Then, 0.4 mM Bi(NO3)3 solution was dispersed in ultrapure water containing 1300 µL of
5 mg mL−1 Ti3C2TX nanosheet solution. Then, the mixture solution was stirred for 3 h to en-
sure sufficient electrostatic adsorption time. Afterwards, 54 mg of thioacetamide (C2H5NS)
was added to the mixture solution and stirred slightly for 1 h. Next, the mixed solution
was put into to a 50 mL Teflon-lined stainless-steel autoclave, which was hydrothermally
kept at 160 ◦C for 8 h. After cooling to room temperature, the final black precipitate was
washed and centrifuged with deionized water and anhydrous ethanol and dried overnight
in a vacuum drying oven at 60 ◦C to obtain Ti3C2TX MXene/Bi2S3 composites. Choose
different amounts of Ti3C2TX MXene to synthesize Bi2S3/Ti3C2TX MXene composites with
varying ratios of MXene.

2.4. Preparation of Molecularly Imprinted Polymer-CGA (MIP-CGA) and Non-Imprinted
Polymer (NIP)

Both MIP-CGA and NIP were prepared by the phase conversion method [36,37].
Briefly, 20 mg of chitosan was dissolved in 20 mL of acetic acid solution (1%, v/v) and then
stirred slightly at 60 ◦C for 2 h to prepare the 1 mg mL−1 chitosan solution. To prevent
swelling of the molecularly imprinted layer, 40 mg of chlorogenic acid was added to the
above chitosan solution with an appropriate amount of H2SO4 (1.0 M) as a cross-linking
agent, and continuously stirred at 60 ◦C for 4 h. Cross-linking was formed between the
amino group in chitosan and the sulfate ion in sulfuric acid due to the Coulomb interaction,
as shown in Scheme 1B. After filtering to remove impurities, the MIP-CGA membrane was
sealed and stored in a cool place. The non-molecularly imprinted layer (NIP) was prepared
in the same way, where the difference was that the chlorogenic acid imprinted molecules
were not added.

2.5. Fabrication of the PEC and EC Electrodes

The FTO electrode (sheet resistance, 8 Ω/square) was cleaned three times with a
mixture (1:1:2, v/v/v) of acetone, ethanol and pure water by sonication wave and dried
overnight before use. Then, the perforator (Deli, No. 0102, Hangzhou, China) on tape
with a 6 mm round hole, and then with a circular hole tape was pasted on the glass to
control the exposure of the FTO glass area (0.28 cm2). Later, 10 mg of Bi2S3/Ti3C2TX MXene
composites powder was evenly dispersed in 2 mL of ultrapure water and sonicated for
30 min. The 20 µL of 5 mg mL−1 obtained solution was applied uniformly to a fixed
area of the FTO glass surface and then naturally dried. Afterward, 20 µL of MIP-CGA
was combined with the Bi2S3/Ti3C2TX MXene and dried naturally at room temperature.
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The MIP-CGA/Bi2S3/Ti3C2TX MXene/FTO electrode was treated with ethanol (10%, v/v)
for 20 min to remove the CGA molecule. Finally, the obtained electrodes (marked as
MIP/Bi2S3/Ti3C2TX MXene/FTO) were washed several times with ultrapure water, which
obtained the specific site cavities of CGA. As a control, NIP/Bi2S3/Ti3C2TX MXene/FTO
electrodes were also prepared according to the above method without a CGA template.

2.6. Electrochemical and Photoelectrochemical Measurement

Firstly, the fabricated electrodes were incubated with various concentrations of CGA
solution at room temperature for 1 h. The PEC signal was performed in current-time
mode at a bias voltage of 0 V with a conventional three-electrode system by using the
Bi2S3/Ti3C2TX MXene/FTO electrode as the working electrode, a platinum wire electrode
as the auxiliary electrode, and an Ag/AgCl reference electrode. Then, the photocurrent
responses were recorded using an electrochemical workstation (CH Instruments, 760D,
Shanghai, China). Turn the light source on and off at a rate of 10 s under illumination of
500 W Xe lamp (Solar-500, Beijing NBeT Group Corp., Beijing China). The EC signal was
measured using the DPV method record between 0 V and 0.7 V. The test solution was PBS
solution (0.1 M, PH = 7.4). The detection sequence is to detect the PEC signal first, and then
the EC signal.

3. Results
3.1. Characterization of Bi2S3/Ti3C2TX MXene Materials

The morphologies and microstructures of as-prepared samples (multilayer Ti3C2TX,
Ti3C2TX nanosheet, Bi2S3 and Bi2S3/Ti3C2TX MXene) were observed using scanning elec-
tron microscopy (SEM, Hitachi, SU8010, Japan) and transmission electron microscope
(TEM, FEI, Talos F200X, USA). As shown in Figure 1A, we could clearly see the organ-
like structure of Ti3C2TX MXene after HF corrosion, and the thickness of each layer was
about tens of nanometers. Figure 1B displayed the Ti3C2TX nanosheets after intercalation
and ultrasonic exfoliation. The Bi2S3 exhibited the morphology of nanorods as seen in
Figure 1C, the average diameter of nanorod was approximately 50 nm and average of
length was about 450 nm. The stacking of these nanorods facilitated accurate light absorp-
tion, and these small degrees facilitated carrier transport. As observed in Figure 1D, the
Bi2S3/Ti3C2TX MXene showed a stacking shape, which was made up of Bi2S3 nanorods
stacked on nanosheet layers with the large specific surface area. The Bi2S3/Ti3C2TX MXene
composite was further proved using TEM. The TEM images (Figure 1E) showed that the
high-level Bi2S3 nanorods were coated on the low-level Ti3C2TX MXene nanosheet, which
was consistent with the SEM images. The high-resolution TEM (HRTEM) image (Figure 1F)
showed the interplanar spacing between adjacent lattice fringes were 0.221 and 0.267 nm,
respectively, corresponding to the crystal plane of the Bi2S3 (430) and the crystal plane of
Ti3C2TX MXene (0110) [34,38]. In addition, the energy dispersive X-ray spectroscopic (EDS)
mapping images (Figure 1G–I) revealed the homogeneous distributions of Bi, Ti, C, and S
elements, indicating the successful combination of Bi2S3 and Ti3C2TX.

During the preparation process, the Bi2S3 was in-situ grown on the surface of the
Ti3C2TX MXene nanosheets. The electrostatic interaction between the two components was
verified by the measured Zeta potential (Figure S1a–d in Supplementary Materials). First,
due to the negative charge of Ti3C2TX nanosheets (column ‘b’), the electrical interaction
occurred between Bi3+ (column ‘a’) and the Ti3C2TX surface. Then, the Bi2S3/Ti3C2TX
MXene (column ‘d’) were formed during the hydrothermal process, and the Zeta potential
of Bi2S3/Ti3C2TX MXene changed from −25 V to 18 V. It was proved that Bi2S3 could
spontaneously form on the surface of Bi2S3/Ti3C2TX MXene by electrostatic adsorption,
and the agglomeration and re-stacking of Ti3C2TX nanosheets were avoided.
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The crystal structure of Bi2S3/Ti3C2TX MXene were further investigated by the X-ray
diffraction (XRD, Rigaku, Miniflex, Japan) spectra. Figure 2A revealed that Ti3C2TX had
diffraction peaks at 9◦ and 61◦, which belonged to (002) and (110) planes of Ti3C2TX MXene,
respectively [39]. The XRD patterns of Bi2S3/Ti3C2TX MXene indicated that these peaks
contained the characteristic peaks of pristine Bi2S3 and Ti3C2TX MXene [40,41]. In addition,
the composites did not destroy the crystal phase of the individual material. Signals of Ti,
C, Bi and S elements were detected on Bi2S3/Ti3C2TX through the full spectrum of X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Verios G 4UC, USA), as shown
in Figure 2B. The C 1s spectrum (Figure 2C) exhibited four peaks, corresponding to the
C-C, C-O, Ti-C and O=C-O bonds, respectively [42,43]. Moreover, four peaks attributed to
Bi 4f7/2 and Bi 4f5/2 can be found in the Bi 4f spectrum (Figure 2D). The peaks at 158.4 eV
and 164.7 eV indicated the presence of Bi-O bonds, which may be due to the reaction
of Bi2S3 with the oxide-containing groups of the Ti3C2TX MXene [35,44]. In addition,
the S 2p spectrum included two peaks that could be assigned to S 2p3/2 and S 2p1/2,
respectively [35,44]. The O 1s spectrum showed three peaks (Figure 2E), which could be
attributed to O–Bi, Ti–O and O=C functional groups in Bi2S3/Ti3C2TX MXene, respectively.
As shown in Figure 2F, the Bi2S3/Ti3C2TX MXene only showed two Ti speaks (Ti-O and
Ti-C), indicating the Ti-O bond derived from the oxygen-containing functional surface
attached to MXene [35,44]. These results confirmed that there was a strong interfacial
interaction between Ti3C2TX and Bi2S3. When Ti3C2TX and Bi2S3 were in close contact, the
local electron density of Bi and S decreased, and the electron density of one Ti increased, and
the subsequent electrons transferred from Bi2S3 to Ti3C2TX.Therefore, an internal electric
field can be formed at the interface of Ti3C2TX and Bi2S3.
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(B) XPS survey spectra analysis of Bi2S3/Ti3C2TX MXene; High-resolution XPS spectra of (C) C 1s;
(D) Bi 4f; (E) O 1s and (F) Ti 2p.

3.2. PEC Properties of Bi2S3/Ti3C2TX MXene Composites

The PEC properties of different photoactive materials were investigated by recording
the photocurrent response under xenon lamp light irradiation. As shown in Figure 3A, the
photocurrent response of Ti3C2TX (curve ‘a’) was 23 nA. The Bi2S3 material (curve ‘b’) had
a small photocurrent signal (319 nA) due to the narrow bandgap. It could be clearly seen
that the photocurrent of the Bi2S3/Ti3C2TX MXene composite material (curve ‘c’) enhanced
by a large margin and had better photoelectric properties. These results indicated that the
internal electric field of Bi2S3/Ti3C2TX MXene had a positive effect on the separation and
transfer of electron hole pairs [34,45].
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To further explore the PEC properties of Bi2S3/ Ti3C2TX MXene, the open circuit
potential (OCP) and the linear sweep voltammetry (LSV) were used to investigate the dif-
ferences of material. Figure 3B showed that the OCP of Bi2S3 (curve ‘a’) and Bi2S3/Ti3C2TX
MXene (curve ‘b’) both shifted to higher potentials under irradiation, indicating that
these two materials possessed an effective hole transfer capability [46,47]. Higher OCP
(OCP = OCPlight off − OCPlight on) implied better electronic conductivity at the electrode–
electrolyte interface. Among them, the OCP potential of Bi2S3/Ti3C2TX composite was
significantly higher, which indicated that the built-in electric field formed by the combi-
nation of Bi2S3 and Ti3C2TX had strong electron-hole separation ability. Furthermore, the
LSV results (Figure 3C) revealed that the Bi2S3/Ti3C2TX MXene composites (−0.34 V vs.
Ag/AgCl) were higher than that of Bi2S3 (−0.39 V vs. Ag/AgCl). The results showed that
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Ti3C2TX MXene promoted electron migration and improved ability of electrons scaveng-
ing [48]. These results were consistent with the phenomenon of photocurrent response.

3.3. Feasibility of PEC/EC Dual-Modal Sensing Platform

In addition, Fourier transform infrared (FT-IR) spectrum was obtained from
Figure S2A,B, which verified the successful preparation of the CGA-affinity molecularly
imprinted film. As can be seen in Figure S2A, the characteristic peaks of CS (curve ‘a’) at
approximately 3474 cm−1 and 2937 cm−1 belonged to the N-H stretching vibrations and
the C-H stretching vibration. The peaks of 1664 cm−1 and 1265 cm−1 represented C=O
stretching (amide I) and C-N stretching (amide III), respectively [49]. The characteristic
peak at 1589 cm−1 was the N-H bending of primary amines. The characteristic peaks of
1157 cm−1, 1081 cm−1 and 894 cm−1 were inferred as C-O-C bridges, asymmetric stretching
C=O and typical stretching vibrations of the pyranose ring, respectively [50]. Compared
with native CS, the characteristic band near 3400 cm−1 disappeared in MIP (curve ‘c’),
which belonged to N-H stretching vibration peak of primary amine [51,52]. This indicated
that the sulfate radical of sulfuric acid reacted with the amino group of chitosan. The
absorption peak at around 2136 cm−1 in MIP was the characteristic peak of NH3+, which
further indicated the protonation process of sulfuric acid and chitosan film, forming the
structure of NH3+-SO42--NH3+ [36]. The results of FTIR spectroscopy showed that MIP
was successfully prepared by chemical polymerization.

In order to further explore the feasibility of the sensor, the photocurrent response of
different modified electrodes was compared. In Figure 4A, compared with the other modi-
fied electrodes, the Bi2S3/MXene electrode (curve ‘a’) exhibited a more robust photocurrent
response. After the MIP-CGA was modified on the surface of the Bi2S3/MXene electrode
(curve ‘b’), the photocurrent response was significantly reduced because the MIP-CGA hin-
dered the electron conduction on the electrode surface. After removing the CGA template
(curve ‘c’), the photocurrent increased to a large extent. It showed that imprinting sites
were formed in the molecularly imprinted layer after elution, which enhanced the electron
conductivity and lead to a significant increase in the photocurrent response [29]. After
incubation with the CGA (curve ‘d’), the photocurrent response decreased to varying de-
grees, indicating that the CGA molecules were recombined with the imprinting sites on the
electrode [53]. In addition, after the elution of NIP/Bi2S3/MXene and MIP/Bi2S3/MXene,
the photocurrent of the NIP/Bi2S3/MXene hardly changed, whereas MIP/Bi2S3/MXene
significantly changed (Figure 4B). This consequence could be explained that the absence of
CGA molecules in NIP/Bi2S3/MXene lead to no cavity formation with the eluent, resulting
in little change in the photocurrent, whereas MIP/Bi2S3/MXene eluted CGA, resulting in
cavities on the surface and enhancing the efficiency of electron conduction.

The DPV current response was used to compare the situation of different modified
electrodes. In Figure 4C, the Bi2S3/MXene electrode (curve ‘a’) basically had no DPV
signals. After the surface of Bi2S3/MXene electrode was modified with MIP-CGA (curve
‘b’), the DPV signal was greatly enhanced due to the electrocatalytic activity of CGA in
MIP. After removing the CGA template (curve ‘c’), the DPV signal was greatly reduced
due to the elution of the CGA with electrocatalysis active in the MIP. After incubation with
CGA (curve ‘d’), the DPV signal was significantly enhanced, which indicated that the CGA
molecule was bound to the imprinted site on the electrode, and the MIP/Bi2S3/MXene
electrode enhanced the electrocatalysis of CGA [54,55]. From Figure 4D, CGA still had the
DPV signal without Bi2S3/MXene substrate material (curve ‘a’). Surprisingly, DPV signals
in the presence of Bi2S3/MXene substrate material increased significantly compared to DPV
signals in the absence of Bi2S3/MXene substrates (curve ‘b’). It showed that Bi2S3/MXene
had a driving effect on the electrocatalysis of CGA. Therefore, all the research results
together verified the feasibility of PEC/EC dual-modal sensing platform.
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Figure 4. (A) Photocurrent response of the (a) Bi2S3/MXene, (b) MIP-CGA/Bi2S3/MXene,
(c) MIP/Bi2S3/MXene and (d) MIP/ Bi2S3/MXene in presence of 2.825 × 10−7 M CGA; (B) Pho-
tocurrent response of (a,b) NIP/Bi2S3/MXene and (c,d) MIP/Bi2S3/MXene before (b,d) and after
(a,c) CGA elution, respectively; (C) DPV response of (a) Bi2S3/MXene, (b) MIP-CGA/Bi2S3/MXene,
(c) MIP/B Bi2S3/MXene and (d) MIP/Bi2S3/MXene in presence of 2.825 × 10−7 M CGA; (D) DPV
response of (a) FTO and (b) Bi2S3/MXene/FTO in presence of 2.825 × 10−7 M CGA.

3.4. Optimization of Experimental Conditions

To improve the performance of the proposed sensor for CGA detection, some experi-
mental parameters were optimized, including Ti3C2TX MXene ratio, the concentration of
Bi2S3/MXene, the ratio of elution solution, elution time and MIP volume. The MXene ratio
increased from 3% to 10%, the photocurrent response increased significantly in Figure S3A.
However, it decreased slightly when Ti3C2TX MXene ratio exceeded 10%. Thus, 10%
Ti3C2TX MXene ratio was implemented as substrate material. Then, the concentrations
of Bi2S3/MXene were thoroughly investigated. As shown in Figure S3B, too low or too
high concentration of Bi2S3/MXene would affect the electronic conduction, indicating the
excess Bi2S3/MXene suppressed photo-generated electron-hole conversion. The optimal
concentration of Bi2S3/MXene was 5 mg mL−1 for the experiment.

The elution efficiency of MIP with different ratios of eluents was investigated in
Figure S3C. Under the same conditions, the elution efficiency with 10% ethanol was the
most obvious. As the concentration of the eluent increased, the number of the eluent cavity
also increased. However, when the concentration of the eluent was too high, the MIP layer
formed by the polymerization could be damaged by the eluent. Therefore, 10% ethanol
was selected as the eluent. Besides, elution time also affected the number of cavities formed
by the imprinted layer. As shown in Figure S3D, the elution time increased from 10 min
to 30 min, and the photocurrent response increased. After elution for 30 min, the PEC
response decreased significantly. The elution time might be too short, leading to incomplete
elution. Since the elution time was too long, the MIP layer would fall off in the eluent.
Therefore, 30 min was selected as the elution time.

Figure S3E showed the influence of MIP volume on the sensing performance. The
photocurrent changes of 20 µL MIP were the most obvious. This could be attributed
to the small volume MIP with fewer CGA molecules, resulting in little changes in the
photocurrent before and after elution. When the volume reached 20 µL, more cavities were
eluted, and the intensity of photocurrent increased. If larger than 20 µL, the size of the MIP
might be too large to impede electron conduction. In summary, the dosage of 20 µL MIP
was taken as the optimal experimental condition.
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3.5. Performance of the PEC/EC Dual-Mode Sensing of CGA

To evaluate the performance of the fabricated dual-signal sensing platform, PEC
measurement was first carried out. Figure 5A showed the remarkable photocurrent re-
duction with the concentration of CGA, because the specific molecular recognition sites of
MIP/Bi2S3/Ti3C2TX MXene/FTO could specifically adsorb CGA, which lead to the hin-
dering of the electron transfer of Bi2S3/Ti3C2TX MXene. With the increasing concentration
of CGA from 2.825 × 10−8 M to 2.825 × 10−5 M, the PEC signal showed a downward
trend, which was attributed to the recombination of CGA with the cavity impeding electron
transport. The regression equation of the calibration curve was I = 820.821 − 197.479lgCCGA
(R2 = 0.995), and detection limit (LOD) was 2.4 nM (Figure 5B). In addition, the DPV
measurement was also applied to the CGA detection. The specific molecular recognition
capability of MIP/Bi2S3/Ti3C2TX MXene/FTO for CGA made a remarkable difference
in the DPV signal, indicating that Bi2S3/Ti3C2TX MXene had preferable electrochemical
catalytic activity for redox of CGA. As shown in Figure 5C, the DPV responses showed an
upward trend with the increase of CGA concentrations, and this trend mainly depended on
the electrocatalytic activity of CGA in Bi2S3/MXene/MIP. Figure 5D showed a good linear
relationship related to logarithmic values of CGA concentrations from 1.412 × 10−7 M to
2.259 × 10−5 M. The linear equation was I = 4.536lgCCGA + 17.318 (R2 = 0.997). The LOD
of CGA concentration was calculated to be 43.1 nM. The fabricated dual-mode sensing
platform had a wider linear range and lower detection limits than previously reported
CGA concentration detection methods (Table 1).
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Figure 5. (A) Photocurrent response of different concentrations of CGA: (a) 2.825 × 10−8 mol L−1, (b)
1.412 × 10−7 mol L−1, (c) 2.825 × 10−7 mol L−1, (d) 1.412 × 10−6 mol L−1, (e) 2.825 × 10−6 mol L−1,
(f) 1.412 × 10−5 mol L−1, (g) 2.825 × 10−5 mol L−1; (B) Its corresponding calibration curve of
biosensor platform; (C) DPV response of different concentration of CGA: (a) 1.412 × 10−7 mol L−1, (b)
2.825 × 10−7 mol L−1, (c) 1.412 × 10−6 mol L−1, (d) 2.825 × 10−6 mol L−1, (e) 8.475 × 10−6 mol L−1,
(f) 1.412 × 10−5 mol L−1 and (g) 2.259 × 10−5 mol L−1; (D) The corresponding calibration curve.
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Table 1. Comparison of the different approaches for determining CGA.

Method Linear Range
(µmol L−1)

LOD
(µmol L−1) Ref.

MEKC 71–2500 2.77 [50]
FTCP 5–100 0.57 [56]

EC 0.01–13.0 0.007 [57]
Voltammetry 5.64–147 1.26 [58]

CDs 1.53–80 0.46 [59]

PEC-EC 0.0282–2824(PEC)
0.1412–22.59(EC)

0.0024
0.0431 This work

3.6. Selectivity and Stability of the PEC Sensor

To verify the selectivity of the constructed PEC/EC dual-mode sensing platform, some
similar substances were used as interference substances of CGA. The interference mixture
solution was performed in a 2.825 × 10−7 mol L−1 CGA solution by adding L-Lysine,
L-Histidine, L-Cysteine, Urea and NaCl. In addition, the selectivity of the constructed
sensor was investigated by R(%) calculation (R% = |(I0 − I1)/(I0 − I2)| × 100%). As shown
in Figure 6A, where I0 was the signal in 0.1 M PBS solution without CGA, I1 represented
the response signal of Bi2S3/MXene/MIP electrode in interfering specifics solution and
I2 is the signal in 2.825 × 10−7 M CGA. As illustrated in Figure 6A, due to the imprinting
effect of the molecularly imprinted layer, the EC and PEC responses of the dual-mode
sensor for CGA were larger than those of the interferents, indicating that the selectivity of
the designed sensor had a high performance. Furthermore, to verify the stability of the
proposed PEC sensor, the photocurrent was tested by repeated “on-off” irradiation 10 times
within 200 s [60,61], as shown in Figure 6B. Surprisingly, the sensor exhibited good stability
after 10 cycles of light irradiation and the relative standard deviations (RSD) was 6.38%.
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3.7. Real Sample Analysis

To evaluate the practical application of the dual-mode sensor platform, we simulated
the real samples (tea, juice and coffee) for CGA detection. The simulative tea samples were
prepared by adding 0.5 g tea and 50 mL ultrapure water into a beaker, then heated and
stirred at 60 ◦C for 30 min. Then, the tea, juice and coffee samples were pretreated by filtra-
tion membrane (0.22 µm). Different concentrations of CGA (0.28 µmol L−1, 1.42 µmol L−1

and 2.82 µmol L−1) were injected into the above filtered tea, juice and coffee solution,
respectively. Table 2 showed the recovery rate of simulated samples ranging from 91.33%
to 108.70%, and the RSD did not exceed 7%. The results demonstrated that the dual-signal
sensor had a good potential in simulating the detection in tea, juice and coffee samples,
and was expected to realize the detection of CGA in other foods.
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Table 2. Detection of real samples by the dual-mode sensor platform.

Matrice Sample
No.

Spiked Con.
(µmol L−1)

PEC Detected
Con. (µmol L−1)

PEC Re-
covery%

PEC
RSD%

EC Detected
Con. (µmol L−1)

EC
Recovery%

EC
RSD%

Tea
1 0.28 0.2692 96.14 0.89 0.3012 107.57 6.54
2 1.41 1.4943 105.98 4.48 1.5327 108.70 2.13
3 2.82 2.6611 94.37 3.26 2.7141 96.25 3.38

Juice
4 0.28 0.2910 103.92 1.56 0.3039 108.54 0.15
5 1.41 1.3752 97.53 2.05 1.3423 95.20 3.20
6 2.82 2.7120 96.17 2.30 2.5755 91.33 5.41

Coffee
7 0.28 0.2774 99.06 6.84 0.2696 96.29 0.89
8 1.41 1.4665 104.01 4.85 1.3550 96.10 0.64
9 2.82 2.8623 101.50 2.36 2.9565 104.84 4.62

4. Conclusions

In summary, we developed a MIP functionalized Bi2S3/Ti3C2TX MXene nanocompos-
ite to construct a PEC/EC sensing platform, and realized the dual-signal detection of CGA.
The higher photoelectric conversion efficiency of Bi2S3/Ti3C2TX MXene not only provided
a PEC signal with a high background, but also had electrocatalytic capability. With CGA as
a concept target and Bi2S3/Ti3C2TX MXene as the photoactive material, a fast and highly
sensitive PEC sensor was constructed by combining molecular imprinting technology.
The integration of EC and PEC sensors was conducive to quickly decide whether target
analytes existed. In addition, compared to single signal detection, PEC and EC signals
could be used as a mutual reference to improve reliability and accuracy, and provided more
comprehensive information. Importantly, this sensing strategy provided a new idea that
might be generalized for the construction of other dual-signal detection platforms with
electrochemical signal substances.
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