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as an active material, which is photoactive in the visible light wavelength range. The simultaneous presence of LDH and Bi/BiVO4 enhanced the material photocurrent response,
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Streptomycin

Introduction
Streptomycin (STR) is a fungicide and an antibiotic produced by streptomyces actinomycetes. Its antibacterial activity against gram-negative and -positive bacteria, especially
mycobacterium tuberculosis, makes it a very popular broadspectrum drug (Yu et al., 2020; Luan et al., 2020; Zhu et al.,
2021). However, STR excessive utilization often leads to its
presence in the environment, including crops, vegetables, animal feed, all of which cause serious oto- and nephron-toxicity
(Wei et al., 2020; Meng et al., 2020; Luo et al., 2020). The Euro-

∗

pean Commission stipulates that the maximum residue limit
(MRL) for streptomycin in milk is 200 and 1000 mg/L in pig kidney. It is also prohibited in natural products such as honey
(Shen et al., 2020). Thus, the presence of STR, especially at low
contents, needs to be detected.
Currently, methods such as high-performance liquid chromatography (HPLC) (Gremilogianni et al., 2010) and liquid
chromatography-mass spectrometry (LC-MS) (Vinas et al.,
2007) as well as methods based on fluorescence (FL)
(Taghdisi et al., 2016), electrochemical (Danesh et al., 2016)
and photoelectrochemical responses are widely used for STR
detection (Xu et al., 2020). All of these assays have acceptable sensitivity and selectivity, but some assays are timeconsuming, or require sophisticated instrumentation and
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expensive equipment. But developed photoelectrochemical
(PEC) method uses light (to excite the active sensor material)
and electric signal change (to detect the analyte), a combination of which reduces undesired background noise and increases method sensitivity (Zheng et al., 2020, 2019; Li et al.,
2020a).
Bi-based materials (Xi et al., 2020) possess unique band
structures and high photo-corrosion stability. BiVO4 especially
attracted significant research interest because of its narrow
bandgap (equal to 2.45 eV) and high photocatalytic visiblelight activity (Li et al., 2020b). However, its drawback is rapid
recombination of photogenerated electron-hole pairs, and, as
a result, poor photoactivity (Fang et al., 2019; Liu et al., 2019a).
To solve this problem, metal deposition and doping with other
semiconductors were successfully implemented (Zhang et al.,
2019). In particular, the composite photocatalysts consisting
of BiVO4 and noble metals showed much better PEC activity than unmodified BiVO4 because noble metal presence enhances the charge carriers’ separation efficiency and improves
the interfacial charge transfer (Rohloff et al., 2019).
Pure bismuth (Bi) is a semimetal and is popular among researchers as a thermoelectric material because of its narrow
bandgap, low effective mass, large mean free path, and high
carrier mobility (Yan et al., 2017). It was recently shown that
Bi could substitute noble metals when used as a cocatalyst,
especially to enhance the PEC performance (Li et al., 2018;
Yan et al., 2018; Ma et al., 2016). These Bi-containing composite
photocatalysts possessed significantly higher photocatalytic
activity than the pure materials. Such enhancing effect of Bi
presence was attributed to improved charge separation and
photoabsorption (Zhang et al., 2020).
Layered double hydroxides (LDH) containing transition
metals also attracted a lot of attention as promising photocatalysts (Mureseanu et al., 2017) because of their high redox
efficiency (Li et al., 2011) as well as low toxicity and ease of
fabrication. LDH compounds are arranged in the octahedral
direction by forming the oxo-bridged links. Besides, the unsaturated metal cations (M3+ and M2+ ) are well dispersed and
adjustable. Metal cations are coordinated octahedrally and
form brucite-like layers (Aboubakr et al., 2020). Presence of
oxo-bridge-like bonds promotes the charge transfer between
metals, which is crucial for efficient photoinduced redox reactions since it decreases charge carrier recombination rates
(Wilde et al., 2018).
This work reports the design and fabrication of a biosensing platform based on Bi/BiVO4 /LDH. The high efficiency of
this novel catalyst was attributed to the simultaneous presence of the Bi and LDH. This biosensor was used to detect STR
in a wide linear range with a low detection limit. This novel
PEC sensor demonstrated a strong potential for STR detection
in complex samples (including blood) because of high selectivity and specificity.

1.

Materials and methods

1.1.

Chemicals and reagents

Reagents used here belonged to analytic level; they were
employed directly. Sinopharm Chemical Reagent Co., Ltd
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(www.sinoreagent.com) provided sodium orthovanadate dodecahydrate (Na3 VO4 •12H2 O), bismuth nitrate pentahydrate
(Bi(NO3 )3 •5H2 O), ethanol, glucose, STR aptamer with a sequence: 5 -GGG GTC TGG TGT TCT GCT TTG TTC TGT CGG
GTC GT-3 .

1.2.

Synthesis of Bi/BiVO4 /NiFe-LDH microstructures

A simple and one step hydrothermal method was employed to
synthesize BiVO4 microstructures. In the representative process, an amount of Na3 VO4 •12H2 O was dissolved in deionized
water. Followed by slow addition of the solution mixture containing Na3 VO4 •12H2 O, a solution of Bi(NO3 )3 •5H2 O was prepared in another 20 mL of deionized water. After the homogeneous mix of both the solutions, the final mixture solution was
poured in Teflon beaker and autoclaved in a Teflon lined stainless steel reactor at 160°C, which was maintained for 10 hr.
After the hydrothermal reaction, reactor was permitted to get
to the room temperature in a natural way. The obtained precipitate could be gathered and isolated by filtrating with water
and ethanol. The filtered precipitate was dried at the temperature of 60°C in hot air oven. With BiVO4 as self-sacrificing template and glucose as the reducing agent under hydrothermal
situation, Bi/BiVO4 composites were fabricated by depositing
metallic Bi on the surfaces of BiVO4 .
In the present study, one step hydrothermal method was
employed to synthesize Bi/BiVO4 /LDH microstructures. At
first, Ni (NO3 )2 •6H2 O and Fe (NO3 )3 •9H2 O are dissolved in H2 O
with sonication for 0.5 hr. Subsequently, Bi/BiVO4 was presented in the mixture solution and continued stirring for
10 min. Finally, the mentioned solution was transferring process to a 50 mL Teflonlined autoclave and the heating process
at 150°C for 10 hr, which can therefore obtain Bi/BiVO4 /NiFeLDH.

1.3.

Characterization

On the basis of Cu Kα radiation, X-ray diffraction (XRD) was
carried out on a Bruker D8 (D8 Advance, Bruker, Germany) Advance diffractometer. X-ray photoelectron spectroscopy (XPS)
was performed on an ESCALAB 250Xi (ESCALAB 250Xi, Thermo
Fisher Scientific, USA). Diffuse reflection spectra (DRS) of the
materials were gathered on a UV–visible (UV–Vis) (UV–visNIR-3600, Shimadzu, Japan) spectrophotometer with the reference of BaSO4 . Scanning electron microscopy (SEM) (SEM,
JSM7–100F, Japanese electronics, Japan) and transmission electron microscopy (TEM) (TEM, Tecnai G2 F30, FEI, USA) was used
to characterize the morphology of the samples. A conductivity
meter was used to test the conductivity of the measurement
solutions (AZ 8362, Shandongannai, Shandong).

1.4.

Electrochemical experiments

The CHI 660E electrochemical (CHI 660E, ShanghaiChenhua,
Shanghai) workstation was adopted to perform electrochemical tests based on the three-electrode system. Pt wire and
the saturated calomel electrode (SCE) and Pt wire were utilized to be the reference and counter electrodes, respectively,
whereas indium tin oxide (ITO) glass was utilized to function
the working electrode. Additionally, the xenon lamp (PLS-SXE
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Fig. 1 – (a) X-ray diffraction (XRD) patterns of BiVO4 , Bi/BiVO4 , BiVO4 /NiFe-LDH (layered double hydroxides), and
Bi/BiVO4 /NiFe-LDH, together with the corresponding JCPDS data and high resolution XPS spectra of (b) Bi 4f, (c) V 2p, (d) Ni
2p, (e) Fe 2p and (f) O 1 s.

300, λ ≥ 420 nm, 100 mW/cm2 , Beijing Perfect light, China)
served as the source of light. Electrochemical impedance spectroscopy (EIS) was conducted in the 0.1 mol/L PBS (phosphate
buffer saline) at the frequency of 1 Hz to 1 MHz. Then, water, acetone and ethanol were adopted to wash ITO electrodes
(10 mm × 15 mm) for 5 min each. Afterwards, to form the homogeneous suspension, the present study separated catalyst
powders (3 mg) from the ethanol and chitosan mixed solution (0.5 mL). Subsequently, the ITO electrode (0.5 cm2 ) was
coated with 20 μL suspension. Then 20 μL STR aptamer suspensions were coated on Bi/BiVO4 /NiFe-LDH electrode. Thereafter, at room temperature, 20 μL STR with different concentrations were cast onto the aptamer/Bi/BiVO4 /NiFe-LDH electrode and incubated at room temperature for 40 min. Finally,
the electrodes were flushed with PBS (0.1 mol/L, pH = 7.4) and
then applied in PEC tests.

2.

Results and discussion

2.1.

Physical characterization

XRD of the as-synthesized BiVO4 confirmed its orthorhombic
structure, according to the JCPDS card No. 75–1867 (Fig. 1a)
judging by the peaks at 18.98°, 28.83°, 30.53°, and 47.31°, which
correspond to (110), (121), (040) and (042) planes. No other
XRD peaks were detected, confirming the high purity of BiVO4 .
XRD of the Bi/BiVO4 showed peaks at 27.15° and 37.94°, which
were attributed to (012) and (104) peaks of Bi phase according to the JCPDS card No. 44–1246. XRD of Bi/BiVO4 /NiFe-LDH
showed (003) and (006) peaks, typical for NiFe-LDHs, according to the JCPDS card number 40–0215. Thus, NiFe-LDH was
successfully deposited on Bi/BiVO4 . Furthermore, the typical
XRD pattern shows the XRD peaks of the mechanical mix-

ture of Bi/BiVO4 and NiFe-LDH, indicating that no new crystal phase is formed. It is believed that there is no electron exchange between components Bi/BiVO4 and NiFe-LDH to form
compounds (Mureseanu et al., 2017; Li et al., 2011).
XPS of Bi/BiVO4 /NiFe-LDH showed two Bi peaks at 164.5
and 159.3 eV, which were interpreted as Bi 4f7/2 and Bi 4f5/2
of Bi3+ (Li et al., 2020c), respectively. Weak peaks at 157.1 and
162.5 eV very likely belonged to metallic Bi (Liu et al., 2019b),
which agreed with the XRD results. High-resolution XPS spectrum of BiVO4 showed V 2p3/2 and V 2p1/2 peaks of V5+ at 516.1
and 524.5 eV, restively (Fig. 1c) (Jing et al., 2018). Presence of
Ni2+ declared itself by the Ni 2p3/2 and Ni 2p1/2 peaks at 855.6
and 873.7 eV (Fig. 1d) (Zhang et al., 2016a) with two satellite
peaks at 878.9 and 861.7 eV. High-resolution Fe 2p spectrum
showed peaks at 712.4 and 724.6 eV (Fig. 1e) belonging to Fe
2p3/2 and Fe 2p1/2 configurations of Fe3+ , which confirms that
the Fe valence in the NiFe-LDH was 3 (Wilde et al., 2018).. The
O 1 s peak was deconvoluted into peaks at 530.1, 531.0, and
531.9 eV (Fig. 1f), which were ascribed to lattice oxygen (Bi-OBi) of BiVO4 , oxygen adsorbed on BiVO4 and oxygen from the
adsorbed water or the hydroxyl group, respectively (Cao et al.,
2013). The XPS results described above indicate that the chemical states of the elements (Bi, Ni. Fe, and O) correspond to
those expected for a Bi/BiVO4 /NiFe-LDH material.
SEM analysis of Bi/BiVO4 /NiFe-LDH revealed lamellar morphology, typical for LDH materials (Fig. 2a and b). TEM confirmed that LDH nanoparticles were deposited on BiVO4
(Fig. 2c). HRTEM confirmed the presence of BiVO4 and LDH
lattice fringes (Fig. 2e). Elemental mapping of these lamellar
morphologies with dispersed nanoparticles showed data consistent with the chemical composition of Bi/BiVO4 /NiFe-LDH
composite materials.
UV-visible diffuse reflectance spectroscopy of BiVO4 NPs
(nanoparticles) showed absorption below 400 nm (Fig. 3a),
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Fig. 2 – (a, b) SEM (Scanning electron microscopy), (c) TEM (transmission electron microscopy), (d) HR-TEM (high
magnification transmission electron microscope), and (e) STEM-EDS (scanning transmission electron microscopy-energy
dispersive spectrometer) data obtained for the Bi/BiVO4 /NiFe-LDH composite material. d: interplanar crystal spacing.

Fig. 3 – (a) Ultraviolet-visible (UV–Vis) diffuse reflectance and (b) photoluminescence (PL) spectra of BiVO4 , Bi/BiVO4
BiVO4 /NiFe-LDH, and Bi/BiVO4 /NiFe-LDH.
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Fig. 4 – (a) Photocurrent responses and (b) electrochemical impedance spectroscopy (EIS) of BiVO4 , Bi/BiVO4 BiVO4 /NiFe-LDH,
and Bi/BiVO4 /NiFe-LDH, (c) photocurrent responses and (d) EIS spectra of Bi/BiVO4 /NiFe-LDH, aptamer/Bi/BiVO4 /NiFe-LDH,
and STR/aptamer/Bi/BiVO4 /NiFe-LDH obtained using 0.1 mol/L PBS (phosphate buffer saline) (with pH = 7.4) at 0.2 V bias
potential. Z : imaginary part of impedance; Z : real part of impedance; Rs : solution resistance; Rct : charge transfer
resistance; Cdl : double layer capacitance; Zw : warburg impedance.

which might be related to the bandgap. Previous studies reported a strong adoption of Bi/BiVO4 and BiVO4 /NiFe-LDH materials in the 200–800 nm region (Xu et al., 2017). Our results
showed that the absorption ability of BiVO4 increased, and its
visible light utilization improved after it was combined with
LDH and Bi (Xu et al., 2017; Yan et al., 2019). PL of BiVO4 /NiFeLDH was weaker than of Bi/BiVO4 , BiVO4 /NiFe-LDH, and BiVO4 ,
which is indicative of its reduced charge carrier recombination rate (Li et al., 2020c; Fan et al., 2017). These results made
us believe that Bi/BiVO4 /NiFe-LDH heterostructures prepared
in this work should demonstrate favorable PEC performance.

2.2.

PEC sensor

Transient photocurrent response, to some extent, depends on
material PEC properties. To determine this, we exposed our
samples to intermittent light radiation at 20 sec intervals under the 0.2 V bias condition containing 0.1 mol/L ascorbic
acid (AA) (Fig. 4a). The photocurrent intensity of BiVO4 increased quickly after it was exposed to light. It remained stable with prolonged light exposure. In the dark, photocurrent

density rapidly decreased because of carrier recombination.
The photocurrent of Bi/BiVO4 /NiFe-LDH, BiVO4 /NiFe-LDH, and
Bi/BiVO4 was lower than of BiVO4 . Out of the materials tested
in this work, Bi/BiVO4 /NiFe-LDH displayed the maximum photocurrent density, the mechanism of which can be described
as follows (Scheme 1).
During the exposure to light, the electrons transfer very likely occurred in the following order: NiFeLDH → Bi → BiVO4 → ITO. Simultaneously, NiFe-LDH,
serving as a hole collector, used photogenerated holes accumulated in the BiVO4 valence band to oxidize AA to AA+ . The
usage of holes in this manner enhanced charge separation
and electronic transfer, both of which resulted in increased
photocurrent (Li et al., 2020a, 2020c).
Electrochemical impedance spectroscopy (EIS) is often
used to understand the electrode kinetics as well as material
surface charge transfer. EIS can also be used to characterize
the electron transfer rate of the PEC materials (Zhang et al.,
2016b): the smaller the semicircle radius, the better the electron transfer rate is (Daneshgar et al., 2009). Curvature radius
recorded for the Bi/BiVO4 /NiFe-LDH (Fig. 4b) was significantly
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Scheme 1 – Diagram showing the mechanism of the photoelectrochemical detection by the electrode containing
Bi/BiVO4 /NiFe-LDH composite as an active material. ITO: indium tin oxides; AA: ascorbic acid; h+ : hole; e− : electron; hv:
photon energy.

Fig. 5 – Photocurrent responses of (a) aptamer/Bi/BiVO4 /NiFe-LDH active material as a function of the STR content increase
and (c) aptamer/Bi/BiVO4 /NiFe-LDH-containing electrode toward 10.0 nmol/L STR; (b) STR concentration/PEC response
calibration curve; (d) Electrode response towards 10.0 nmol/L STR under the presence of other interfering chemicals,
including tetracycline (TET), chloramphenicol (CAP), ampicillin (AMP), oxytetracycline (OTC), enroflfloxacin (ENR),
sulfadimethoxine (SDM), kanamycin (KAN), neomycin (NEO); Measurements were performed at 0.2 V (vs. SCE, saturated
calomel electrode) under the visible light.
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Table 1 – Comparison of the PEC-based technique of STR detection with other methods.
Materials

Linear range (nmol/L)

Limit of detection (nmol/L)

References

Fluorescence (FL)
Liquid chromatograph-mass
spectrometer (LC-MS)
High purity liquid chromatography (HPLC)
Cyclic voltammetry (CV)
Photoelectrochemical (PEC)
PEC
PEC

60–1000
67–670

54.5
21

Taghdisi et al. (2016)
Gremilogianni et al. (2010)

6.7–133.3
30–1500
0.1–100
0.01–10,000
0.01–10 10–500

5
11.4
0.0481
0.0033
0.0042

Vinas et al. (2007)
Danesh et al. (2016)
Okoth et al. (2017)
Xu et al. (2020)
This work

Table 2 – PEC-based detection of STR in human blood serum.

No

Cadded
(nmol/L)

Cfound
(nmol/L)

RSD
(%)

Recovery
(%)

HPLC-MS
Cfound (nmol/L)

Recovery (%)

1
2
3
4
5

0.5
1
10
100
500

0.47
0.91
10.39
101.93
499.31

2.15
1.84
2.53
3.31
2.67

94.00
91.00
103.90
101.93
99.86

0.48
0.97
10.12
99.92
500.11

96.00
97.00
101.20
99.92
100.02

Cadded : the concentration of added; Cfound : the concentration of found; RSD: relative standard deviation.

lower than the radii obtained for BiVO4 /NiFe-LDH, Bi/BiVO4
and BiVO4 . We believe that such excellent electron transfer
was because of the NiFe-LDH presence, which lowered the
charge transfer resistance and provided many active sites capable of inhibiting charge carrier recombination.
The device containing Bi/BiVO4 /NiFe-LDH heterostructures
as an active material demonstrated photocurrent equal to 4.01
μA/cm2 (Fig. 4c). After the STR aptamer was immobilized on
the Bi/BiVO4 /NiFe-LDH, the photocurrent intensity decreased
to 3.52 μA/cm2 (Fig. 4c) because of a covalent bond formation between the chitosan and the aptamer and, as a result,
spatial separation of the electron acceptor and the electrode
(Danesh et al., 2016). When the aptamer was incubated with
10 nmol/L of STR, the photocurrent signal decreased even
further (Fig. 4c). Thus, after the aptamer bonded with SPT,
an aptamer-STP bioaffinity complex layer formed (Scheme 1),
which blocked the electron transfer. In order to clearly explain
the reason, the designed aptamer sensor preparation process
is shown in the schematic diagram. In the absence of the target SRT, because the Bi/BiVO4 /NiFe-LDH composite can largely
absorb the energy of the light source, greatly improve the electron transfer rate, and effectively inhibit the recombination
of electron-hole pairs, the sensing electrode has a significant
photocurrent response. In the presence of the target SRT, the
aptamer binds with the SRT, which blocked the electron transfer for the sensing electrode, resulting in a significant decrease
in the photocurrent intensity.
EIS of the modified electrodes showed that the interfacial electron transfer resistance (Ret) of the Bi/BiVO4 /NiFeLDH electrode (Fig. 4d) was low. Ret increased when the
aptamer was attached to the Bi/BiVO4 /NiFe-LDH electrode
(Fig. 4d), which confirmed a successful aptamer attachment
(Xu et al., 2020) and hindering of the electron exchange between the redox probes and the electrodes. Under the pres-

ence of 10 nmol/L STR, Ret increased even more because the
formation of a bioaffinity complex layer prevented the electron transfer (Fig. 4d).
The PEC potential of the prepared aptamer/Bi/BiVO4 /NiFeLDH electrode was analyzed during STR detection using
0.1 mol/L PBS and STR concertation in the 0.01–500 nmol/L
range. As the STR content was increased, the photocurrent
increased because of proportionally increased photoelectric
conversion. Fig. 5b shows I = Io –I (where I and Io are photocurrent intensities with and without STR, respectively) plotted as a function of the STR content. Fig. 5b displays logarithmic STR content plotted as a I function. This linear correlation can be described by the following equation
I = 0.2904C + 0.0392 (where C is an STR concentration in
the 0.01–10 nmol/L range. The correlation coefficient (R2 ) of
this equation with the experimental data was equal to 0.9988.
The PEC sensor containing aptamer/Bi/BiVO4 /NiFe-LDH as an
active material also showed a linear relationship described as
I = 0.0021C + 2.1013 for the 10–500 nmol/L STR content range.
The limit of detection was estimated to be 0.0042 nmol/L (with
R2 = 0.9958).
The sensor prepared in this work exhibited a similar or
even lower limit of STR detection than the values obtained using other analytical approaches (Table 1). Our PEC-based sensor is not only very sensitive but also provides rapid analysis,
is cost-effective and straightforward.
We also assessed the reproducibility of our electrodes during the detection of 10 nmol/L STR. We used five identical sensors to detect STR five consequent times (Fig. S3). PEC sensors
designed and fabricated in this work showed excellent reproducibility. We also tested PEC sensor stability, which is vital
for practical applications. Photocurrent responses were measured by applying 20 sec off/on cycles (Fig. 5c). The total duration of the stability experiment was 500 sec. Photocurrent
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density was very reproducible, which confirms the excellent
stability of our sensor under its exposure to the visible light.
PEC sensor selectivity towards STR was also tested under
the presence of biological and/or chemical chemicals (Fig. 5d).
Our PEC-based sensor did not show a distinct PEC response
to the interfering chemicals even when their concentrations
were 100 times above STR content. Thus, our PEC sensor possessed excellent anti-interference ability during STR detection.
We tested our aptamer/Bi/BiVO4 /NiFe-LDH-based sensor
for STR present in human blood serum to demonstrate its
practicability. These results were compared with the data obtained for the same samples but using a more advanced analytical method, i.e. HPLC-MS. Water was obtained from ZiJing
hospital (Wuhan city, Hubei province). The results showed a
94.0%−103.9% recovery rate and a relative standard deviation
below 3.31% (Table 2). This data further confirmed the practical application of aptamer/Bi/BiVO4 /NiFe-LDH-based sensors
for STR detection in real-life samples.

3.

Conclusions

A visible-light-induced PEC sensor was prepared using
Bi/BiVO4 /NiFe-LDH heterostructures as the active material.
Bi/BiVO4 /NiFe-LDH heterostructures demonstrated higher
charge separation efficiency and PEC activity than BiVO4 .
When STR was present in the system, it captured holes on the
PEC sensor surface, which led to the photocurrent increase.
Our PEC sensor based on Bi/BiVO4 /NiFe-LDH displayed excellent performance towards STR detection with a very low LOD,
excellent sensitivity, reusability, and durability. We strongly
believe that this sensor has a strong potential to be used in
practical analytical applications.
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