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ABSTRACT: Kanamycin (Kana) is widely used as a veterinary
medicine and its abuse causes a serious threat to human health,
raising the urgent demand for detection of residual Kana in animal-
derived food with high specificity and sensitivity. Here, we
developed a photoelectrochemical (PEC) biosensor for rapid
quantification of Kana, with lead sulfide quantum dots/titanium
dioxide nanoparticles (PbS QDs/TiO2 NPs) as a photosensitive
composite, a Kana-specific DNA aptamer as a functional sensor, and ruthenium(III) hexaammine (Ru(NH3)6

3+) as a signal booster.
To prepare the PEC aptasensor, TiO2 NPs, PbS QDs, and polyethyleneimine (PEI) were respectively used to modify the indium tin
oxide electrode, and then the amine-terminated aptamer probe was connected to the PEI via glutaraldehyde. Finally, Ru(NH3)6

3+

was attached on the surface of the aptamer to increase the photocurrent intensity. When Kana binds competitively with Ru(NH3)6
3+

to the aptamer immobilized on the surface of the aptasensor, Ru(NH3)6
3+ will be released from the aptamer, resulting in a decrease

of the photocurrent signal. This PEC aptasensor exhibits a good linear relationship between the photocurrent shift and the logarithm
of Kana concentration within the range of 1.0−300.0 nmol L−1, and the detection limit is 0.161 nmol L−1. Importantly, the PEC
aptasensor presented good detection selectivity owing to specific interaction with Kana and was successfully implemented to quantify
Kana in honey and milk, suggesting that the PEC aptasensor has the potential of rapid detection of residual Kana in animal-derived
foods.

■ INTRODUCTION

Kanamycin (Kana), an aminoglycoside antibiotic, is broadly
used as a veterinary medicine to prevent or treat infectious
diseases. However, persistent abuse of Kana may result in
residues in animal-derived foods (such as honey and milk),1

which could be ultimately accumulated in the human body via
the food chain, causing adverse side effects (such as
neurotoxicity and nephrotoxicity) and antimicrobial resist-
ance.2 Therefore, the limitation of Kana residues in animal-
derived products has been gradually standardized and
globalized for food safety and human health. The EU and
China have set the maximum residue limit of Kana in food at
150 and 200 μg/kg.3

Up to the present, a series of analytical techniques have been
proposed to detect Kana, for example, high-performance liquid
chromatography,4 capillary electrophoresis,5 spectrophotome-
try,6,7 enzyme-linked immunosorbent assay.8 Although these
methods can effectively detect residual Kana, they are limited
by cumbersome operations, time-consuming, expensive equip-
ment, low sensitivity or specificity. Therefore, there is a
pressing demand to expand a cost-effective, sensitive and fast
method for detecting Kana in animal-derived food to ensure
public health.
In recent years, photoelectrochemical (PEC) biosensors

have been developed rapidly due to the excellent analytical
characteristics including high detection sensitivity and low

background noise.9−11 At present, PEC biological analysis
mainly includes DNA analysis,12 immunoassay,13 enzymatic
sensing,14 and cell-related detection.15 Among them, DNA
analysis has been the most extensively studied. The detection
performance of the PEC biosensor is closely related to its
surface-modified photosensitive material. Common photo-
sensitive materials include inorganic semiconductor materials
and organic semiconductor materials such as TiO2, CdS
quantum dots (QDs), and g-C3N4.

16−18

TiO2 has good biocompatibility, high chemical stability, low
toxicity, and is widely used in the development of PEC
biosensors.19 However, TiO2 has a large band gap (Eg = 3.2
eV) and can be effectively excited by ultraviolet light, which
limits its conversion efficiency and sensitivity of PEC
biosensors.20 To address this issue, one of the most feasible
ways is to combine TiO2 with semiconductors with a high
conduction band energy level and a narrow band gap. Lead
sulfide QDs (PbS QDs) are a good selection because of their
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large exciton Bohr radius (18 nm) and their narrow band gap
(Eg ≈ 0.41 eV), which leads to extensive quantum size effects.
Owing to multiple exciton generation and efficient spatial
separation of the photo-generated charge that hinders the
recombination of electron−hole (e−−h+), PbS QDs can
further enhance the photoelectric activity of TiO2.

21 Therefore,
combining the large band gap of TiO2 with the small band gap
of PbS QDs can improve the photoelectric conversion
efficiency and sensitivity of PEC biosensors.22

Aptamers are artificial single-stranded oligonucleotides that
can be synthesized easily and inexpensively by chemical
methods. In a typical configuration of aptamer-based
aptasensors, the aptamer is fixed on the sensor surface for
specific recognition and binding to the target substance, which
could be recorded by the sensor as signal changes.23,24 Due to
the excellent sensitivity, selectivity, and stability, aptasensors
have been widely employed to detect contaminants and
pollutants in different fields such as antibiotics,25,26 metal
ions,27 and hormones.28−30

In this study, we proposed a PEC biosensor for rapid
quantification of Kana. A high-temperature calcination method
is used to modify titanium dioxide nanoparticles (TiO2 NPs)
on the surface of the indium tin oxide (ITO) electrode, and
PbS QDs are modified on the electrode surface through
successive ionic layer adsorption and reaction (SILAR) cycles
to obtain the PbS QDs/TiO2 NPs/ITO electrode. A novel
PEC aptasensor was produced via immobilization of the
amine-terminated Kana aptamer to the surface of polyethyle-
neimine (PEI)/PbS QDs/TiO2 NPs/ITO. As shown in
Scheme 1, the principle of the developed PEC aptasensor is
based on the competitive binding of Kana and Ru(NH3)6

3+ to
the immobilized Kana-specific aptamer being converted to a
change of the photocurrent signal. Finally, the PEC aptasensor
exhibited desirable performance during quantification of Kana
in honey and milk.

■ EXPERIMENTAL SECTION
Material and Reagents. Sodium sulfide (Na2S), lead nitrate

(Pb(NO3)2), methanol (CH4O), potassium chloride (KCl), sodium
hydroxide (NaOH), sodium chloride (NaCl), glutaraldehyde (GA
25% aqueous solution), and n-hexane (C6H14) were acquired from
Sinopharm Chemical Reagent Co. Ltd., China; hexaammine
ruthenium(III) chloride (Ru(NH3)6Cl3) was obtained from Alfa
Aesar Chemical Co. Ltd., China; acetonitrile (C2H3N) was supplied
by Guangdong Guanghua Sci-Tech Co., Ltd., China; isopropanol PEI,

ascorbic acid (AA), chloramphenicol (Cap), neomycin (Nom),
gentamycin (Genta), and tetracycline (TC) were purchased from
Aladdin Reagent Co. Ltd., China; titanium dioxide (TiO2), Tris
hydrochloride (Tris-HCl), and bovine serum albumin (BSA) were
supplied by Adamas Reagent Co. Ltd., China; an electrolyte
containing phosphate buffer saline (PBS, pH 7.4, 0.1 mol L−1

NaH2PO4, Na2HPO4, KCl) and 0.1 mmol L−1 AA was prepared;
ITO electrodes (resistivity 6−8 Ω) were obtained from Huanan
Xiangcheng Technology, Ltd., China; Kana and Kana-specific DNA
aptamers with the sequences 5′-NH2-(CH2)6-TGG-GGG-TTG-
AGG-CTA-AGC-CGA-3′16 were acquired from Sangon Biotechnol-
ogy Co. Ltd., Shanghai, China. The water used in this experiment is
all ultra-pure water.

Instruments. The surface morphology of the prepared materials
was characterized via a scanning electron microscope (JSM-6360,
JEOL, Belgium). The X-ray diffraction (XRD) pattern was acquired
on an Empyrean diffractometer with a graphite monochromated Cu
Kα radiation source (PANalytical B.V., The Netherlands). The X-ray
photoelectron spectrometer was obtained by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, USA). The PEC detection was
implemented at a CHI850D electrochemical workstation (CH
Instruments, Shanghai, China).

Preparation of the PbS QDs/TiO2 NPs/ITO Photosensitive
Composite. The ITO electrode was dipped in a 1.0 mol L−1 NaOH
solution and boiled for 10 min. After taking it out, it was ultrasonically
cleaned with ultra-pure water and ethanol for 10 min and dried at 120
°C for 120 min. The 4.0 mg mL−1 TiO2 NPs suspension dispersed by
ultrasound was added drop-wise on the ITO electrode (0.5 × 0.5
cm2), and after natural drying, it was put in a 450 °C muffle furnace
and calcined for 60 min to obtain TiO2 NPs/ITO.

The PbS QDs/TiO2 NPs/ITO electrode was obtained via the
SILAR method.31 First, the TiO2 NPs/ITO electrode was placed in
the methanol solution containing 0.1 mol L−1 Pb(NO3)2 for 1 min,
taken out, and rinsed with ultra-pure water to remove excessive
Pb(NO3)2 precursor. Then, the electrode was placed in the methanol
solution containing 0.1 mol L−1 Na2S for 1 min, taken out, and rinsed
with ultra-pure water to discard the excessive Na2S precursor. The
above process was termed as one SILAR cycle. After five SILAR
cycles, the prepared PbS QDs/TiO2 NPs/ITO electrode was air-dried
for immediate use or storage at 4 °C in the refrigerator.

Construction of the PEC Aptasensor. The amine-terminated
Kana aptamer was immobilized on the PbS QDs/TiO2 NPs/ITO
electrode by cross-linker GA. First, 3.0 μL of PEI aqueous solution
(1%) was dispensed onto the surface of the PbS QDs/TiO2 NPs/
ITO. Then, 6.0 μL of GA solution (2.5%) was coated on the PEI/PbS
QDs/TiO2 NPs/ITO for 30 min and rinsed with 0.1 mol L−1 PBS
(pH 7.4), The prepared electrode was immersed in amine-terminated
Kana aptamer (2.5 μmol L−1) working solution (0.1 mol L−1 PBS) for
4 h at 4 °C in the refrigerator to immobilize the Kana aptamer on the
surface of the PEI/PbS QDs/TiO2 NPs/ITO electrode. Next, un-

Scheme 1. Mechanism Diagram of a PEC Aptasensor Based on PbS QDs/TiO2 NPs for the Detection of Kana; (a) In
Electrolyte without Kana, the PEC Aptasensor Produces a Photocurrent Signal; (b) In Electrolyte with Kana, the Photocurrent
Signal Decreases as Compared to (a), Leading to a Kana Concentration-Dependent Photocurrent Shift
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immobilized Kana aptamers were removed from the electrode by
rinsing with ultra-pure water. After that, 20.0 μL of BSA solution (2%)
was dropped onto the fabricated aptasensor for 1 h to block the
remaining binding sites. The Kana aptamer/PEI/PbS QDs/TiO2
NPs/ITO electrode was then rinsed thoroughly with ultra-pure
water. Finally, the Kana aptamer/PEI/PbS QDs/TiO2 NPs/ITO
electrode was immersed in 0.2 mmol L−1 Ru(NH3)6

3+ for 60 min to
interact with the purine of aptamer.32

PEC Determination. PEC detection was performed in electrolyte
containing PBS and 0.1 mmol L−1 AA. The prepared electrode of the

PEC aptasensor was immersed into the Tris-HCl buffer (20.0 mmol
L−1 Tris-HCl, 5.0 mmol L−1 KCl, 50.0 mmol L−1 NaCl, pH 7.4)
containing different concentrations of Kana and incubated for 80 min
at 4 °C in a refrigerator. Next, the prepared electrode was washed with
PBS solution to rinse away excessive Kana and made ready for PEC
detection under 470 nm excitation wavelength.

Preparation of Real Samples. To quantify Kana in the honey
sample, 2.0 g of the honey was added to a 10.0 mL container and
mixed with 3.0 mL of acetonitrile solution by vortexing to precipitate
excessive proteins. The supernatant was filtered by a 0.22 μm porous

Figure 1. SEM images of (A) pure TiO2 NPs and (B) PbS QDs/TiO2 NP composite. Scalebar: (A,B) 200 nm.

Figure 2. (A) Full-scan XPS spectra of the PbS QDs/TiO2 NPs/ITO electrode and high-resolution XPS spectra of (B) Ti 2p; (C) O 1s; (D) Pb 4f;
and (E) S 2p.
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membrane and made ready for detection. The whole procedure took
about 30 min. To quantify Kana in the milk sample, 1.0 mL of milk
was added to a 10.0 mL container and mixed with 2.5 mL of
acetonitrile solution by vortexing to precipitate excessive proteins.
The supernatant was transferred to a 10.0 mL container and mixed
with 2.0 mL of n-hexane solution by vortexing. The organic phase was
discarded to remove the grease and it was repeated three times.
Finally, the aqueous phase was transferred into a 15.0 mL small
beaker, heated, and evaporated to solid state, which was dissolved in
ultra-pure water to a constant volume of 10.0 mL for PEC detection.33

The whole procedure took about 60 min.

■ RESULTS AND DISCUSSION
Characterization of the PbS QDs/TiO2 NPs. The

morphology of the PbS QDs/TiO2 NPs photosensitive
composite was investigated via a scanning electron microscope.
The TiO2 NPs (Figure 1A) exhibited typical spherical NP
morphology and were evenly distributed on the ITO electrode
surface. In Figure 1B, the SEM of PbS QDs/TiO2 NPs/ITO
showed that the surface of TiO2 NPs/ITO electrode was
covered by PbS QDs, which is smaller in particle size. Thus,
the successful preparation of the electrode was proved by SEM
results.
To further verify the elemental compositions of the PbS

QDs/TiO2 NPs composite, XPS spectra were obtained. The
survey scans (Figure 2A) confirmed the existence of Ti, O, Pb,
and S elements in the prepared photosensitive composite. In
addition, the peak positions of Ti and O elements did not shift
significantly after the modification of PbS QDs. In more detail,
Figure 2B shows the Ti 2p spectrum; the Ti 2p1/2 peak
corresponds to 463.69 eV and the Ti 2p3/2 peak corresponds to
457.99 eV, indicating that the electrode material Ti element is
in the fully oxidized state of Ti4+ (O−Ti−O).34,35 The
characteristic peaks at 529.47 and 531.12 eV were observed in
the spectrum of O 1s (Figure 2C), which were attributed to
the Ti−O bond and the hydroxyl groups on the surface or the
O in the surface adsorbed water molecules.36 As shown in
Figure 2D, the binding energies of 141.64 and 138.36 eV in the
high-resolution spectrum of Pb 4f corresponded to the Pb 4f5/2
and Pb 4f7/2 peaks of Pb

2+ in PbS QDs and to the Pb−S and
Pb−O bonds, respectively.37 In Figure 2E, both peaks at
161.18 and 159.84 eV were attributed to the Pb−S bond38,39

but specifically corresponded to S 2p1/2 and S 2p3/2,
respectively. In general, the chemical state and elemental
composition evaluated from the above spectra also validated
that the PbS QDs/TiO2 NPs photosensitive composite was
synthesized as expected.
The crystalline structure of the photosensitive composite

was analyzed by powder XRD. As shown in Figure 3a,b, for the
pure TiO2 NPs (curve a), all diffraction peaks could be
attributed to the anatase TiO2 NP phase, corresponding to the
(101), (004), (105), and (211) crystallographic planes of
anatase TiO2 NPs, respectively (JCPDS no. 21-1272).40 For
the photosensitive composite (curve b), the signal peaks of the
PbS (200), (220), (311), and (222) crystal planes were
observed, which further proved that PbS QDs have been
successfully modified to the surface of the TiO2 NPs/ITO
electrode (JPCDS no. 65-0692).41

PEC Behavior of the PEC Aptasensor. The rationale of
Kana quantification by our PEC aptasensor is as follows:
binding of Ru(NH3)6

3+ to an aptamer immobilized on the
surface of the aptasensor will produce a photocurrent signal;
when Kana binds competitively with Ru(NH3)6

3+ to the
aptamer, Ru(NH3)6

3+ will be released from the aptamer,

resulting in a decrease of photocurrent signal in a dose-
dependent manner. To confirm this, we tested different
assembled electrodes for their photocurrent intensity in an
electrolyte (Figure 4a−f). Among them, the bare ITO

electrode was unable to produce any photocurrent signal
(curve a). The photocurrent was slightly enhanced using the
electrode modified with TiO2 NPs (curve b) and was further
enhanced using the PbS QDs/TiO2 NPs/ITO electrode (curve
c). This could be explained by the conduction band level of
PbS QDs being higher than that of TiO2 NPs after PbS QDs
are excited, e− are transferred to TiO2 NPs, which effectively
reduces the probability of e−−h+ recombination. After addition
of the Kana-specific DNA aptamer, the photocurrent decreased
obviously (curve d), which was due to the steric hindrance
effect of aptamer macromolecules on the ITO electrode
surface. With the final modification, Ru(NH3)6

3+ adsorbed to
aptamer, the photoelectron transfer pathway increased, and the
e−−h+ separation was accelerated, which greatly increased the
photocurrent intensity (curve e and Scheme 1a). After the
aptasensor reacted with Kana, the photocurrent intensity
decreased significantly as compared to without Kana, leading
to a photocurrent shift, which was attributed to the

Figure 3. XRD patterns of (a) pure TiO2 NPs and (b) PbS QDs/
TiO2 NPs composite.

Figure 4. Photocurrent intensity: (a) pure ITO; (b) TiO2 NPs/ITO;
(c) PbS QDs/TiO2 NPs/ITO; (d) Kana aptamer/PbS QDs/TiO2
NPs/ITO; (e) Ru(NH3)6

3+/Kana aptamer/PbS QDs/TiO2 NPs/
ITO; (f) specific binding between 200.0 nmol L−1 Kana and the
aptamer. The PEC tests were performed in an electrolyte with a 470
nm excitation light and a 0.0 V applied voltage.
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detachment of Ru(NH3)6
3+ from the aptamer by Kana-

mediated competition (curve f and Scheme 1b).
Optimization of PEC Aptasensor and Detection

Conditions. During preparation of the PbS QDs/TiO2
NPs/ITO electrode, PbS QDs were modified on the TiO2
NPs/ITO electrode through SILAR cycles. However, in order
to get the optimal performance PEC aptasensor, the number of
SILAR cycles was optimized. Figure 5A shows the change
curve of the photocurrent signal with the number of SILAR
cycles. We found that the photocurrent signal increases with
increasing number of SILAR cycles; but when the number is
greater than 5, the photocurrent signal begins to decrease. This
may be due to the excessive amount of PbS QDs modified on
the ITO electrode, resulting in the increase of the electron
transport path and e−−h+ recombination potential, and
ultimately the decrease of the photocurrent signal.
The detection conditions including the electric potential, the

concentration of the Kana aptamer, and the reaction time of
Kana were also optimized. Figure 5B shows that as the electric
potential increases, the photocurrent of the PbS QDs/TiO2
NPs/ITO electrode increases, but when the potential exceeds
0.0 V, the photocurrent decreases with the increase of
potential. This may be caused by the electrochemical oxidation
of AA that occurs when the potential is over 0.0 V, leading to a

weakened ability of AA to capture holes and increased
possibility of electron−hole recombination.42 Therefore, 0.0
V is selected as the detection potential. As shown in Figure 5C,
with increasing concentrations of the Kana aptamer, the signal
of the photocurrent gradually decreases and reaches the lowest
value at 2.0 μmol L−1. When the aptamer concentration
increases from 2.0 to 3.0 μmol L−1, the photocurrent intensity
remains almost unchanged, which is mainly due to the
saturation of the aptamer attached to the ITO electrode.
Nevertheless, 2.0 μmol L−1 is the inflection point of the curve,
so 2.5 μmol L−1 was determined as the optimal concentration
of the Kana aptamer. As shown in Figure 5D, before 80 min,
the photocurrent of the PEC sensor decreased rapidly with the
extension of the Kana reaction time and slightly increased
when the time exceeded 80 min. The reason may be that
Ru(NH3)6

3+ is attached to the surface of the aptamer again
after 80 min. Therefore, 80 min was determined as the reaction
time of Kana or Kana-containing samples.

Analytical Performance of the PEC Aptasensor. Next,
we investigated the relationship between PEC shift and Kana
concentration under already optimized conditions. Figure 6A
shows that the photocurrent intensity of the PEC aptasensor
decreases as the Kana concentration increases. Figure 6B
shows a good linear relationship between photocurrent shift

Figure 5. Optimization of the PEC aptasensor by (A) SILAR cycle times; (B) electric potential; (C) concentration of the Kana aptamer and (D)
reaction time with Kana (30.0 nmol L−1). Data are means ± SD (n = 3).

Figure 6. (A) Photocurrent shift at different contents of Kana: 1.0, 5.0, 10.0, 30.0, 100.0, 200.0, and 300.0 nmol L−1; (B) linear calibration curve of
photocurrent shift (Y-axis) to log cKana (X-axis).

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.0c03593
Langmuir 2021, 37, 3612−3619

3616

https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03593?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03593?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03593?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03593?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03593?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03593?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03593?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03593?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.0c03593?rel=cite-as&ref=PDF&jav=VoR


(change in the value of the PEC photocurrent) and log cKana
when the Kana concentration ranges from 1.0 to 300.0 nmol
L−1, the linear equation is ΔI (μA) = 7.05 log cKana + 65.3 (R2

= 0.9953) (ΔI = I0 − I, where I0 and I are the photocurrent
intensity without and with Kana, respectively), and the limit of
detection (LOD) is 0.161 nmol L−1. The performance of the
constructed PEC biosensor was contrasted with many other
analytical methods for Kana quantification that have been
reported previously (Table 1). Compared to these analysis

methods, the PEC aptasensor possessed a wider linear range
and lower LOD, indicating its potential application in Kana
detection, especially in the scenarios where a broad detection
range and high sensitivity are expected.
Specificity, Stability, and Reproducibility of the PEC

Aptasensor. To explore the specificity of the aptasensor, a
few representative antibiotics were selected for the interference
test. During this process, the photocurrent shifts (ΔI) against
individual or mixed antibiotics, including 30.0 nmol L−1 Kana,
300.0 nmol L−1 Nom, Genta, TC, and Cap, were recorded. We
recruited Nom and Genta, other aminoglycoside antibiotics,
into this test to check the possible cross reaction. As shown in
Figure 7, a strong photocurrent shift was observed against
Kana but not other individual antibiotics including Neo and
Genta. Mixing all above antibiotics resulted in a photocurrent
shift similar to Kana only, indicating the decent anti-
interference ability of the PEC sensor under the coexistence
of interfering substances. Thus, these results showed that the
established PEC aptasensor has high specificity.

We also tested the PEC aptasensor for stability. As shown in
Figure 8A, the photocurrent signal curve of the PEC

aptasensor was obtained under repeated 10 on/off illumination
cycles for the approximately continuous 200 s in the presence
of 0.0 and 30.0 nmol L−1 Kana. It was observed that the
photocurrent signal changed very little with the extension of
time, indicating that the initial value of the photocurrent signal
was very stable. Figure 8B shows that the photocurrent of the
aptasensor was also very stable in the presence of Kana. In
addition, the reproducibility of the aptasensor was examined by
a relative standard deviation (RSD) through recording the
photocurrent intensity of five independent electrodes to 30.0
nmol L−1 Kana under the same experimental conditions. The
results showed that the RSD is 3.17%, revealing that the PEC
aptasensor has good reproducibility. In addition, the measured
photocurrent signal of the PbS QDs/TiO2 NPs/ITO electrode
only dropped by 1.74% after storage at 4 °C for 3 weeks,
indicating that the photosensitive material has good stability.

Practical Application in Animal-Derived Food. The
broad detection range, high sensitivity, and specificity of the
PEC aptasensor encouraged us to employ it to practically
detect Kana in animal-derived food, which is one of the major
fields of Kana detection. Thus, different doses of Kana (0.0,
3.0, 5.0, and 30.0 nmol L−1) were added into honey and milk
followed by sample preparation for PEC detection. The
photocurrent shift was recorded and calculated to Kana
concentration (repeated three times). Results (Table 2)
showed that Kana concentration quantified by the PEC
aptasensor was approximately the same as that actually
added, the recovery rate was calculated as 95.4−102.2%,
suggesting that the PEC aptasensor has the promising potential
for Kana detection in animal-derived food.

■ CONCLUSIONS
In summary, we proposed a novel aptasensor for ultrasensitive
determination of Kana based on a Ru(NH3)6

3+/Kana aptamer/
PbS QDs/TiO2 NPs/ITO electrode. PbS QDs/TiO2 NPs/
ITO electrodes were successfully prepared through a SILAR
method. PbS QDs/TiO2 NPs as a photosensitive composite
can sufficiently utilize the light energy and efficaciously
promote charge separation, accordingly enhancing the photo-
current conversion efficiency. The amine-terminated Kana
aptamer was effectively anchored on the PEI/PbS QDs/TiO2
NPs/ITO electrode surface via GA. Ru(NH3)6

3+ was attached
to the electrode of the aptamer probe to increase the
photocurrent intensity of the PEC aptasensor. When Kana
binds competitively with Ru(NH3)6

3+ to the aptamer, Ru-
(NH3)6

3+ will be released from the aptamer, resulting in a
decrease of the photocurrent signal. Under optimized
detection conditions, the PEC aptasensor exhibited a linear

Table 1. Comparison of Other Kana Quantification
Methods

analytical methods
linear range
(nmol L−1)

LOD
(nmol L−1) reference

high-performance liquid
chromatography

10.0−150.0 25.0 43

electrochemical
immunosensor

34.0−24,000.0 10.8 44

fluorescence 1.0−80.0 0.29 45
colorimetric sensing method 3.35−53.75 3.35 46
electrochemistry 10.0−500.0 1.87 47
PEC aptasensor 1.0−300.0 0.161 this

study

Figure 7. Specificity of the PEC aptasensor. ΔI refers to photocurrent
shift (I0 − I), I0 and I are the photocurrent intensity of PEC
aptasensor without and with other interfering antibiotics (300.0 nmol
L−1)/Kana (30.0 nmol L−1), respectively. Data are means ± SD (n =
3).

Figure 8. Stability of the PEC aptasensor (A) in the absence of Kana
and (B) in the presence of Kana (30.0 nmol L−1).
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relationship between photocurrent shift and the logarithm of
Kana concentration. Compared to previous methods used for
Kana detection, the advantages of the PEC aptasensor include
broad detection range, high sensitivity, and specificity.
Importantly, the constructed PEC aptasensor was successfully
applied to detect Kana in animal-derived foods such as honey
and milk. The novel technique could offer a potential
application in quantification of trace levels of Kana residue
and evaluation of food safety.
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