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ABSTRACT: Based on the signal amplification elements of planar VS2/AuNPs nano-
composites and CoFe2O4 nanozyme, we herein developed an electrochemical biosensor for
sensitive kanamycin (Kana) quantification. A ratiometric sensing platform was presented by
incorporating VS2/AuNPs nanocomposites as a support material with excellent conductivity
and high specific surface area, as well as hairpin DNA (hDNA) with complementary
hybridization of biotinylated Kana-aptamer. In addition, streptavidin-functionalized
CoFe2O4 nanozyme with superior peroxidase-like catalytic activity were immobilized onto
the aptasensor, hence the peroxidase-like catalytic reaction could yield amplified
electrochemical signals. With the presence of Kana, the aptamer-biorecognition resulted
in a quantitative decrease of nanozyme accumulation and an increase of methylene blue
response. Under optimal conditions, the electrochemical signal ratio of the aptasensor
revealed a linear relation along with the logarithmic concentration of Kana from 1 pM to 1
μM, with the limit of detection reaching to 0.5 pM. Moreover, this aptasensor exhibited
excellent precision, as well as high repeatability, hence possessing potentials in real samples and for diverse targets detection by easy
replacement of the matched aptamer.
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■ INTRODUCTION

Kanamycin (Kana) is a kind of aminoglycoside that is
extensively used as an antibiotic for treating various bacterial
infections; however, the abuse of Kana could ultimately lead to
bioaccumulation in human body via the food chain and their
existing residues may cause multiple serious human side
effects, even antibiotic resistance.1−3 As a result, a kind of
simple, quick, and ultrasensitive strategy for the detection of
antibiotic was desired.
Recently, various analytical technologies have been applied

to sensitively detect the residues of antibiotic, including
capillary electrophoresis, enzyme-linked immunosorbent assay
(ELISA), fluorescence, and high-performance liquid chroma-
tography (HPLC),4−7 although most of them still have some
limitation of tedious operation, high cost, and long operation
time.8 Therefore, one of the key aims for developing a
detection method is to easily measure the residues in food or
soil samples. Hence, many more rapid and cheap Kana
measuring strategies have been emerging.
Currently, electrochemical analysis techniques have aroused

great interests with the advantages of simple use, instrument
miniaturization, low cost, and fast diagnostic and detection.9

Compared with other Kana detection methods, electro-
chemical biosensors exhibit a dramatic alternative for Kana
detection as they have the advantages of low detection limit,
high sensitivity, good linear range, and good stability, which are

suitable for the real-sample application.10 DNA aptamer is a
single-stranded deoxyribonucleic acid (DNA) sequence with
many practical application advantages11 that can be used as a
target molecule recognition element for specifically recognizing
the preselected target including metal ions, proteins, bacteria,
virus, small organic molecules, pesticides, and antibiotics.12

Thus, various DNA aptamers have been successfully applied to
the high-specificity recognition of antibiotics.
Generally, two-dimensional (2D) nanomaterials are suitable

for immobilization on the electrode surface of the electro-
chemical biosensor due to their unique physical and chemical
features, including MoS2, Mo2C, and vanadium disulfide
(VS2).

13,14 VS2, a typical transition-metal dichalcogenides
(TMDs), presents a metallic electronic ground state; hence,
triple-layered stacking 2D VS2 nanosheets exhibit superior
conductivity, large specific surface area, and superior
mechanical properties.15−18 Moreover, to improve the
biocompatibility, gold nanoparticles (AuNPs) are applied in
biosensors due to their superior biocompatibility, large surface
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area, and remarkable conductivity.19 Therefore, VS2 nano-
sheets (NS) and AuNPs could be effectively combined to
immobilize more probes and accelerate electron transfer
easier.20 Thus, the VS2/AuNPs nanocomposites on the
modified electrode will enhance the biosensor signal greatly
by increasing the charge transfer rate and efficiently retaining
the biomolecule activities.
Numerous signal amplification strategies including hybrid-

ization chain reaction (HCR), rolling circle amplification
(RCA), and catalytic hairpin assembly (CHA) have been
developed for biosensor components. However, the use of
nuclease and enzymatic probe still has some disadvantages,
such as sensitivity to sensing environment and requirement of
optimal temperature.21 Hence, the nonenzyme ratiometric dual
signal-enhancing strategy has great potential for biosensing
platform construction due to its short reaction time, wide
linear range, high reliability, and improved sensitivity and
selectivity.22 To increase the sensitivity of aptasensor, a variety
of natural enzymes possessing great catalytic efficiency as well
as wonderful specificity have been used in signal amplification,
however, they still have limitations that are susceptible to
environmental impact.23 Therefore, many more researchers
have dedicated to develop nanomaterial-based enzyme (nano-
zyme) that has advantages of easy preparation, high activity to
catalyze, and low cost.24,25 Since then, various noble-metal-
based nanomaterials, carbon-based nanomaterials, metal sulfide
nanoparticles, metal-oxide-based nanoparticles, and hybrid
nanoparticles have been discovered with oxidase, catalase,
laccase, superoxide dismutase, and peroxidase mimicking
activity.26−28 Among these nanozyme, cobalt iron oxide
(CoFe2O4), a bimetal hybrid oxide nanoparticle, is a practical
way to enhance the signal amplification performance, which
possess several virtues of high catalytic activity and remarkable
stability.29−31 Hence, the highly sensitive aptasensor could be
achieved by using CoFe2O4 nanozyme as efficient signal
amplification molecules.
Considering the above findings, we construct a ratiometric

electrochemical aptasensor based on the VS2/AuNPs nano-
composites as an electrode surface supporting material and
methylene blue labeled hDNA (MB-hDNA) and CoFe2O4
nanozyme as signal amplification molecules for ultrasensitive
and highly specific antibiotic detection. Herein, Kana was used
as a model, and its high-efficiency amplification was driven by
Kana-aptamer with the labeled CoFe2O4 nanozyme and MB-
hDNA. Furthermore, due to the excellent charge transfer
property of VS2/AuNPs nanocomposites, the limit of detection
of our aptasensor, which possesses good selectivity and
reproducibility, has been remarkably improved as well. In
addition, the aptasensor was also employed for detecting
antibiotic residues in real milk samples for practical application
verification.

■ EXPERIMENTAL SECTION
Reagents and Chemicals. NH4VO3, C2H5NS, HAuCl4, NaBH4,

kanamycin sulfate, streptavidin (SA), bovine serum albumin (BSA),
albumin, and casein were purchased from Sigma-Aldrich, while
3,3′,5,5′-tetramethylbenzidine (TMB), N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and hydrogen peroxide solution (30 wt %) were procured
from Aladdin Reagent Company (Shanghai, China). All other
reagents used in the study were of analytical grade unless otherwise
stated. High-purity water was obtained from a Milli-Q water system
(Millipore, Billerica, MA). Oligonucleotides used in this work were
synthesized and purified by Sangon Biotech Co., Ltd. (Shanghai,

China), and their base sequences are listed as follows: hDNA: 5′-SH-
(CH2)6-TTT GTG GTC GGC TTA GCC TCA ACC CCC ATC
TCC ACA AA-3′; MB-hDNA: 5′-SH-(CH2)6-TTT GTG GTC GGC
TTA GCC TCA ACC CCC ATC TCC ACA AA-MB-3′; biotin-
kanamycin aptamer: 5′-biotin-AGA TGG GGG TTG AGG CTA
AGC CGA-3′.

Instrumentation. Electrochemical measurements were performed
on a Gamry Reference 600 electrochemical workstation with a three-
electrode system composed of a saturated calomel electrode as the
reference electrode, a platinum wire as an auxiliary electrode, and a 3
mm diameter glassy carbon electrode (GCE) as the working
electrode, respectively. The electrochemical techniques of cyclic
voltammetry (CV), AC impedance (EIS), and differential pulse
voltammetry (DPV) were carried out in a compound solution of 0.1
M KCl and 5 mM [Fe(CN)6]

3−/4−, which served as a redox probe and
supporting electrolyte. Also, transmission electron microscopy (TEM)
images were obtained using FEI Tecnai G2 F20, while the powder X-
ray diffraction (XRD) characterization was performed using X-ray
diffraction (SmartLab, 3 KW, Japan) with Cu K radiation at room
temperature. Additionally, ζ-potential analysis was measured on
Zetasizer Nano ZS90. All measurements were carried out under a
nitrogen atmosphere.

Preparation of VS2 Nanosheets. VS2 was synthesized by a
hydrothermal reaction according to the previous report.32 In brief, 2.0
mmol NH4VO3 and 20 mmol C2H5NS were dissolved in 30 mL of
high-purity water containing 1.0 g of poly(vinylpyrrolidone) (PVP)
and 2.0 mL of NH3·H2O and stirred for 1 h. Thereafter, the above
mixture was placed in a 50 mL Teflon-lined stainless steel autoclave
for heating reaction (180 °C, 20 h). Finally, the VS2 nanosheets were
obtained by washing the centrifugal separation product with high-
purity water and ethanol several times and drying by freeze-drying.

Preparation of VS2/AuNPs Composites. The VS2/AuNPs
composite was synthesized according to the previous protocol with
some minor modifications.33 To improve the dispersion, the VS2
nanosheets were first functionalized with poly(ethylene glycol) (PEG
2000). Briefly, 40 mg of VS2, 24 mg of PEG, and 30 mL of water were
charged into a 50 mL beaker, stirred, and sonicated for 10 h.
Subsequently, the precipitate was collected by centrifugation at 9000
rpm for 30 min and redispersed in water.

In preparing a VS2/AuNPs composite, 4 mg of VS2 nanosheets, 2
μL of 0.01 M HAuCl4, and 2 mL of 0.01 M sodium citrate were added
into 10 mL of ultrapure water, followed by the addition of 2 mL of 0.1
M 0−4 °C NaBH4 solution with stirring for 30 min vigorously.
Thereafter, the centrifugal separation product was washed with
ultrapure water and ethanol and then dried by freeze-drying.

Synthesis of CoFe2O4 Nanozyme. The CoFe2O4 powders were
prepared by a hydrothermal autoclave batch method.34 Ten milliliters
of precursor mixture containing 2.0 M Fe(NO3)3·9H2O, 1.0 M
Co(NO3)2·6H2O, and 12.0 M NaOH was placed in a 15 mL Teflon-
lined steel autoclave and heated at 200 °C for 1 h. Thereafter, the
suspensions were centrifuged at 8000 rpm for 3 min, washed with
ultrapure water three times, and dried by freeze-drying. Moreover, the
obtained powders were then broken down in an agate mortar.

Functionalization of CoFe2O4 Nanozyme. First, sodium citrate
was used to modify the surface of CoFe2O4 NPs. A 10 mL aqueous
solution of 0.01 g of CoFe2O4 NPs and 0.2 g of sodium citrate were
mixed and stirred for 1 h to obtain carboxy-protected CoFe2O4 NPs.
Furthermore, to prepare the SA-modified CoFe2O4 NPs, EDC and
NHS (1:1.2 mg mL−1) were added into 1 mL of the above carboxy-
terminated CoFe2O4 NP solution and incubated for 1 h.35 After
washing with phosphate-buffered saline (PBS) buffer, 50 μL of SA (1
mg mL−1) was added and reacted overnight. Finally, the SA-
conjugated CoFe2O4 nanozyme was washed and further blocked with
BSA, as the final product was magnetically separated and suspended in
the PBS buffer.

Fabrication of the Electrochemical Aptasensor. A bare GCE
was first polished with 0.3 and 0.05 μm alumina slurry successively,
followed by washing with ethanol and ultrapure water to obtain a
clean and mirrorlike surface. Then, 5 μL of 2 mg mL−1 VS2/AuNPs
composite solution was dropped onto the surface of GCE and dried at
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room temperature. Thereafter, 5 μL of 5 μM MB-hDNA was
assembled on the surface of VS2/AuNPs/GCE. After washing with 10
mM pH 7.0 PBS, a 5 μL drop of 1 mM BSA solution was cast onto
the electrode surface to conduct a 60 min blocking reaction at room
temperature. Furthermore, a 5 μL drop of 5 μM biotin-Kana-aptamer
solution was further applied to its surface and then washed with PBS
to remove the loosely adsorbed aptamer. Moreover, 5 μL of 1 mg
mL−1 SA-modified CoFe2O4 nanozyme was dropped onto the
resultant electrode. Finally, the obtained aptasensor was used to
detect 5 μL of Kana in different concentrations in 0.01 M PBS with
0.1 mM of H2O2 and 0.2 mM of TMB. The illustration of the
aptasensor preparation process and its electrochemical response for
the quantitative analysis is depicted in Scheme 1.
Detection of Kana in Real Sample. To testify the reliability of

real-sample detection, real milk samples without Kana were procured
from a local supermarket, then diluted with PBS, and centrifuged for
10 min at 10 000 rpm for the separation of the deposit. Thereafter, the
supernatant was filtered through a 0.22 μm sterile Millipore
membrane, and the milk samples with Kana of multiple concen-
trations were obtained by the standard addition method to analyze the
recovery rate.

■ RESULTS AND DISCUSSION

Principle and Feasibility of the Aptasensor. The
working principle and detection feasibility of the electro-
chemical sensing platform for detecting Kana are represented
in Scheme 1, with Kana selected as the model analyte. To
enhance the electrochemical signal, the VS2/AuNPs nano-
composites were applied as the electrode surface supporting
material to remarkably accelerate the interface electron
transfer, connect more biomolecules, and efficiently retain
their activities. Then, VS2/AuNPs/GCE was modified with
sulfhydrylated MB-hDNA through the Au−S bond to
hybridize the Kana-aptamer forming the double-strand
structure. Subsequently, the obtained CoFe2O4 nanozyme
can be used as a peroxidase mimic to catalyze and accelerate
H2O2 into H2O. In the absence of the target Kana, the
CoFe2O4 nanozyme immobilized on the Kana-aptamer could
also catalyze the substrate to produce a strong electronic signal
within the environment of TMB and H2O2, and the opened

hDNA keeps the MB signal molecules away from the electrode
surface. However, when the target Kana exists, the electro-
chemical signal of the CoFe2O4 nanozyme decreased
drastically and the MB signal increased, which could be
ascribed to the dissociation of the CoFe2O4 nanozyme labeled
aptamer from the electrode surface by Kana with higher affinity
and the re-formed hDNA brings MB close to the electrode
surface. Furthermore, the differential pulse voltammetry
(DPV) verification is shown in Figure 1. The CoFe2O4

nanozyme could undergo a peroxidase mimic catalysis in the
absence of the Kana to provide a strong reduction current
response of TMB at 0.23 V, while the reduction current
response of MB at −0.31 V was weak (curve b). However, after
the addition of the target Kana, the currents of TMB were
significantly reduced and the MB response increased greatly
(curve a), which demonstrated that the sensitivity of our
electrochemical biosensor achieved great improvement by the
proposed ratiometric strategy.

Characterization of the Nanomaterials. The XRD
pattern confirmed that the prepared VS2 nanosheets possessed

Scheme 1. Schematic Illustration of the Preparation Process of the Aptasensor and the Electrochemical Detection Strategy of
the Method

Figure 1. DPV curves of CoFe2O4 NPs/Kana-aptamer/MB-hDNA/
VS2/AuNPs/GCE in the presence (a) and absence (b) of 1 μM Kana
target obtained in 0.01 M PBS (pH = 6.5).
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a trigonal structure, with the characteristic diffraction peaks
corresponding to JCPDS Card No. 97-065-1361 (Figure 2A).
Also, TEM was applied to characterize the morphologies and
structure of the as-prepared nanomaterials. As shown in Figure
2B, a substantial number of dark dots were observed on the
surface of the VS2 nanosheet, indicating that AuNPs were
concentrated on the VS2 nanosheet with an average particle
diameter of 3.7 nm (Figure S1). The high-resolution TEM
(HRTEM) of the VS2/AuNPs nanocomposites shown in
Figure 2C suggested that the interplanar spacing of VS2
nanosheets in the composite is estimated to be 0.57 nm,
which corresponds to the (001) face, and its selected area
electron diffraction (SAED) pattern is displayed in the inset.
Furthermore, the energy-dispersive spectrometry (EDS)
demonstrates that the elemental compositions of VS2/AuNPs
consist of V, S, and Au peaks, indicating that the VS2/AuNPs
nanocomposites were successfully synthesized (Figure S2).
Additionally, CV and EIS characterizations of VS2 NS and
VS2/AuNPs have been shown in Figure S3 where the VS2/
AuNPs present a higher current response in a CV than VS2 NS
(Figure S3A), as well as a lower Ret of 93 Ω in EIS than VS2

NS of Ret = 190 Ω (Figure S3B). Hence, the addition of
AuNPs to the VS2 nanomaterial possess a positive effect on the
electrode response due to their excellent electron transfer
activity.36 Besides, VS2 NS can be delaminated to fewer layers
after AuNPs are reduced on their surface, leading to an
increased electron conductivity of VS2/AuNPs. Moreover, the
TEM image presented in Figure 2D shows that the CoFe2O4

nanozyme exhibited a cubic shape with an average diameter of
16 nm (Figure S4). As shown in Figure 2E, the HRTEM image
of the CoFe2O4 nanozyme demonstrated that the interplanar
spacing is 0.26 nm, corresponding to the (311) face as shown
in the SAED pattern (inset). In addition, the XRD pattern
(Figure 2F) indicates that the CoFe2O4 nanozyme is well-
crystallized, with the characteristic diffraction peaks corre-
sponding to JCPDS Card No. 03-0864. The EDS spectrum
were carried out to investigate the elemental composition of
the nanozyme, with Figure S5 showing the associated elements
of Co, Fe, and O peaks that also confirmed the successful
preparation of the CoFe2O4 nanozyme. Also, the peroxidase-
like activity of the CoFe2O4 NPs was verified using TMB as a
chromogenic agent. As shown in Figure 3A, the colorless TMB

Figure 2. XRD pattern of VS2 (A), TEM image of VS2/AuNPs (B), and HRTEM image of VS2/AuNPs (C) with SAED pattern (inset). TEM
image of CoFe2O4 nanozyme (D), HRTEM image of CoFe2O4 nanozyme (E) with SAED pattern (inset), and XRD pattern of CoFe2O4 nanozyme
(F).

Figure 3. (A) UV−vis absorption spectra change of the TMB + H2O2 system (a) and TMB+H2O2 + CoFe2O4 nanozyme system (b) and the
corresponding visual color changes (inset photo). (B) ζ-Potential of the naked CoFe2O4 nanozyme (a), carboxy-coated CoFe2O4 nanozyme (b),
and streptavidin-coated CoFe2O4 nanozyme (c).
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(inset a) could be catalyzed into blue oxTMB (inset b) in the
presence of CoFe2O4 NPs and H2O2 with an absorption peak
of ultraviolet−visible (UV−vis) spectrum at 656 nm, indicating
the superior peroxidase mimic activities of CoFe2O4 NPs.
Besides, the signal amplification molecule of SA-functionalized
CoFe2O4 nanozyme was characterized by ζ-potential. From
Figure 3B, it could be seen that the ζ-potential of carboxy-
coated CoFe2O4 nanozyme became lower than that of the
naked electronegative CoFe2O4 nanozyme. However, after
further conjugation of the positive SA, functionalization caused
a dramatic change in the ζ-potential to become positive, which
also increases, a confirmation that the CoFe2O4 nanozyme was
successfully labeled with SA.
Characterization of Biosensor Fabrication. The fab-

rication procedures of the aptasensor were monitored by CV
and EIS. As depicted in Figure 4A, CV measurement of VS2/
AuNPs nanocomposite-modified GCE (curve b) exhibited a
stronger current response than bare GCE (curve a), suggesting

the superior conductivity of the VS2/AuNPs nanocomposites.
Moreover, after the immobilization of hDNA (curve c) and the
subsequent hybridization with Kana-aptamer (curve d), the
current decreased continuously on account of the spatial
blockage and negative charge density of DNA molecules near
the electrode surface, indicating the successful immobilization
of hDNA and Kana-aptamer. Finally, when CoFe2O4 NPs was
bound, an aptamer-CoFe2O4 NPs layer was formed, leading to
further decline of the peak current (curve e) as well as a more
difficult electron transfer. The CV characterization revealed
that VS2/AuNPs nanocomposites and CoFe2O4 nanozyme
could offer an enhanced electron transfer matrix for further
catalysis pathways.
Measurements of EIS were also carried out to provide

further information about the preparation of the biosensor, as
shown in Figure 4B. The EIS spectra consisting of a semicircle
section of high frequency and a straight section of low
frequency, as well as the electromigration and diffusion control

Figure 4. (A) Cyclic voltammograms and (B) Nyquist plots of electrochemical impedance spectra of bare GCE (a), VS2/AuNPs/GCE (b),
hDNA/VS2/AuNPs/GCE (c), aptamer/hDNA/VS2/AuNPs/GCE (d), and CoFe2O4 NPs/aptamer/hDNA/VS2/AuNPs/GCE (d) in 5.0 mmol
L−1 [Fe(CN)6]

3−/4− containing 0.1 mol L−1 KCl at 100 mV s−1, and the frequency range is 100 mHz to 100 kHz with an amplitude of 5 mV (the
inset is the equivalent circuit of the Nyquist plots).

Figure 5. DPV response curves (A) of CoFe2O4 NPs/aptamer/MB-hDNA/VS2/AuNPs/GCE fabricated ratiometric biosensor after capturing
different concentrations of Kana from (a) to (h): 0 M, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM, and 1 μM in 0.01 M PBS (pH = 6.5). (B)
Calibration curve of IMB/ITMB vs logarithmic Kana concentration. (C) Specificity test of the proposed biosensor for kanamycin (a), tetracycline (b),
norfloxacin (c), ampicillin (d), chloramphenicol (e), albumin (f), and casein (g) in 0.01 M PBS (pH = 6.5) and the concentrations were 1 μM. The
IMB/ITMB of independently fabricated six biosensors (D). The concentrations were 1 μM. Error bars = RSD (n = 5).
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processes, were then analyzed by Gamry Echem Analyst
software (inset of Figure 4B). Because of good conductivity,
VS2/AuNPs/GCE with 93 Ω in curve b displayed less
resistance of electron transfer (Ret) than bare GCE with 217
Ω in curve a. Then, Ret was further increased to 1307 Ω (curve
c) via blocking with hDNA. After treating with the aptamer, a
significantly increased Ret of 2687 Ω was achieved in curve d,
demonstrating the successful hybridization of hDNA and
aptamer. Thereafter, aptamer/hDNA/VS2/AuNPs/GCE was
treated with CoFe2O4 NPs. As expected, the diameter of the
semicircle remarkably increased to Ret of 3196 Ω in curve e
with harder electronic transportation. All these EIS results
implied that CoFe2O4 NPs/aptamer/hDNA/VS2/AuNPs/
GCE was successfully constructed, which were also in
conformity with the aforementioned CV.
Optimization of Experimental Parameters. To improve

the sensing performance, various parameters are required to be
optimized, and these include incubation time, incubation
temperature, and pH. From Figure S6A, it can be seen that the
optimal incubation time of aptamer and Kana target were
analyzed. With the increase in incubation time from 20 to 70
min, the reduction peak current of TMB decreased and
reached a platform after 60 min, indicating a saturated capture
process. Moreover, the optimum incubation temperatures of
aptamer and Kana target were from 15 to 35 °C in Figure S6B,
and the minimum value was obtained at 30 °C. Furthermore,
the affect of pH of the measuring solution on the reduction
current response of TMB is shown in Figure S6C. The current
results decreased from pH 5.5 to 6.5 and increased from pH
6.5 to 7.5, indicating that this aptasensor could achieve an
optimum signal response at pH 6.5 with superior affinity and
structure of Kana-aptamer.
Analytical Performance of the Aptasensor. For the

quantification of target Kana at different concentrations, the
ratiometric sensing platform was evaluated by DPV under
optimal conditions. As displayed in Figure 5A, the electro-
chemical TMB signal was found to gradually decrease and the
MB signal increased with the increment of target Kana
concentration, which represents that the content of Kana in the
sample can be effectively revealed by the variation in the
electrochemical signal. Besides, the plot of the electrochemical
IMB/ITMB signal response vs the logarithm concentration of
Kana showed a good linear correlation in the range from 1 pM
to 1 μM, following the linear regression equation of IMB/ITMB =
0.348 log(CKana/nM) + 1.293 with a correlation coefficient of
0.994 (I is related to the peak current when the target exists)
(Figure 5B). The limit of detection (LOD) was calculated as
0.5 pM with S/N = 3. By comparing the ratiometric dual

signal-enhancing amplification to a single signal of MB-hDNA
and a single signal of nanozyme, our ratiometric biosensor
displayed a wilder linear range and a lower detection limit than
only the MB-hDNA system (10 pM−100 nM, LOD = 3 pM;
Figure S7A,B) and only the CoFe2O4 nanozyme-aptamer
system (1 pM−1 nM, LOD = 0.8 pM; Figure S7C,D)
respectively.37 Furthermore, the sensitivity of the proposed
ratiometric biosensor was equivalent to the previously reported
works for Kana detection in Table 1, hence the present work
exhibited simplicity and advantageous detection limit, which
offers great potential in the real-sample application.

Specificity and Reproducibility of the Biosensor.
Some other antibiotics of tetracycline, ampicillin, norfloxacin,
chloramphenicol, and protein of albumin and casein were used
for evaluating the specificity of the established aptasensor in
the same experimental conditions. As shown in Figure 5C, the
IMB/ITMB signal response of the Kana sample was much higher
than those of other interfering substances, suggesting that the
proposed ratiometric biosensor possesses better selectivity and
specificity toward Kana. Besides, the corresponding voltammo-
grams of the interference studies are shown in Figure S8.
Reproducibility is another important factor of the fabricated

aptasensor, as examined at a Kana concentration of 1 μM. The
relative standard deviation (RSDs) of five repeat experiments
on an electrode for Kana was less than 3.16% (n = 5) as shown
in Figure S9. Furthermore, six independent electrodes were
prepared and used to detect Kana, and the RSDs were below
6.8% (Figure 5D). Thus, the designed ratiometric aptasensor-
based assay in this study was precise, possessing a good
reproducibility.

Real-Sample Analysis. The proposed aptasensor in the
potential application for practical samples was investigated by
detecting the Kana concentration in the real samples of milk. A
concentration range from 100 pM to 1 μM was attained by
employing the standard addition method. At last, the real milk
sample tests of the aptasensor exhibited satisfactory practical
application consequences with the recovery between 91.24 and
112.59%, as well as RSDs less than 5.26% (Table S1).

■ CONCLUSIONS

In summary, an ultrasensitive electrochemical ratiometric
aptasensor was developed for Kana quantification using the
VS2/AuNPs nanocomposites as the sensing platform, MB-
hDNA, and CoFe2O4 nanozyme for signal amplification. To
the best of our knowledge, this is the first time that VS2/
AuNPs and CoFe2O4 NPs have been successfully applied in
the field of antibiotic biosensing. The aptasensor revealed a
linear current response ratio of IMB/ITMB with the Kana

Table 1. Comparison of Different Biosensors for the Determination of Antibiotics

analytical technique analyte method of signal amplification linear range detection limit refs

FRET kanamycin aptamer/donor (Cy3)-acceptor (Cy5)/PCA/CHA 1.0−80.0 nM 0.29 nM 38
eElectrochemical
aptasensor

kanamycin AuE/cDNA/Bio-apt/MB/Kana/AuNPs@HRP 2.0 pg mL−1 to
100 ng mL−1 (
3 pM to 170 nM)

0.88 pg mL−1

(1.5 pM)
39

fluorometric chloramphenicol stirring bars/Y-shaped DNA probes/CAP/CHA/thioflavin T 0.05−10 nM 16 pM 40
evanescent wave
aptasensor

aminoglycoside
antibiotics

Cy3-aptamer/AMGA/GO/Anchor Aptamer 200 nM to 200 μM 26 nM 41

electrochemical kanamycin and
chloramphenicol

MB@Apt1/Apt2/M-NMOFs/Pb2+/Cd2+ 0.002−100 nM 0.16 and
0.19 pM

42

electrochemical ampicillin GCE/AuNPs/aptamer/AuNPs-DNA/SSBP/ampicillin 1 pM to 5 nM 0.38 pM 43
electrochemical kanamycin GCE/VS2/AuNPs/MB-hDNA/aptamer/CoFe2O4 NPs/kanamycin 1 pM to 1 μM 0.5 pM this

work
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concentration in the range 1 pM to 1 μM and a LOD of 0.5
pM (S/N = 3). The high sensitivity could be attributed to the
VS2/AuNPs nanocomposites as electrode surface support
material with excellent electron conductivity, as well as
developing a ratiometric dual signal-enhancing strategy using
MB and CoFe2O4 nanozyme with high catalytic activity as
signal molecules for efficient and reliable signal amplification.
Besides, the utilization of aptamer guaranteed detection
selectivity with satisfactory recovery, making it possible to
distinguish Kana from the other antibiotics. Furthermore, the
established sensing strategy has excellent application potential
for real milk samples and greatly reduces the complexity of the
experiment, in addition to offering a very promising low-cost
platform, which could further be extended to real-time
detection of other antibiotics in the future.
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