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cal platform based on a hemin–
rGO–cMWCNTs modified aptasensor for sensitive
detection of kanamycin†

Tianyi Gao,a Chong Sun,b Nana Zhang,b Yang Huang,b Hongxing Zhu,b

Chunmei Wang,d Jinxuan Cao*a and Daoying Wang *bc

Kanamycin (KANA) residue in meat is particularly harmful to public health and there is an urgent need to

establish a fast, accurate and low-cost method to determinate KANA in food quality control. In this

paper, hemin–reduced graphene oxide-carboxylated multiwalled carbon nanotubes (hemin–rGO–

cMWCNTs) were designed and prepared, and the characteristics of hemin–rGO–cMWCNTs are

presented. After that, an aptamer/hemin–rGO–cMWCNTs sensor for determination of KANA was

developed. The electrochemical characteristics were studied by cyclic voltammetry (CV), differential

pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS). Under optimal conditions,

the sensitive response of the aptasensor towards KANA presented a wide concentration range of 10�9 to

10�6 M and a low detection limit of 0.36 nM (S/N ¼ 3). Meanwhile, the aptasensor showed prominent

selectivity, high stability and acceptable reproducibility in the application of KANA detection. In addition,

the aptasensor detection in real samples correlated well with that obtained by liquid chromatograph

mass spectrometer (LCMS).
1. Introduction

Kanamycin (KANA), an amino sugar antibiotic, is isolated from
Streptomyces kanamyceticus.1 It is well known for its outstanding
activity against a wide variety of pathogenic bacteria and low
delayed toxicity.2 Nowadays, KANA has been widely used as
a veterinary medicine in animal husbandry.3 However, the
overuse of KANA contributes to the residue in animal-
husbandry products and transfers into the food chain. KANA
residue in meat products is particularly harmful to public
health such as nephrotoxicity, ototoxicity, tinnitus and respi-
ratory failure.4,5 Therefore, the specic recognition and quan-
titative detection of KANA are extremely important in meat
quality and safety.

Aptamers are oligonucleotides obtained by an in vitro selec-
tion process, which can be used to recognize targets like small
molecules or organisms.6 Aptamers have several advantages
such as relative ease of isolation and modication, tailored
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binding affinity and resistance against denaturizing.7,8 Conse-
quently, by incorporating these aptamers into sensors, it is
facile for aptamers to convert bio-recognition events into
physically detectable electrochemical signals. At present,
aptamer-based electrochemistry platform has been considered
as prospective technique for rapid and sensitive detections.

In recent years, a large number of strategies have been
developed for the detection of KANA such as uorescence,9

colorimetry,10 high performance liquid chromatography,11

enzyme-linked immunosorbent assay method12 and so on.
However, these methods have been faulted for time-consuming,
professional operator and expensive equipment. Accordingly, it
needs to develop a quick and easy detection method. Electro-
chemical sensors show promising performance for point-of-
care due to low cost, label-free operation and ease of minia-
turization for detecting tools. In this article, hemin–rGO–
cMWCNTs, an aptamer carrier material with good conductivity
and biocompatibility, was proposed and an aptamer-assisted
amplication method for sensitive detection of KANA based on
hemin–rGO–cMWCNTs was established.

Hemin, named as iron protoporphyrin IX, has been widely
used in biosensor because of its cheap, the ability to catalyze the
reduction reactions and strong adsorption on the carbon glass
electrode (GCEs).12,13 Moreover, hemin could corporate into the
binding event of aptamers, which could be used as amplifying
labels for aptasensors.14 However, the application of hemin was
a challenging work due to its molecular aggregation in aqueous
solution.15 Herein, hemin was usually anchored on carbon or
RSC Adv., 2021, 11, 15817–15824 | 15817
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metal materials. rGO was added to provide a stable platform
which prevented the accumulation of hemin. Hemin-function-
alized reduced graphene oxide (hemin–rGO) was obtained by p–
p interactions between rGO and hemin.16,17 In order to achieve
better conductivity and more binding sites, cMWCNTs were
doped into hemin–rGO.18 According to this strategy, hemin–
rGO–cMWCNTs, an aptamer carrier material with good
conductivity and biocompatibility, was prepared and modied
on the electrochemistry sensor. Results showed that this novel
sensor by molecularly graing KANA aptamer can be used for
accurate quantication of the concentration of KANA in meat
sample. The prepared sensor provided a precise, convenient,
sensitive and specic method for KANA detection, which could
be an accurate technique in food control.
2. Experiment
2.1. Materials

Graphene oxide (GO) and carboxylated multiwalled carbon
nanotubes (cMWCNTs) were purchased from Xianfeng Mate-
rials Technology Co., Ltd (Nanjing, China). KANA aptamer with
a sequence of 50-AGATGGGGGTTGAGGCTAAGCCGA-30 was
prepared by Shanghai Sangon Biotechnology Co., Ltd.19

(Shanghai, China). Disodium hydrogen phosphate dodecahy-
drate (Na2HPO4$12H2O), N-hydroxysuccinimide (NHS), 1-ethyl-
3-(3-dimethyl aminopropyl)-carbodiimide (EDC), potassium
dihydrogen phosphate (KH2PO4), ammonia (NH3$H2O), hydra-
zine hydrate (N2H4$H2O), hydrochloric acid (HCl), potassium
chloride (KCl), nitric acid (HNO3) and sodium hydroxide
(NaOH) were obtained from Guoyao Group Reagent Co., Ltd
(China). Tetracycline (TET), oxytetracycline (OTC), chloram-
phenicol (CAP), chlortetracycline (CTC) and sulfadiazine (SDZ)
were purchased from Aladdin Reagent Co., Ltd (Shanghai,
China). Hemin was purchased from Yuanye Biological Co., Ltd
(Shanghai, China). Dimethyl sulfoxide (DMSO) and 3-[4,5-
dimethyl thiazolyl-2]-2,5-diphenyltetrazolium bromide (MTT)
were obtained from Sigma Reagent Co., Ltd (USA). Hemin was
biochemical reagent and other chemicals were analytical grade.
All chemicals were used as received.
2.2. Instrument

The morphologies of rGO, hemin–rGO and hemin–rGO–
cMWCNTs was characterized by transmission electron micros-
copy (TEM) that carried out with HITACHI H-7650 (Hitachi,
Japan). Specimens for inspection were prepared on a 200 mesh
copper grid by slowly evaporating one drop of prepared solu-
tions covered by a carbon-supported lm at room temperature.
Scanning Electron Microscopy (SEM) was also used to charac-
terize the morphologies of the materials. The SEMmicrographs
were collected under high vacuum with an accelerating voltage
of 10 kV using an EVO-LS10 SEM (Zeiss, Germany). All
substrates were treated by the same modication process on
glass slide and were xed on the disks. The disks were rinsed,
air-dried, coated with gold, and then the surface was investi-
gated by SEM. FTIR and UV-vis were used to characterize the
successful synthesis of the hemin–rGO–cMWCNTs. The FTIR
15818 | RSC Adv., 2021, 11, 15817–15824
spectra of rGO, hemin–rGO and hemin–rGO–cMWCNTs were
measured using a Cary 5000 Fourier transform infrared spec-
trophotometer (VARIAN Cary 5000, USA) with an optical ber in
the range from 500 to 4000 cm�1. UV-vis absorbances spectro-
metric were collected using a UV-visible spectrophotometer
(Cary 50 Conc, Australia) with a slit width of 2.0 nm.

2.3. Preparation of the hemin–rGO–cMWCNTs

The hemin–rGO was prepared by one-step synthesis process.20

50.0 mg of GO and 50.0 mg of hemin were mixed in 20.0 mL of
deionized water and sonicated for 1 h. Then, NH3$H2O and
N2H4$H2O were added, and the mixture was heated under
reuxing at 60 �C for 3.5 h. The obtained solution was ltered (4
¼ 0.22 mm) and continuously washed with deionized water until
the ltrate was neutral. Aer dried, the hemin–rGO was
obtained.

cMWCNTs was prepared by acid treatment. 1.0 g of
MWCNTs was dissolved in 30.0 mL of 65% concentrated nitric
acid and sonicated for 30 min. Aer that, the mixed solution
was heated and reuxed at 90 �C for 24 h. Then, the mixture was
continuously washed until neutral and dried at 60 �C to obtain
cMWCNTs.

The hemin–rGO–cMWCNTs was obtained by mixing hemin–
rGO and cMWCNTs. The mixed solution was heated at 60 �C for
1.0 h under stirring. Ultimately, the obtained hemin–rGO–
cMWCNTs solution was used for characterization and
detection.

2.4. Biocompatibility evalution of hemin–rGO–cMWCNTs

Circular dichroism (CD) spectra in the far-UV (with the range
from 190 to 250 nm) were measured on a JASCO J-7100 spec-
tropolarimeter using a 1 mm quartz cuvette. All samples at
a nal concentration of 50 mMwere dissolved in 0.10 M PBS (pH
6.0). Cytotoxicity of the hemin–rGO–cMWCNTs were evaluated
by MTT assays. Briey, HeLa cells were seeded to a 96-well
culture plate and the cells would come to about 50% conuence
aer 24 h of culture. The media were changed by fresh ones,
and different concentration of samples were added to the wells.
The cells of positive control were only incubated with PBS and
the cell viability was set as 100%. All of the cells were allowed to
grow for 24 h before 10 mLMTT (5 mg mL�1) was added to each
well. Then, the cells were incubated at 37 �C for an additional 4
h until the purple precipitates were visible. The medium was
replaced by 100 mL DMSO and the cell plate was vibrated for 15
min at room temperature to dissolve the crystals formed by the
living cells. Finally, the absorption at 490 nm of each well was
measured by an ultramicroplate reader.

2.5. Preparation of the aptamer/hemin–rGO–cMWCNTs/
GCE and electrochemical measurement

GCEs were polished with 0.3 and 0.05 mm alumina slurry and
sonicated in ethanol and deionized water for 5 min at room
temperature. Aer that, GCEs were dried under nitrogen gas.
The modied process of the electrodes was shown in Scheme 1.
7.0 mL of the hemin–rGO–cMWCNTs was dropped on GCEs and
dried naturally. 40.0 mL of EDC/NHS solution (1 : 1, 10 mM) was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The schematic diagram of the construction of the KANA/aptamer/hemin–rGO–cMWCNTs/GCE for the detection of KANA.
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used to activate the carboxyl group of hemin–rGO–cMWCNTs.
Then, 5 mL of KANA aptamer (1.0 mM) was immobilized on the
surface of hemin–rGO–cMWCNTs/GCE by carboxamide bond.
Aer dried in air, the aptamer/hemin–rGO–cMWCNTs/GCEs
were achieved.

Cyclic Voltammetry (CV), and differential pulse voltammetry
(DPV) and electrochemical impedance spectroscopy (EIS) were
operated on Chenhua CHI760 workstation (China) by using the
traditional three-electrode system with modied GCE as
working electrode, a platinum wire as the auxiliary electrode
and a saturated calomel electrode as reference electrode. CV
was performed at 100 mV s�1 and the potential window was set
Fig. 1 The TEM images of different material: (A) rGO, (B) hemin–rGO, (
rGO, (E) hemin–rGO, (F) hemin–rGO–cMWCNTs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
from 0.2 V to �0.1 V in 0.1 M PBS (pH 6.0). DPV tests were
performed in the voltage ranging from �0.55 to �0.15 V in 0.1
M PBS (pH 6.0). EIS parameters were set as follows: the
frequency ranging from 1 Hz to 100 kHz with 5 mV AC ampli-
tude in 0.1 M PBS (pH 6.0).
2.6. Preparation and detection of real samples

Chicken meat was purchased from local supermarket. 1.0 g of the
meat sample was homogenized in 10 mL 0.1 M phosphate buffer
solution (pH 6.0) and centrifuged at 6000 rpm for 60 s. Then, the
supernatant was collected for detection. KANA standard solution
was added to the supernatant for the recovery rate experiment.
C) hemin–rGO–cMWCNTs. The SEM images of different material: (D)

RSC Adv., 2021, 11, 15817–15824 | 15819
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3. Results and discussion
3.1. Characterization of hemin–rGO–cMWCNTs

TEM was used to characterize the morphology of the materials.
Fig. 1A–C showed the TEM images of rGO, hemin–rGO, and
hemin–rGO–cMWCNTs. It was clear that rGO retained a two-
dimensional transparent sheet structure with wrinkles (Fig. 1A)
and hemin was evenly dispersed on the surface of rGO
(Fig. 1B).21 As shown in Fig. 1C, the cMWCNTs were clearly
doped with hemin–rGO. And hemin was covered by cMWCNTs,
attributed to the massive addition of cMWCNTs.22 Similarly, the
SEM results essentially in agreement with TEM (Fig. 1D–F).
FTIR spectroscopy and UV-vis spectroscopy were performed to
conrm the successful synthesis of the hemin–rGO–cMWCNTs.

Fig. 2A showed the FTIR spectroscopy of hemin (curve a),
hemin–rGO (curve b) and hemin–rGO–cMWCNTs (curve c). As
shown in curve a, the peaks at 1710 cm�1 and 2924 cm�1 orig-
inated from C]O and C–H, the absorption band at 849 cm�1 was
attributed to the ]C–H bending vibration.23 Compared with
characteristic peaks of rGO, the peak was assigned to telescopic
vibration of O–H and C–H,24 respectively. Meanwhile, the hemin–
rGO (curve b) retained the characteristic peak of hemin. In the
spectrum of hemin–rGO–cMWCNTs (curve c), the characteristic
peaks at 3430 cm�1 and 1630 cm�1 enhanced, which indicated the
successful preparation of hemin–rGO–cMWCNTs.

Fig. 2B was the UV-vis spectrum of hemin (curve a), hemin–
rGO (curve b) and hemin–rGO–cMWCNTs (curve c). Hemin
(curve a) displayed the characteristic peak at 390 nm attributed
to the soret effect, and several weak absorption peaks around
500–600 nm corresponded to the Q-band absorption of hemin
porphyrin derivatives.25,26 Aer addition of rGO (curve b), the
peak at 415 nm was attributed to the red shi of hemin and the
characteristic peak at 230 nm was assigned to C]C bond
transition of rGO, proving that hemin was successfully
combined with rGO through p–p action.27,28 From curve c in
Fig. 2B, the peak at 230 nm was ascribed to the abundant
carboxyl groups on the surface of cMWCNTs, and the peak at
415 nm was assigned to the characteristic absorption peak of
hemin.29 Combined with FTIR spectra, it was veried that the
hemin–rGO–cMWCNTs was synthesized successfully.
Fig. 2 (A) FTIR spectra images of different materials: (a) hemin, (b) he
different materials: (a) hemin, (b) hemin–rGO, (c) hemin–rGO–cMWCNT

15820 | RSC Adv., 2021, 11, 15817–15824
3.2. The biocompatibility of hemin–rGO–cMWCNTs

The biocompatibility of the aptasensors was characterized by
CD and cytotoxicity measurements. It can be seen from curve
a in Fig. 3A that the CD spectra of aptamer at room temperature
exhibited a negative band centered around 200 nm and 245 nm,
positive band around 210 nm in the absence of hemin–rGO–
cMWCNTs. Upon the addition of 1.5 mg mL�1 hemin–rGO–
cMWCNTs, the peaks were similar to the pure aptamer in both
peak intensity and peak position (curve b), which attributed to
the good biocompatibility of hemin–rGO–cMWCNTs.

The MTT assay was performed to assess the viability of cells
and to determine the cytotoxicity of hemin–graphene–
cMWCNTs. Compared to the percentage of cell viability of PBS
control (100%), the concentration of the hemin–graphene–
cMWCNTs samples (150 mgmL�1, 15 mgmL�1, 1.5 mgmL�1) had
lower cytotoxicity (90.51 � 0.74%, 92.26 � 1.24%, 96.78 �
1.49%, Fig. 3B).
3.3. Electrochemical characteristics of aptasensor

In order to study the electrochemical characteristics of different
materials and verify the feasibility of this experiment, CV was
used to investigate the electrochemical properties of GCE (a),
hemin–rGO/GCE (b), hemin–rGO–cMWCNTs/GC(c), aptamer/
hemin–rGO–cMWCNTs/GCE (d) and KANA/aptamer/hemin–
rGO–cMWCNTs/GCE (e) in 0.1 M PBS (pH 6.0). In curve a of
Fig. 4, no peaks were observed at bare GCE. While hemin–rGO
was coated on the GCE (curve b), a pair of stable and obvious
redox peaks appeared around �0.42 V (vs. SCE) and �0.35 V (vs.
SCE) was exhibited. The redox peaks could be ascribed to the
pair of peaks can be ascribed to the DET reaction (the conver-
sion of Fe(III/II) center) of hemin.30 Aer hemin–rGO–cMWCNTs
was modied on the GCE (curve c), the redox peaks increased
signicantly according to good conductivity of hemin–rGO–
cMWCNTs. When KANA aptamer was immobilized on the
surface of hemin–rGO–cMWCNTs/GCE (curve d), the redox
peaks decreased sharply for the high steric hindrance on
aptamer/hemin–rGO–cMWCNTs/GCE.31 Ultimately, when the
detected target KANA added, the aptamer/hemin–rGO–
cMWCNTs/GCE could combine with KANA (curve e), causing
min–rGO, (c) hemin–rGO–cMWCNTs. (B) UV-vis spectra images of
s.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) The CD of aptamer (curve a) and aptamer incubatedwith hemin–rGO–cMWCNTs (curve b). (B) MTT assay of different concentration of
hemin–rGO–cMWCNTs (Sample1: 150 mg mL�1, sample2: 15 mg mL�1, sample3: 1.5 mg mL�1).

Fig. 4 . The CV plots of different GCEs: (a) GCE, (b) hemin–rGO/GCE,
(c) hemin–rGO–cMWCNTs/GCE, (d) aptamer/hemin–rGO–
cMWCNTs/GCE, (e) KANA/aptamer/hemin–rGO– cMWCNTs/GCE in
0.1 M PBS (pH 6.0).
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the current peak signicant to decreased. Moreover, as shown
in Fig. S1A,† compared with the hemin–rGO–Au,32 the back-
ground current of hemin–rGO–cMWCNTs/GCE (curve a) was
increased tremendously than hemin–rGO–Au/GCE (curve b)
because of the good conductivity of cMWCNTs (Fig. S1A†),
which is consistent with EIS (Fig. S1B†). The results viaMTT, CD
and electrochemistry showed hemin–graphene–cMWCNTs
could play the role of an efficient electron-conducting tunnel
and biocompatible spatial micro-environment. As described,
the aptamer/hemin–rGO–cMWCNTs/GCEs had good response
towards KANA and the aptasensor could be used to detect KANA
in the following experiments.
3.4. The optimization of experimental conditions

To improve the performance of the KANA aptasensor, several
factors such as pH, incubation temperature, incubation time
and the volume of hemin–rGO–cMWCNTs modied on GCEs
were investigated. The charge properties of electrode surface
and the activity of aptamer were inuenced by the pH value. As
shown in Fig. 5A, the peak increased in the range of pH 4.0 to
6.0, and decreased gradually when the pH value was over 6.0,
which attributed to the change of pH might destroy the struc-
ture and eventually lead to inactivation of the aptamers.33

Therefore, the aptasensor showed an optimal sensitivity of
response at pH 6.0.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Furthermore, incubation temperature could affect the
activity of aptamer. The temperature between KANA and the
aptamer was investigated under 5 �C, 20 �C, 30 �C, 40 �C, 50 �C
and 60 �C (Fig. 5B). The current peak increased with the
temperature ranging from 5 �C to 40 �C. However, the activity of
aptamer was depressed when temperature was over 40 �C.
Therefore, 40 �C was adopted as the optimal temperature.

Incubation time was also an important factor in electro-
chemical performance of the aptasensor. A series of KANA/
aptamer/hemin–rGO–cMWCNTs/GCE were incubated for 15,
30, 45, 60, 75, 90 min, respectively. As shown in Fig. 5C, the
current peak decreased sharply with time increasing, and it
remained stable aer 60 min. The results proved that the
aptamers had combined with KANA completely. Thus, the
optimal incubation time was 60 min.

Moreover, the volume of hemin–rGO–cMWCNTs modied
on the GCE was investigated (Fig. 5D). In the range of 1 mL to 9
mL, the peak current increased up to 7.0 mL and then kept stable,
which indicated the effective area of the GCE had been covered.
Thus, the optimal modied volume was set as 7.0 mL.

3.5. The effect of scan rates

Scan rates were used to reveal the electrochemical behavior on
the surface of GCEs in buffer. The CVs of the KANA/aptamer/
hemin–rGO–cMWCNT at different scan rates (20, 40, 50, 60, 70,
80, 80, 90, 100 mV s�1) in 0.1 M PBS (pH 6.0) were shown in
Fig. 6A and B. The peak currents increased linearly as the scan
rate increasing, which showed a relationship with the regres-
sion equation of Ipc (mA)¼ 1.72v + 0.50 (R2¼ 0.99) and Ipa (mA)¼
�3.38v � 0.48 (R2 ¼ 0.99). The results indicated that the elec-
tron transfer between the aptamer and the GCE could occur on
the hemin–rGO–cMWCNTs, and the process between KANA and
aptamers on the surface of GCE was adsorption control.

3.6. The detection of KANA

Under the optimal conditions, DPV was used to investigated the
electrochemical responses of the aptasensor towards different
concentrations of KANA in 0.1 M PBS. As shown in Fig. 6C, with
the increasing concentration of KANA, the electrochemical
signals gradually decreased. In the range of 10�9 to 10�6 M, the
RSC Adv., 2021, 11, 15817–15824 | 15821
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Fig. 5 Effects of (A) the pH of phosphate buffer solution (pH: 4.0, 5.0, 6.0, 7.0, 8.0). (B) The temperature of KANA and aptamer (5.0, 20, 30, 40, 50,
60 �C). (C) The incubation time of KANA and aptamer detection in 0.1 M PBS (15, 30, 45, 60, 75, 90 min). (D) The volume of hemin–rGO–
cMWCNTs modified on GCEs (1.0, 3.0, 5.0, 6.0, 7.0, 8.0 mL).

Fig. 6 (A) The CV plots of KANA/aptamer/rGO–hemin–cMWCNTs/GCE at different scan rates (20, 40, 60, 80, 100, 120, 140, 160, 180, 200 mV
s�1) in 0.1 M PBS (pH 6.0). (B) The relationship between peak current and scan rates. (C) The DPV plots of KANA/aptamer/hemin–rGO–
cMWCNTs/GCEmodifiedwith different concentrations of KANA (a to i: (1 nM,,10 nM, 20 nM, 50 nM, 100 nM, 200 nM, 500 nM, 750 nM, 1000 nM)).
(D) The relationship between peak current and the concentration of KANA.

15822 | RSC Adv., 2021, 11, 15817–15824 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The comparison of different methods for detection of KANA

Method R2 Detection range Detection limit Ref.

MIL-53(Fe)@CdS QDs-PEI electrochemiluminescence 0.99 10�10 to 10�6 M 0.017 nM 34
AuNPs-aptamer hairpin DNA probe 0.99 10–40 mM 0.68 mM 35
MPDA uorescence probe 0.98 0–50 nM 304 pM 36
Exo I-TDT aptasensor- PEC 0.99 0.06–150 nM 10 pM 37
TiO2–MoS2-AuNPs-PEC photoelectrochemistry 0.99 0.2–450 nM 0.05 nM 38
Aptamer/hemin–rGO–cMWCNTs/GCE 0.99 10�9 to 10�6 M 0.36 nM This work

Fig. 7 The anti-interference detection of aptamer/hemin–rGO–
cMWCNTs/GCE in 0.1 M PBS with KANA (10�6 M), SDZ (10�4 M), CTC
(10�4 M), TET (10�4 M), OTC (10�4 M), respectively.
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concentration of KANA had a linear relationship with the
current peak (Fig. 6D). The linear equation was I (mA) ¼
�0.07CKANA +138.19 (R2 ¼ 0.99). The limit of detection was
estimated from the equation: LOD ¼ 3s/k as 0.36 nM with the
signal to noise ratio being 3. In the above equation, s is the
standard deviation of the blank solution (i.e.without KANA) and
k denotes the slope of the calibration curve. For comparison, the
results obtained by previously reported methods for the detec-
tion of KANA were listed in Table 1. It could be concluded the
aptamer/hemin–rGO–cMWCNTs sensor had a wide linear range
and a low detection limit, which could be used to detection of
KANA in practical samples.
3.7. Interference, reproducibility and stability

The selectivity and specicity were vital factors to evaluate the
aptasensor. To investigate the selectivity of the aptasensor,
several antibiotics commonly used in animal husbandry were
studied and the concentrations of those antibiotics were set at
100 times of KANA. As revealed in Fig. 7, only the presence of
KANA could decrease the current response obviously, whereas
other antibiotics did not show remarkably on current
responses. The limited inuence caused by others antibiotic
Table 2 Comparison of two methods obtained in real samples

Samples

Detected by aptasensor

Added Found Recovery

Chicken 1 nM 1.05 nM 105%
100 nM 102.75 nM 103%
1000 nM 983.98 nM 98%

© 2021 The Author(s). Published by the Royal Society of Chemistry
implied that the interference singles could be controlled, and
the results exhibited that the aptasensor had good selectivity
towards KANA.

Meanwhile, in order to be achieve better practical applica-
tion, the repeatability and stability of the aptasensor were
investigated. Ten parallel prepared aptasensors were used to
detect KANA and the relative standard deviation was 3.21%.
Besides, the aptasensors were stored at 4 �C for ten days, and
the results of stability remained 96.19%. Thus, the stability and
repeatability of the aptasensor were acceptable.

3.8. The recovery rates of KANA in real sample

To verify the application and reliability of the aptasensor, LCMS
was used as a reference method to measure KANA in chicken
samples. Different concentrations of KANA (10 nM, 100 nM,
1000 nM) were added, then the samples were extracted and
analyzed. The results were presented in Table 2. The recovery
rates of the aptasensor were 98–105%, and the RSDs were less
than 5%. Furthermore, the results measured by the aptasensor
were well consistent with the data determined by LCMS, indi-
cating that the method can be used for the detection of KANA in
real samples efficiently.

4. Conclusions

In summary, we have developed an electrochemical aptasensor
for the detection of KANA based on hemin–rGO–cMWCNTs.
The aptamer/hemin–rGO–cMWCNTs exhibited several advan-
tages. Firstly, the hemin–rGO–cMWCNTs showed good
conductivity and biocompatibility, which could be used as
practical carriers for loading aptamer in further study of apta-
sensor development. Secondly, the proposed aptamer/hemin–
rGO–cMWCNTs sensor presented a low detection limit of 0.36
nM and a wide linear range from 10�9 to 10�6 M. Thirdly, the
aptasensor exhibited high selectivity, good stability and
repeatability for KANA detection. Moreover, the aptasensor was
Detected by LC-MS

RSD (n ¼ 3) Found Recovery RSD (n ¼ 3)

3.10% 0.99 nM 99% 1.90%
3.20% 101.23 nM 101% 2.50%
2.30% 992.15 nM 99% 2.10%

RSC Adv., 2021, 11, 15817–15824 | 15823
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used to detection of KANA in practical samples with satisfactory
results, which hold great application prospects in the evaluation
of KANA residue.
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