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Abstract

An electrochemical aptasensor, including the polyethyleneimine-graphite-like carbon nitride/Au nanowire nanocomposite (PEI-
C3N4/AuNWs) and exonuclease-assisted signal amplification strategy was constructed for the determination of chloramphenicol
(CAP). Initially, a nanocomposite with substantial electrocatalytic property was synthesized by PEI-C3N,/AuNWs. This im-
proves the conductivity and specific surface area of the PEI-C;N,/AuNW-modified gold electrode. Next, a DNA with a
complementary sequence to a CAP aptamer (cDNA) was immobilized on the PEI-C5N4,/AuNW-modified electrode, followed
by the CAP aptamer hybridized with cDNA. The lower signal at this time is due to the negatively charged phosphate group of the
oligonucleotide and [Fe (CN)¢]> *" electrostatically repelling each other. The presence of the CAP would cause aptamer on the
electrode surface to fall off and be digested by Recjf exonuclease, which resulted in target recycling, and a significant increase in
DPV signal can be observed at a potential of 0.176 V (vs. Ag/AgCl). Under optimal conditions, there is a linear relationship
between the peak current and the logarithm of CAP concentration in the range 100 fM—1 puM, and the detection limit of this
aptasensor is 2.96 fM (S/N = 3). Furthermore, the resultant aptasensor has excellent specificity, reproducibility, and long-term
stability, and has been applied to the detection of CAP in milk samples.
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Introduction

As the first mass-produced antibiotic, chloramphenicol (CAP)
is used to treat human and animal diseases in the breeding
industry worldwide [1-3]. Nevertheless, some side effects
may be caused by the enrichment of the food chain in the
human body [4]. Excessive intake of CAP has been found to
be harmful to human health, such as bone marrow suppres-
sion, leukemia, and fatal irreversible aplastic anemia on hu-
man beings [S]. Thus, it is crucial to establish a rapid and
efficient method to realize the sensitive detection of CAP res-
idues in foodstuffs.
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Traditionally, CAP has been detected using a variety of
techniques such as high-performance liquid chromatography
(HPLC) [6], gas chromatography-mass spectrometry (GC-
MS) [7], and liquid chromatography-tandem mass spectrom-
etry [8]. Although these methods are reliable and stable, there
are still some restrictions in their practical application, such as
expensive instruments, high expense, and time-consuming.
Electrochemical analysis has attracted researchers’ attention
due to its advantages such as easy to operation, rapid response,
and excellent sensitivity [9, 10]. As an identification element
in the electrochemical sensor, aptamer (Apt) has been used in
the development of various biosensors and is widely applied
in CAP analysis [11-13]. Compared with other recognition
elements such as antibody, aptamers exhibit excellent stabili-
ty, low cost, and target diversity [14]. Therefore, we conduct-
ed CAP detection studies based on electrochemical
aptasensors.

Nanomaterials, such as nanoparticles [15, 16], graphene
[17], metal-organic frameworks (MOFs) [18], and other
carbon-based nanomaterials [19, 20], are widely used in the
construction of electrochemical sensors to amplify signals.
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They can provide high specific surface area to enhance elec-
tron transfer, and improve sensors’ performance [10].
Graphite-like carbon nitride (g-C3N,4) has the advantages of
large specific surface area, stable chemical properties, and
unique electronic, mechanical properties [21], which makes
it become an ideal material for constructing biosensors [22].
Polyethyleneimine (PEI), a liquid crystal polymer, is widely
used to enhance the dispersibility and stability of
nanomaterials by functionalizing them [23]. It can bind g-
CsNy to the gold electrode (AuE) surface and further bind it
to Au nanomaterials based on its amino group. Therefore, to
further improve the conductivity of nanomaterials, we intro-
duced Au nanowires to prepare composite nanomaterials. Au
nanowires (AuNWs) have good conductivity, promote elec-
tron transfer, and improve analytical sensitivity. It also has the
advantages of a unique quantum size effect, a large number of
exposed surface atoms, high biocompatibility, and high flex-
ibility [24, 25]. Besides, AuNWs can provide binding sites for
aptamer through the Au-N bond, which allows for specific
recognition of sensors. For the above reasons, PEI-C3Ny/
AuNWs is considered a suitable choice for fabricating elec-
trochemical aptasensor, which has been rarely reported in the
field aptasensor for the detection of chloramphenicol.

On the other hand, the sensitivity and specificity of elec-
trochemical aptasensor depend mainly on the signal changes
before and after the specific-recognition. Exonuclease-
assisted target recycling offered a feasible strategy for signal
amplification. As an exonuclease acting exclusively on single-
stranded DNA (ssDNA), RecJf exonuclease can catalyze the
removal of deoxynucleotide monophosphates from ssDNA in
the 5'-3" direction [14]. In particular, RecJf exonuclease is
expected to selectively cleave the target-aptamer complex
and liberate the target, which allows the target to further com-
plex with a remaining aptamer on the electrode surface. In this
way, the availability of aptamer is improved and the target
recycling is realized.

Inspired by the as-mentioned items, in this work, a sen-
sitive electrochemical aptasensor based on PEI-C3Ny/
AuNWs and RecJf exonuclease was developed determina-
tion of chloramphenicol (CAP). The as-prepared PEI-C3Ny/
AuNWs can be a suitable nanomaterial to improve the con-
ductivity and specific surface area of the gold electrode.
Then, a complementary DNA (cDNA) and CAP aptamer
were hybridized on the PEI-C3N,/AuNW-modified elec-
trode. The corresponding current was low attributable to
the electrostatic repulsion between [Fe (CN)¢]* *™ and the
aptamer. In the presence of CAP and Recjf exonuclease, the
CAP-aptamer complex was cleaved from the electrode sur-
face, RecJf exonuclease release CAP from the CAP-
aptamer complex, allowing it to initiate the next hybridiza-
tion process. Furthermore, the remaining cDNA on the elec-
trode surface is also digested by Recjf exonuclease.
Eventually, a significantly amplified current can be
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obtained owing to the endeavor of the RecJf exonuclease
and PEI-C3N4/AuNWs. Moreover, the resultant aptasensor
has excellent specificity, reproducibility, and long-term sta-
bility, and has been applied to the detection of CAP in milk
samples.

Experimental section
Reagent, materials, and apparatus

All reagents, materials, and apparatus used in the experiments
are shown in the “Supplementary information” section.

Synthesis of PEI-C;N;/AuNWs

In a typical synthesis of ultrathin AuNWs [24], 4.5 mL of
0.50 M a-naphthol ethanol solution was added into 4.5 mL
of 0.05 M HAuCl4 aqueous solution at 60 °C. The solution
color changed immediately from yellow to black, indicating
the rapid reduction of Au (III) to Au (0). After aging for a short
while (~ 1 min), the resultant product was collected by centri-
fugation and washed with ethanol.

Carboxylated g-C3N, was prepared by a thermal oxidation
method [26]. First, 10 g white melamine powers were
annealed at 550 °C for 4 h. After that, a yellow bulk C3N4
(b-C5Ny4) was obtained. To improve the solubility of g-CsNy
in water,1 g above obtained products ground to powder was
put into 100 mL of HNOj3 (5 mol/L) and the mixture was
subjected to ultrasound for 1 h. Subsequently, the solution
was refluxed for 24 h at 125 °C. Until it cooled, centrifuge
at 5000 rpm to remove residual unpeeled C3N,4 and collect the
supernatant. The supernatant was filtered through a 45 um
water-phase microporous membrane filter and washed with
secondary distilled water to neutrality, and carboxylated g-
C5Ny4 nanosheets were separated. Finally, the final product
was dried in a vacuum oven at 35 °C for 12 h.

After preparing carboxylated g-C;N, and AuNWs sepa-
rately, the synthesis of PEI-C3N,/AuNWs was performed.
First, to increase the amount of amino groups in carboxylated
g-C;3Ny to load more AuNWs, PEI functionalization was per-
formed on it. The obtained carboxylated g-C3N,4 (6 mg) was
dissolved in ultrapure water (6 mL) containing 60 pnL of PEI
(2%, 20 mg/mL), and stirred at room temperature overnight
(13 h). Centrifuge at 12000 rpm for 5 min to remove unreacted
PEI and resuspend the obtained PEI-C5N, precipitate in 2 mL
of twice-distilled water. After that, 3 mL of the prepared
AuNWs was added to the obtained PEI-C5N, solution under
magnetic stirring (magnetic stirring for 12 h). Subsequently,
the PEI-C;N4/AuNWs composite obtained by centrifugation
was collected and then dispersed in 1 mL of secondary dis-
tilled water.
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Fabrication of the aptasensor

The fabrication process of the aptasensor was exhibited in
Scheme 1. The gold electrodes (AuE) need pretreatment be-
fore the fabrication of the aptasensor. Briefly, 0.05 um Al,O4
was used to polish AuE, followed by ultrasonically washing in
ethanol and distilled water for 5 min, in turn. After that, soak
the AuE in the freshly prepared piranha solution (H,SO4: 30%
H,0, =7:3) for 10 min, and then, it was rinsed with double-
distilled water. After drying at room temperature, the prepared
AuE was modified.

Determination of CAP

For the detection of CAP, 10 pL mixture containing 8 uL of
different CAP concentrations and 2 puL. of 2 U/uL. Reclf exo-
nuclease was added to the surface of the electrodes and then
incubated for 2 h at 37 °C for an adequate reaction.
Subsequently, the electrode was gently rinsed with Tris-
HCL and the response of the electrochemical signal was re-
corded in 5 mM [Fe (CN)6]37/ 4~ solution. The concentration
of CAP was quantified according to the difference of the DPV
signal (AI). The calculation formula is A7 = I; — I, where [ is
the DPV signal value after incubation of the blank solution, /;
is the DPV signal value in the presence of CAP.

Real sample preparation

First, a certain amount of CAP was added to the milk; 2 mL of
spiked milk and 3 mL of water were mixed, and then, 1 mL of
10% trichloroacetic acid and 1 mL of chloroform were added

Scheme 1 The detection
principle of the electrochemical
aptasensor for CAP detection
based on PEI-C3N,/AuNWs and
exonuclease-assistant signal am-
plification, not drawn to scale

After

Before

EZa=a3r PEI-C3N4

to the solution, which was then vortex-mixed for 1 min to
precipitate proteins and dissolve organic substances such as
fat in the milk. Furthermore, the mixture was treated with
ultrasound at 20 °C for 15 min, the solution was centrifuged
at 12,000 rpm for 20 min, and the supernatant was retained.
Finally, the supernatant was analyzed according to the proce-
dure in the “Determination of CAP” section. Each experiment
was analyzed three times. The data points were acquired from
the current value at working voltage 0.176 V (vs. Ag/AgCl).

Results and discussion
Characterization of materials

The morphology of the as-prepared product is illustrated by
TEM. The sheet structure with curled edges of PEI-C3N,4 can
be seen in Fig. 1a, which providing a large surface area to load
more AuNWSs. Figure 1b and ¢ show that the as-prepared
AuNWs showed a linear structure with the length of hundreds
of nanometers and the average diameter of merely 10 nm, it
interlaced to form a tight network structure. Figure 1d shows
the TEM images of PEI-C;N4,/AuNWs. Many AuNWs are
connected to the surface, and the morphology of each material
is the same as before the composite, no impurities appear.
Figure le shows the FT-IR spectrum of as-prepared car-
boxylated g-C5N, in the wavelength range of 500-4000 cm .
The band at 812 cm ™ is a characteristic of tristriazine. Also,
the band at 1247 cm ™' corresponds to the C—N stretching of g-
C;N,. Furthermore, the band at 3127 cm™' may be attributed
to the intermolecular hydrogen bonding of primary and

Fe(CN),
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Fig. 1 TEM image of a PEI-C3N,4 (100 nm), b and ¢ AuNWs (100 nm and 20 nm), d PEI-C3N,/AuNWs (200 nm), e FTIR spectra of carboxylated g-

C3Ny, f XRD patterns of PEI-C3N, and PEI-C3N/AuNWs

secondary amines and the stretching vibration of O—H in water
molecules. Moreover, the band at 1414 ¢cm ™', 1636 ¢cm ™,
1575 cm™', and 3249 cm ™' may correspond to bending vibra-
tion of C=0, stretching vibration of C-O, -COO, and O-H.
This result is consistent with the literature reported previously
[27], and the above results indicate that carboxylated g-C5N,
was successfully prepared.

Moreover, the prepared PEI-C;N, and PEI-C3N,/AuNWs
structure was recorded by X-ray diffraction (XRD). As shown
in curve a of Fig. 1f, the strong and sharp peak at 27.3° is
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attributed to characteristic (002) plane diffraction of PEI-C3Ny
as a layered nanosheet material. After incorporating with
AuNWs, the obtained PEI-C3N,/AuNWs maintain the XRD
characteristic peaks of the PEI-C5Ny, while the new diffrac-
tion peaks (curves b, Fig. 1f) emerge at 37.9°, 44.8°, 64.4°,
77.4°, and 81.7°, which are attributed to (111), (200), (220),
(311), and (222) planes of AuNWs [24]. These results indicate
that the AuNWSs has been incorporated with the PEI-C5N,
successfully, which was consistent with the reported literature
results [28].
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To investigate the electroactive surface area of PEI-C3Ny/
AuNWs, we measured and compared the corresponding current
response of the bare AuE and the AuE modified with PEI-C5N,/
AuNWs in 5 mM [Fe (CN)6]37/4’. According to the Randles-
Sevcik equation, electroactive surface area of two electrodes
was further quantitated. The detailed calculation process was
given in the “Supplementary information” section.

Electrochemical characterization of the constructed
aptasensor

EIS monitored the stepwise modifications of the sensing elec-
trode surface. In the EIS spectrum, the diameter of the semi-
circle represents the electron transfer resistance (Ret). When
different materials are modified onto the electrode surface, the
value of Ret changes accordingly. As shown in Fig. 2, the bare
AuE shows a large semicircle diameter (curve a, 187 Q).
When the PEI-C;N,/AuNWs is bonded to the electrode sur-
face, the Ret of PEI-C3N4/AuNWs/AuE decreased dramati-
cally (curve b, 58 Q). This shows that PEI-C3N,/AuNWs
can facilitate electron transfer and improves electrode perfor-
mance effectively. With the modification of cDNA on the
electrode, a large semicircle diameter appears (curve c,
220 ), suggesting that cDNA binds to the electrode surface
and prevents electron transfer. After the introduction of MCH
(curve d, 303 2) and Apt (curve e, 425 €2), the Ret increased
gradually owing to their non-electroactive property. After in-
cubation with the reaction mixture containing 1 pM CAP and
Recjf exonuclease, the semicircle diameter decreases (curve f,
149 Q), since the Recjf exonuclease initiates the hybridization
cycle process consequently reduce immobilized DNA strands
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Fig. 2 EIS of different modified steps in 5 mM [Fe (CN)]> "* solution:
(a) AuE, (b) PEI-C;N,/AUNWS/AuE, (¢) cDNA/PEI-C;N,/AuNWSs/
AuE, (d) MCH/cDNA/PEI-C;N4/AuNWs/AuE, (e) Apt/MCH/cDNA/
PEI-C5;N4/AuNWs/AuE, and (f) incubated with the 10 uL mixture
containing 8 puL of 1 uM CAP, 2 uL of 2 U/uL Reclf exonuclease.
EIS was tested in 5 mM [Fe (CN)s]* " solution including 0.1 M KClI

on the electrode surface. These results are in line with expec-
tations and demonstrate the successful construction of the
aptasensor.

Feasibility of the sensing strategy

We used DPV to study the effects of Recjf exonuclease and
PEI-C3N4/AuNWs on signal amplification in this strategy. As
shown in Fig. 3a, before the target’s participation, the double-
strand DNA (dsDNA) structure formed by Apt and cDNA
hinders the Recjf exonuclease reaction, the corresponding
DPV signal was low attributable to the hindrance from the
biomolecules (curve a). Also, it exhibited a weak enhance-
ment of the DPV signal when CAP existed alone (curve b);
this is mainly due to the specific recognition between CAP
and aptamer leading to the CAP-aptamer complex was
cleaved from the electrode surface, thereby reducing the bio-
molecules on the surface of the electrode. While the CAP and
Recjf exonuclease were both exist, the DPV signal increases
significantly (curve c). This indicates that RecJf exonuclease
releases CAP from the CAP-aptamer complex in the presence
of the target, allowing it to initiate the target recycling process
resulting in signal amplification. Compared with the case
without Recjf exonuclease (curve b), the exonuclease-
assisted signal amplification strategy increased the DPV sig-
nal by 188% (curve c).

Figure 3b compares the DPV signals after Apt/MCH/
cDNA/AuE/ and Apt/MCH/cDNA/PEI-C3N4/AuNWs/AuE
incubating with a mixture containing CAP and Recjf exonu-
clease, respectively. The peak current value increases by about
35% after the PEI-C5Ny/AuNW-modified electrode. This in-
dicates that PEI-C5;N4/AuNWs can facilitate the electron
transfer to increase the performance of the modified electrode.
Thus, the proposed signal amplification strategy was demon-
strated to be feasible.

Moreover, gel electrophoresis was employed to verify the
target recycling induced by Recjf exonuclease.
Characterization figures of gel electrophoresis were given in
the “Supplementary information” section.

Optimization of experimental conditions

The following parameters were optimized: (a) PEI-C3Ny4/
AuNWs volume; (b) the concentration of RecJf exonuclease;
(c) cDNA concentration; (d) reaction time. Detailed optimized
data and figures are shown in the “Supplementary informa-
tion” section. Subsequent experimental conditions were based
on the optimized results: (a) optimal volume: 2 puL; (b) opti-
mal Recjf exonuclease concentration: 2.0 U/uL; (c) optimal
cDNA concentration: 2 uM; and (d) optimal reaction time:
90 min.
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Fig. 3 Research on signal amplification strategy: (A) DPV of (a) Apt/
MCH/cDNA/PEI-C3N4/AuNWSs/AuE in the absence of CAP, (b) Apt/
MCH/cDNA/PEI-C3N4/AuNWSs/AuE after incubation with 1 uM CAP
in the (b) absence and (c) presence of RecJf exonuclease, respectively; (B)

Performance of the detection method

The DPV signal response of the electrochemical aptasensor to
CAP standard was studied under optimal conditions.
Figure 4a depicts the DPV recorded by analyzing CAP at
different concentrations. Figure 4b shows the Al value corre-
sponding to different concentration of CAP; there is a linear
relationship between the Al value and the logarithmic of CAP
concentration in the range of 100 fM—1 uM. The equation was
Al (tA) =21.3 1gCcap (M) +312.3 (R* = 0.995) and accord-
ing to the formula S/N =3, LOD was calculated to be 2.96 M,
and the electrochemical sensitivity was calculated to be
380.36 pA-uM ':cm 2. The electrochemical response value
of the blank solution was described in Table S1. Several re-
cently reported methods for CAP detection are compared with
the aptasensor in this work. The data is shown in Table 1 after
unit conversion. We found that the constructed aptasensor
performed better with a lower LOD than others.

[V

200

2

Current/ pA

50

Fig. 4 a The DPV signal of the aptasensor to different concentrations of
CAP (1 uM, 100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 100 tM); b
linear relationship between DPV signal and 1gCcap. The data points were
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DPV of different modified electrodes: (a) AptMCH/cDNA/AuE and (b)
Apt/MCH/cDNA/PEI-C3N,/AuNWSs/AuE after incubating with a 10 pL
mixture containing 8 puL of I uM CAP, 2 uL of 2 U/uL RecJf exonucle-
ase, respectively

Specificity, interference study, stability, and
reproducibility of the aptasensor

The specificity of the aptasensor is an essential index for the
practical implementation of CAP detection. To assess the
specificity of our CAP detection method, four other antibi-
otics, including kanamycin, doxycycline, oxytetracycline,
and tetracycline, were also detected. As shown in Fig. 5a,
the current of the other antibiotics (10 M) is close to that of
the blank test; when CAP exists and the concentration is lower
than that of other control molecules, the DPV signal increases
significantly. Besides, incubation of mixed solution contain-
ing all the above antibiotics and pure CAP solution at the same
concentration showed little change in DPV signal, which re-
flects the high binding specificity of the CAP aptamer to the
CAP target. In other words, other interfering molecules have
little effect on the detection performance of aptasensor. In
addition, we selected several other substances (mercury ions

200
160 -
< 1201
=
.
—
<
80
AI=21.31gC,, +312.3
404 R’=0.995
T T T T
-14 -12 -10 -8 -6
IgC ../ mol/L

CAP

acquired from the current value at working voltage 0.176 V (vs. Ag/AgCl)
in the inserted DPV graph
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Table 1  Comparison with other reported electrochemical sensors or aptamers for CAP detection. The data has been converted to the same unit
Methods Linear range (uM) Limit of detection (1tM) References Materials
Electrochemical sensor 1-500 03x107" [29] Si-Fe/NOMC
Molecular imprinting polymer 1x10°%-1x1073 03x10° [30] AgNP/3-ampy-RGO
Colorimetric 0.3x107°-3.09x 107" 04x10°° [31] AuNPs
Photoelectrochemical 0.5%x103-1x10"! 5.79%107° [32] GQDs/TiO, NTs
Molecular-imprinted electrochemical biosensor 1101 x 10° 124%1073 [33] PANi NW
Electrochemical aptasensor 1x107-1 2.96x107° This work PEI-C3N4/AuNWs

(Hg"), methylene blue (MB), and ascorbic acid (AA)) to per-
form the interference study. Figure 5b shows that none of
these substances will significantly affect the sensitivity of
the aptasensor.

Reproducibility and long-term stability are also two essen-
tial indicators of the aptasensor. Therefore, seven identical
aptasensor with the same fabricated process were used to de-
termine 1 uM CAP. By comparing their DPV signal values,
the relative standard deviation was 1.77%, verifying that the
aptasensor has good reproducibility. Finally, the sensor was
stored at 4 °C to carry out its stability study. After 14 days, the
signal value decreased by 5.89%, which may be due to the
aptamer’s falling off on the electrode surface during storage.

Real sample analysis

The aptasensor is used to detect CAP in milk samples to ex-
amine its potential application in real samples analysis. A
series of CAP concentrations include 0.8 uM, 100 nM, and
20 nM prepared by adding CAP standards into milk samples
and assayed via the proposed method. As shown in Table 2,
recovery was from 93.38 to 111.54% and RSD was from 0.91
to 3.36%. Simultaneously, milk samples containing the same

150

100

Current / pA

504
]

T
TET

T
Blank KANA DOX orc CAP Mixture

Fig. 5 a The specificity of the aptasensor for CAP (10 nM) compared
with blank buffer and other interferents for the same concentration
(10 uM): KANA, DOX, OTC, TET, and their mixture containing with

Current / pA

CAP concentration were tested by LC-MS/MS (the Chinese
National Standard GB/T 29688-2013), and the results showed
the recovery from 102.16 to 112.69%. The recovery results of
the two methods are close, indicating that the sensor has good
accuracy and has the potential to be applied in real samples.

Conclusions

In conclusion, an electrochemical aptasensor based on PEI-
C5N4/AuNWs and RecJf exonuclease was developed to deter-
mine chloramphenicol (CAP). The PEI-C3N4/AuNWs exhib-
ited a large specific surface and excellent electrocatalytic,
which considerably amplified the detection signal. The pres-
ence of CAP causes RecJf exonuclease to initiate a target
recycling mechanism, leading to an enhancement of the peak
current. On the basis of the above signal amplification mech-
anism, this aptasensor has shown excellent performance in
detecting CAP, with a detection limit as low as 2.96 fM. In
addition, the constructed aptasensor is low-cost and can sim-
plify the operation without the need for electroactive labeling,
and realize flexible detection of other targets by replacing the
corresponding aptamer. Therefore, the performance of this

150 4

100 +

50 - . .
IX
%3

W W » e
CPS g (,Ps
100 nM CAP. b The interference study of the aptasensor for CAP (1 nM)

compared with other interferents for the same concentration (1 uM): Hg*,
MB, AA, and their mixture containing with 1 nM CAP
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-3“6“\

@ Springer



22 Page8o0f9

Microchim Acta (2021) 188: 22

Table 2  Detection of CAP in milk samples

Methods Added M) Found (M) Recover (%)

This work 8§x1077 722x1077 90.20%
1x107 934x1078 93.38%
2x10°® 223x10°° 111.54%

LC-MS/MS 8§x1077 827x1077 103.38%
1x107 1.12x1077 112.69%
2x1078 204x107° 102.16%

aptasensor has the potential to become a powerful tool and
reference in the field of antibiotic analysis in the future.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-020-04688-8.
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