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Abstract DOI: 10.1039/C9ANO0857H

Herein, a split G-quadruplex DNAzyme as signal reporter has been integrated into
electrochemical sensing for detecting antibiotic with specificity and sensitivity. To improve
the signal-to-noise, the two G-rich oligonucleotide sequences (G1 and G2) are blocked into
two different hairpin probes, respectively, preventing the two segments from assembling into
the spilt G-quadruplex structure. Besides, we design a double-arch probe consisting of
aptamer as the recognition element and two steps enzymatic signal amplification. Concretely,
the first is the Nt. BbvCl-assisted nicking cyclic reaction activated by target-aptamer binding,
and the second is an exonuclease IlI-aided cyclic amplification for generating abundant G1
and G2. The modified capture probe on the electrode is used to combine the G1 and G2 to
form the spilt G-quadruplex/hemin when the K* and hemin are present. The complex plays a
role of DNAzyme with superior horseradish peroxidase activity in catalyzing H,0O,
decomposition. Under the optimal conditions, this biosensor shows excellent performance for
kanamycin with detection limits of 83 fM ranging from 100 fM to 1 nM. Hence, the proposed
strategy has the potential to develop an efficient and actual platform of small molecular

analysis.

Keywords: spilt G-quadruplex DNAzyme; cascade signal amplification; electrochemical

biosensor; antibiotic
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Introduction
As is known to all, antibiotics, an effective drug resisted to pathogenic bacteria, have
made outstanding contributions in the treatment of animal and human diseases'->. However,
excessive undegraded antibiotics are ingested to cause allergic reactions and induce the
generation of antibiotic resistance gene, resulting in various types of side effects in humans
and the appearance of super bacteria with tolerance to antibiotics*!°. Until now, many
analytical ways for detecting antibiotics have been reported, such as high performance liquid
chromatography (HPLC)!!, capillary electrophoresis (CE)'2, enzyme-linked immunosorbent
assay (ELISA)'3, surface-enhanced Raman scattering (SERS)!'* 15, surface plasmon resonance
(SPR)'®, fluorescence resonance energy transfer (FRET)!7, etc. Regrettably, these
conventional methods have suffered from such disadvantages as low selectivity, expensive
instrumentation and complex operation procedures. Thereby, developing a rapid, reliable, and
efficient detection method for antibiotics is urgent and significant. Alternatively, biosensor
assay has been widely applied in detecting small molecule!® 1° as its merit of low cost,
simplicity and high portability. Notably, there are two crucial constitutes for affecting the
performance of the biosensor, namely recognition element and signal output reporter.
Aptamers, a kind of artificially synthesized oligonucleotides selected through systematic
evolution of ligands by exponential enrichment (SELEX), can highly specific bind some
small organic molecules and proteins?*-23, Compared with antibodies, aptamers express
obvious advantages containing predominant chemical stability, low fabrication cost and small
size. Therefore, as recognition elements, aptamers have attracted more attention in

electrochemical biosensing field for detecting various analytes, such as proteins?*, exosomal
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microRNAs?5, heavy metal ions?, with high sensitivity and selectivity. To achidve ttadd' "%

detection of the target, the signal amplification strategy is an essential part of fabricating the
electrochemical biosensor, including enzyme-assisted recycling signal amplification,
nanomaterial-mediated signal amplification and catalyzed hairpin assembly. Among these
methods, the first strategy has obviously advantages contain multiple cycle steps and append
additional reagent. As has been mentioned above, the enzyme-assisted amplification is an
outstanding measure for improving sensitivity on account of its wonderful amplification
efficiency and easy operation.

G-quadruplex, one of the typical DNA motifs which composed of a four-stranded
structure with guanine (G)-rich DNA sequence, has widely served as an efficient signal
transducing tool in biosensor strategies?’ 28 2°. For instance, Guo’s group employed the
G-quadruplex/hemin as a signal reporter for Pathogenic bacteria detection®?. Zhang et.al
reported a photoelectrochemical strategy for disease marker detection based on RCA and Exo
III amplification coupled with G-quadruplex/hemin.?!. However, the developed G-quadruplex
DNAzyme-based biosensors adopt independent anti-hemin aptamer as the catalytic tag,
which maybe cause a low signal-to-noise (S/N). For surmounting this problem, the split
G-quadruplex as a signal-transducing tool can replace the sole G-quadruplex. For example,
Zhou and co-worker designed a label-free biosensor to detect T4 PNK activity by employing
the split G-quadruplex32. Cui’s work also used a spilt G-quadruplex DNAzyme as biocatalyst
and developed a colorimetric method for analyzing antibiotic*>. These mentioned spilt
G-quadruplex DNAzyme strategies can effective avoid false positive signal and enhance the

S/N, which is also associated with other analytical techniques such as electrochemical
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Herein, we have reported a label-free electrochemical biosensor for ultrasensitive
detection of antibiotics using enzyme-assisted cascade signal amplification coupled with split
G-quadruplex DNAzyme strategy. As far as we know, this is the first time that split
G-quadruplex DNAzyme has been applied in electrochemical field for antibiotics detection.
This proposed approach features with several aspects. Firstly, the release of the two split
G-rich parts relies on target-induced enzyme-assisted cascade reaction, which effectively
improves the specificity and S/N of this biosensor. Secondly, by taking advantage of
DNAzyme as catalytic tag, label-free electrochemical strategy can be achieved, which avoids
the labeling of electroactive reporter and decreases the analysis cost. Moreover, by replacing
antibiotic aptamer with the corresponding DNA substrates for target recognition, this created
label-free electrochemical biosensor can be ingenious applied for the detection of wide
variety of analytes. Therefore, our electrochemical strategy provides a label-free, simple and
universal platform for antibiotics detection and related food safety analysis.

2. Experimental
2.1 Materials and reagents

Kanamycin and other antibiotics including tetracycline, streptomycin, oxytetracycline,
tobramycin, ampicillin together with dimethyl sulfoxide (DMSO) and 6-mercapto-l-hexanol
(MCH) were obtained from Aladdin Chemistry Co. Ltd. (Shanghai, China). Exonuclease III
and the endonuclease Nt.BbvCI were purchased from New England Biolabs Inc. (Beijing,
China). Hemin and hydrogen peroxide (H,0O,) were ordered from Sigma Aldrich Chemical

Co (St. Louis, MO, USA). The former was dissolved in DMSO to make the stock solution
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N,N,N',N'-tetramethylethylenediamine (TEMED), ammonium persulfate, 10xTBS buffer (pH
7.4) and DNA ladder marker were obtained from Shanghai Sangon Biotech. Inc. (China).
GelRed was purchased from Biotium. All oligonucleotides used in this work were
HPLC-purified and synthesized by Sangon Biotechnology Co. Ltd (Shanghai, China). The
sequences of oligonucleotides were introduced in Table 1. Other chemical reagents were
ordered from Sinopharm Chemical Reagent Co. Ltd. (Beijing, China). All solutions were
prepared using ultrapure water with an electric resistance > 18.25 MQ-cm, which was
obtained through a Millipore Milli-Q water purification system (Billerica, MA, USA). PBS
(10 mM PB, 0.14 M NaCl, pH 7.4) was used during the experiments proceeding. Before the
experiment, the equal bulk of aptamer (2 uM) and primer (2 pM) were mixed sufficiently,
then the solution was incubated at 95°C for 5 min and cooled to indoor temperature to form
double-arched probe. The underlined part of aptamer is matched with the primer. The

underlined part of HP1 is recognition sequences for Nt.BbvClI, and the arrow indicated the

122 nicking site. The underlined part of HP2 and HP3 are G1 and G2, respectively.
123 Table 1. Oligonucleotides sequences used in this study.
Oligonucleotide name Sequence (5’ to 3”) description
Aptamer (Ap) TGGGGGTTGAGGCTAAGCCGAC
Primer (Pr) GGCTTAGCTGAGGACCCCCAAAAA
Hairpin probel (HP1) ATCACAACGGTCC|TCAGCTAGTGATAAA

ACTAACCTCGTAGGGCGGGATGGGTACGAGGTTAGTCC
Hairpin probe2 (HP2)

GTTGTGAT
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4 Hairpin probe3 (HP3) ~ GGGTAGGATCGAACAATCCTACCCATCACTAGCTEA N0

5

6

7 Capture probe (CP) TGTTCGATCCTAATACGAGGTTAGTAAA-SH

8

?O 124 2.2 Apparatus and measurements

11

12 125 Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical
13

ég 126  impedance spectra (EIS) were implemented with a CHI660D electrochemical workstation

96

§7 127  that bought from Shanghai Huachen Instrument Co. Ltd. Polyacrylamide gel electrophoresis

98

§9

,:f;zo 128  (PAGE) electrophoresis was made using DYCZ-24DN electrophoresis cell (LIUYI, Beijing

21

%g 129 China) and Bio-Rad Gel imaging system (Bio-Rad, USA). A classical three-electrode system

34

825 130 was applied in the research which consisted of Ag/AgCl electrode as reference electrode,
6

5; 131 platinum wire was used to the auxiliary electrode and the working electrode was gold

S9

§O 132 electrode with the diameter of 2 mm. CV and EIS were performed in 5 mM [Fe(CN)g]3/4,
1

32 : : : .

§3 133 including 0.25 M KCI. DPV was measured in PBS (10 mM, pH 7.4) containing 20 mM H,0,,

34

gg 134 the voltage range from -0.1 V to -0.55 V.

37

§8 135 2.3 Gold electrode treatment and modification
9

g? 136 Before the experiment, the working gold electrodes were polished meticulous with 0.3

42

43 137 and 0.05 mm alumina suspension. Next, these gold electrodes were immersed in freshly

44

45

46 138 prepared piranha solution (H,O,/H,SOy,, the volume ratio was 1:3) for 2 h, and then rinsed

47

jg 139 with ultrapure water thorough. Afterwards, these working electrodes were cleaned using of

50

51 140 ultrasonic in the ethanol solution. Whereafter, in the process of electrode modification, 5 puL

52

gi 141 of CP solution (20 uM) was modified on the gold electrode by the Au-S bond for 2 h at 37°C.

55

56 142 Then these electrodes were rinsed using PBS to get rid of the no adsorbed of CP. Afterwards,

57

58

59 143 the gold electrodes were immersed into 2 mM MCH solution for 1 h to block the unoccupied
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144 sites of the electrode and eliminate the nonspecific adsorption. Finally, thé&sé 'Working ©°%"

oNOYTULT D WN =

145 electrodes were completely rinsed with PBS and stored at 4°C for ready.

146 2.4 Nt.BbvClI and Exo Ill-assisted cascade signal amplification

147 The details of the experiment were as follows: sample solution of 5 pL kanamycin (the

148 final concentrations ranging from 0 to 1 nM), 2 uL aliquot of 1 uM double-arch probe,
149 containing 2 pL buffer, 2 pL aliquot of 5 uM HP1 and 2 pL aliquot of 50 uM HP2, 2 puL
150 aliquot of 50 uM HP3, 2 uL Nt.BbvCl, 3 uL Exo III, were mixed at 37°C for 2 h to perform

151 the enzyme-assisted cascade amplification reactions.

152 2.5 Antibiotic detection

153 This above reaction product was dropped on the surface of modified gold electrode and

154

reacted in a humid atmosphere at 37°C for 2 h. Then, we rinsed the electrode by PBS thoroughly

155 aim to removing no paired G1 and G2. After the above operation completed, 5 uL. of 20 uM hemin
156 was dropped on the working electrode and incubated for 30 min to induce the two G-rich sequence
157 to form DNAzyme. Finally, the response signal was measured by DPV in 15 mL of PBS (10 mM,
158 pH 7.4) containing 20 mM H,0,.

159 2.6 PAGE analysis

160 The product of each step of was characterized using 20 % PAGE. In the PAGE assay,

161  electrophoresis was carried out at 100 V in 1 x TBE (50 mM Tris Borate, 2.0 mM EDTA, pH

162 8.2) buffer for 90 min at room temperature and stained for 30 min in a 1 x GelRed solution.

163 The imaging of resulting gel was photographed by the gel imaging system under ultraviolet

164 light.

165 3. Results and discussion
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4 166 3.1 Principle of the electrochemical strategy POI101039/COAND08S7H
5
6 . . . .
7 167 The Schemel demonstrates the working principle of the electrochemical biosensor for
8
?O 168 detecting kanamycin. Our system contains a double-arch probe combined with aptamer (Ap)
1
12 169  and primer (Pr), three hairpin probes, a capture probe (CP), nicking endonuclease (Nt. BbvCI)
13
31-;' 170 and exonuclease III (Exo III). In the presence of target kanamycin, it specifically binds to the
o
96
§7 171 Ap, leading in the release of Pr which can anneal with the HP1 and forming specific
98
9 . . . .
:%o 172 double-stranded sequence is recognized by Nz.BbvCl. With the help of Nt.BbvCI, HP1 is
=
21
‘gg 173 divided into trigger 1 (Trl) and trigger 2 (Tr2), releasing the Pr. Meanwhile, the free Pr
24 . .
85 174  continues to open the remaining HP1 and initiating a new Nt.BbvCl-assisted amplification
6
52 175 reaction. It is worth mentioning that hairpin probe 2 (HP2) and hairpin probe 3 (HP3) are
S9
§O 176  skillfully designed to include three GGG repeat-inserted sequence (G1) and one GGG
1
32 . - .
§3 177 repeats-inserted parts (G2) as well as can hybridize with Trl and Tr2 to produce a DNA
33|4
gg 178  duplex from the 3’-terminus. The Exo III has the function that cleaves duplex DNA from
37 . .
38 179 blunt or recessed 3’-terminus, so HP2 and HP3 are digested, generating G1 and G2.
Bo
g? 180  Meanwhile, the released Trl and Tr2 can hybridize with another HP2 and HP3, resulting in
42
43 181 the degradation of HP2 and HP3, the generation of G1 and G2. Obviously, after the above
44
45 . . .
46 182 enzyme-assisted cascade amplification reaction, a small amount of target can produce
47
jg 183 innumerable G1 and G2 in the system. The CP, with a thiol group labeled at 3’ end,
50 . oq . . . . . .
51 184  immobilizes on electrode surface by Au-S interaction and includes paired sequence with G1
52
gi 185 and G2. When the reaction product is dropped on the working electrode surface, G1 and G2
55
56 186 will be infinitely close, thus generating assembly of G-quadruplex/hemin structure when
57
58 . C e
59 187 hemin and K* are present. As is well known, the complex can be used as HRP-mimicking
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DNAzyme and catalyze the reduction of H,O,, thus a significantly strong currént 'Signal1§'°%’"
observed. The mechanism of DNAzyme catalyzing H,O, can be seen as following inset in
Schemel. The gold electrode is considered as an electron donor. By the combination of
target-induced enzyme-assisted cascade reaction and split G-quadruplex DNAzyme, the
designed strategy offers a simple, versatile and practical electrochemical platform for

detecting antibiotics with high specificity and sensitivity.

~
Aptamer ¢
T e . J N
= T — —— [ T1 11
. Y ( [malilidl S@
PARPIRL Kanamycin
“apture probe 1~y g f"‘ H‘P‘; =
Capture probe : Gl , 0 \\\'- b
——— i S — S
W e—(C=s < o L S
= ,— L '
il S ; ' ExoIII | '
- ' G2 boT2
]
WWW e (C o‘f_ < SV
------ ' &> CIIes -
H‘. b ‘J
Gold electrode K+ O ----- -
Hemin T =,

U

Scheme 1. Schematic illustration of the electrochemical biosensor for kanamycin detection.

3.2 Feasibility analysis of the biosensor

In order to verify the feasibility of proposed electrochemical biosensor for detecting
kanamycin, several control experiments were implemented under different conditions, as
depicted in Fig. 1. For the positive sample, a prominent DPV peak was observed in -0.35 V,
manifesting this system generates a large number of split G-quadruplex DNAzyme (curve a).

Adversely, there was a weak current peak for the blank sample (curve b). This comparison

10
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explicitly revealed that the operation of electrochemical biosensor dépeénded” 6u'*%*"

kanamycin-aptamer interaction. Moreover, when kanamycin was replaced by tetracycline, an
almost invisible current signal was obtained, proving the high specificity of this
electrochemical strategy for target kanamycin detection (curve c). When there was no
Nt.BbvClI in solution, we also found a negligible current peak in the curve which showed the
Nt.BbvCI was an essential element for the formation of G-quadruplex/hemin (curve d).
Furthermore, when the electrode surface was not modified with the CP, it was observed that a
very tidy current signal (curve e), implying the CP was an indispensable condition for
forming spilt G-quadruplex DNAzyme. In summary, it was consciously considered that our

biosensor could be used to detect kanamycin.
3.54
3.0:
2.5
2.0-
1.5:
1.0

0.5-A

0.0 T
-0.1 -0.2 -0.3 -0.4 -0.5 -0.6

Potential / V

Current / pA

Fig. 1. DPV responses of the biosensor through analyze 1 nM kanamycin (a). Curves b to e
were for the control experiments which were performed with no target kanamycin (b),
kanamycin was replaced by 1 nM non-target tetracycline (c), 1 nM kanamycin without
Nt.BbvClI (d), 1 nM kanamycin without no CP (e).

3.3 PAGE characterization of the cascade enzymatic amplification reaction.

As can be seen from Fig 2, we can see more direct evidence of the biosensor through

11
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PAGE analysis. The double-arch probe, HP1, HP2, HP3 and CP displayed an individal*¢lea %"
band in the image, respectively (from lane 1 to lane 5). After incubation with target, we found
a new band higher the HP1 and double-arch probe appear (lane 6), indicating the formation of
Pr-HP1. Further, with the disappearance of Pr-HP1, a new band with low molecular weight
was appeared in the image (lane 7), demonstrating abundant G1 and G2 produced on account
of enzyme-assisted cascade amplification reaction. For positive samples, compared with the
lane 7, the G1 and G2 disappeared, at the same time, a new band with high molecular weight
was observed (lane 8), suggesting the CP combined with G1 and G2 ,that was the generation
of a great number of spilt-G-quadruplex structure. In contrast, several bright bands with the
same mobility as that of double-arch probe, HP1 HP2 HP3 and CP were observed for the

blank sample (lane 9). These results revealed that the forming of spilt-G-quadruplex relied on

the specific binding between kanamycin and aptamer.

M L 2 5 4 N G ] N Y

Fig. 2. PAGE images for electrochemical reaction. Lane M, DNA marker; Lane 1,

double-arch probe; Lane 2, HP1; Lane 3, HP2; Lane 4, HP3; Lane 5, CP; Lane 6, target,

12
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double-arch probe and HP1; Lane 7, target, double-arch probe, HP1, HP2, HP3'NEBBVCN00%>"

Exo III; Lane 8, positive sample; Lane 9, blank sample.
3.4 Electrochemical characterization of the modified electrodes

We used the classical techniques of cyclic voltammetry (CV) and electrochemical
impedance spectra (EIS) to capture the changes in the process of modification on the working
electrode surface. As depicted in Fig. 3A, a couple of distinctly redox peaks was monitored at
0.17 V and 0.30 V due to the excellent electrical conductivity (curve a). After modifying CP
on the surface of gold electrode, the current peak evidently decreased which indicated the
oligonucleotides hinder the access of [Fe (CN)¢]>”* on the electrode surfaces (curve b). As
non-specific sites were blocked by MCH, the peak of CV continued to weaken (curve c).
After the incubation of the modified electrode with the positive sample, a prominent lower
current signal was observed (curve d), manifesting this electrochemical biosensor based on
enzyme-assisted cascade amplification generates abundant G1 and G2, which were bound to
electrode surface, so the electron transport efficiency on electrode interface was further
reduced. All of the above changes were concerned to the negatively charged phosphate
skeleton of the immobilized DNA molecule and MCH could obstruct negatively charged
[Fe(CN)g]>* close to the electrode surface.

Meanwhile, EIS was applied in monitoring the characterization of surface-modified
electrodes in Fig.3B. The semicircle diameter was equal to electron-transfer resistance (R,,).
The bare electrode showed the good conductivity (curve a). After the CP was modified on the
bare electrode, the R, increased obviously, because the negatively charged DNA molecule

blocks the electron transfer on electrode surface (curve b). Then, the R,, continued to increase

13


https://doi.org/10.1039/c9an00857h

oNOYTULT D WN =

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

Analyst

Page 14 of 24

View Article Online

after the MCH was decorated on the electrode (curve c). Next the modified elett6de was 2%

incubated with 1 nM kanamycin, the R,, further increased (curve d). The EIS changes were
agreement with the CV responses, which gave indirect evidence that the electrochemical

biosensor interface was successfully constructed.

A LA,

20+ ‘i,
<« 1500+ o -
=3 E & a0, ‘A‘
— 104 =] A L Aa Md
b b - ‘.'-lll- .'-
;s 1 NI “; a.'q"'l-i'
O —10-4 500 -

=201

T T T 1 0 T T T 1
0.6 0.4 0.2 0.0 -0.2 0 1500 3000 4500 6000
Potential / V Z'/ohm

Fig. 3. CVs (A) and EIS (B) showed the modification process on the gold electrode. bare Au
electrode (a), CP/Au (b), MCH/CP/Au (c), and the modified electrode upon analyzing 1 nM
kanamycin (d). CV and EIS measurements were performed in containing 0.25 mM KCI and
5.0 mM Kj [Fe (CN)g].
3.5 Optimization of experimental conditions

Before quantitative detection of kanamycin by the electrochemical biosensor assay,
these experiment conditions, including the incubation time of hemin, the concentrations of
Exo III and H,0,, the molar ratio of HP1 and HP2, were discussed. As shown in Fig. 4A, it
was observed that the current intensities for the positive sample increased continuously with
the increase of the incubation time of hemin until a plateau was reached at 30 min (curve a).
Conversely, there was no obvious change in the intensity of the current peak of the blank
sample (curve b). So, the 30 min was used as the optimum the incubation time of hemin. Exo

III was an indispensable element to enzyme-assisted cascade amplification. The
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concentration of Exo III was tested from 0 to 25 U in Fig. 4B. As we can see. the tirrent 008

response of positive samples achieved a plateau after 15 U (curve a), the DPV peak of the
blank sample didn’t change (curve b). There, 15 U was selected as optimized concentration in
the subsequent experiments. The H,O, played an important role in experiment analysis. Thus,
we studied the relationship between concentration of H,O, and the (/;-1y)/1, values. [; and I
represented the DPV peak intensity in the presence and absence of 1 nM kanamycin,
respectively. As can be seen from Fig. 4C, the (I;-1y)/I, values increased with the elevated
concentration of H,O, and reached the saturated status after 20 mM, so we selected 20 mM as
the optimal concentration of the H,O,. In addition, the molar ratio of HP1 and HP2 was
essential for the amplification efficiency of this electrochemical biosensor. So, in Fig. 4D, we
obtained a fast increase in the current upon the elevation of when the molar ratio of HP1 and
HP2 from 1:1 to 1:10. But further beyond the ratio of 1:10 couldn’t make the rise of DPV
response and S/N. For the blank sample, the DPV response showed ignorable enhance with
the increase of the molar ratios. Thus, 1:10 was selected the optimal the ratio of HP1 and HP2

in the following experiments.
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Fig. 4. (A) Effect of the incubation time of hemin on the current response intensity of the
electrochemical biosensor in the presence (curve a) and absence (curve b) of 1 nM
kanamycin; (B) Effect of different concentrations of Exo III on the DPV response when the
target is present (curve a) and absent (curve b) of 1 nM kanamycin; (C) Effect of the
concentration H,O, to DPV peak intensities; (D) Effect of the molar ratio of HP1 and HP2 to
current peak of the electrochemical biosensor in the presence (the red bar) and absence (the
black bar) of 1 nM kanamycin. Error bars are standard deviations across three repetitive
experiments.
3.6 Analytical performance of the electrochemical biosensor for detecting kanamycin

For researching the performance of the biosensor, various concentrations of kanamycin
were monitored under the above optimal conditions. Fig. SA showed the DPV intensities of

the electrochemical platform to different kanamycin concentrations. It was observed that the
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DPV signal intensities increased with the increasing concentration of kanamycin flofh §°to™1"'*%’"

nM. According to the inset of the Fig. 5B, we found that the current response was
proportional to the logarithmic concentration of kanamycin which over 4 orders of magnitude
(from 100 fM to 1 nM) with the equation of I (pA) = 1.22478+0.62521g (Cianamycin/PM)
(R=0.998), and the limit of detection (LOD) was calculated to be 83 fM in terms of the rule
of 3 times standard deviation over the blank response. At the same time, we listed other
detection method for kanamycin in Table 2. Compared with other methods, our strategy
showed a wider linear range and a lower LOD, which should be attributed to the efficient

enzyme-assisted cascade amplification reaction coupled with spilt G-quadruplex DNAzyme

strategy.
351 A 351 B
s, i PO .
I1=1.22+0.63lgC
<« 2.5 <« 2.5 35 =().998 e
3 . < - R=0.99
- .U a : 2.0 E‘_z.s
= = =20
2 1.5 ¥ 1.5 s
P t Sl.l’l
= 1.0 = 1.0 o] |
@) @] oolses
0.5 0.5 - o1 0 1 2 3
IgCranamyein/pM
0.0 T T T T J 0.0 r r T T r T
01 02 03 04 05 0.6 0 200 400 600 800 1000
Potential / V Chanamycin/pM

Fig. 5. (A) DPV responses of the biosensor toward kanamycin with different concentrations
(from curve a to j: 0, 100 fM, 500 fM, 1 pM, 5 pM, 10 pM, 50 pM 100 pM, 500 pM, 1 nM,
respectively); (B) Variance of DPV intensity as a function of kanamycin with various
concentrations. Inset: the calibration curve of DPV peak current versus the logarithm of
kanamycin in range from 0 to 1 nM. Error bars show the standard deviations across three
repetitive experiments.

Table 2. Comparison of different assay methods for kanamycin determination.
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Detection method Detection range Detection limit ~ Reference "
SERS 1 nM-100 nM 0.75 nM 14
SPR 100 nM-10 uM 43 nM 16
FRET 1 nM-80 nM 0.29 nM 17
Colorimetry 50 pM-500 pM 14.7 pM 33
Fluorescence 24.75nM-137.15nM 7.5 1M 34
HPLC 10 nM-150 nM 25 nM 35
ELISA 1.7 pM-3.4 pM 7.7 pM 36
Luminescence 0.2 uM-150 M 14.3 nM 37
Microchip electrophoresis 12.8 uM-112 uM 2.1 uM 38
Electrochemistry 1 nM to 10 mM 1 nM 39
Electrochemistry 1 pM to 10 nM 0.5 pM 40

Electrochemistry 100 ftM-1 nM 83 tM this work

3.7 Specificity of the biosensor
The specificity of the enzyme-assisted cascade signal amplification electrochemical method
coupled with split G-quadruplex DNAzyme was testified through current peak distinction of
target kanamycin and various non-target antibiotics containing ampicillin, terramycin,
carbenicillin, oxytetracycline chloramphenicol. As shown in Fig. 6, the DPV responses for the
non-targets sample were all weak although the concentration was 10-fold greater over the target.
These consequences proved that the electrochemical biosensor had an excellent specific

recognition for kanamycin against other interfering antibiotics.
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%; 334 To further test the applicability of the electrochemical biosensor in real samples, the
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§7 336 kanamycin were added directly to the standard milk sample and detected without any
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42 338 method to detect these spiked samples and compared with these results measured by our
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2;’ 339 constructed biosensor in Table 3. We observed these results obtained by our biosensor were
46
47 340  good consistent with those obtained via the ELISA method, and the discrepancies between
48
49 . . .
50 341 the two methods were all smaller than 10.6%. Besides, the recovery of our biosensor was in
51
52 342 the range of 95.7%-104.8%, which can be confirmed that the actual results and theoretical
53
>4 . . L T :
55 343 expectation are approximately identical. These results implied that the designed strategy has a
56
g; 344  splendid potential for monitoring kanamycin in real sample with excellent accuracy and
59
60 345 reproducibility.
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Spiked amount Measured (pM) Recovery (%)£SD, n=5
(M) biosensor ELISA biosensor ELISA
1.000x10! (1.022+0.044) x10°! (1.041+0.018) x10°! 102.2+4 .4 104.1+1.8
1.000x10° (1.036+0.012) x10° (1.066+0.034) x10° 103.6+1.2 106.6+£3.4
1.000x10! (1.024+0.022) x10! (0.977+0.037) x10! 102.4+£2.2 97.7+£3.7
1.000x10? (0.985+0.017) x10? (1.031+0.034) x10? 98.5+1.7 103.1£3.4
1.000x103 (0.976+0.019) x103 (0.963+0.041) x103 97.6+1.9 96.3+4.1

4. Conclusion

In summary, we have constructed a label-free, simple and efficient electrochemical

biosensor for high S/N detection of kanamycin based on enzyme-assisted cascade

amplification coupled with split G-quadruplex DNAzyme. In this work, the two G-rich

oligonucleotide sequences were caged into two hairpin probes, respectively, eliminating the

possibility of assembling into active peroxidase DNAzyme when the kanamycin was absent,

thus high S/N detection of target could be achieved. To the best of our knowledge, this is the

first time that split G-quadruplex DNAzyme has been used to electrochemical field for

antibiotics detection, and the LOD achieved as low as 83 fM. Besides, we applied this

biosensor to detect kanamycin in the actual sample, further verified its practicality. Therefore,

the ingenious method has a potential to provide a versatile and practical electrochemical

platform for detecting small molecules and related food safety analysis.
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