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Abstract 25 

Herein, we have reported the development of a simple, rapid, and low cost col-26 

orimetric method for the detection of antibiotic based on target-activated split peroxi-27 

dase DNAzyme coupled with dual nicking enzyme signal amplification (NESA). To 28 

lower background signal in G-quadruplex DNAzyme-based detection, the two split 29 

G-rich parts are caged into two different hairpin probes, respectively, preventing the 30 

two parts from assembling into the G-quadruplex structure. By the combination of 31 

restriction endonuclease-assisted cleavage reaction with the spilt G-quadruplex probes, 32 

target-modulated release of the two split G-rich parts is achieved, affording high 33 

specificity of antibiotic detection. Our strategy features with several aspects. First, the 34 

less background signal produced by the self-assembly of G-quadruplex in the absence 35 

of target is effectively eliminated owing to the pre-blocking of the two split G-rich 36 

parts. Second, dual NESA coupled G-quadruplex DNAzyme amplification strategy is 37 

integrated with colorimetric assay of antibiotic, which significantly improves the de-38 

tection sensitivity. Third, peroxidase-mimicking DNAzyme is used as biocatalyst in 39 

our reaction system, which can catalyze the oxidation of 2,2' - azino - bis (3 - 40 

ethylbenzothiozoline - 6 - sulfonic acid) (ABTS2-) mediated by H2O2 to generate the 41 

colored radical anion (ABTS•-), allowing to low cost and visual detection of antibiotic 42 

by the naked eye. Under optimized conditions, the results revealed the proposed bio-43 

sensor exhibits excellent specificity and sensitivity toward kanamycin with a detection 44 

limit as low as 14.7 pM. Hence, the target-activated split G-quadruplex DNAzyme 45 

and dual NESA-based strategy provides a useful and practical platform for antibiotic 46 
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residues determination and other analytes detection in bio-analysis. 47 

Keywords: split G-quadruplex probes; peroxidase DNAzyme; NESA; colorimetric; 48 

antibiotic 49 
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1. Introduction 51 

Antibiotics are mainly used to kill or inhibit microbes and bacteria, which are 52 

widely used in human and veterinary drugs [1]. Antibiotics can accumulate through 53 

the food chain in the human body, which may have a negative impact on human 54 

health even at low concentration, such as causing hearing impairment, toxic to organs 55 

[2]. In addition, their abuse causes humans to produce the super bacteria with toler-56 

ance to antibiotics, which will reduce the efficiency of disease treatment [3,4]. Anti-57 

biotic-resistant bacteria may spread to other microbial populations that pose a poten-58 

tial threat to human and animal health [5]. So, it is essential to control the intake of 59 

antibiotic and it is necessary to test whether the remaining antibiotics in the food con-60 

tain more than the residue limit (MRL) before selling and distributing the food. [6] 61 

Therefore, the development of simple, rapid, high sensitive and specific assay meth-62 

ods for the determination of antibiotic residues in foodstuffs and environmental sam-63 

ples is in great need. 64 

The conventional methods of detecting antibiotic residues mainly includes 65 

high-pressure liquid chromatography (HPLC) [7], gas chromatography (GC) [8], mass 66 

spectrometry (MS) [9], capillary electrophoresis (CE) [10], and liquid chromatog-67 

raphy-tandem mass spectrometry (LC-MS) [8,11]. Despite their widespread applica-68 

tions, these methods suffer from some inherent shortcomings such as laborious pre-69 

treatments of samples, expensive instruments, and trained technical personnel. More 70 

recently, enzyme-linked immunosorbent assay (ELISA) [12] and electrochemis-71 

try-based methods have been reported for quantitative analysis of antibiotics [13,14]. 72 
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These methods afford high sensitivity and demonstrate applicability in biological 73 

samples. However, the procedures need tedious culture and wash steps, and careful 74 

reagent handling, which is rather time-consuming and labor-intensive. Hence, it is 75 

urgent for developing sensitive, robust, and ready-to-use strategy for antibiotic resi-76 

dues quantification.  77 

Very recently, the colorimetric assay has drawn more and more concerns owing 78 

to its superior performances of rapid feedback, cost-effectiveness, and visual detection 79 

toward target analytes [17,18,19,20]. Until now, various efforts have been devoted to 80 

the design of colorimetric strategies to meet the requirement for trace determination of 81 

antibiotics residues in foodstuffs and environmental samples [21]. For example, Shen 82 

et al. reported the development of a rapid colorimetric sensing of tetracycline antibi-83 

otics based on in situ growth of gold nanoparticles [22]. Duyen et al. developed a 84 

simple colorimetric paper-based biosensor based on a novel principle for the detection 85 

of antibiotics inhibiting bacterial protein synthesis [23]. Although the methods com-86 

bine some appealing features such as rapidness and simplicity, it is not difficult to 87 

find their deficiency of non-ideal sensitivity. Therefore, the development of high sen-88 

sitive and easy-to-use colorimetric strategy for antibiotic residues detection is highly 89 

desirable. 90 

G-rich probes, which can reconstitute into a special G-qurdruplex structure 91 

[24,25] become active peroxidase-mimicking DNAzymes when bound with hemin in 92 

the presence of K+ [26,27,28]. G-quadruplex DNAzyme has gained increasing popu-93 

larity because it allows a simple detection via colorimetric means without the need of 94 
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additional labile reagents such as horseradish peroxidases conjugates. It has been re-95 

ported that it is possible for G-rich probe to split the full-length single strand into two 96 

parts owing to the unique structure of the four GGG repeats [29]. The split strategy 97 

has been widely for detecting nucleic acid, in which the two G-rich parts can easily 98 

assemble to form an active anti-hemin aptamer in the presence of target DNA. How-99 

ever, it can't be ignored that less background signal produces because the two split 100 

parts have the tendency to assemble into active aptamer in the absence of target.  101 

To lower background signal in G-quadruplex DNAzyme-based detection, it is 102 

desirable to reduce or eliminate the possibility of forming active anti-hemin aptamer 103 

in the absence of target. One effective approach is pre-blocking the G-rich probe, in 104 

which the formation of G-rich structure is modulated by target analyte. For example, 105 

the frequently used signal-on sensing mode is generally achieved by target-triggered 106 

assembly of split DNAzyme. However, these methods undoubtedly suffer from less 107 

background signal generated by free G-rich parts. 108 

To resolve the problem of high background signal, we attempt to cage the two 109 

split G-rich sequence into two different hairpin structures, preventing the two G-rich 110 

parts from assembling into the G-quadruplex structure. Meanwhile, to achieve tar-111 

get-controlled liberation of the two split G-rich probes, restriction endonucle-112 

ase-assisted cleavage reaction is used to cut off the hairpin probe. More importantly, 113 

dual nicking enzyme signal amplification (NESA) is integrated with the spilt 114 

G-quadruplex DNAzyme to improve the sensitivity of colorimetric assay of analyte. 115 

The dual NESA consists of two cycles of NESA reaction, in which the upstream 116 
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products generated by the first cycle of NESA reaction can act as the “DNA trigger” 117 

of the downstream cycle (the second cycle of NESA reaction). 118 

Herein, a simple, rapid, and low cost colorimetric method for the detection of an-119 

tibiotic based on target-activated split peroxidase DNAzyme coupled with dual NESA 120 

has been developed. It is noteworthy that, besides the low background and high sensi-121 

tive detection of analyte, our strategy also includes additional significant aspects. First, 122 

the nicking endonuclease Nt.AlwI can accurately and strongly identify the specific 123 

recognition sequence. By the specific design of the two hairpin probes, the two split 124 

G-rich parts producing after target-aptamer binding induced dual NESA reaction, af-125 

fording high specificity of target detection. Moreover, the proposed amplification 126 

system is based on the use of sole endonuclease, which saves the assay cost and de-127 

creases the risk of false-positive signal output. Second, we use peroxidase-mimicking 128 

DNAzyme as biocatalyst in our reaction system, which can catalyze the oxidation of 129 

2,2' - azino - bis (3 - ethylbenzothiozoline - 6 - sulfonic acid) (ABTS2-) mediated by 130 

H2O2 to generate the colored radical anion (ABTS•-), therefore visual detection by the 131 

naked eye can be achieved [30,31]. Third, by redesigning the corresponding sequence 132 

for target recognition, our proposed target-activated split peroxidase DNAzyme cou-133 

pled with dual NESA-based strategy can further extended for the detection toward a 134 

wide spectrum of analytes including nucleic acid, protein, and small molecules. Addi-135 

tionally, the split peroxidase DNAzyme-based strategy can be also associated with 136 

other analytical techniques such as chemiluminiscence. Thus, it might create a simple 137 

and highly efficient biosensing platform for antibiotic residues determination and oth-138 
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er analytes detection in bio-analysis. 139 

2. Materials and methods 140 

2.1. Chemicals and reagents 141 

Kanamycin, penicillin G, penicillin, tetracycline, aztrconam, streptomycin, 142 

L-tyrosine, tylosin, tilmicomsin, spiramycin, Chloromycetin, ampicillin were pur-143 

chased from Aladdin Chemistry Co., Ltd. (Shanghai, China). Nt.AlwI (10000 U/mL) 144 

and 10× reaction buffer (500 mM NaCl, 100 mM Tris-HCl, 100 mM MgCl2, and 10 145 

mM dithiothreitol, pH 7.9) were purchased from the New England Biolabs Ltd. (Bei-146 

jing, China). Disodium 2,2’ - azinobis (3 - ethylbenzothiazoline - 6 - sulfonic), Hy-147 

drogen peroxide and hemin were purchased from Fuchen Chemical Reagents. (Tianjin, 148 

China). All the chemicals were of analytical grade and the solutions were prepared 149 

using ultrapure water with an electric resistance > 18.25 MΩ, which was obtained 150 

through a Millipore Milli-Q water purification system (Billerica, MA, USA). Oligo-151 

nucleotides used in this work were synthesized and purified by Sangon Biotechnology 152 

Co. Ltd. (Shanghai, China), and the sequences were listed in Table S1. 153 

2.2. Antibiotic detection 154 

The solution consisted of 2 µL 5 µM antibiotic aptamer (Apt) and its comple-155 

mentary oligonucleotide (Primer) were previously hybridized in equal proportions 156 

were incubated at 37 °C for 1 hour. Then 4 µL of this solution was added to 2 µL of 157 

kanamycin solution with different concentrations (ranging from 0 to 500 nM) and in-158 

cubated at 37 °C for 1 h.  159 

The DNA amplification analysis was performed by mixing the above DNA pri-160 
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mer solution (6 µL), 2 µL 5 µM HP1 solution, 2 µL 5 µM HP2 solution , NEB buffer 161 

(10×, 2 µL) and 2 µL 1000 mM KCl were incubated at 37 °C for 1h. Then, 10 U 162 

Nt.AlwI and 2 µL 50 µM helper DNA were added and allowed to incubate for 2 h at 163 

37 °C. Subsequently, the final concentration of 0.6 µM hemin was added and incu-164 

bated for 1 h at 37 °C to form hemin/G-quadruplex structure. Finally, we added the 165 

final concentration of 2 mM ABTS and H2O2 respectively. The color change was ob-166 

served and absorbance spectrum was obtained by UV-vis spectrometer (Shimadzu 167 

UV-2600, Japan). Real time spectral scanning was performed in the wavelength range 168 

from 400 to 500 nm at a fixed time interval of 5 min. 169 

2.3. Real sample analysis 170 

Milk was bought from a local supermarket. 2 mL of the milk was added to 8 mL 171 

of PBS (10 mM, pH 7.4) and completely mixed for 10 min. Then different concentra-172 

tions of kanamycin were spiked into the diluted milk samples and detected directly 173 

without any pretreatments. The spiked samples were further quantified by a classic 174 

ELISA method and compared with results obtained with our method. 175 

3. Results and discussion 176 

3.1 The design of the hairpin probes 177 

Our system involves of two hairpin DNA probes, an aptamer-primer (Ap-Pr) hy-178 

brid duplex probe, a helper DNA, and a nicking endonuclease Nt.AlwI. Two hairpin 179 

DNA probes (HP) are ingenious designed to be used for producing numerous unequal 180 

split of G-rich probes (one GGG repeat-inserted split probe and three GGG re-181 

peats-inserted split probe) with the aid of nicking endonuclease. The hairpin DNA 182 

probe 1 (HP1) consists of five regions: one GGG repeat-inserted split probe segment 183 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

(denoted in a in Scheme 1), the helper DNA-annealing segment (denoted in b), 184 

Pr-annealing segment containing the recognition sequence of nicking endonuclease 185 

Nt.AlwI (denoted in c in Scheme 1), the hairpin DNA probe 2 (HP2)-annealing seg-186 

ment (denoted in d), and split probe-blocking segment (denoted in a*b* in Scheme 1). 187 

The HP2 includes three GGG repeats-inserted split probe segment (denoted in e in 188 

Scheme 1), the helper DNA-annealing segment (denoted in f), HP1-annealing seg-189 

ment (denoted in d* in Scheme 1), and split probe-blocking segment (denoted in e* in 190 

Scheme 1). A helper DNA (denoted in b*f* in Scheme 1) is used for complementary 191 

with two split probes, respectively, thus generating assembly of G-quadruplex struc-192 

ture. The sequences and related descriptions of the used oligonucleotides were listed 193 

in table S1 in the supporting information. 194 

 195 

Scheme 1 Schematic illustration of split peroxidase DNAzyme coupled with dual 196 

NESA-based colorimetric assay for antibiotic detection. 197 

3.2 Principle of the colorimetric split peroxidase DNAzyme coupled with dual NESA 198 

strategy 199 
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Scheme 1 shows the working principle of the proposed strategy. The Ap-Pr hy-200 

brid duplex is pre-prepared by hybridizing anti-kanamycin aptamer with its comple-201 

mentary DNA (primer, Pr). In the presence of target kanamycin, the specific binding 202 

between anti-kanamycin aptamer and target induces the release of primer, which hy-203 

bridizes with the loop region of HP1, thus forming double-stranded structures with 204 

specific recognition sites for Nt.AlwI. Immediately, HP1 is nicked and divided into 205 

two single-stranded DNA probes with the help of Nt.AlwI, which includes free one 206 

GGG repeat-inserted split G-quadruplex probes and the dissociated DNA probes used 207 

for complementary with the loop region of HP2. Meanwhile, the primer is dissociated 208 

from HP1 and again complementary to another HP1, initiating a new cycle of "hy-209 

bridization-cleavage-dissociation" reaction. So, a great many of one GGG re-210 

peat-inserted split G-quadruplex probes are formed after target-activated NESA reac-211 

tion. Then the dissociated DNA probes anneal with HP2, producing new DNA duplex 212 

containing the recognition sites for Nt.AlwI, thus HP2 is cleaved into two pieces with 213 

the aid of Nt.AlwI. Similarly, the falling DNA probes again anneal with other 214 

un-nicked HP2, which trigger dual NESA reaction and result in the formation of mas-215 

sive three GGG repeats-inserted split G-quadruplex probes. Subsequently, the pro-216 

duced two numerous split G-quadruplex probes are complementary to two termini of 217 

the helper DNA, respectively, resulting the overhung G-rich segments to assemble 218 

into G-quadruplex structure. After the addition of hemin, it binds to hemin and be-219 

comes G-quadruplex DNAzyme that possesses peroxidase-like activities. Thus, the 220 

produced DNAzyme catalyzes H2O2-mediated ABTS2- to generate the colored prod-221 
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uct ABTS•-, which enables the amplified colorimetric readout of the target concentra-222 

tion [32]. By the combination of target-controlled release of split G-quadruplex 223 

probes and dual NESA strategy, the current strategy is hopeful for offering a simple, 224 

rapid, and low cost colorimetric method for detecting antibiotics with low background 225 

and high sensitivity. 226 

3.3 Feasibility Study 227 

Fig. 1 depicts the typical absorption spectral responses of the proposed strategy 228 

in the assay of kanamycin. As shown in Fig. 1, for the mixture of HP1, HP2, and the 229 

helper DNA probe, it was observed that the absorption peak was neglected and the 230 

absorption intensity at 418 nm of was only 0.103, which was attributed that hemin 231 

displayed a very low catalytic activity toward the H2O2-mediated oxidation of ABTS2- 
232 

(curve a). This signified the split G-rich probes couldn't assemble into G-quadruplex 233 

structure due to the ingeniously HP design that pre-blocking the two split G-rich se-234 

quence. For the blank sample, there was a similar absorption spectrum to the mixture 235 

of HP1, HP2, and the helper DNA probe (curve b). However, in the presence of 500 236 

nM kanamycin, a green color for ABTS•- and 657 % of signal increase in the absorp-237 

tion intensity at 418 nm were observed, demonstrating the formation of 238 

G-quadruplex/hemin complex (curve c). This revealed the specific binding of target 239 

and aptamer triggered Nt.AlwI-catalyzed cyclic nicking reaction, releasing the mas-240 

sive split G-rich probes, thus the G-quadruplex DNAzyme is formed in the presence 241 

of the helper DNA and hemin. Additionally, the absorbance almost approximate to 242 

that of the blank sample was obtained in the absence of Nt.AlwI, suggesting the ab-243 
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sorbance enhancement was attributed to Nt.AlwI-assisted release of split G-rich 244 

probes (curve d). When kanamycin was replaced by non-target Ampicillin, there was 245 

very low absorption intensity at 418 nm (curve e). Furthermore, time-dependent ab-246 

sorption changes upon the above samples were investigated, and the data were shown 247 

in Fig. S1. The obtained results were consistent with that of the absorption spectral 248 

measurements. This implied the change of absorbance signal was induced by the spe-249 

cific binding of target and aptamer. Therefore, the proposed strategy could be used for 250 

amplified detection of kanamycin. 251 

 252 

Fig. 1 Typical absorption spectral responses for colorimetric assay of kanamycin. 5 253 

µM HP1, 5 µM HP2, and 5 µM helper DNA (a), blank sample (b), positive sample 254 

(500 nM kanamycin) (c), 500 nM kanamycin without Nt.AlwI (d), 50 µM Ampicillin 255 

in place of 500 nM kanamycin (e). Inset is the photograph. 256 

3.4 Optimization of Experimental Conditions 257 

In our assay, Nt.AlwI-assisted cleavage reaction is crucial for the formation of 258 

G-quadruplex DNAzyme. It is of great importance for the cleavage reaction time and 259 
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the concentration of Nt.AlwI to the yield of split G-rich probes. Different assay condi-260 

tions were investigated in our studies, and the results were shown in Fig. 2. A long 261 

cleavage reaction time is expected to achieve enhanced signal amplification. The 262 

cleavage reaction time of Nt.AlwI was studied to probe the absorbance signal toward 263 

500 nM kanamycin detection. As shown in Fig. 2A, it was found that the absorbance 264 

intensity for the positive sample increased continuously with the increase of the 265 

cleavage reaction time and kept constant when the reaction time reached 120 min, 266 

while there was no obvious change for that of the blank sample. Thus, the cleavage 267 

reaction time of 120 min was selected for the following experiments. The amount of 268 

employed Nt.AlwI had an effect on the efficiency of cleavage reaction as well. The 269 

concentration of Nt.AlwI also optimized on the basis of the absorbance signal toward 270 

the detection of 500 nM kanamycin, and the results were shown in Fig. 2B. In Fig. 2B, 271 

the positive sample, the absorbance intensity was intensified with the increase of the 272 

concentration of Nt.AlwI and experienced almost no change when the concentration 273 

reached 10 units; nevertheless, the absorbance signal was nearly unchanged for the 274 

blank sample. So, a concentration of 10 units was chosen as the optimized amount of 275 

Nt.AlwI for the cleavage reaction. Additionally, the amplification efficiency of this 276 

strategy may be influenced by the concentration of the helper DNA. So, the absorp-277 

tion responses to different concentrations of the helper DNA were investigated, and 278 

the results were shown in Fig. S2 in the supporting information. It was found that the 279 

concentration of 5µM gave the highest signal to noise ratio. Thus, the concentration of 280 

5µM was used for the subsequent experiments. 281 
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 282 

Fig. 2 (A) Effects of the incubation time of Nt.AlwI on the absorption signal of bio-283 

sensor in the presence (curve a) and absence (curve b) of 500 nM kanamycin. (B) Ef-284 

fects of the concentration of Nt.AlwI on the absorption signal of biosensor in the 285 

presence (the red bar) and absence (the blank bar) of 500 nM kanamycin.  286 

3.5 Analytical performance for kanamycin detection 287 

Under the optimized experimental conditions, the analytical performance of con-288 

structed colorimetric assay method was investigated towards the detection of kana-289 

mycin with different concentrations. Fig. 3 displayed absorption spectral responses of 290 

the proposed method in the assays under the optimized conditions. It was found that 291 

in Fig. 3A the green color of the product ABTS•- were gradually deepened with in-292 

creasing concentration of kanamycin. Fig. 3B depicted time-dependent absorbance 293 

changes upon analyzing different concentrations of kanamycin. The absorbance val-294 

ues increased accordingly with the increasing concentration of kanamycin from 0 pM 295 

to 500 nM, which was consistent with that of the visual observations. This suggested 296 

more active G-quadruplex / hemin DNAzyme were formed with the increasing con-297 

centrations of kanamycin. This also verified the assembly of split G-quadruplex 298 

DNAzyme was initiated by the specific binding of target and aptamer. Additionally, 299 
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the absorption spectral in the range of 400-500 nm in the assays of kanamycin with 300 

different concentrations was inspected, and the results were shown in Fig. S2. It was 301 

observed that the absorption intensity at 418 nm increased accordingly in the increas-302 

ing of kanamycin concentration. Fig. 3C displayed a good linear correlation of the 303 

absorption intensity of ABTS•- at 418 nm to the logarithm of the concentrations of 304 

kanamycin ranging from 50 pM to 500 nM. The regression equation was Y = 1.47 + 305 

0.12 lgC with a correlation coefficient of 0.992, where Y and C represented the ab-306 

sorbance intensity and kanamycin concentration, respectively. The detection limit was 307 

calculated to be 14.7 pM by evaluating the average response of blank sample plus 3 308 

times standard deviation, indicating superior detection sensitivity compared with 309 

those previous reported methods. The detailed comparison of our proposed strategy 310 

with other methods was illustrated in Table S2 in the supporting information. The 311 

high sensitivity could be ascribed to extremely low background and high amplifica-312 

tion efficiency of the present target-activated split G-quadruplex DNAzyme and dual 313 

NESA strategy. 314 
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 315 

Fig. 3 (A) Pictures of the colorimetric method in the assay of kanamycin with varying 316 

concentrations. (B) Time-dependent absorbance changes upon analyzing kanamycin 317 

with varying concentrations. (C) The calibration curve of absorption peak intensity at 318 

418 nm versus the logarithm of kanamycin with varying concentrations. Error bars are 319 

standard deviations across three repetitive measurements. 320 

3.6 Detection specificity 321 

The specificity of sensing strategy is highly desirable during practical applica-322 
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tions. In order to evaluate the selectivity of the proposed method, we challenged the 323 

system with the target kanamycin and several non-target antibiotics such as ampicillin. 324 

The results were shown in Fig. 4. It was observed that the system only showed a re-325 

markable absorbance signal in the presence of target kanamycin, while the absorption 326 

peak intensity was negligible in the presence of other non-target antibiotics. These 327 

results clearly demonstrated the absorbance signal was specifically triggered by tar-328 

get-activated split G-quadruplex DNAzyme and dual NESA. This confirmed the high 329 

specificity of the proposed colorimetric strategy for kanamycin identification. 330 

 331 

Fig. 4 Absorption peak intensities at 418 nm obtained in colorimetric assay in the 332 

presence of different antibiotics. The concentration of kanamycin is 500 nM. The 333 

concentration of non-target antibiotic is 50 µM. Error bars are standard deviations 334 

across three repetitive experiments. 335 

3.7 Real sample analysis 336 

To explore the applicability of the proposed method in complex matrixes, the 337 

quantitative assay of kanamycin in the spiked milk samples was conducted using our 338 

method. Different concentrations of kanamycin were spiked into the milk samples and 339 
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measured directly without any pretreatment except for dilution with a buffer solution. 340 

For comparison, ELISA method was also used for the analysis of the same sample. 341 

The results were listed in Table. 1. As can be seen, these data obtained by our method 342 

and ELISA method showed good agreement with each other, and the discrepancies 343 

between the two methods were all smaller than 11.5 %. Besides, the recovery of the 344 

proposed method was in the range of 93.4-104.7 %, indicating acceptable accuracy of 345 

the method for kanamycin determination in complex matrixes. This clearly revealed 346 

that the proposed approach might hold great potential for real sample analysis with 347 

great accuracy and reliability. 348 

Table. 1 Application of the colorimetric assay for kanamycin determination in milk 349 

and comparison with ELISA detection. 350 

Spiked amount 

(nM) 
Measured (nM) Recovery (%) 

 Our method         ELISA Our method      ELISA 

1.000×10-1 (1.048±0.042)×10-1 (0.977±0.038)×10-1 104.7±4.3 97.7±3.7 

1.000×100 (0.936±0.036)×10-0 (1.038±0.024)×10-0 93.4±3.7 103.8±2.5 

1.000×101 (1.028±0.015)×101 (1.017±0.022)×101 102.9±1.4 101.7±2.2 

1.000×102 (1.017±0.009)×102 (0.988±0.016)×102 101.7±0.9 98.7±1.7 

 351 

Conclusion 352 

In summary, we have constructed a simple, rapid, and low cost colorimetric as-353 

say method for low-background detection of antibiotics based on target-activated split 354 

G-quadruplex DNAzyme and dual NESA. In our assay, the two split G-rich probes 355 

were caged into two hairpin structures, respectively, eliminating the possibility of as-356 

sembling into active peroxidase DNAzyme in the absence of target, thus 357 

low-background detection of target could be achieved. In the presence of target, pe-358 
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roxidase DNAzyme could be easily recovered via target-triggered release of split 359 

G-quadruplex probes with the aid of restriction endonuclease. This work is to our 360 

knowledge the first report that split G-quadruplex DNAzyme coupled with dual 361 

NESA has been used for colorimetric assay of antibiotics. Based on the amplification 362 

strategy, this proposed biosensor can detect kanamycin with the detection limit down 363 

to 14.7 pM without any labeling procedures and expensive equipment. Furthermore, 364 

by redesigning the corresponding sequence for target recognition, the target-activated 365 

split peroxidase DNAzyme and dual NESA strategy can be applied for the detection 366 

of various aptamer binding molecules including nucleic acid, protein, and small mol-367 

ecules. In addition, this constructed strategy can be also associated with other analyti-368 

cal techniques such as chemiluminiscence. Hence, this method provides a versatile 369 

and practical platform for detecting analytes with trace amounts in bio-analysis. 370 

 371 

Acknowledgements 372 

This work was supported by NSFC (1471644, 21405060), and Shandong Prov-373 

ince Natural Science Funds (ZR2015CM027).374 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 

 

References 375 

[1] M.S. Ur Rehman, N. Rashid, M. Ashfaq, A. Saif, N. Ahmad, J.I. Han, Global risk of pharm 376 

ceutical contamination from highly populated developing countries, Chemosphere. 138 (2015) 377 

1045-1055. 378 

[2] E.M. Aghdam, M.S. Hejazi, A. Barzegar, Riboswitches: From living biosensors to novel tar-379 

gets of antibiotics, Gene. 592 (2016) 244-259. 380 

[3] E. Goldman, Antibiotics abuse in animal agriculture: exacerbating drug resistance in human 381 

pathogens, Hum. Ecol. Risk. Assess. 10 (2004) 121-134. 382 

[4] L. Leibovici, M. Paul, P. Garner, D.J. Sinclair, A. Afshari, N.L. Pace, N. Cullum, H.C. Wil-383 

liams, A. Smyth, N. Skoetz, C. Del-Mar, A.G.M. Schilder, D. Yahav, D. Tovey, Addressing 384 

resistance to antibiotics in systematic reviews of antibiotic interventions, J. Antimicrob. 385 

Chemother. 71 (2016) 2367-2369. 386 

[5] A.R. Sapkota, L.Y. Lefferts, S. McKenzie, P. Walker, Lower Prevalence of Antibiotic-Resistant 387 

Enterococci on U.S. Conventional Poultry Farms that Transitioned to Organic Practices, En-388 

viron. Health. Perspect. 115 (2007) 663-670. 389 

[6] K.M. Song, M. Cho, H. Jo, K. Min, S.H. Jeon, T. Kim, M.S. Han, J.K. Ku, C. Ban, Gold na-390 

noparticle-based colorimetric detection of kanamycin using a DNA aptamer, Anal. Biochem. 391 

415 (2011) 175-181. 392 

[7] B. Blanchaert, J.P. Poderós, E. Jankovics, A.V. Schepdael, Assay of Kanamycin A by HPLC 393 

with Direct UV Detection, Chromatographia. 76 (2013) 1505-1512. 394 

[8] L. Santos, J. Barbosa, M.C. Castilho, F. Ramos, C.A.F. Ribeiro, M.I.N.D. Silveira, Determina-395 

tion of chloramphenicol residues in rainbow trouts by gas chromatography–mass spectometry 396 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 

 

and liquid chromatography–tandem mass spectrometry, Anal. Chim. Acta. 529 (2005) 397 

249-256. 398 

[9] A. Posyniak, J. Zmudzki, J. Niedzielska, Evaluation of sample preparation for control of 399 

chlo-ramphenicol residues in porcine tissues by enzyme-linked immunosorbent assay and 400 

liquid chromatography, Anal. Chim. Acta. 483 (2003) 307-311. 401 

[10] C.C. Lo, Y.M. Hsiao, High-Performance Capillary Electrophoretic Method for the Determi-402 

nation of Antibiotic Fungicide Kasugamycin in Formulated Products, J. Agric. Food. Chem, 403 

44 (1996) 2231-2234. 404 

[11] J. Zhou, K. Maskaoui, A. Lufadeju, Optimization of antibiotic analysis in water by sol-405 

id-phase extraction and high performance liquid chromatography–mass spectrometry/mass 406 

spectrometry, Anal. Chim. Acta. 731 (2012) 32-39. 407 

[12] M. Chen, N. Gan, H.R. Zhang, Z.D. Yan, T.H. Li, Y.J. Chen, Q. Xu, Q.L. Jiang, Elec-408 

tro-chemical simultaneous assay of chloramphenicol and PCB72 using magnetic and ap-409 

tamer-modified quantum dot-encoded dendritic nanotracers for signal amplification, Micro-410 

chim. Acta. 183 (2016) 1099-1106. 411 

[13] L.Y. Lan, Y. Yao, J.F. Ping, Y.B. Ying, Recent advances in nanomaterial-based biosensors for 412 

antibiotics detection, Biosens. Bioelectron. 91 (2017) 504-514. 413 

[14] Y.J. Jin, J.W. Jang, C.H. Han, M.H. Lee, Development of immunoassay for the detection of 414 

kanamycin in veterinary fields, Vet. Sci. 7 (2006) 111-117. 415 

[15] X.Z. Wang, S.S. Dong, P.P Gai, R. Duan, F. Li, Highly sensitive homogeneous electrochemi-416 

cal aptasensor for antibiotic residues detection based on dual recycling amplification strategy, 417 

Biosens. Bioelectron. 82 (2016) 49-54. 418 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

23 

 

[16] P.P. Gai, C.C. Gu, T. Hou, F. Li, Ultrasensitive self-powered aptasensor based on enzyme 419 

biofuel cell and DNA bioconjugate: a facile and powerful tool for antibiotic residue detection, 420 

Anal. Chem, 89 (2017) 2163-2169. 421 

[17] Q. Luan, Y. Xi, N. Gan, Y.T. Cao, T.H. Li, Y.J. Chen, A facile colorimetric aptamer assay for 422 

small molecule detection in food based on a magnetic single-stranded DNA binding pro-423 

tein-linked composite probe, Sensor. Actuat. B-Chem. 239 (2017) 979-987. 424 

[18] C.J. Eboka, J. Smart, S.A. Adelusi, An alternative colorimetric method for the determination 425 

of chloramphenicol, Trop J Pharm Res. 2 (2003) 215-221. 426 

[19] W.Q. Liu, Z.F. Du, Y. Qian, F. Li, A specific colorimetric probe for phosphate detection based 427 

on anti-aggregation of gold nanoparticles, Sensor Actuat B-Chem. 176 (2013) 927-931. 428 

[20] X.J. Liu, M.Q. Chen, T. Hou, X.Z. Wang, S.F. Liu, F. Li, Label-free colorimetric assay for 429 

base excision repair enzyme activity based on nicking enzyme assisted signal amplification, 430 

Biosens. Bioelectron. 54 (2014) 598-602. 431 

[21] P. Trieu-Cuot, G. De Cespedes, F. Bentorcha, F. Delbos, E. Gaspar, T. Horaud, Study of het-432 

erogeneity of chloramphenicol acetyltransferase (CAT) genes in streptococci and enterococci 433 

by polymerase chain reaction: characterization of a new CAT determinant, Antimicrob. 434 

Agents. Chemother. 37 (1993) 2593-2598. 435 

[22] L. Shen, J. Chen, N. Li, P.L. He, Z. Li, Rapid colorimetric sensing of tetracycline antibiotics 436 

with in situ growth of gold nanoparticles, Analytica. Chimica. Acta. 839 (2014) 83-90. 437 

[23] T.T. M. Duyen, H. Matsuura, K. Ujiie, M. Muraoka, K. Harada, K. Hirata, Paper-based col-438 

orimetric biosensor for antibiotics inhibiting bacterial protein synthesis, J. Biosci. Bioeng. 1 439 

(2017) 96-100. 440 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

24 

 

[24] D.D. Li, W. Cheng, Y.J. Li, Y.J. Xu, X.M. Li, Y.B. Yin, H.X. Ju, S.J. Ding, Catalytic hairpin 441 

assembly actuated DNA nanotweezer for logic gate building and sensitive enzyme-free bio-442 

sensing of microRNAs, Anal. Chem. 88 (2016) 7500-7506. 443 

[25] Q.X. Fan, C. Li, Y.Q. Tao, X.X. Mao, G.X. Li, Simple and fast screening of G-quadruplex 444 

ligands with electrochemical detection system, Talanta. 160 (2016) 144-147. 445 

[26] X.X. Lin, Q.S. Chen, W. Liu, H.F. Li, J.M. Lin, A portable microchip for ultrasensitive and 446 

high-throughput assay of thrombin by rolling circle amplification and hemin/G-quadruplex 447 

system, Biosens. Bioelectron. 56 (2014) 71-76. 448 

[27] Y. Tian, Y. He, C. Mao, Cascade Signal Amplification for DNA Detection, ChemBioChem. 7 449 

(2006) 1862-1864. 450 

[28] J. Kosman, B. Juskowiak, Peroxidase-mimicking DNAzymes for biosensing applications: A 451 

review, Anal. Chim. Acta. 707 (2011) 7-17. 452 

[29] M.G. Deng, D. Zhang, Y.Y. Zhou, X. Zhou, Highly effective colorimetric and visual detection 453 

of nucleic acids using an asymmetrically split peroxidase DNAzyme, J. Am. Chem. Soc. 130 454 

(2008) 13095-13102. 455 

[30] P. Travascio, Y. Li, D. Sen, DNA-enhanced peroxidase activity of a DNA aptamer-hemin 456 

complex, Chem. Biol. 5(1998) 505-517. 457 

[31] Y. Huang, C. Chen, S.L. Zhao, M. Shi, Z.F. Chen, H. Liang, Labei-free colorimetric aptasen-458 

sor based on nicking enzyme assisted signal amplification and DNAzyme amplification for 459 

highly sensitive detection of protein, Anal. Chem. 85 (2013) 4423-4430. 460 

[32] L.J. Wang, M. Ren, Q.Y. Zhang, B. Tang, Z.C. Zhang, Excision repair-initiated en-461 

zyme-assisted bicyclic cascade signal amplification for ultrasensitive detection of ura-462 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

25 

 

cil-DNA glycosylase, Anal. Chem. 89 (2017) 4488-4494. 463 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Highlights 
1. This sensor is the first report based on the pre-blocking of the two split 

G-rich parts could effectively eliminate the background signal produced by 

G-quadruplex in the absence of target.  
2. We designed the dual NESA coupled G-quadruplex DNAzyme amplification 

strategy is significantly improves the detection sensitivity.  
3. We used the peroxidase-mimicking DNAzyme as biocatalyst in our reaction 

system, which can catalyze the oxidation of ABTS2- mediated by H2O2 to 
generate the colored radical anion ABTS•-. 

4. The proposed biosensor can detect kanamycin with excellent sensitivity, and 
the LOD can be as low as 14.7 pM. 

5. This biosensor created a versatile platform in detecting molecules with trace 
amounts in bioanalysis and molecular diagnosis. 
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