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8 Abstract: Antibiotic resistance and accordingly their pollution because of uncontrolled usage has

9 emerged as a serious problem in recent years. Hence, there is an increased demand to develope
10 robust, easy, ard sensitive methods for rapid evaluation of antib iotic and their residues. Among
11 different analytical methods, the aptamer-based biosensors (aptasensors) have attracted
12 considerable attention because of good selectivity, specificity, and sensitivity. This review gives an
13 overview about recent developed aptasensors for antibiotic detection. The use of various aptamer
14 assays to determine differentgroupsofa nt i b i o tlactamss, Amingglcofides, Anthracyclines,
15 Chloramphenicol, (Fluoro)Quinolones, Linco samide, Tetracyclines and Sulfonamides are presented

16 in this paper.
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21 1. Introduction

22 The increase of antibiotic -resistant germs is an acute challenge for the consumer health
23  protection and veterinary medicine. Inappropriate and prophylactic use of antibiotics (especially in
24 the field of animal care) is common and associated with contamination of the environment with
25  antibiotics and their metabolites . On one hand, this favors the development of antibiotic resistances
26  of bacteria [1-3], while on the other hand this harms the environment e.g. by uncontrolled
27  disturbance of the ground flora . To minimize the resistance towards antibiotics the use and the release
28  of them into the environment must be first detected and ther eupon can be limited [1, 3].

29 In their original sense antibiotics are naturally built low molecular weight metabolites of bacteria
30  or fungi, which either kill or slow the growth of other microorganisms [1, 4]. In the widest sense,
31  partial synthetic derivates and chemically synthesized compounds with antimicrobial effect belongs
32  to antibiotics. They are generally used for treating infections in modern healthcare [1]. According to
33 their chemical structure and the resulting mode of action, antibiotics can be classified into different
34  groups inter alia R-lactams, aminoglycosides, anthracyclines, (fluoro)quinolones, tetracyclines,
35 lincosamide and sulfonamides.

36 Currently residue levels of antibiotics in agueous samples are mainly detected by high-pressure
37  liquid chromatography (HPLC) [5-8], gas chromatography-mass spectrometry (GGMS) [9] and
38  liquid chromatography -tandem mass spectrometry (LC-MS/MS) [10-13]. Despite their wide range of
39 applications, these methods are usually time-consuming, require laborious pretreatment of samples,
40  sophisticated instrumentation, and trained technical personnel. The use of biosensors circumvent
41  theseproblems and could ensure afast-on-site analysis. Biosensors are analytical devices that contain
42  two important functional components: a target recognition element (i. a. enzyme, protein, nucleic
43  acid, cell) and a signal transduction element [14]. According to their transducing element biosensors
44  can be divided into mass based, optical and electrochemical ones[14, 15] Recently several possible
45  aptamer-based biosensors, known as aptasensors,have been developed for antibiotic detection.
46  Aptamers, are single-stranded DNA or RNA oligonucleotides , which can specifically bind to a wide
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47  range of target molecules like nucleic acids, proteins, metal ions and other small molecules with high
48  affinity, selectivity and sensitivity [16, 17]. Due to such advantages in comparison to antibodies,
49  aptamers are promising alternatives for most applications. [18, 19] Suitable aptamers can be
50 identified using a process called Systematic Evolution of Ligands by EXponential enrichment
51  (SELEX)[16, 17] first reported by Ellington et al. [16] and Tuerk & Gold [20]. In this approach, suitable
52  binding sequences are first isolated from large oligonucleotide libr aries and subsequently amplified.
53  Aptamers can be produced at low costs and easily be modified with signal moieties [21]. Since the
54  first publication of an aptamer -based biosensor in 1998 by Potyrailo et al[22] a variety of biosensors
55 and assay have been successfully developed for aptametbased analysis(recognition and detection)
56  of different targets. Similar to the classical immunosorbent assays aptamer assays can be designed
57 as singlesite binding format, as dual-site (sandwich) binding format, in which the analyte is
58 sandwiched by a pair of aptamers, or a sandwich binding format with an aptamer and an antibody
59 [23].

60 Aptasensors can be fabricated with various transducers like mass sensitive, optical or
61 electrochemical. The corresponding transduction principles are given in Fig ure 1. In quartz crystal
62  microbalance (QCM, Figure 1(a)) and surface acoustic wave sensors (SAW, (Figure 1(b)) the change of the
63  oscillation frequency of an acoustic wave due to a target binding is measured [15, 23] In QCM the
64  acoustic wave isproduced as a bulk acoustic wave while in SAW sensors the wave travels along the
65  surface of an elastic material with an amplitude that t ypically decreases exponentially with substrate
66  depth [24]). In micromechanical cantilever arrays (MCA, Figure 1(c)) aptamer-target binding leads to a
67  change in the resonance frequency of the micracantilever (dynamic mode) or to a steric crowding that
68  forces the cantilever to bend (static mode). The bending is detected optically or electronically [15, 23]
69 The most commonly used opti cal biosensorsare based on colorimetric or fluorometric detection
70  [25]. Colorimetry is the determination of the concentration of a substance in a (mostly) liquid phase
71 by comparison with a color scale which in turn corresponds to a known concentration of the
72  substance [26]. Colloid gold nanoparticles (AuNPs) has been broadly considered as a label for
73  molecular sensing, because of diverse electronic and optical properties. They absorb and scatter light
74  with high efficiency, are known as strong quenchers and exhibit a wide range of colors [27].
75  Responsibe for the colors is the phenomena of localized surface plasmon resonance (LSPR), in which
76  the conducting electrons onto the AuNPs surface collective oscillate in resonance with incident light
77  [28]. AuNPs possess a high surface free energy, a good biocompatibility and a large surface area,
78 where molecules can be immobilized (e.g. aptamers), and are catalytic active[27, 29] In the gold
79  nanoparticle based colorimetric assay (CoA, Figure 1(d)) the aptamer is bound onto the surface of
80  AuNPs and thus prevents their aggregation. Upon target binding the conformation of the aptamer
81 changes fromrandom coil structure to folded rigid structure, in consequence the adsorbed aptamers
82 detach from the AuNPs and the AuNPs aggregates. This leading to a visible color change of the
83  solution [25]. A limitation of AUNPs based colorimetric assays is the tendency of AUNPs to aggregate
84  non-specifically in the presence of salt and other molecules present in the complex biological fluids
85  [30]. In the fluorometric assay (FA, Figure 1(e)) the aptamer is labelled with a fluorophore and an
86  appropriate quencher. The binding of the target causes a cafor mational change of the aptamer and
87  brings fluorophore and quencher into close contact, whereupon the fluorescenceis quenched [31].
88 This is knowt f&s ntieskeegsa @sethe“signal-o n”  mis possible too. Thereby
89 the conformational change upon target binding leads to a divergence of fluorophore and quencher,
90 resulting in a fluorescence signal. Graphene oxide (GO) have been widely used as afluorescence
91  sensing platform, because of its good biocompatibility, low cytotoxicity , and excellent capabilities for
92  conjugation of target molecules. Graphene can bind single stranded DNA (ssDNA) via hydrophobic
93 and-nnstacking interactions bet webasesanhdithe hexagong ceist ruct ur
94  of graphene, but it hardly interacts with double stranded DNA (dsDNA) or aptamer -target
95 complexes[32]. GO and surface modified graphene are highly efficient fluorescence quencher based
96  on either electron or energy transfer mechanism [33, 34] Forster resonance energy transfer (FRET) is the
97  mechanism of non-radiation (dipole -dipole) energy transfer from an excited chromophore (donor) to
98 asecond chromophore (acceptor)[35]. Upconversion nanoparticles (UCNPSs) are nanoscale particles,
99  exhibiting photon upconversion, wh ich means that the sequential absorption of photons leads to the
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100 emission of light at shorter wavelength than the excitation wavelength [36]. UCNPs possess a couple
101  of advantages compared to other types of fluorescent materials like organic dyes or fluorescent
102  proteins, including higher photostability, low toxicity, large Stokes shifts, high quantum yields and
103 the lack of both auto-luminescence and a light-scattering background [37, 38] UCNPs do not undergo
104  photobleaching induced by UV or visible light, which is often a problem of common fluorophores.
105 Quantum dots (QDs), semiconductor nanopatrticles, belong to the UCNPs. Due to their influenceable
106  optical and electronic properties, they are of interest for many appl ications and are applied as
107  alternative to molecular fluorophores in optical biosensors [39—41]. QDs are very small particles, with
108 good conductivity, a high extinction co efficient, high chemical stability, broadband optical
109 absorption, low toxicity and strong photoluminescence emission [42, 43] In contrast, the
110  chemiluminescence resonance energy transfer (CRET) occurs by the oxidation of a chemiluminescent
111  substrate without an excitation source [44]. The quantum mechanical phenomenon of the surface
112 plasmon resonance (SPR,Figure 1(f)) is the fundamental principle behind many biosensor applications
113  and different lab -on-a-chip systems utilized for detecting molecular interactions [23]. Polarized light,
114  parallel to the incidence plane, strikes an electrically conducting surface. Often thin metal films or
115 semiconductor films like gold is used. At the interface between two media, occurs a resonance
116 interaction with oscillating electrons, generates electron charge density waves, so called surface
117  plasmons which are totally reflected. When an analyte is bound, the refractive index of the film and
118 consequently the resonance angle alters. Thus, the intesity of reflected light at a specific angle
119 (known as the resonance angle) is changed, proportional to the mass on a sensor surfac§6]. SPR is
120 a versatile technique, in which no elaborate sample preparation and no radioactive or enzyme-
121  labelled reagents are necessary{45]. The surface enhanced Raman scattering (SERS Figure 1(g)) is a
122  highly sensitive optical measurement method, that provides the signals based on the enhanced
123 inelastic scattering of light on atoms or molecules (Raman scattering) inthe immediate near of a metal
124  surface, often Au or Ag , with nanoscale roughness [46].
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Figure 1. Working principles of the most widely used aptasensors. (a) quartz crystal microbalance,
(b) surface acoustic wave, (c) micromechanical cantilever array, (d) AuNPs based colorimetric
aptasensor, (e) fluorometric aptasensor, (f) surface plasmon resonance,(g) surface enhanced Raman

scattering, (h) electrochemical aptasensor.
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129 The principle of an aptamer-based electrochemical biosensor is the following (Figure 1(h)): The
130 aptamer is immobilized onto an electrode surface and labelled with a redox probe (often ferrocene
131  (Fc), methylene blue (MB), or FesOs NPs). Upon target-binding the conformational change of the
132  aptamer either brings the probe closer to the electrode surface.An electron transfer and thereby an

133  electrochemical readout is possible [25], which i s known as *“ s iAiematively othe” mo de .
134  conformational change increases the distance between redox probe andsurface electrode, resulting
135 in an interruption of the previous electron transfer , designated as [23.iAgnal of f

136 simultaneous detection of more than one target analyte is possible by using various metal ions
137 e.g.Cd%, Pbk*, Zn2+, Cu2* with diverse redox potentials to produce distinguishable electrochemical
138 signals [47]. This kind of probes are designated as metal labelled biocodes [47]. Usually
139 electrochemical measurements are carried out in aconventional three-electrode system, containing a
140  working electrode (e.g. Au or glassy carbon), a reference electrode €.g. Ag|AgCl or saturated
141  calomel), an auxiliary electrode (e.g. platinum wire) , and a redox probe in buffer solution ( e.qg.
142  [Fe(CN)e]4/*). Four types of electrochemical sensorsare distinguished by their measuring p rinciple:
143  (a) conductometric-based, which sense the change of electrical charge in a solution uder constant
144  voltage, (b) potentiometric -based, which sense changes inthe electrical potential difference upon
145  binding (c) amperometric-based, which sense thedifference in current potentials during redox

146  reactions when pairing occurs and (d) impedimetric -based, which sense changsin impedance upon
147  interaction [15].

148 M ore methods for antibiotic detection based on the mentioned basic principles are described in
149  detail in the appropriate section of the paper. Additionally, further detailed information about
150 operating modes for aptamer-based biosensors can be read inter alia inreported review papers [48].
151 This systematical and comprehensive review discusses the application of aptamers in detection
152  of different antibiotics groups. In this section, eight different groups of antibiotics and the designed
153  aptasensors for their detection are discussed.

154 2. Aptasensors for different antibiotic classes

155 The various currently developed aptamer-based biosensorsfor antibiotic detection mentioned
156 in the literature are ordered by antibiotics classand discussed below.

157 To compare the performance of aptasensors the following parameters or characteristics are
158  important .

159 Affinity is a measure of the tendency of molecules tobind to other molecules [49]. The higher the

160 affinity, the greater the association constant Ka. More common is the reciprocal value, the dissociation
161  constant Kp. The higher the affinity of a target to its ligand, the lower the Ko of the complex, thus low
162 Kb values are preferred.

163 Selectivity is the property to select multiple objects from a set of objects, while specificity is the
164  property to select one object from a set of object§50]. Thus, an analytical method is selective when
165 different components of a mixture can be determined side by side and without interference. The
166  method is specific when only one component of the mixt ure can be determined. Specificity tests are
167 usually carried out by target detection in the simultaneous presence of the target and structurally
168  similar substances.High specificity and selectivity is preferred.

169 The limit of detection (LOD) is the lowest quantity of a substance that can be distinguished from
170 the absence of that substance (a blank value) within a stated confidence limit [51]. The maximum
171  residue levels MRL is the highest concentration of an undesirable substance (impurity or pollutant),
172  that is legally permitted in a food or commodity [52], defined by the European Union, e.g. in the
173  Council Directive 96/23/EC[52] for antibiotic residues in live animals and animal products. The aim
174  in the development of a biosensor is to achieve a low sensitivity, that the LOD is smaller than the

175 MRL.
176 The reproducibility is the repeatability of scientific research results[53].
177 The recovery is determined by a standard addition method . Defined target concentrations are

178 added to real samples and the recovery is detected Furthermore, the results are compared to results
179  with an alternative method, the enzyme-linked immunosorbent assay (ELISA).



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2018 d0i:10.20944/preprints201804.0343.v1

180
181
182
183
184
185
186
187

188

189
190
191
192
193
194

195

196

197

198

199

200

201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218

The applicability of the proposed aptasensor for real-sample analysisis verified by the detection
of the target in real samples such as milk, honey, serum, water, and others.

The stability is the ability of the sensor to maintain its performance under the prevailing
conditions for a certain period of time [24]. It is tested by storing the sensor atdefined conditions up
to several weeks, comparing the analytical performance before and after storage.

The most important data of the discussedaptasensors, including aptamer sequence, dissociation
constant (Ko), limit of detection (LOD), real sample analysis (RSA) and applied sensor type are
summarized in Table 1.

2.1 B-lactams

Because of their high efficacy, low toxicity and the possibility to derivatize them by means of
chemical and enz yla@mnh antibiotng areh aorsisered {® be the most important
antibiotic in terms of quan tity and value [2]. Their mechanism of action is based on the prevention of
the formation of peptide cross-linking in the bacterial cel | wall (murein) [1]. Therefore, they act
specifically on prokaryotes with a mureous cell wall. They are characterized by their representative
B-lactam ring (marked red in

NH2 H
|| N\EV/S CHj || N\EV/S CHj
@) ~—N CH, @) ~—N CH,
O/ O/
Figure 2). OH ,/—OH
O/ O/
(a) (b)
Figure 2. Chemical structure of: (a) ampicillin and (b) penicillin G.  T-lagamping is marked red.

2.1.1 Ampicillin

The occurrence of penicillin resistant strains has stimulated the search fornew antibiotics, from
which semi-synthetic penicillin such as ampicillin have been found [4]. Ampicillin (

Figure 2(a)) is awidely used broad spectrum antibiotic in veterinary medicine for the treatment
and prevention of primary respiratory, gastrointestinal, urogenital and skin bacterial infections in
food-produ cing animal and it has a low human toxicity [4].

Song et al.[54] reported the first aptasensor for ampicillin using AuNPs based dual fluorescence
colorimetric methods. They selected ampicillin specific aptamers by magnetic bead-based SELEX.
Three candidates showed similar intensity by conducting a fluorescence binding assay. Further
studies revealed that the aptamer has the highest affinity towards ampicillin as its target . Therefore,
it was selected for all subsequent measurements andwas further used in other studies [55].
M easurements of antibiotics with similar structure like amicillin , amoxicillin , and penicillin G proved
the high specificity of the selected ampicillin aptamer. They investigated that fluorescence
measurements are more sensitive than colorimetric ones andthe aptasensorcan be used in milk as a
real sample.

Another fluorescent aptasensor for ampicillin detection was reported by Luo et al. [56] using
magnetic bead composites coatedwith AuNPs, nicking enzyme and tagman probes. The tagman
probeisaspeci fic oligonucl eotide containing-e@ofthbuor ophol!
ol igonucl eoti de an dendaAsdongear thédrquencher tand thé fuordphore are in
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219  proximity, the fluorescence is quenched due to FRET.Magnetic bead composites were modified with
220 the AuNPs with the help of polyethylenimine and then thiol -functionalized ampicillin specific
221  aptamers were immobilized on AuNPs via Au -SH interaction and complementary DNA (cDNA ) was
222 added to hybrid ize with the aptamers. In the presence of the target ampicillin, the aptamers
223  preferentially bound to it, resulting in a conformational change and the release of cDNA and the
224  simultaneously formation an aptamer -target-complexes, which were magnetically separated. The
225 released cDNA hybridized with t agman probes to form a duplex -structure. The nicking enzyme
226  Nb. BbvCl cleaved the tagman probes into two fragments. As a result of the separation of the
227  fluorophore (5-hexachlorofluorescein) from the quencher (black hole quencher) the fluorescence
228  signal was recovered. Simultaneously the fragments of the tagman probe dissociated from the cDNA
229 and subsequently another tagman probe hybridized with the cDNA to initiate a new cycle of enzyme
230 assisted signal amplification. The fluorescence intensity increased in increment with the
231 concentration of ampicillin . The developed aptasensor showed the relatively high sensitivity and
232  specificity to amplicillin in complex water sample matrix.

233 Dapra et al. [55] designed an all-polymer impedimetric electrochemical microfluidic biosensor
234  for detection of ampicillin and kanamycin A. Cyclic olefin copolymer ( Topas®) was used as substrae
235 onthe top and bottom of the constructed chip. Because of theirbiocompatibility aconductive polymer
236  bilayer consisting of tosylate doped poly(3,4-ethylenedioxythiophene) (PEDOT) and the
237  hydroxymethyl derivate was used as electrode material. The covalent immobilization to the
238 electrodeswith the selected target specific aptamers and formation of the aptamer-target conjugate
239 were examined by EIS.To validate the functionality of the label -free impedimetric aptasensor in real
240 samples, measurements of ampicillin in milk were successfully performed . In a similar system Rosati
241  etal.[57] optimized t he geometry of the electrodes and the microchannels(e.g.thickness, width) and
242  therefore the performance of the designed impedimetric aptasensor. Additionally the ampicillin
243  specific aptamer was equipped with an appended poly(T)-poly(C) sequence which allows a direct
244  immobilization on the electrodes applying UV irradiation [58].

245 An eledrochemical aptasensor for ampicillin detection was reported by Wang et al. [59], by
246  coupling polymerase-assisted  target recycling amplification with strand displacement
247  amplification with the help of polymerase and nicking endonuclease. The y used for the the first
248 time the target-aptamer binding triggered quadratic recycling amplification for electrochemical
249  detection of antibiotics. An Au working electrode wa s modified with cDNA, complementary to a
250 MB-labelled probe (MBP). A programmed hairpin probe (PHP) in the reaction solution contained the
251  ampicillin specific aptamer sequence. In the abscence of ampicillin, PHP wasin a stabilized stem-
252  loop structure and coexisted with MBP in solution . The MBP is captured by the immobilized cDNA,
253  resulting in a stro ng electrochemical signal. The addition of ampicillin to the reaction solution led to
254  aconformational change of PHP, caused by aptamer-target binding. The now opened PHP associatel
255  with MBP and form ed dsDNA, wherein ampicillin was discharged. Thus, the released ampicillin was
256  able tocombine to another PHP and initiate d a new cycle (recycle I). Simultaneously the MBP worked
257  as a primer to initiate an extension reaction and to replicate the template part in the PHP in the
258 presence of polymeraseand desoxyribinucleoside triphosphates (ANTPs). Moreover, in the dsDNA
259  of the first cycle a recognition sequencefor nicking en donuclease (NE) was produced, so the NE
260 present in solution was able to nick the formed dsDNA and released an ssDNA fragment, which
261 initiated the next extension cycle. After some cycles a large amount of ssDNA was produced
262  (recyclell), which hybridize d with MBP and form ed duplex DNA . The duplex DNA could not be
263  captured on the Au electrode. In consequencethe electrochemical signal was negligible. Excellent
264  specificity was proved by the addition of interfering antibiotics such as amoxicillin and penicillin G.
265  Moreover, measurements with spiked milk samples validat ed the application of the aptasensor in
266  real sample.

267 A further electrochemical method for ampicillin detection was developed by Wang et al. [60],
268 based on targetinitiated T7 Exonuclease (Exo)assisted signal anplification. The proposed sensing
269  system showed that by using of the unique features of T7 exonuclease and hairpin probe, a large
270 amount of methylene blue-labelled mononuclectides are released through the cycling cleavage
271  processes, resulting in the amplified electrochemical signals. When ampicillin is added to the reaction
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272  solution it forms a complex with the MB labelled hairpin probe containing the ampicillin recognition
273  sequence (aptamer).This leads to a release of a primer recognition fragment, which initiates the
274  elongation of duplex region under assistance of polymerase and dNTPs. The target ampicillin is
275 displaced and ampicillin recycling amplification is generated. Subsequently T7 Exo is able to
276  recognize and digest the polymerization -generated cDNA duplex. In consequence,a MB labelled
277  mononucleotide is produced, which possesseshigher diffusivity toward the negatively charged
278  electrode than the hairpin probe and the electrochemical signal increases.The amplified signals were
279  detected by DPV. During the process a second recycling is initiated and the released complementary
280 strands can hybridize with a further hairpin probe . The obtained DPV response in the presence of
281  ampicillin and its analogues such as amoxicilin, penicillin , and penicillin G, verified the very high
282  ampicillin specificity . The assay was applied in milk to assess its functionality in real samples.

283 Wang et al. [61] presented another electrochemical aptasensor for the detection of ampicillin ,
284  based on AuNPs and ssDNA hinding protein (SSB) as electrochemical signal inhibition reagent. SSB
285 are proteins, which binds with high affinity to ssDNA, facilitate replication by allowing primer
286  hybridization, prevent premature hybridization of already separated complementary strands and
287  protect single strands from nucleases Ampicillin specific thiol -modified aptamers were immobilized
288 on the GCE and thiol -modified cDNA was immobilized on AuNPs via Au -SH interaction. Through
289  hybridization between aptamer and a part of the cDNA, the modified AUNPs were assembled on the
290 surface of the GCE. The speffic interaction between ssDNA -SSB and unhybridized cDNA led to the
291 loading of ssDNA -SSB on the elctrode surface, resulting in a increase of the steric hinerance effect,
292  blockation of the transfer of the redox probe Fe(CN)s*to the electrode surface a weakelectrochemical
293 signal. If ampicillin is present, the modified AuNPs are not able to assemble onto the GCE and in
294  consequence ssDNASB cannot hybridize, thus a strong electrochemical signal is occurs.The use of
295 the aptasersor for ampicillin detection in milk samples proved its applicability for real sample
296  analysis.

297 Yu et al. [62] developed a reagentless and reusable electrochemical aptasesor for ampicillin
298 detection in complex samplex. The response of presented sensor was based on changes in the
299 conformation and flexibility of the methylene blue (MB) -modified aptamer probe with binding the
300 ampicillin to the target, which leads to an increase in the MB current. The thiolated MB-labelled
301 ampicillin specific aptamer was immobilized onto the surface of the Au working electrode via Au -
302  SHinteraction. In the absense of ampicillin, the aptamer is unstructured or partially folded, whereas
303 it is specifiically folded in the presence of the target, which brings the MB-label into close proximity
304  with the electrode surface, resulting in a strong electrochemical current. The results proved a high
305  selectivity towards ampicillin, by applying the aptasensor in bovine serum albumin (BSA), salvia and
306 milk as complex matrices.

307 In another study, Yu et al. [63] improved the analytical features of the first designed aptasensor.
308 They employed a displacement-based approach to the design of the new aptasensor. The aptamer
309 probe was first hybridized to a cDNA, the so-called displacement probe (DP) of a specific length
310 and/or melting temperature , then binding of ampicillin to the aptamer probe displ aces the DP from
311 the DNA duplex resulting in a conformational change of the aptamer which finally caused a strong
312 electrochemical signal by means of MB. Selectvity and the practical use of the aptasensor for real
313 sample analysis was investigated, like described above[62].

314 Gai et al. [64] developed an aptasensor for ampicillin detection based on enzyme biofuel cell
315 (EBFC) and DNA bioconjugate. The DNA bioconjugates consisted of AUNPs modified on SiO 2 beads
316 and thiolated cDNA , which were immobilized on the AuNPs through Au -SH interaction. The amino-
317 functionalized ampicillin specific aptamers wer e immobilized on the glucoseoxidase- modified
318 bioanode. Glucoseoxidase is an enzyme, which catalyzes the oxidation of glucose to gluconolactone.
319 Subsequently, bioconjugate and bioanode were linked by double strand formation of aptamer and
320 cDNA. AuNPs modif ied carbon paper was used as substrate electrode to accelerate the electron
321 transfer and to promote the electrochemical conducting between enzyme and electrode. The
322  biocathode composed of a polydopamine film doped on the AuNPs modified carbon paper and
323 laccase attached to the modified carbon paper. Polydopamine acted as mediator for laccase(enzyme)
324  bioelectrocatalytic reduction of Ozto H20. In the absenseof ampicillin, the DNA bioconjugate blocks



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2018 d0i:10.20944/preprints201804.0343.v1

325
326
327
328
329
330
331
332
333
334

335

336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375

the mass transport of the fuel glucose to the bioanodedue to steric hindrance, resulting in a low open
circuit voltage (OCV) of EBFC. In the presence of ampicillin, the aptamer preferentially bound to it,
whereby the bioconjugate detaches from the bioanode and allows glucose to reach the ative site of
glucoeoxidase. Thus, he biocatalytic oxidation of glucose could be realized, which caused a high
OCV, whose amplitude was dependend on the ampicillin concentration.

The most important data of the discussed aptasensors, including aptamer sequence, dissociation
constant (Ko), limit of detection (LOD), real sample analysis (RSA) and applied sensor type are
summarized in Table 1.The comparison between the different aptasensors for ampicillin detection
showed, that the electrochemical-based aptasensorg59-61] are elaborate and complex but also much
more sensitive, as shown by thetwo to three magnitudes reduced LODs (Table 1).

2.1.2 Penicillin

Penicillin G (

Figure 2(b)) is used for the production of 6-aminopenicillanic acid (6-APA), the main
intermediate product for the synthesis of semi -synthetic penicillins and cephalosporins [2]. It is the
mo st f r e qu elactarh antibiotsc dod thefprevention and treatment of bacterial infections like
scarlet, diphtheria, gonorrhoea, angina, tetanus. Penicillin is produced by the fungi Penicillium
notatum and hardly humanly toxic [4].

The first aptasensor for detection of penicillin was reported by Zhao et al. [65]. They developed
an electrochemical aptasensor using a composite film consisting of a magnetic graphene
nanocomposite (GR-Fe304NPs) and a poly(3,4ethylenedioxythiophene) —gold nanoparticles
composite (PEDOT-AuUNPSs) for the modification of the electrode to assemble the penicillin aptamer
on it. The proposed aptasensor showed good stability, and high specificity for detecting of penicillin
in milk as a real sample.

Paniel at al. [66] described the selection of gptamers selective to penicillin G using the capture-
SELEX process.The processis based on the selection of DNA aptamers using the ssDNA fixed on a
support whereas the target is in solution. Eleven specific aptamers were selected and their binding
capacity determined by affinity chromatography. Th is allowed the identific ation of the optimal
penicillin G aptamer with highest retention capacity, which was selected for further characterization.
Moreover, measurements using electrochemical impedance spectroscopy as detection technique
were realised in milk to investigate the applicability of the sensor in real samples. Selectivit y tests
showed that the aptamer was able to b nd o tldctam antfbiotics including amoxicillin and
ampicillin, indeed with less affinity.

Lee et al.[67] identified ssSDNA aptamers for the detection of penicillin G by reduced graphene
oxide-SELEX (rGO-SELEX). Six different aptamers were found which specifically bound to pen icillin
G. The one of them with the highest binding energy was used for further experiments. rGO-SELEX
isamet hod which-musseasackhe@g mi nt er aandinucleic dridst for eae n r GO
immobilization -free selection of aptamers. Furthermore, rGO is an effective fluorescene quencher
through the FRET effect. Thus, the fluorescence recovery signal from thequenched FAM-labelled
aptamer on the rGO surface can give information about the binding of a target to the aptamer. When
a target molecule is catchedby the aptamer, the conformational change leads to a removel of the
guencher from the fluorophore, resulting in a n increase of fluorescence.The fluorescence recovery
assay with several antibiotics such as ampicillin, tetracycline, and kanamycin showed that the
developed aptamer does not interact with the other antibiotics except of ampicillin. H owever,
ampicillin has a nearly identical structure to penicillin except for one functional gr oups (see

Figure 2), suggesting a high specificity of the aptamer for 3-lactams.

The comparison between the different aptasensors for penicillin G are showed in Table 1.
Although penicillin is an important and widely used antibiotic , only a few aptamer-based biosensors
exist for its detection. Hence there is still potential for research.
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379 2.2 Aminoglycosides

380 Aminoglycoside antibiotics are the most commonly used antibiotics worldwide, with a broad
381  spectrum of activity — also againstgram-negative bacteria [2]. Despite their relatively high toxicity
382  (especially on the ears and kidneys), they are the antibiotics of severe infections, which in turn leads
383 to an increase in resistance[2]. They exert their effect by binding to the 30S subunit of ribosomes,
384  which leads to reading errors during translation and ultimately inhibition of protein biosynthesis  [2].
385 The basic structure of most aminoglycoside antibiotics consists of an aminocyclitol ring which is
386 linked glycosidically to other amino sugars ( Figure 3) [4].
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387 Figure 3: Chemical structure of: (a) gentamicin, (b) kanamycin, (¢) neomycin B, (d) tobramycin and
388 (e) streptomycin. The basic structure of aminoglycoside antibiotics consists of an aminocyclitol ring
389 (marked in red) which is linked glycosidically to other amino sugars.
390 2.2.1 Gentamicin
391 The alkaline aminoglycoside antibiotic gentamicin (Figure 3(a)), isolated in 1963, is a broad

392  spectrum antibiotic and acts bactericide against a large number of gram-positive and gram -negative
393  pathogens, such asE. coli and Pseudomonas [2]. It is used especially for severe wound infections and
394  accidental injuries, as well as secondary infections after burns[2]. Therapeutically used gentamicin
395 usually contains 70 % of the Ci and 30% of the C. component (Figure 3(a)) [2]. Gentamicin is less
396 toxic than kanamycin, neomycin and streptomycin . However, ototoxic and nephrotoxic damage have
397  been observed|[2].
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398 Rowe et al.[68] designed an electrochemical aptasensor for the detection of the aninoglycoside
399 antibiotics gentamicin, tobramycin, and kanamycin in blood samples in order to prevent overdosage
400 and side effects. Electrochemical measurements were conducted with a sensor chip containing an
401 integrated Au counter electrode and a Ag|AgCl reference electrode. The Au working electrode was
402  functionalized with aminoglycoside binding RNA-aptamers. The aptamer was modified by
403 met hyl at i -byroxglgroupd oltsid2 the antibiotic binding pocket to avoid fast degradation
404  during application in blood samples. As an alternative, more degradation-resistant DNA -aptamers
405 were applied. Saturation curves showed that the aptasensor has a slightly higher affinity towards
406  gentamicin and nearly equal affinity for tobramycin and kanamycin. Even if DNA aptamers are more
407  stable, the SWV experiments showed alower sensitivity of the DNA -aptamer based sensor to detect
408 aminoglycosides in blood samples compared to RNA -based sensor. Upon targetbinding the aptamer
409 undergoes a significant conformational change, which could be followed via circular dichroism ( CD).
410 The original RNA -aptasensor could be used for antibiotic detection (tested with gentamicin) in
411 human serum, after ultrafiltration of the serum by a low-molecular-weight-cut-off spin column,
412  which efficiently removes the nucleases.

413 This work is the only aptasensor for gentamicin detection studied up to now in literature ,
414  therefore exits a great potential for more research

415  2.2.2 Kanamycin

416 Kanamycin (Figure 3(b)) is a bactericidal antibiotic isolated from Streptomyces kanamyceticus,
417  whose spectrum of activity comprises gram -positive and gram -negative bacteria[2]. It is widely used
418 as aveterinary drug and as a secondline antibiotic to treat serious infections such as pneumonia,
419  septicemia, urinary tract infections and intestinal infections [1]. If not explained in more detail
420  kanamycin stand for a mixture of kanamycin A, B, and C, in which kanamycin A has the largest share
421  [4]. Since sensitive and selective methods to detect kanamycin residues for food safety and clinical
422  diagnosis are of great interest, there is more reports in kanamycin aptamer-based sensor in
423  comparison to others antibiotics.

424 Song et al [69] discovered the kanamycin specific aptamer, which was later used in a variety of
425  other studies [70]. They selected the aptamer in vitro by SELEX using affinity chromatography with
426  kanamycin-immobilized sepharose beads. The specific aptamers were immobilized onto the AuNPs
427  to fabricate a colorimetric-based aptasensor In the presence of kanamycin, the addition of salt leads
428  to an aggregation of the modified AUNPs , which resulting a color change from red to purple .

429 Bai et al. [71] developed a label-free cantilever array aptasensor for kanamycin detection,
430 composed of single side Au coated silicon cantilevers, functionalized with the kanamycin specific
431  aptamer and 6-mercapto-1-hexanol (MCH) modified reference cantilevers. The change in
432  compressive cantilever surface stress caused by aptametkanamycin binding results in different
433 nanomechanical deflection between the cantilever pairs, which could be detected by the optical beam
434  deflection system of the measureing platform.

435 Niu et al. (2014) [72] created an colorimetric aptasensor for multiplex detection of
436  sulfadimethoxin e, kanamycin and adenosine. Detailed information is described below in the
437  appropriate chapter 2.8.10of sulfadimethoxine .

438 Sharma et al. [30] designed a ‘turn-off/turn -o n AuNPs based colorimetric aptasensor for
439  kanamycin detction using the fact, that AUNPs are able to oxidise peroxidase substrates in presence
440 of hydrogen peroxide (H202) to form colored reaction products, known as intrinsic peroxidase -like
441  activity of AUNPs. Aptamers are able to inhibit this activity by adsorption onto the AuNPs surface.
442 A shielding effect against interaction of AUNPs and peroxidase substrate is provided. This is referred
443  to as aturn-off process. In the presence of kanamycin, the peroxidaselike activity can again be turned
444  on, induced by desorption of the aptamer from AuNPs surface and high -affinity aptamer -target
445  binding. Thus, tyrosine-reduced AuNPs were used as peroxidase nanozyme, which oxidises the
446  colorless substrate3,3",55 -tetramethylbenzidine ( TMB) to a purplish -blue product.

447 With regard to AuNPs -based colorimetric methods, Wang et al. [73] demonstrated, that the
448  peroxidase-like activity of citrate -capped AuNPs could be enhanced by kanamycin. Two steps are
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449  involved: the attachment of kanamycin onto AuNPs by amino and carboxyl group s and the
450 interaction of the glucoside section of kanamycin w ith AuNPs, leading to an increase of the hydroxyl
451 radicals and Au3* in solution, which catalyze the chromogenic reactions between TMB and H 20..
452  Finally, blue -colored species are produced Based on the mentioned principle a colorimetric biosensor
453  for the detection of kanamycin was developed. Therefore, AUNPs were sequentially added to a TMB -
454  H20:2 solution, resulting in a visible color change of the solution.

455 A further colorimetric aptamer -based biosensor for the detection of kanamycin in milk was
456  introduced by Zhou et al. [74]. Different types of AuNPs were synthesized by self -assembly of two
457  different thiol -modified ssDNAs. One was complementary to the 3"-end of kanamycin aptamer and
458 the other one to the 5-end. The thiol-modified ssDNAs were covalently linked to the surface of
459  AuNPs. AuNPs aggregates were formed due to hybridization between the aptamer and the ssDNAs-
460 functionalized AuNPs. The addition of kanamycin leads to competitive binding with the aptamer
461 and thus, triggered the disaggregation of Au NPs aggregates Specificity of the proposed aptasensor
462  was verified by using the designed sensor in milk towards kanamycin.

463 Regarding to higher extinction coefficients of silver nanoparticles (AgNPs) than AuNPs, Xu etal.
464  created a colorimetric aptasensor for kanamycin detection based on unmodified AgNP s[75]. The salt
465 induced aggregation of the AgNPs is protected in the presence of amino-functionalized kanamycin
466  due to their adsorption onto AgNPs surface via Ag -N binding and steric stabilization. Upon addition
467  of the kanamycin specific aptamer, kanamycin separates from the AgNPs surface and form a
468 kanamycin-aptamer conjugate, leading to an aggregation of the AgNPs. The resut is a visible color
469  change of the AgNPs solution from yellow to ashy black, monitored by UV -Vis spectroscopy.

470 In2017Ha’ s [V6¢desuribed a paper chip-based colorimetric sensing assay for the detection
471  of residual kanamycin. The advantages of paper chip-based sensors are inter alia easy operation, low
472  cost, portability, disposability, simple fabrication and biocompatibility. The basic principle of the
473  presented aptasensor is the same as that of a standard colorimetric assayAuNPs were synthesized
474  and modified with kanamycin specific aptamers. The paper chip out of lateral flow nitrocellulose
475 membrane was printed with a mask containing single circular wax -free hydrophilic regions and
476  surrounding regions with wax for constructing a hydrphobic barrier on the nitrocellulose membrane.
477  Each hydrophilic region was used independently. They adapted the colorimetric assay to a paper chip
478  system, which allowed to digitize colorimetric images and quantify the RGB color on the paper chip.
479 A colorimetric lateral flow strip aptasensor for one -site detection of kanamycin in food samples
480 was developed by Liu et al. [77]. The strip sensor consited of a sample pad, a conjugate pad, an
481  absorption pad, a PVC adhesive backing and nitrocellulose membrane, containing a test zone and a
482  control zone. Thiolized and biotin -modified aptamers and its thiolated cDNAs were immobilized on
483 AuNPs and AgNPs, respectively. AuNPs were used as color probes and AgNPs as signal
484  amplification element. Complexes were formed through the hybridization of the aptamers with their
485  cDNAs. A test zone strip was modified with biotin functionalized capture probes co mplementary to
486 the 3’end of cDNA, so that the complexes were captured in the test zone of the lateral flow strip. The
487  addition of kanamycin led to a competitive building of aptamer -target-complexes and the
488  accumulation of AUNPs on the test zone. Finally, the aptamer-target-complexes could be captured in
489 the control zone via biotin -streptavidin interaction. A qualitative detction of kanamycin was achieved
490 by observing the visible color change in the test zone by naked eye.

491 Wang et al. [78] designed a colorimetric aptasensor for the detection of kanamycin based on
492  liquid crystal film. Amino -functionalized kanamycin specific aptamers and N,N-dimethyl -N-(3-
493  (trimethoxysilyl)propyl) -1-octadecanaminiuchlorid e (DMOAP) were co-immobilized onto the
494  surface of a glasslide, resulting in a homeotropic orientation of the liquid crystal film. The addition
495  of kanamycin resulted in the formtion of G -quadruplex structures, which destroyed the oriented
496  arrangement of the liquid crystals on the surface and caused a visible color change from pink to green.
497 Fluorescence as one of the mostommon optical techniques has been used in the fabrication of
498  aptasensorsfor kanamycin detection . In the work of Khabbaz et al. [79] a fluorometric aptasensor is
499  described based on streptavidin coated silica NP (SNPs) The functionalized SNPs were modified
500 with the dsDNA. Thus, the FAM -labelled cDNA is in close proximity to the surface of the SNPs,
501 resulting in a fluorescence signal. Upon addition of kanamycin the aptamer preferentially binds to it,
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502  which causes the release of the cDNA from the aptamer and SNPs surface, resulting in a decreasefo
503 fluorescence intensity. A high specificity towards kanamycin but also to the structurally similar
504 gentamicin was obtained. Therefore, the authors suggest that the sensor generally could be suited for
505 the detection of aminoglycoside antibiotics.

506 An aptamer-functionalized magnetic nanoparticles sensor based on multicolor fluorescence
507 labeling for simultaneous detection of kanamycin and oxytetracycline is developed by Liu et al. [80].
508 Amino-FesOs magnetic NPs were covalently coated with avidin using glutaraldehyde. Then the
509 target specific aptamers were immobilized onto the surface of the NPs via avidin -biotin binding. In
510 the presence of kanamycin and oxytetracycline, the aptamers preferentially bind their respective
511 target. In the absence, the aptamers bind to further added fluorescence labelled (FAM for
512  oxytetracycline and carboxy-X-rhodamine (ROX) for kanamycin) oligonucleotides, resulting in a
513 fluorescence emission of the modified NPs. Comparisons of the fluorescence signak, that were
514 induced by interaction with tetracycl ine, doxycycline, streptomycin, and ampicillin, indicate d that
515 the aptasensor possess high specificity for kanamycin and oxytetracycline detection.

516 Generally, the binding affinity of an aptamer towards its target decreases by tagging the aptamer
517  with a fl uorescent dye [81]. Therefore, Ramezani et al.[82] designed a fluorometric aptasensor for
518 kanamycin detection, based on catalytic recycling activity of exonuclease Il (Exo lll), AuNPs, and
519 FAM-labelled complimentary strand of the aptamer. Exolll is a sequenceindependent enzyme
520  which selectively digests nucleic acids strands from 3"-end. In the absence of kanamycin, the added
521  aptamers bind to its FAM -labelled cDNA and form dsDNA. The dsDNA is not able to sorb onto
522  AuNPs. The addition of Exo lll leads to the digestion of the cDNA and the aptamer is recycled from
523  dsDNA and the cycle continues. This results in a very strong fluorescence emission. In the presence
524  of kanamycin, an aptamer-kanamycin conjugate is formed. The cDNA remains onto t he AUNPs and
525 the fluorescenec is quenched by the AuNPs. No dsDNA is formed and Exo Il would not ex hibit
526  activity. An excellent specificity towards kanamycin but also towards gentamicin was observed,
527  which is due to their very similar structure.

528 Xing et al. [83] designed a G-quadruplex aptamer -based fluorescent intercalator displacement
529 assay for kanamycin detection with thiazole orange as fluorescence probe Kanamycin specific
530 aptamers are able to form stable parallel G-quadruplex DNA (G -DNA) from G uanosin-rich
531 sequences, built around tetrads of hydrogen-bonded guanine bases and stabilized by stacked tetrads
532 in monovalent cation-containing solution. The form ation was obtained by nondenaturing
533  polyacrylamide gel electrophoresis (PAGE) and CD. Upon binding to G -DNA, thiazole orange
534  became strongly fluorescent. Addition of kanamycin indicates the displacement of thiazole orange
535 from G-DNA, resulting in a fluorescence signal, inversely related to kanamycin concentration.

536 Li et al. [84] developed a FRET aptasensor for kanamycin detection, ushg UCNPs as energy
537  donor and graphene as energy acceptor.The kanamycin specific aptamer was covalently conjugated
538 to hexanedioic acid modified UCNPs. In the absence of kanamycin, the aptamers are adsorbed onto
539 graphene surface. The UCNPs and graphene aren close proximity, resulting in a quenched UCNPs
540 fluorescence emission. Upon kanamycin addition, the aptamers bind preferably to kanamycin and
541  desorb from graphene. In consequence of the increased distance between UCNPs and graphene the
542  fluorescence emisson is restored in dependence of the kanamycin concentration.

543 Moreover, Wang et al. [85] developed an aptamer-based fluorometric aptasensor for
544  kanamycin detection, based on novel FRET pair consisting of fluorescent carbon particles as energy
545  donor and layered MoS: as energy acceptor.The amino-functionalized aptamers were immobil ized
546  on carbon particles, then the modified carbon particles assembled onto MoS:z nanosheets surface via
547  van-der-Waals forces. Thus, dueto energy transition the fluorescence of the carbonparticles was
548 quenched. Upon kanamycin addition, aptamer -kanamycin complexes were formed and the carbon
549 particles separated from the MoS2 nanosheets surface, leaéhg to a strong fluorescence recovery.The
550 quenching ability of layered MoS 2 was tested and compared to that of GO and AuNPs and showed
551 comparable or even better values. The negligible fluorescence recovery of other aminoglycoside
552  antibiotics (e.g. streptomycin) and other veterinary antibiotics ( e.g.sulfadimethoxin €) demonstrated
553 the high specificity towards k anamycin.
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554 Recently Ha et al. [86] selected kanamycin specific aptamers by the SELEX process and analyzed
555 the truncated variants for the optimal minimal sequence required for target binding. The aptamer
556  with highest binding specificity towards kanamycin and short sequence was selected for the f urther
557  study. The aptamer was labelled with FAM and adsorbed onto the surface of reduced graphene oxide
558 (rGO). Hence its fluorescence was quenched via FRET between the quencher rGO and the
559 fluorophore FAM. Kanamycin was immobilized on N-oxysuccinimide ester-coated plates. Upon
560 binding of kanamycin, the aptamer changed its conformation and desorbed from r GOs surface. The
561 fluorescence was no longer quenched and the signal increased.

562 Liao et al. [87] developed a fluorometric aptasensor for kanamycin detection, based on carbon
563 nanotubes (CNTs). I nduced by 1 s t-labelled sDyjAs @dn beDNA b ase
564  noncovalent adsorbed on CNTSs, resulting in the quenching of fluorescence. But CNTs were not able
565 to quench the fluorescence of dsDNAs formed through hybridization o f aptamers and their FAM -
566 labelled cDNA s. The addition of kanamycin lead to the format ion of aptamer-target complexes, the
567  dehybridization of dsDNAs, the adsorbtion of FAM -labelled cDNAs on CNTs and finally in a
568 quenched fluorescence.

569 A fluorescent evanescent wave aptas@sor for continuous and online kanamycin detection was
570 presented by Tang et al. [88]. The basis for the detection of fluorescence signals was a optical fiber.
571  Guanine has been recognized as one of the efficient electron donors in photoinduced electron transfer
572 vi a f or mastackedncomplexesror transient collosion. The biunding of a target caused the
573 formation of a more complex structure and therefroe more efficient fluorescence quenching.
574  Guanosin-rich oligonucleotides tends to form multiple strand complexes (M -shapes) such a G
575 quadruplexes. M-shapesof the aptamer (apt I, Table 1) can also be formed on the fiber surface by
576 interaction between the 5°Cy3-labbelled aptamer (apt Il, Table 1) and a specific anchor (anchor apt,
577 (Table 1). Upon binding to kanamycin, the M -shape (apt|, Table 1) partially dissociated into
578 intramolecular hairpin structure and partially formed M -shapes (apt Il, Table 1) with the anchor
579  aptamer (anchor apt, Table 1) immobilized on the optical fiber of the aptasensor. The amount of M -
580 shape aptamer (apt Il, Table 1) on the fiber is indirectly proportional to the concentration o f
581  kanamycin. Two different cDNAs (cDNA | and cDNA I, Table 1) of the anchor aptamer were
582 introduced into the system to investigate the affinity of the 5 Cy3-labelled aptamer towards the
583 anchor probe. They showed, that the affinity of 5°Cy3 -labbeled aptamer was higher than that of
584 cDNA | but lower than that of cDNA Il. Furthermore, the fluorescence quenching due to the
585 photoinduced electron transfer was determined, using 5 Cy5-labelled aptamer (apt Ill, Table 1) and
586  3'Cyb5-labbeled aptamer (aptlV, Table 1). Addition of aminoglycosidic antibiotics, such as
587  kanamycin B and gentamicin, and other structurally different antibiotics, such as tetracycline and
588 sulfadimethoxine showed, that all the amino gly cosidic antibiotics elicited a sensor response.
589  Therefore the proposed aptasensor is a group-specific one.

590 Chemiluminescence based aptasensor in comparison to other optical aptasensor like
591 fluorometric and colorimetric aptasensors has the lowest sensitivty [81]. However, there is a few
592  reports in aptamer based luminescence method for the detection of kanamycin [89].

593 Leung et al. [89] realized a oligonucleotide -based luminescence methal for the detection of
594  kanamycin. A platinum ( 1l) complex was used as signal transducer. In the absence okanamycin, the
595  aptamer is present in random-coiled structure, whose interaction with the complex is only weak,
596  resulting in a low emission signal. Up on kanamycin addition, the aptamer changes its conformation
597 into a stem-loop structure, which interacts strongly with the complex, resulting in a strong
598 luminescence response.

599 Zhao et al. [90] developed a label-free electrochemiluminescence aptasensor for kanamycin
600 detect i on based odaffoa” newel cHh osy 20eOn A tcanveationdl shre&-
601 electrode cell, as well as [Fe(CN)]3/4- as redox probe was used for electrochemical measurements
602 The GCE was covered with prepared AuNP functionalized nano -Ceo (inner layer). Poly-L-histidine
603  hydrochloride was covalently bound onto the modified electrode and formed a second inter layer,
604  which served as a novel coreactant of the S0s? system. The third and outer layer was finally formed
605 by colloidal AuNPs. Capt ure probes were added. The capture probe contained the sequences of the
606 kanamycin specific aptamer and of the assistant probe, a guaninerich nucleic acid. In the presence
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of hemin, hemin-G-quadr upl ex DNAzymes (HQDs) weor fef “fstigamesd .
electrochemiluminescence (ECL) is quenched by the HQDs, which catalyses the reduction of
dissolved O: of the $0s>-Ozsystem.In“ s wi-d rt"h supoa formation of the kanamycin -aptamer
complex, the quencher HQD is released from the sensing interface, resulting in an increasing ECL.

Based on the developed chemiluminescence aptasensor for chloramphenicol detection by Hao
et al. [91], the aptasensor was further developed by Hao et al. [92] for the simultaneous detection of
kanamycin, oxytetracycline, and tetracycline. AUNPs were functionalized with N-(4-aminobutyl) -N-
ethylisoluminol (ABEI) and cDNA to design a universal label, which showed excellent
chemiluminescent properties. ABEI can be oxidized by H 202 to the excited ABEI form, which decays
to the ground state with simultaneous chemiluminescence emission. The modified AuUNPs were
added and bound covalently with the suitable aptamers. In the presence of the target the aptamers
tend to bind, resulting in a dissociation of cDNA due to the strong er interaction between aptamer
and target and in a decreasing chemiluminescence intensity. Addition of H 202 and the
chemiluminescence enhancer and stabilizerp-iodophenol leads to a steady-state chemiluminescence,
which was negatively correlated with the | ogarithm ic concentration of the target.

Electrochemical aptasensors compared to optical sensors are label freemore simple, practical
and sensitive and have attained a great deal of attention in the detection of antiobiotics [68].

Li et al. [93] developed a photoelectrochemical aptasensor for the detection of kanamycin. A
Flour -doped SnO: electrode was gradually modified with graphene, graphite -like carbon nitride (a
metal-free photoactive material), and the kanamycin specific aptamer. In the absence of kanamycin,
the generated photocurrent was low. When kanamycin was added, it was trapped by the aptamers
on the surface of the electrode. The captured molecules were oxidized by photogenerated holes. The
recombination of photogenerated holes and electrons was inhibited, resulting in an amplified
photocurrent.

In the work of Xin et al. [94] a photoelectrochemical aptasensor for kanamycin detection is
presented. The core sensing unitof the photoelectrode consisted of AUNPs-functionalized self -doped
TiO2 nanotube arrays. Kanamycin specific aptamers were integrated into the photoelectrode by
binding to the AuNPs. It was shown that kanamycin bound to the secondary structure of the aptamer.
The SPR of the AuNPs and interbands from self-doped Ti3*centre had synergistic effects and boosted
the performance under visible light irradiation.

Lv et al. [95] developed a fadle photoelectrochemical aptasensor for the detection of kanamycin,
based on polypyrrole, CeO2 and AuNPs. The semiconductor CeOz, used as photoactive material, was
deposited onto the surface of an indium tin oxide ( ITO) working electrode, which enhances the
photoelectric conversion efficiency. Thiolated kanamycin specific aptamers were immobilized on
AuNPs via Au -SH interaction and subsequently the modified working electrode was function alized
with the prepared AuNPs. The addition of kanamy cin led to a significant increase of the
photocurrent, because recombination of photogenerated holes and electrons.

Zhou et al. [96] introduced a label-free impedimetric electrochemical aptasensor for kanamycin
detection, in which the aptamer blocks theelectron transfer between the redox probe [Fe(CN)e]3/4 and
the electrode. The addition of kanamycin leads to a conformational change (compact stemloop
structure) of the aptamer upon target -binding. The coverage of the aptamer on the electrode surface
amplifies and further blocks the electron transfer efficie ncy.

An impedimetric disposable and portable aptasensor for the detection of kanamycin was
designed by Sharma et al. [97]. Amino -functionalized kanamycin specific aptamers were
immobilized o nto the surface of the working SPCE via NH2-COOH interaction. The interaction
between the aptamers and kanamycin caused an inhibition in the Faradeic response and an increase
in the electron transfer resistance.

Zhu et al. [98] developed a label-free biosensor for kanamycin detection based on aptamer
functionalized conducting polymer -Au nanocomposite. The disposable screenprinted electrode
(SPB was modified with a nanocomposite consisting of self -assembled 2,5di -(2-thienyl) -1H-pyrrole -
1-(p-benzoic acid) (DPB) on AuNPs by electro-polymerization. Kanamycin specific aptamers were
covalently bound to the p oly-DPB-AuNP nanocomposite after activation carboxylic acid groups by
incubation in 1-ethyl-3-(3-dimethylamino -propyl) carbodiimide and N-hydroxysuccinimide ester

n
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660  solution. After addition of kanamycin an aptamer -kanamycin complex is forme d, leading to current
661 increase.

662 Sun et al.[99] introduced an electrochemical sensor for kanamycin detection based on synergistic
663  contributions of chitosan -AuNPs (C-AuNPs), graphene-AuNPs (G-AuNPs), and multi -walled carbon
664  nanotubes (MWCNTSs)-cobalt phthalocyanine composites (MWCNTs-CoPc). The nanocomposites
665 improve electron relay during electron transfer process esand the response speed of the aptasensor.
666  The electrode was sequentially modified by dripping C -AuNPs, G-AuNPs, and MWCNTSs -CoPc onto
667 its surface. Song et al[69] carried out mutation experiments, which revealed that the loop region of
668 the aptamer (GG sequence) is responsible for the binding to kanamycin. Based on this, Sun and
669  colleges suspected that two aptamers with equal sequence but different functionalization (amino and
670 biotin, Table 1) can combine different parts of one kanamycin molecule and form a double -aptamer
671 sandwich-complex, which was confirmed by e xperimental data. The modified working electrode was
672  further modified with the amino -aptamer and incubated with BSA to block possible remaining active
673 sites. The biotin-aptamer was labelled with streptavidin -horseradish peroxidase (HRP) and
674  subsequently conjugated to kanamycin. The prepared kanamycin -aptamer complex was added to the
675 modified electrode. The current response was measured in PBS containing hydroquinone and Hz0x.
676 Upon binding to kanamycin, the kanamycin -aptamer complex leads to an increasing reduction
677  current of hydroquinone in the presence of H 202.

678 An electrochemical aptasensor for kanamycin detection, based on thionine, graphene
679  polyaniline composite film (GPCF) and AuNPs, w as developed by Li et al. [100]. GPCF enhancethe
680 electron transfer between working electrode and the redox probe [Fe(CN)e]3/4. Thionine shows
681  electrocatalytic activity towards small molecular compounds and AuNPs act as transducer between
682 aptamer and GPCF. An aptamer modified with different groups ( Table 1) was used to recognize
683  kanamycin by forming a sandwich structure. The Au electrode was sequentially modified with
684  thionine, GPCF, AuNPs, and the 5 -amino-labelled aptamer | (Table 1) and was afterwards incubated
685  with BSA to avoid non -specific adsorption. The 5"-biotin -labelled aptamer Il (Table 1) was bound to
686  streptavidin -HRP (SHRP) and subsequently to kanamycin. Upon binding of the functionalized
687  kanamycin onto the modified electrode, the reduction current of hydroquinone increases in presence
688  of H202. Hydroquinone acts as mediator for electron transfer between the electrode surface and HP.
689  This is correlated to the amount of SSHRP and thus to the concentration of kanamycin.

690 Another sandwich-type electrochemical aptasensor for the detection of kanamycin was
691 developed by Xu et al. [101]. Graphene polyaniline and polyamidoamine dendrimer functionalized
692  AuNPs were assembled onto the working electrodes, which improved the charge -transport property
693 and loading capacity of the biomolecule. A kanamycin antibody was added and bound to the
694  modified AuNPs. Additionally, BSA and poly A 10 oligonucleotides were self-assembled onto the
695 electrode surface to block active sites. In the presence of kanamycin, this was first captured by the
696 antibody. In a further step the biotinylated aptamer (present in solution) conjugates to kanamycin
697  and comes in close proximity to the electrode surface. Streptavidin-labelled HRP was introduced after
698 the sandwich-type target identification and bound to the electrode surface, resulting in a strong redox
699  current signal due to the reduction reaction of H 202 catalyzed by HRP.

700 In the work of Guo et al. [102] an electrochemical aptasensor for kanamycin detection is
701  presented. MWCNTs were prepared with ionic liquid (IL) of 1 -hexyl-3-methylimidazolium
702  hexafluorophosphate, which could be used as an effective load matrix and showed synergic effects
703 regarding current response. Nanoporous platinum titanium alloy (Pt 10TiwoAlso) acted as
704  immobilization platform for the kanamycin specific aptamers. The working electrode was first
705  modified with MWCNTs -IL, second with PtioTi10Al soand third with the aptamers. Possible remaining
706  active sites of the PtioTi10Al sowere blocked by incubating with BSA. Upon binding of kanamycin, the
707  aptamers switch from their random coiled to rigid folded structure, resulting in an increase of the
708  current intensity.

709 Qin et al. developed two different electrochemical aptasensors for kanamycin detection. One
710 based on multiwalled carbon nanotubes and graphene nanocomposites [103] and the other one on
711  hierarchical nanoporous PtCu and graphene nanocomposites [104]. The GCE was modified with
712  MWCNTSs -1-butyl -3-methylimidazolium, amino -functionalized graphene, and the kanamycin
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713  specific aptamer [103], or thionine fu nctionalized graphene, H- nanoporous PtCu alloy, and the
714  aptamer [104], respectively. The formation of the kanamycin -aptamer complex impedes the
715 interfacial electron transfer, which results in a decrease of the measurable current.

716 Chen et al. [105] designed an electrochemical aptasensor for simultaneous detection of
717  kanamycin and oxytetracycline based on metal ions doped nanoscale metal organic frameworks
718 (MOFs) as signal tracers andExo assisted targets recycling amplification. The two signal tags were
719 synthesized by conjugating amine-functionalized nanoscale MOFs to the specific aptamers and to
720 cadmium or lead for the detection of kanamycin and oxytetracycline, respectively.
721  Superparamagnetic spherical polymer particles with a uniform size and surface , so calledDynabeads,
722  were prepared with anti -ssDNA antibodies, to which the signal tracers could bind subsequently. In
723  the present of the target the signal tracers are released from the dynabeads and the available aptamer
724  binds to the respective target. The presentenzyme Recd Exo decomposes the aptamer.Recd is a
725  single-stranded DNA specific Exo that catalyzes the removal of deoxy-nucleotide monophosphates
726  from DNA in the 5' to 3' direction. RecJf is a recombinant fusion protein of RecJ and maltose binding
727  protein (MBP). It has the same enzymatic properties as wild-type RecJ. Fusion to MBP enhances RecJf
728 solubility. Releasng the target and the signal tracers, they generate remarkable enhanced
729  electrochemical responses.

730 Song et al.[106] introduced an electrochemical aptasensor for the detection of kanamycin in
731  which HRP acts as biocatalyst for signal amplification. AUNPs were modified with cDNA via Au -
732  thiol bonds. Subsequently, HRP-AuNP -cDNA conjugates were prepared by the interactions between
733  the positively charged amino groups of HRP and the negatively charged AuNPs. The kanamycin
734  specific aptamers were assembled onto the Au working electrode by Au-thiol interactions. The
735  functionalized electrode was immersed in a solution containing the HRP -AuNP -cDNA conjugates,
736  hydroquinone (HQ) , and H202. A hybridization reaction between cDNAs and aptamers took place.
737  HRP catalyzes the oxidation of HQ to benzoquinone (BQ) and the simultaneous reduction of H 202 to
738  H:20, which generates a voltammetric peak current signal. Upon addi tion of kanamycin, the cDNAs
739  were displaced by the target and the HRP-AuUNP -cDNA conjugates detached from the electrode
740  surface resulting in a decrease of the current response.

741 In the studies of Wang et al. [107] two electrochemical aptasensos for kanamycin detection,
742  based on an Exo lll -assisted autocatdytic DNA biosensing platform, are presented. In the first
743  work [107], the kanamycin specific aptamer and an universal primer sequence formed together the
744  arched probe. When this was challenged with kanamycin, the recognition between aptamer and
745  kanamycin leads to the release of the primer. The primer hybridized with a programmed hairpin
746  probe (HP1), which functioned as template for Exo Ill. Mononucleotides were ste pwise removed by
747  Exolll, resulting in a release of primer and trigger. The released primer could bind another HP1 and
748  triggered a new cleavageprocess and autonomous formation of free trigger, described as cycle 1. The
749  trigger could act as secondary target, which replaced an assistant probe (named helper) fromthe MB-
750 labelled hairpin probe (HP2). HP2 undergoes a conformational change and comes in close proximity
751 to the electrode surface, which allows an efficient electron transfer. The Exo lll cleavage process is
752  triggered by the hybridization of trigger and helper, whereupon the trigger is recycled, named as
753 cycle 2. In the absenseof the target molecule, a negligible electrochemical response is obtaired,
754  known as signal-off behaviour. In the other work [108]the multiple recycling amplificat ion is divided
755 into polymerase-catalyzed taregt recycling amplification and Exo lll-assisted secondary target
756  recycling amplifica tion. Here, HP1 contains the kanamycin aptamer, a specific recognition sequence
757  for nicking endonuclease Nt.Alwl (enzyme that is able to cut the sugar-phosphate backbone of a
758  nucleic acid), and a nucleic acid segment complementray to the5’-end of the aptamer. By kanamycin
759 binding to the aptamer, the triggered conformational change leads to an opening of the HP1 stem
760 and HP1 hybridizes with the prime r. The template part in HP1 is replicated in the presence of the
761  polymerase and dNTPs. Kanamycin is displaced and can initiate a new cycle. A new HP1-template
762  of dsDNA is synthesized, which contains inter alia the recognition sequence of Nt.Alwl , which
763  cleaves one strand of the dsDNA. A new replication site for polymerase is generated and a short
764  ssDNA fragment is released, which can hybridize with either another HP1 or the assistant probe
765  (helper). The ssDNA can replace the helper from the 5 -MB labelled HP2, resulting in a
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766  conformational change of HP2, confining MB close to the elctrode surface and triggers an efficient
767  electron transfer. Meanwhile, the hybridization between ssDNA and helper triggers the Exo Il
768 cleavage process.In the absense of kanamyin, HP1 coexists with the primer and the nicking
769 sequence remains as sBNA, which is unsuitable for Nt.Alwl and no electrochemical signal is
770  generated. The Au electrode was modified with the HP2 and the helper.

771 Song et al.[109] developed an electrochemical aptasensor for thedetection of kanamycin, using
772 cDNA and glucose oxidase modified AuNPs for signal amplification. Glucose oxidase (QO)
773  catalyzesthe reaction between glucose and dssolved oxygen to produce gluconic acid and H20..
774  AuNPs were functionalized with cDNA and subsequently with  GIO. Furthermore, pure AuNPs were
775 growed in situ on the surface of molybdenum disulfide (MoS 2) nanosheetsand then prepared with
776  hemin (H), resulting in a MoS 2-Au-H composite. In MoS2-Au-H composites, MoS: nanosheets and
777 hemin showed high synergetic catalytic activity to the electro reduction of H202. The working
778  electrode was modified with the MoS 2-Au-H composite, the thiolated aptamer via Au -S bond, and
779  finally with MCH to prevent non -specific adsorption. The functionalized AuNPs bound to the cDNA
780 to form dsDNA. In the presence of kanamycin, the ap tamer binds because of the stronger affinity of
781  the aptamer towards kanamycin . As a result, the cDNA -Au -Gl O conjugate drops from the sensor and
782 leads to a decreasing current response measured The amount of kanamycin captured on the
783  electrode surface isdirectly related to the current signal.

784 Huang et al. [110] designed an electrochemical aptasensor formultiplex antibiotics detection of
785  kanamycin and chloramphenicol. Detailed information is mentioned in the appropriated chapter
786  2.4.1of chloramphenicol.

787 Nikolaus & Strehlitz [111] selected DNA-aptamers specific for binding of kanamycin A by
788  capture SELEXaccording totheworkof St ol t e n b u[x12].The dériged aptamers also showed
789  binding to related aminoglycoside antibiotics. High specific aptamers for kanamycin A and group
790 specific aptamers for aminoglycoside antibiotics were differentiated and the region responsible for
791  aptamer binding (epitope -like region) could be estimated. Affinity a nd specificity of the kanamycin A
792  spedfic aptamers and of some truncated variants were performed using SPR and further tested in
793  bead based or microplate based assay by fluorescence detection of the 5FAM labelled aptamers. The
794  aptamers were immobilized on streptavidin coated magnetic beads modified with biotinylated
795  capture oligonucleotides or on streptavidin coated microplates modified with biotinylated capture
796 oligonucleotides, respectively. Upon addition of kanamycin A, the aptamers undergo a
797  conformational chance and leave the duplex, resulting in a reduced fluorescence signal.

798 In the study of Chen et al. [70] a fluorometric aptasensor for the detection of kanamycin A, based
799  on AuNPs, is presented. The AuNPs acts simultaneously as nanocarrier for the kanamycin specific
800 aptamers and as fluorescence quenchers. Inthe absence of kanamycin, the dyelabelled aptamers
801 could adsorb onto the AuNPs surface and thereby quenching the fluorescence signal. The addition
802 of kanamycin leads to a release of the aptamer from the AuNPs and to anincreased measurable
803 fluorescence signal.

804 Ma et al. [113] developed a fluorescence displacement aptasensor fo the detection of
805 kanamycin A, based on G-quadruplex. It is known, that the kanamycin A specific aptamer is able to
806 form G-quadruplex by the association of four separate aptamer strands. The dye, in this case
807 thioflavin T was chosen can selectively bind to the G-quadruplex and thus causing a strong
808 fluorescence signal In the presence of kanamycin A, thioflavin T is displaced, aptamer -target-
809 complexes are formed and the fluorescence signal is turned off. CD experiments were carried out to
810 invetsigate the conformation of Apt amer-target interactions. The scientists systematically mutated
811 guanosines to adenosines (mut kmut IV, Table 1), to verify if the G -quadruplex started to collapse,
812  because the specific structure is mainly caused by the norcovalent bonding among guanine bases
813 Dapra et al. [55] designed an impedimetric electrochemical aptasensor for the simultaneous
814  detection of kanamycin A and ampicillin. Detailed information is mentioned in the appropriate
815 chapter 2.1.10f ampicillin.

816 Liu et al. [114] developed an impedimetric electrochemical aptamer-based biosensor for
817 kanamycin A detection, based on signaling probe displacement (SPD). The two types of probe,
818 thiolated aptamer capture probe (ACP) and its short complementary capture probe (CCP) were



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2018

d0i:10.20944/preprints201804.0343.v1

819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835

836

837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868

immobilized onto the Au electrode by Au-S interactions. DNA duplexes were formed upon
hybridization of ferrocene tagged short compleme ntary redox signaling probe to A CP and ferrocene
tagged aptamer redox signaling probe to CCP, resulting in a strong electrochemical signal. In the
presence of kanamycin A, a displacement of the signaling probe was induced, leading to a decrease
in current, which was quantitatively related to the concentration of kanamycin. For a direct
comparison, Liu and colleges fabricated an EIS aptasensor uncer the same conditions. The results
showed that the SPD aptasensor possessed better sensitivity, specificity, and tolerance to the
interference from non -specific adsorption. Amazing was the observation, that t he aptasensor not only
showed high specificity to kanamycin A in the presence of antibiotics, such as ampicillin and
tetracycline, but also in the presence ofthe structural quite similar kanamycin B.

By the way, Robati et al. [81] authored a review about aptasensors for quantitative dete ction of
kanamycin and kanamycin A.

In summary, around half of all developed aptamer -based biosensors for the detection of
kanamycin and kanamycin A are based on electrochemical sensor principles (either impedimetric or
amperometric). Moreover, a comparatively large number of fluorometric aptasensors have been
developed. The most important data of the discussed aptasensors are summarized inTable 1. The
lowest LOD was reached with an amperometric aptasensord evel oped by [IM&ng’ s

2.2.3 Neomycin

The spectrum of activity of neomycin ( Figure 3(c)) is mainly gram -negative bacteria including
Salmonella and Shigella [4]. Since it is hardly absorbed after oral administration, it is particularly
suitable for combating infections of the digestive tract [4]. It is also used for superficial skin and
mucous membrane infections [4]. A disadvantage is the high ear and kidney toxicity [4]. In general,
neomycin is an oligosaccharide mixture containing the three main components A, B, and C.
Commercially available neomycin consist of about 90 % neomycin B and 10 % neomycin A and B[4].

In 1995Wallis et al. [115] selected RNA-aptamers for neomycin B recognition by in vitro selection
using SELEX. Most of the RNA molecul es shared a region of nucleotide sequence homology, which
fold into a hairpin -structure. The stem-loop region was identified as neomycin B binding site. An
affinity study was carried out to determine the strongest binding aptamer, which was used in further
studies [116].

Ling et al. [116] present an fluorometric RNA -aptasensr for neomycin B detection based on
AuNPs. The RNA -aptamer was split between A14 and G15 (Table 1), because shorter RNA chains
show fewer interactions with nucleases, which could increase aptamers’ stability in environment. A
high ribonuclease resistance of the unmodified RNA -aptamer could be established by incubation of
the aptamer with a ribonuclease (RNasel) and subsequent fluorescence measurements. The authors
exhibited that the splitting has no influence on its binding properties, because the splitting site on the
aptamer sequence isoutside of the binding pocket. One fragment was conjugated to the AuNPs via
a polyA tail, the other one was labelled with FAM. In the presence of neomycin B the two individual
fragments self-assembled. The binding of neomycin B leads to a conformational change of the
fragments and they came into close proximity. Thus, results in measurable fluorescence quenching.

De-los-SantosAlvarez et al. [117] developed an impedime tric electrochemical RNA -aptasensor
for neomycin B detection basedon a competitive displacement assay. The aptamer was fully 2°-O-
methylated to gain endonuclease resistance which avoid sdegradation during application and allows
measurements in real samples.Via carbodiimide chemistry the Au ele ctrode was modified by a self-
assembled monolayer (SAM) of mercaptopropionic acid (MPA). Subsequent neomycin B was
immobilized onto the surface . The addition of the neomycin B specific aptamer leads to covalent
aptamer-target bindings. The incubation of the reaction solution with further neomycin B leads to
displacement of the aptamer from the surface bound neomycin B, resulting in a detectable signal,
which could be transduced by Faradaic impedance spectroscopy (FIS. Furthermore, it was shown,
that the aptasensor is camble of discriminating neomycin B from the structural very similar
paromomycin as well as from kanamycin and streptomycin.

t eam



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2018 d0i:10.20944/preprints201804.0343.v1

869 In 2009 delos-SantosAlvarez et al. [118] studied how the modification of the RN A- aptamer
870 influences the affinity of the interaction between the aptamer and neomycin B. In general, the fully
871 2-O-methylization of the RNA -aptamer should prevent the degradation by endonuclease. The
872  scientists were able to demonstrate, that this modification did not significantly alter the aptam er
873  affinity towards neomycin B. The procedure of electrochemical measurement was basically adapted
874  from their previously reported stu dy [117]. Besides FIS SPR wasadditionally used as transduction
875 technique because it is known as better suited method for the characterization of affinity events.

876 Although these modifications prevent digestion of RNA sequences by nucleases, they may result
877 in structural changes to the RNA sequences, which affect the binding affinity. In addition, the above
878  strategiescangreatly increase the cost of potential applications. But De-los-SantosAlvarez et al. [118]
879  could show that this must not be the case andLing et al. [116] developed a stable biosen®r based on
880 unmodified RNA -aptamer. The comparison of the obtained LODs (Table 1) showed that SPR[118] is
881  more sensitive than the optical [116] and the electrochemical [117] method.

882  2.2.4 Tobramycin

883 Tobramycin (Figure 3(d)) is a semisynthetic aminoglycoside antibiotic [2]. Its spectrum of
884  activity comprises numerous gram -negative pathogens, such asEscherichia coli, Klebsiella, Proteus,
885  Pseudomonas, Salmonella, and Shigella, as well as gram-positive Staphylococci and Enterococci [4]. It is
886  therapeutically effective for infections of the respiratory and the urogenital tract, the skin, bones, the
887  central nervous system (meningitis), and septicemia [4].

888 In 1995 Wang and Rando [119] selected RNA molecules that can specifically bind to the
889 aminoglycoside antibiotic tobramycin by in vitro selection using SELEX and investigated the
890 recognition process of aptamer-target binding. The RNAs that bind tobramycin with high affinity
891 contained consensus binding regions that may be confined to predicted stem-loop structures. The
892 binding behaviour was analyzed with a pyrene-butyramide -labelled fluorescent derivative of
893 tobramycin. Upon addition of the selected aptamer, the fluorescence emission intensity was
894  quenched. The sdected aptamer found use in later studies [68].

895 Spiga et al. [120] introduced a DNA -based capture-SELEX coupled with in -stream direct-
896  specificity monitoring via SPR and high throughput sequencing for the selection of DNA aptamers
897  for small drugs, such as tobramyin. The aptamers were evaluated for their affinity to tobramycin via
898  direct immobili zation onto a SPR chip, which was used in further studies [121].

899 Han et al. [122] developed a magnetic beadbased SELEX to identify thirtyseven ssDNA
900 aptamers specific for tobramycinusinga f | uor escent met hod based on the r
901 team[123].

902 A colorimetric aptasensor for the determination of tobramycin in milk and chicken eggs was
903 developed by Ma et al. [123]. The random coil sSDNA aptamers adsorbed on the surface of AUNPs
904 viavan der Waals forces, hydrophobic interaction and attractive forces between N and O of the bases
905 and the AuNPs. At the proper salt concentration, the AuNPs kept distributed in solution. When
906 tobramycin was added, the aptamers changed from coil structure to folded rigid structure and
907 formed an aptamer-target complex. The complex detached from the AuNPs and the following
908 aggregation of the AuNPs led to a color change from red to purple blue .

909 In order to detect drug concentration in patient samples, which are much more complex matrices
910 than buffers, Cappi et al. [121] developed a portable, palm-sized transmission-localized SPR(TL-SPR
911  system for tobramycin detection. Tobramycin specific aptamer (Table 1) was bound onto the surface
912  of Au nanoislands (AuNIs). Aptamer -functionalized Au-NIs were deposited on a glass slide covered
913  with fluorine -doped tin oxide. A white light LED was used as excit ation source and a complementary
914  metal oxide semiconductor (CMOS) as light detector. The sensitivity of the CMOS image sensor was
915 matched to the localized plasmon resonance exhibited by the Au-NI s. Addition of tobramycin leads
916 to an increase of the localrefractive index in the proximity of the Au-NIs, resulting in a shift of the
917 plasmon resonance wavelength and a redshift of the plasmon peak. For the first time it was shown,
918 that hue (??)can be reliable used tomeasure and display real-time surface bindi ng of small molecules
919  (here tobramycin) in SPR.
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920 As mentioned, Rowe et al.[68] developed an electrochemical aptasensor for multiplex antibiotics
921 detection of the aminoglycoside antibiotics gentamicin, kanamycin, and tobramycin in blood
922  samples.

923 Gonzalez-Fernandez et al.[124] described an label-free impedimetric electrochemical aptasensor
924  for tobramycin detection in human serum. Two modified RNA -aptamers (Table 1), a partially and a
925 fully O -methylated one, were evaluated and compared in terms of affinity and analytical
926  characteristics. Beside the higher endonuclease resistance, thelly O -methylated aptamer had a
927 lower dissociation constant as well as a lower LOD than partially methylated aptamer (Table 1),
928  which was used in further experiments. The quite similar dose-response curves of tobramycin and
929 neomycin B indicated a high cross-reactivity. The authors declared that the (unexpected) interference
930 s clinically not relevant, because the antibiotics are rarely used in combined therapies.

931 In another study of Gonzalez-Fernandez et al.[125] an aptamer-based inhibition assay (indirect
932 competitive assay) for electrochemical detection of tobramycin was presented. Tobramycin was
933 immobilized onto the surface of carboxylated magnetic beads(MBs) using carbodiimide chemistry.
934  The tobramycin -modified microparticles (TMBs)were incubated with a fixed concentration of RNA -
935 aptamer and varying concentrations of tobramycin. Subsequently a greptavidin -alkaline
936 phosphatase conjugate (SC) was added, which could bind to the aptamer-TMB conjugate.
937  Furthermore, the electrochemically inactive substrate 1-naphthyl phosphate was added and covered
938 all electrodes. The SC catalyzes the hydrolysis of naphthyl phosphate to U-naphthol . By addition of
939 tobramycin to the sample, the amount of aptamer available for surface interaction decreases,thus
940 leading to a smaller amount of enzymatic conjugate linked to the TMPs and in consequence to a
941  decreasing current.

942 The described aptamer-based inhibition assay [125] was further developed [126]. The main
943  principle was the same as mentioned, except thatthe monovalent labeling systems anti-fluorescein-
944  isothiocyantae-alkaline phosphatase Fab fragment (APhoF) or anti-fluorescein-isothiocyanate-
945 peroxidase Fab fragment (APerF) were used instead of SC to bind the aptamer-TMB conjugate,
946  respectively. APhoF and APerF catalyzed the hydrolysis of 1-naphthyl phosphate to U-naphthol,
947  which was detected using DPV in the case of APhoF and CA in the case of APerF.t could be noted
948 that the use of a monovalent labeling systemto introduce an enzyme label significantly improves the
949 LOD and thus the senocfift’i via dompasisdn withlthe bidtirs -stigeptaaitiin
950  system.

951 Schoukroun-Barnes et al.[127] presented a systematic study of several approaches to develop
952  an electrochemical RNA aptamer-based biosensor for the detcetion of aminoglycoside antibiotics like
953 tobramycin. Electrochemical interrogation parameters and biomolecuar engeneering of the aptamer-
954  sequencewere investigated and optimized.

955 In summary, there are just a few aptasensorsdeveloped for tobramycin detection and with the
956  exception of one, they are based on electrochemical principles. Almost all electrochemical sensors
957 used RNA aptamer sequences for the specific tobramycin recognition. The loweset LOD and
958 belonging Ko value was determined with the RNA aptamer sequence Il (Table 1), mentioned by
959  Schoukroun-Barnes et al.[127]. An even higher affinity towards tobramycin was reached by Cappi
960 etal.[121] by using ssDNA aptamer sequence (Table 1).

961 2.2.5 Streptomycin

962 The discovery of Streptomycin ( Figure 3(e)) from Streptomyces griseus by Selmon Waksman
963  (1943) allowed for the first time a therapy of the tuberculosis pathogen Mycobacterium tuberculosis [2].
964 However, due to the renal and ear-harming properties of streptomycin, other antibiotics (e.g.

965 rifampicin) are usually used today [2]. More frequently, it is used to combat penicillin -resistant
966  strains of Neisseria gonorrhea infections and still used for the treatment of tuberculosis [4].

967 The first streptomycin specific DNA -aptamers was scieened by Zhou et al. [128] by affinity

968 magnetic beadsbased SELEX. Streptomycin was detected by using label-free AuNPs-based
969  colorimetric method.
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970 Liu et al. [129] developed an aptamer-based colorimetric sensor for the detection of
971  streptomycin. Different streptomycin specific aptamer sequences were obtained by SELEX. The
972  selected aptamer was used for all further experiments.
973 In the work of Luan etal.[130]a point of care testing colorimetric aptasensor for streptomycin
974  detection was decribed. The capture probe was represented bySSBlabelled on SiOz2 mikropatrticles.
975  Thiol-modified streptomycin specific aptamers were immobili zed on PowerVision (PV, special
976  dendrimer) doped AuNPs via Au -SH interaction to form the nanotracer. Additionally, the dendrimer
977 PV contained large quantities of HRP, which catalyzed the H202-TMB system and thus causeda color
978 change. In the presence of tte target an Exol, streptomycin and the nanotracer combined to a
979 complex. Exol digested the aptamer from the nantracer, so that streptomycin was released again to
980 participate new cycling, more nanotracers were generated and released in the supernatant, which
981 improved the sensitivity. The feasability in real samples was verified by target detection in milk
982 samplesand the results were compared to the referenced ELISA.
983 Zhao et al. [131] introduced a colorimetric detection of streptomycin in milk based on
984  peroxidase-mimicking catal ytic activity of AuNPs. It is known, that AuNPs can easily oxidize
985 peroxidase substrate ABTS (2,2azino-bis(3-ethylbenzothiazoline -6-sulphonic acid)) in the presence
986  of H202, thus producing the green ABTS radical cation. In the absence of the target, thestreptomycin
987  specific aptamer is adsorbed onto AUNPs and restrains its catalytic activity due to shield effect against
988 the substrate. In the presence of the target, a aptamer target complex is formed and the peroxidase
989 like activity oxidizes the substrate .
990 Emrani et al. [132] presented a colorimetric and fluorescence quenching aptasensor for
991  streptomycin detection, based on the specific aptamer and its FAM-labelled complementary strand
992 (cDNA) and aqueous AuNPs. For detection, the aptamer and its cDNA existents as FAM-labelled
993 dsDNA (FAM -dsDNA) in solution together with the AuNPs. In the absence of streptomycin, the
994 FAM-dsDNA is stable, resulting in a salt-induced aggregation of the AuNPs and thus in an obvious
995 color change from red to blue and simultaneously in a strong emission of fluorescence. In the
996 presence of streptomycin, the FAM-dsDNA decomposes. The aptamer binds to streptomycin and the
997 released cDNA adsorbs onto AuNPs surface. So AuNPs are stabilizes against salinduced
998  aggregation and no color change can be observed. Simultaneously the fluorescence signal of cDNA
999 is quenched by the AuNPs. Comparisons between the pure colorimetric and the pure fluorometric
1000 method showed higher sensitivity of the aptasensor by measuring with the fluorom etric one,
1001 displayed by the determined LODs ( Table 1).
1002 In the work of Taghdisi et al. [133] a label-free fluorescent aptasensor for the detection of
1003  streptomycin is designed, basedon Exo lll, SYBR Au and aptamer complimentary strand. Exo Il is
1004 an enzyme which selectively digests the 3-end in dsDNA. For detection, the specific aptamer is
1005 conjugated to its complementary strand (cDNA). Upon streptomycin addition, the conjugate
1006 decomposes and the aptamer binds to its target. Thus, resulting in a higher protection from Exo Il
1007  function. A strong fluorescence signal can be obtained by adding SYBRAu as the fluorescent dye to
1008 the reaction solution.
1009 Wu et al. [134] developed a fluorometric aptasensor for streptomycin detection in homogeneous
1010 media. The fluorescent probe was synthesized by labelling SSB, which specifically bind the aptamer,
1011 on QDs. The fluorescent probes were disperesed in solution and aggregated, which resulted in self-
1012  quenching of the fluorescence. In the presence of streptomycin and Exo |, the aptamer preferentially
1013 bound to its target. Exo | digested the aptamer-target complex, the target released ard could
1014  participate in another cycle, which resulted in a strong fluorescence signal.
1015 In 2018 apoint of care testing for the detection of streptomycin based on a fluorometric principle
1016  was introduced by Lin et al. [135] using digital image colorimetry for image aquistion and color
1017 readout. The streptomycin specific aptamer can hybridize with its cDNA to form dsDNA.
1018 Subsequently, the cyanine dye SYBR Geen | can combine with the dsDNA and then emitte obvious
1019 green fluorescence. When streptomycin is present, the aptamer preferentialforms a complex with its
1020 target, SYBR Greenl cannot combine and the result is a decreased fluorescence signallnstead of a
1021 fluorophotometer, a smartphone was construcetd as a portable detection device to collect the
1022 fluorescence signals by photographing and read out the RGB values.
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1023 Xu et al. [136] deveolped a photoelectrochemical aptasensor for streptomycin detection based
1024 on CdTe QDs single walled carbon nanohorns, synthetisized via one-pot method, which acted as
1025 photoactive species. These could inhibit electron-hole pair recombination, accelerate electron transfer
1026  and improve the photocurrent intensity. A ITO electrode was modified with the photoactive species.
1027 The intrinsic hole oxidation reactions between the photoanode and the electrolyte interface was
1028 avoided, which resulted in a strong cathodic photocurrent under visible -light excitation. Afterwards
1029 amin-functionalized streptomycin specific aptamers were immobilize d onto the electrode through
1030 interaction between amino and carboxyl groups. Occuring steric effects suppressed the photocurrent
1031 signal. The addition of streptomycin led to formation of aptamer -target complexs, so that the
1032  photocurrent signal recovered.

1033 Ghanbari & Roushani [137] introduced an impedimetric electrochemical aptasensor for the
1034  detection of streptomycin. Thiol graphene QDs were immobilized onto the surface of a GCE, then
1035 AuNPs were bound to the modified QDs via Au -SH interaction and finall y, thiolated streptomycin
1036  specific aptamers were immobilizes onto the AuNPs via Au-SH interaction, which blocked the
1037 electron transfer to the electrode surface.Upon addition of streptomycin, aptamer -target complexes
1038 were formed, causing an increase of theelectrochemical signal.

1039 Another electrochemical aptasensor for streptomycin detection, based on Exo |, arch-shape
1040 structure of aptamer-complimentary strand conjugate and screenprinted gold electrodes (SPGES)
1041 electrode, was developed by Danesh et al.[138]. SPGEswere modifi ed with the specific aptamer, the
1042  complementary strand of the aptamer (cDNA ) and MCH . The arch-shape structure of the aptamer-
1043 cDNA conjugate is intact in the absenceof streptomycin and the redox probe [Fe(CN) ]34 has no
1044  access to the electrodesurface. Therefore, only a weak electrochemical signal can be measured. Upon
1045 addition of streptomycin the aptamer leaves the CS and binds to streptomycin. Subsequently, cDNA
1046 is degraded by added Exol, leading to an access of redox probe to the electrode surfaceThus,
1047  resulting in a strong electrochemical signal.

1048 As mentioned Xue et al. [39] developed an electrochemical aptamer-based biosensor for
1049 multiplex antibiotic detection of streptomycin, chloramphenicol and tetracycline, based on QDs as
1050 electrochemical tag. First three cDNA sequences (cDNA |I) were designed, which were
1051 complementary to the corresponding target specific aptamers (ap), to part of the capture DNAs (cap)
1052  and part of cDNA sequences (cDNA II). Cap-DNAs were immobilized onto Au electrode surface by
1053 self-assembly. cDNA lls were conjugated with streptavidin -modified lead sulfide (PbS, cadmium
1054  sulfide (CdS) and zinc sulfide (ZnS). When streptomycin, chloramphenicol or tetracycline were
1055 presentthey bound to their specific apt-DNA with high affinity. T his resulted in a release of cDNA Is.
1056 Liberated cDNA Il s hybridized with their 3’-end with the corresponding cap. Then cDNA lIs
1057  hybridize d with the 5-end of corresponding cDNA Is on the electrode surface. Thus, a kind of
1058 sandwich complex was formed. Afterwards the surf ace captured quantum-dot tags were dissolved
1059 in HNO s. Thus, leading to a release ofPb?+, Cd2*and Zn2+which could be detected electrochemically.
1060 [Fe(CN)e]3*#+ acted as redox probe. The different captured electrochemical signals, generated by the
1061 different QDs, reflects the type and concentration of the target antibiotic. PbS were used for
1062  streptomycin, CdS for chloramphenicol and ZnS for tetracycline. Additionally, the designed
1063 aptasensor wasevaluated in milk.

1064 Yin et al. [139-141] constructed three quite similar electrochemical aptasensos for the detection
1065 of streptomycin based on different modified electrodes. In the first work [139] porous carbon
1066 nanorods (PCNRs) were applied as core conductive material and a nanocomposite consisting of
1067 MWCNTSs, copper oxide (CuO) a p-type semiconductor and AuNPs as electrode modifier. In another
1068  study [140] they presented an aptasensor based on AuNPsfunctionalized magnetic MWCNTs and
1069 nanoporous PtTi alloy (PtioTi10Al s0). In the last work [141] a third electrochemical aptasensor utilizing
1070 aPCNRs and grapheneFesOs-AuNPs modified electrode was developed. Subsequently in each study
1071 the streptomycin specific aptamer was bound onto the surface of the modified electrode. Possible
1072 remaining active sites of the AuNPs were blocked by incubating with BSA. U pon binding the target
1073 the current response decreases. Comparisons of the current responses of the aptasensorto
1074  streptomycin and to a mixture of streptomycin and interfering substances ( e.g.glucose,ascorbicacid,



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2018 d0i:10.20944/preprints201804.0343.v1

1075
1076
1077
1078
1079
1080
1081

1082

1083
1084
1085
1086

1087

1088

1089

1090

1091

1092
1093

1094
1095

1096

1097

1098

1099

1100

1101

1102
1103
1104
1105
1106
1107
1108
1109

1110

penicillin , the structurally very similar dihydrostreptomycin ) confirmed an excellent specificity of
the sensois towards streptomycin.

Summarized, there are only a few papers dealing with aptasensing of streptomycin. According
to the data of Table 1, more than half of them are are based on electrochemical measurements. The
up to five orders of magnitude lower LOD than those reached with the other sensors, could be
determined by Luan et al. [130] using a colorimetric assay and was followed by Yin et al. [140] with
an amperometric aptasensor.

2.3 Anthracyclines

Anthracycline sinhibit the replication of DNA by intercalation and inhibition of topoisomerases
[142]. They are used clinically for the treatment of tumor, but they can cause heart damage in long-
term medication [142]. The basic structure, which all anthracyclines exhibits, is marked red in

Figure 4. Chemical strchr%oTOdaunoﬁ%ycin. OH o Ebasie StHigture of the anthracyclines
is marked red. $

OH
NH,

Figure 4. Chemical structure of daunomycin. The basic structure of the anthracyclines is marked red.

2.3.1 Daunomycin

Daunomycin (

Figure 4. Chemical structure of daunomycin. The basic structure of the anthracyclines is marked red.
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1111 ), the first discovered anthracycline, produced naturally by Streptomyces peucetius, acts as an
1112 intercalator whereat the intercalation between DNA bases leads to a local structural change in the
1113 DNA and thus to an inhibition of DNA replication and transcription [143]. Therefore daunomycin
1114 has a growth inhibitory effect on gram-positive bacteria and fungi [4]. Moreover an antiviral effect
1115 by inhibiting viral DNA replication in the host cell was obtained [4]. 1963 an antileukemic activity
1116 was discovered [4]. Nowadays daunomycin is widely used for the treatment of breast tumors,
1117  lymphocytic and myeloid leukemia [144].

1118 In 2008Wochner et al. [145] selectedssDNA aptamers, specific for daunomycin and tetracycline,
1119 which were used in further studies [146]. The aptamers were isolated from a pool of random
1120 sequences using a semiautomated procedure for magnetic beads. Afluorometric competition assay
1121  for daunomycin detection was established. Streptavidin coated microtiter plates were coupled with
1122  biotinylated daunomycin and subsequently blocked with biotin . Renatured aptamers were incubated
1123  with daunomycin, doxorubicin, tetracycline and chloramphenicol. The mixture was added to the
1124  microtiter plates. Upon aptamer-target binding the fluorescence intensity of OliGreen was increased.
1125 In the work of He et al. [144] a colorimetric aptasensor for daunomycin detection based on
1126 resonance scattering is described. A fluorescence spectrophadmeter was used to record the
1127 resonance scattering intensity.

1128 Chandra et al. [146] developed an electrochemical biosensor for daunomycin using a specific
1129 aptamer and phosphatidylserine (PS) as bioreceptors, because maximum current response was
1130 obtained for PS-aptamer modified electrode. The bioreceptors were coimmobilized onto AuNPs
1131  modified and 2,2"5",2"-terthio phene-3"-(p-benzoic acid) (TTBA) functionalized conducting polymer .
1132 Daunomycin was detected in human urine samples to verify the possible use of reported biosensor
1133 in real samples. So, in future the proposed methods could be useful for daunomycin detection in
1134  urine samples of cancerpatients undergoing daunomycin chemotherapy.

1135 The features of discussed aptasensors are shown inTable 1. As seen, he electrochemical
1136  aptasensor[146] exhibited a higher sensitivity than the optical one [144]. Only a few studies have
1137 dealed with the aptamer -based daunomycin detection, so there is still potential for research.

1138 2.4 Chloramphenicol

1139 Chloramphenicol is an antibiotic class of its own [2]. The chemicd structure is shown in Figure 5
1140  [4]. It blocks the peptidyl transferase by binding to the 50S subunits of the 70S ribosomeg[2].
OH OH

1141
1142 cl

HN \/<
1143 O2N T

O

1144 Figure 5. Chemical structure of chloramphenicol.

1145 2.4.1 Chloramphenicol

1146 Chloramphenicol (Figure 5) was isolated in 1950 from Streptomyces venezuelae, but nowadays it
1147 is produced synthetically exclusively [2]. Itis the first broad -spectrum antibiotic in history [4]. It acts
1148  against gram-positive as well as gram-negative pathogens, as well as againstActinomycetes, Rickettsiae
1149 and some large viruses[4]. Becauseof its serious side effects sud as leukemia, aplastic anemia and
1150 the grey baby syndrom, it is only a reserve antibiotic used to treat typhoid, shigellosis and rickettsial
1151 infections [4, 91].

1152 In 2011 dhloramphenicol specific aptamers were selected and charaderized by Mehta et al. [147]
1153 using the SELEX procedure, which was used in further st udies for chloramphenicol detection
1154  [109110.

1155 HRP is one of the most widely used tracer in aptasensors, which catalyzes reactions of enzymes
1156 towards substrates, like TMB, to form colored products. The sensitivity of detection is often reduced



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2018 d0i:10.20944/preprints201804.0343.v1

1157 by the amount of enzymes [105]. Therefore, the novel tracer power vision (PV)was investigated [105]
1158 for the utilization in a colorimetric aptasensor for chloramphenicol detection, based on the
1159 amplification of a nano -peroxidase-polymer. PV is composed of an enzyme-linker antibody
1160  conjunction, has a high enzyme-to-antibody ratio. PV and complementary strand (cDNA) were
1161 connected to AuNPs and formed a nano-peroxidase-polymer, acting as signal tag. Magnetic AUNPs
1162 were fabricated by assembling AuNPs onto FesOs beads. Subgquently specific aptamers were
1163 immobilized onto AuNPs surfaces. Upon chloramphenicol addition, the signal tags could be
1164  dissociated. The PV on the signal tags catalyzed the oxidation of TMB, causing a color change and
1165 resulting in the change of UV -Vis absorbance. Additionally, comparisons between PV and HRB as
1166  signal labels showed that PV had higher catalytic response towards TMB with H 202 than HRP.

1167 Miao and colleges developed seven different aptasensing strategies for chloramphenicol
1168 detection [148-152, 40, 41]Two aptasensorsbased on a colorimetric [148, 149] one of them using an
1169 electrochemiluminescence [150] and four aptasensors basedon fluorometr ic principle [40, 151, 41,
1170 152] In each study the high specificity of the proposed sensor and possible crossreactivities with
1171 interfering substances were demonstrated by measurements once in the presence of other antibiotics,
1172 such as kanamycin, tetracycline and oxytetracycline and further of a mixture containing
1173  chloramphenicol and various antibiotics.

1174 The colorimetric aptasensor for chloramphenicol detection introduced by Miao et al. [148] based
1175 on dsDNA antibody labelled enzyme-linked polymer nanotracers for signal amplification. For
1176  creating the capture probe, FesOs magnetic NPs were first modified with AUNPs and subsequently
1177  with t he dsDNA, consisting of the chloramphenicol specific aptamer and its complementary strand
1178 (cDNA). The enzyme-linked polymer nanotracer was fabricated by co -immobilization of HRP -
1179 labelled AuNPs and dsDNA antibodie s as signal tags on EnVision reagent, a kit containing about 100
1180 HRPs and some antilgG antibody molecules. In the absence of chloramphenicol, the dsDNA
1181 antibodies bind to dsDNA onto the magnetic NPs. If chloramphenicol is present the aptamer
1182  preferentiall y binds to it, leading to a release of ssSDNA, which cannot be recognized by the dsDNA
1183 antibodies in the nanotracers. After magnetic separation, the signal tag is substituted into
1184  supernatant. The supernatant contains numerous HRPs, which catalysethe H202 mediated oxidation
1185 of TMB, resulting in a visible color change, quantified. It was shown, that EV had higher catalytic
1186 response to the TMB-H20:2 system than HRP labelled nanotracers.

1187 Based on magnetic aptamerenzyme co-immobilization platinum nanoprobes an d econuclease
1188 assited target r e[t49]designed)a triplel anaplificaton tolramnetric aptasensor.
1189 The capture probes were formed by labelling dsDNA antibody on core -shell AuNPs modified
1190 FesOsNPs. The double granded aptamer, composed of the aptamer hybrid and its cDNA, were
1191 immobilized on HRP -functionalized PtNPs and represent the nanotracers. A nanotracer-
1192  chloramphenicol complex was formed in the presence of the target, which then was released into the
1193 supernatant after magnetic separation. The Exol in the supernatant digested the complex from the
1194  3’-end of the aptamer and chloramphenicol was released andfurther participat ed in a new cycle. Pt
1195 and HRP in the nanotracers both catalysedthe H202 mediated oxidation of TMB, resulting in color
1196 changeof the reaction solution.

1197 Abnous et al. [153] introduced a colorimetric sandwich type aptasensor for chloramphenicol
1198 detection, based on an indirect competitive enzyme-free method using AuNPs, biotin and
1199  streptavidin. First , 96-well plated were covered with chloramphenicol -BSA conjugates and casein. In
1200 the absence of additional free chloramphenicol, biotin-modified aptamers bound to the conjugate.
1201 Upon addition of streptavidin, the biotin modified aptamer attached on AuNPs, which were
1202  previously functionalized with a short 5’-biotinylated and 3’-thiolated DNA sequence. The formed
1203 sandwich complex leading to a visible sharp red color in the well, determined by recording the
1204 absorbance spectra. If chloramphenicol is present, biotinmodified aptamers bound to free
1205 chloramphenicol and subsequently are removed from the well by washing. So, streptavidin could
1206  not bound and hence functionalized AuNPs could not, too, resulting in a faint red color and so in a
1207  significantly reduction of the absorbance.

1208 An fluorometric aptasensor for chloramphenicol detection, based on energy transfer of CAdTE
1209 QDs to GO sheet waspresented by Alibolandi et al. [154]. The GO sheets were modified with CdTe-
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QD-functionalized aptamers. Upon addition of the target chloramphenicol and therewith aptamer -
target binding, the QD -aptamers released GO. The signal is no longer quenched and a strong
excitation of fluorescence could be detected.

In the work of Wu et al. [155] a fluorometric aptasensor for the detection of chloramphenicol,
based on UCNPs as signal labels, is presentedNear-infrared (NIR) light is used for UCNPs w hich
results in a series of advantagescompared to down -conversion fluorescent materials (e.g.organic
fluorescent dyes, inorganic QDs). These include higher photostability, minimum photodamage to
living organisms, low toxicity, large Stokes shifts, no induction of autofluorescence and light
scattering background and a deeper light-penetration of tissues. Amino -functionalized silica -capped
NaYFaYb, Er UCNPs were modified with cDNA of the chloramphenicol specific aptamer.
Biotinylated aptamers were immobilized onto the surface of avidin -conjugated FesO4 magnetic NPs,
employed to capture and concentrate chloramphenicol. By hybridization of the prepared UCNPs
with the magnetic NPs a DNA duplex was formed, wherein the maximum fluorescence signal was
generated. The chloramphenicol-induced conformational ch ange of the aptamer leads to a release of
the UCNPs-cDNA and simultaneous to a substantially decreased fl uorescence intensity.

A further fluorometric aptasensor with Exo-assisted target recycling was designed by Miao et
al. [40]. The fluorometric assay based on FRET between CdSe QDs as donorand magnetic SiO:z
modified AuNPs as acceptor. The specific aptamer hybrid and its sequence (CDNA) were
immobilized onto core -shell SiO. modified AuNPs and acted as signal probe. The capture probe was
composed of antibody-labelled FesO4 modified AuNPs. By immunoreaction between capture and
signal probe the composite probe for chloramphenicol was prepared. When chloramphenicol is
added, the aptamer favours to bind it. The antibody cannot recognize ssDNA and therefore the
altered signal probe and the aptamer-target complex are released into the supernatant. Subsequently
the supernatant is added into CdSe QD solution. The numerous SiO2. modified AuNPs of the
supernatant efficiently quench the fluorescence response of CdSe QDs by FRET. Exd, which is also
present in the supernatant, digests the aptamer from the 3"-end, resulting in free up of
chloramphenicol, which could participate in further reactions with th e probes.

Further mor e, [199ieatablished ®&“asmwi-arc™h f | uorescence aptasens
hemin/G -quadruplex and nano -Pt-luminol as signal tracers. Dynabeads have been proved to be
efficient fluorescent quencher for luminol by photo -induced electron transfer and were used for the
“si gonfafl” st at -quadrudlexrandrPiINEs are applied to catalyse H202, thereby producing
reactive oxygen species, which promotes the emission intensity of luminol. The aptamer hybrid and
its complementary sequence €DNA) formed dsDNA, which was labelled with Pt-luminol and th e
hemin/G -quadruplex. The so designed signal probe was connected to antilgG-functionalized
dynabeads by antigen antibody immune reaction. Upon chloramphenicol addition, it was captured
by the aptamer. After magnetic separation, the nanotracer was released into the supernatant,
resulting in -an%tfbogréswenhch signal, t tOb-lgmgnelr ed by t
system by PtNPs and the hemin/G-quadruplex.

Mor e o v e r ,s reddarch ogfoup [151] developed a fluorometric aptasensor using 1,1°-
dioctadecyl-3,33",3 -tetramethyl -indocarbocyanineperchlorate (DIL) -encapsulating liposome as
nanotracer. DIL, a lipophilic fluorescence dye, and SSB were ceimmobilized on liposomes to prepare
vesicle signal tracers. The chloramphenicol specific aptamer waslabelled on amino-functionalized
magnetic beads, employed as capture probes. The compoge probe for detection was formed by SSB’s
specific recognition towards the aptamer on the vesicle probe. Because of the still higher affinity of
chloramphenicol towards the aptamer, a competition replacement reaction takes place, whereupon
chloramphenicol is captures by the magnetic capture probe and the fluorescent vesicle signal tracer
is replaced into the supernatant. The SSB and DIL functionalized liposomes generates fluorescence,
which was analysed by fluorescence spectrometry.

Based on the mentionedaptasensor with DIL - encapsulating liposome as nanotracer, Miao et al.
[41]i nt r oduc-ed” af ! giddptasensor, using vesicle QD-Au colloid composite probes.
Here, the vesicle nanotracer as signal probe consisted ofiposome-CdSe/ZnS QD complex labelled
with SSB Aptamer -functionalized AuNPs acted as capture probe. The composite probe does not emit
fluorescence signal s, which represented the “off?” S
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aptamer bound to it and the aptamer -target complex detaches from the composite probe. The result

is a fluorescence signal, which represents the

The detection of chloramphenicol residues in animal -sourced food was performed by Duan et
al. [156] using fluorescent quantitative real-time polymerase chain reaction (QRT-PCR). The
chloramphenicol specific aptamer was first partly hybridized with a b iotin modified complementary
probe and afterwards immobilized on st reptavidin modified magnetic beads via biotin -streptavidin
interaction. It was found that the length of the partly complementary probe influenced the binding
affinity between aptamer and partly complementary probe. The longer the probe, the higher the
binding strength and the more difficult for chloramphenicol to compete for the aptamer. The addition
of chloramphenicol leads to the formation of a hairpin -structured aptamer-target complex and its
release from the magnetic beadinto the supernatant. The amount of enriched aptamer-target complex
was dependent on the amount of added chloramphenicol. The fluorescence intensity for
guantification of the apamer -target complex and chloramphenicol could be monitored by the
addition of SYBR green and detection with a gRT-PCR system.

Wa n g’ s [157pdasigned a ssDNA binding protein (SSB)-assisted fluorometric aptasensor for
the detection of chloramphenicol in a homogenous solution. FRET was obtained between SSB
labelled core-shell QDs and aptamer-labelled AuNPs as donor and acceptor fluorophores,
respectively. SSB could specifically bind ssDNA without using other coupling reagents. The prepared
QDs and AuNPs were incubated together and hybridized via SSB-aptamer interaction, whereupon
the fluorescence was quenched by the AuUNPs.Upon addition of chloramphenicol the fluorescence
was restored.

on

In an unfavourable c a s e, el ectrochemiluminescent aptasensors

strategies can induce false-positive signals due to outside interferences such as environmental
conditions [158]. Therefore, Feng et al. [158] developed a ratiometric electrochemiluminescent
aptasensor for the detection of chloramphenicol, in order to circumvent mentioned problems. The

ratiometric principle based on the ratio of cathod e to anode electrochemiluminescent signal (which

can eliminate most ambiguities by self-calibration of two emission bands). A SPCE, containing a two
carbon working electrodes (W1 and W2), a carbon counter electrode and Ag|AgCI reference
electrode, were utilized for electrochemiluminescent measurements in presence of H202. Luminol -
functionalized AuNPs (L -AuNPs) acted as working signal tags and CdSQDs as internal reference
tags, which were modified on W1 and W2, respectively. The ratio of working signal ( W1) to internal

reference signal (W2) as standard was determined. Chloramphenicol aptamer’'s complementary

strand (cDNA) and, subsequently the aptamer functionalized with chlorogenic acid as quencher of
L-AuNPs, were immobilized onto the L -AuNPs. Chloramphe nicol can induce the release of the
aptamer, leading to a drift of chlorogenic acid from the surface of W1 and recovery of the

electrochemiluminescence of the L-AuNPs. Simultaneously the CdS QDs on W2 emit a cathode
signal, used as interference signal. Theresults showed no crossreactivity and high specificity
towards chloramphenicol.

Based on thementioned sensa principle [158, Fe n g’ s t edaheymathed further [159].
Thereby asimultaneous detection of chloramphe nicol and malachite green was realized. A malachite
green specific aptamer and its complementary strand (cDNA ) as well as cyanine dye as quencher for
the CdS QDs and poly(ethylenimine) (PEI) as a bridging agent were additionally introduced in the
sensor system, which was previously described by Feng and colleges[158]. PEI increases the loading
of quenchers on aptamers, leading to an improved quenching efficiency. Interfering effects between
chloramphenicol and malachite green were n ot determi ned, so final
electrochemiluminescent aptasensor for the simultaneous detection of chloramphenicol and
malachite green was developed.

A chemiluminescent competitive -type aptasensor for the detection of chloramphenicol was
developed by Hao et al. [91]. Chemiluminescence bioassays has the advantage of a simple sensor set
up and no requir ement for an external light source. Biotinylated aptamers were directly immobilized
on avidin -modified magnetic (FesO4) NPs and acted as capture probes. The signal probes were
designed by functionalization of flower -like Au nanostructures with the aptamers complementary
strand (cDNA) and ABEI. ABEI can be oxidized by H20: to the excited ABEI form, which decays to

y

a



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2018 d0i:10.20944/preprints201804.0343.v1

1316 the ground state with simultaneous chemiluminescence emission. The capture probe can bind
1317  chloramphenicol and signal probes, but tend to competitively bind chloramphenicol due to the
1318 stronger interaction. Upon binding of chloramphenicol, signal probes are released and the unbound
1319 probes were removed in the external magnet, leading to a decreasing chemiluminescence signal.To
1320 establish a steady-state chemiluminescent system,the chemiluminescence enhancerand stabilizer p-
1321 iodophenol (PIP) was added to the ABEI-H202 system.

1322 The triple -amplification SPR electrochemiluminescence assay, presented by Miao et al[150],
1323 based on polymer enzyme-linked nanotracers and Exo-assisted target recycling. The capture probe
1324 composed of the chloramphenicol specific aptamer and its partial complementary sequence (CDNA ),
1325 immobilized onto CdS nanocrystals (CdS NCs), and connected to the working electrode.
1326  Semiconductor NCs are widely used for generating electrochemiluminescence signals. AUNPs are
1327  known to efficiently quench the CdS NCs electrochemiluminescence by resonance energy transfer
1328 (SPR). Incombination with EnVision reagent (EV), an enzyme-linked dendrimer polymer reagent,
1329  AuNPs can further oxidize CdS NCs for electrochemiluminescence enhancement by catalysis of H20z2,
1330 which generates reactive oxygen species. That why AuNPs were labelled with HRP-functionalized
1331 EV and additionally ssDNA binding protein (SS B), which mediates the connection between capture
1332 and accrued signal probe via immunoreaction. In the presence of chloramphenicol, the aptamer
1333 preferentially binds to it and release the signal probe into the supernatant. As a result, the
1334  electrochemiluminescence signal decreases. Ex®, present in the solution, selectively digests the 3'-
1335 end of the aptamer. Thus, chloramphenicol detaches from the aptamer and can further participate in
1336 a new cyde to react with the probes.

1337 Liu et al. [160] constructed a photoelectrochemical aptasensa using nitrogen -doped graphene
1338 QDs (NG-QDs) as trangducer species for chloramphenicol detection. The F-doped SnO: glass
1339 working electrode was coated with NG-QDs and subsequently specific aptamer. When
1340 chloramphenicol is present, it can be captured by the specific aptamer and reacted with the
1341 photogenerated holes on NG-QDs, resulting in an enhanced photocurrent signal. The study verified
1342  the application of NG -QDs for photoelectrochemical sensing.

1343 A photoelectrochemical aptasensor for chloramphenicol was designed by Wang et al. [161] using
1344  a TiOz based nanorod assaysensitized with Eu(lll) -doped CdS QDs as the photoactive material. The
1345 TiOznanorod assay absorbs visible light, depresses the recombination of photogeneated charges and
1346  improves the photo -to-current conversion energy. Eu(lll) -doped CdS QDs extend the absorption of
1347 the assayinto the visible light region and thus enhance the photoelectric properties. The modified
1348 nanorod assay was deposited on a fluorine-doped tin oxide electrode and subsequently amino-
1349 functionalized chloramphenicol specific aptamers were immobilized on the electrode via reaction
1350 between the amino groups of the aptamer and carboxy groups of the Eu(lll) -doped CdS QDs. The
1351 addition of chloram phenicol led to the formation of the aptamer-target complex and a decreasing
1352  photocurrent.

1353 Pilehvar et al. [162] developed an impedimetric electrochemical aptasensor for the detection of
1354  small molecules such as chloramphenicol. The Au electrode was modified with the specific aptamers
1355 by self-assembly. Upon binding of chloramphenicol, the aptamer undergoes a target-induced
1356  conformational change and forms a stem-loop structure. Chloramphenicol molecules are forced close
1357 to the electrode surface and blocks it from the redox active complex [Fe(CN)s3/#, leading to an
1358 increase of the polarization resistance. The different subprocesses occurring during binding of
1359  chloramphenicol could be unravelled by electrical equivalent circuit (EEC).

1360 Moreover, an amperometric electrochemical aptasensor for the detection of chloramphenicol
1361 was designed by Pilehvar et al. [163]. The aim of the study was to reach the maximum residue limit
1362 in the simultaneous presence of chloramphenicol and its structurally similar analogues
1363 thiamphenicol and florfenicol. The negligible influence of thiamphenicol and florfenicol showed that
1364 the proposed sensor discriminates chloramphenicol in complex matrixes from its analogues and
1365 proved the high specificity of the selected aptamer towards chloramphenicol. The thiolated
1366  chloramphenicol specific aptamers were immobilized onto the Au working electrode by self-
1367 assembly. Upon addition of chloramphenicol, the unfolded aptamers changed their conformation
1368 into hairpin structure. Thereby the target molecules are brought in close proximity to the electrode
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1369 surface and an electron transfer was triggered. Thisis related to the irreversible reduction of the nitro
1370  group of chloramphenicol (Figure 5) with formation of hydroxylamine. Surprisingly, the same LODs
1371  were obtained for the measurement in water and milk, w hich suggestsa very good applicability for
1372 real-sample analyzes in general. Almost simultaneously, the detailed electrochemical behaviour of
1373  chloramphenicol at biosensorswas investigated by Pilehvar et al. [164]. The general approach and
1374  electrochemical measurementswere the same, only the auxiliary electrode was different .

1375 Yan et al. [165] introduced an electrochemical aptasensors for chloramphenicol detection in
1376 honey, based on targetinduced strand-release. The Au working electrode was modified with
1377  chloramphenicol specific aptamer via Au -thiol interaction, which was subsequently hybridized with
1378 the complementary biotinylated detection probe (cDNA) and formed a DNA duplex. In the presence
1379  of chloramphenicol, the tar get-induced strand release resulted in the dissociation of biotinylated
1380 detection probe from the electrode. The remaining detection probe bound to streptavidin -alkaline
1381 phosphatase and thus catalyzed U-naphthyl sulfate (U-NP) substrate. As a result, the curent response
1382  decreased.

1383 An electrochemical aptasensor for in vitro chloramphenicol detection in Haemophilus influenza
1384 was developed by Yadav et al. [166]. The edge plane pyrolytic graphite EPPGas working electrode
1385 was modified with poly -(4-amino-3-hydroxynapthalene sulfonic acid) via electro-polymerization
1386 and subsequently specific aptamers were immobilized onto the surface of the working electrode.
1387  Upon binding of chloramphenicol , the aptamer undergoes a conformational change, bringing the
1388 targetin close proximity of the electrode surface and finally triggers an electron transfer by reduction
1389  of the NO2group of chloramphenicol to hydroxyl amine. By using the bacterial strain of H. influenza,
1390 asimultaneous in vitro chloramphenicol detection and bacterial resistant diagnosis was possible. In
1391 the case of chloramphenicol sensitive H. influenza, the concentration of chloramphenicol in the
1392  supernatant was much lower than in the case of chloramphenicol resistant H. influenza, because of
1393  chloramphenicol uptake. A significant accumulation in sensitive H. influenza was obtained, so
1394  resistant and sensitive H. influenza strain could be identified.

1395 In the work of Bagheri Hashkavayi et al. [167] an electrochemical aptasensor for
1396 chloramphenicol detection, based on Au nanocubesmodified SPE is presented. The SPE was
1397  maodified with Au nanocubes (AuNCs) using cysteine as cross-linker and in a second step with the
1398 chloramphenicol specific thiolated aptamer. The binding constant of the interaction of
1399 chloramphenicol and the aptamer was determined to be 2.9x10° M. The results indicated high
1400 specificity to chloramphenicol.

1401 Hamidi -Asl et al. [168] introduced a electrochemical aptasensor for chloramphenicol detection
1402 based on aptamer incorporated gelantine. Gelantine, a physically crosslinked hydrogel, separated
1403 by partial hydrolysis of collagen, was investigated to be used as a biocompatible matrix for the
1404  chloramphenicol -specific aptamer, retaining aptamers bioactivity. The thiolated aptamer was mixed
1405  with differe nt types of gelantine (A and B type) and dropped on the surface of a screenprinted Au
1406 electrode. The A type gelantine (gelA) derived from acid -treated and B type (gelB) from alkali -treated
1407  process. Upon chloramphenicol addition, the aptamer switched its s tructure and brought the analyte
1408 molecules in close proximity of the electrode surface, resulting in an enhanced electron transfer. The
1409 combination of the aptamer with gelB showed higher current signals than with gelA. Therefore, gelB
1410 was used for further experiments. Previously, a similar study by Pilehvar et al. [163] was performed
1411  in the same laboratory, but without gelantine. A higher LOD was determined in in the study here
1412  (Table 1), which implies that the gelantine increases the sensitivity of the aptasensor. This is
1413  presumably due to the fact that gelatine can hold the analyte molecules closer together and closer to
1414  the working electrode surface.

1415 The presented aptasensor of Yadavet al. [166] was further developed by Rosy et al. [169],
1416  exploiting the cross linking properties of glutaraldehyde (GA). For sensor fabrication, first 1,5
1417  diamoinonaphtalene was linked to the working electrode, consisting of edge plane pyrolytic graphite
1418 (EPPG) via electro-polymerization. Afterwards the chloramphenicol specific aptamer was
1419 immobilized on the amino -functionalized polymer modified EPPG surface using GA. GA covalently
1420 linked to the amino groups of the aptamer as well as to those present on the polymerized electrode.
1421 Compared to the previously reported aptasensor of Yadav et al. [166] without cross linking, the
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glutaraldehyde sandwiches aptasensor leads to tremendous increase of stability and sensitivity
(23x10° uA/nM) due to the drastic increase of chloramphenicol binding, caused by covalent bonding
of GA.

Yan et al. [170] introduced a
detection of chloramphenicol and polychlorinated biphenyl -72 (PCB72)using multi -metal ions
encoded nanospherical brushes as tracersFor formation of the capture probe, the respective aptamers
of chloramphenicol and PCB72 were labelled on magnetic AuNPs. Spherical hyperbranched
polyethylene imine brushes (SPEIs) were conjugated with encoded metal-ions (Cd2* and Pb?*) by
amino-groups and modified with cDNAs of the aptamers and acted as tracers. The capture probes
and the tracers were connected via hybridization reaction. In the presence of the targets, the aptamers
preferentially bind to them and thereby release the tracers into supernatant after magnetic separation.
The tracerswith metal ion could be directly detectedby SWV, r epr e s e nt romgtatésthe
results delivered a high specificity of the aptasensor towards its two targets chloramphenicol and
oxytetracycline. The number of targets that can be analysed in parallel is limited by the number of
applicable metal ions which can be used as traers. Thus, the proposed aptasensor can be extended to
further biological detection by substitution of the appropriated metal tracers and aptamers.

Bagheri Hashkavayi et al. [171] developed an electrochemical aptasensor for chloramphenicol
detection, based on dendric Au nanostructures on functional ized mesoporous silica. To improve the
performance and the conductivity of the aptasensor, 1,4-diazabicyclo[2.2.2]octane-supported
mesoporous silica (DB) was prepared onto the graphite SPE. Subsequently AuNPs were
electrochemically deposited on the DB surface. Thereby dendritic Au nanostructures can be formed.
Further, thiolated aptamers were immobilized onto the AuNPs -DB-SPE surfaceby Au-S bonds.
Hemin was added, which is an electrochemical indicator that is reduced at carbon surfaces. Upon
addition of ch loramphenicol, the peak current for the hemin reduction increases, resulting from the
closer proximity of hemin to electrode surface by aptamer-target binding. The LODs determined with
the two different electrochemical aptasensor designed by Bagheri Hashkavayi and colleges achieved
equal values (Table 1).

An electrochemical aptasensor for the simultaneous detection of chloramphenicol and
oxytetracycline was developed by Yan et al. [172]. The sensor based on highcapacity magnetic
hollow porous NPs (MHNPs) coupling Exo-assisted cascade targetecycling. The different signal
tracers were designed by conjugating encoded metations (Cd?+ and Pb?*) by amino-groups to
MHNPs and afterwards immobilizing the cDNA lls (Table 1), which were complementary to the
cDNA Is (Table 1). The cDNA Is were immobilized onto the AuNPs modified working electrode. By
interaction of cDNA lls with cDNA Is signal tracers and capture probes were connected. Specific
aptamers were added and hybridized with the cDNA I-cDNA Il conjugates, resulting in a SWV
signal. In the presence of chloramphenicol and/or oxytetracycline, a target-induced strand release is
triggered, the aptamers dissociated and accumulate in the supernatant. Thus, resuking in a decrease
of the SWV current response. The enzyme Exadl, simultaneously present in supernatant, digested the
3’-end of the aptamers, leading to a release of the targets for a further cycle, which amplifies the signal
and improves sensitivity. In ¢ omparison to silica based nanotracers, the signals could be amplified
for about 12 folds by the combination of coded nanotracers and Exo | assisted target recycling. This
is partly due to the fact that MHNPs has highly density of loading sites at their sur faces, which can
load more metal ions and thus leading to an amplification of the signal.

Chen et al. developed two different electrochemical aptasensor for the simultaneous detection
of chloramphenicol/ kanamycin [47] and chloramphenicol/oxytetracycline [173]. Both based on
aptamer-biocodes which were fabricated by co-immobilizing of aptamers and metal ions onto
nanoscale MOFs (Ui0-66). MOFs are featured by a large surface areagcontrollable pore structure,
various functional groups and high thermal and chemical stability. The basic measuring principle
was the following. The signal tags were formed by the modification of amine -functionalized
nanoscale MOFs with different metal ions (Cd 2* and Pb?*) and cDNA. The target specific aptamers
were simultaneously immobilized onto amino -modified magnetic beads and formed the capture
probe. Signal and capture probe can hybridize and generatean electrochemical signal. In the presence
of the targets, the aptamers recognize and bind them specifically. The signal tags are replaced and
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1475 released into the supernatant after magnetic separation. The peak current of the metal ions can be
1476  detected simultaneously by SWV. In the later work [173]they used circular strand -replacement DNA
1477  polymerization (CSRP) as signal amplification strategy to achieve maximal sensitivity of the sensing
1478 system. The analtical performance was further improved by the introduction of Y -shape DNA
1479  which possess structural flexibility and conformational stability. Y -shape DNA consisted of three
1480 overlapping DNA strands that are partially complementary to each other. Here, the Y-shape
1481  composed of assisted DNA (aDNA), capture-DNA (cap -DNA) and signal -DNA (sDNA). aDNA was
1482 immobilized onto magnetic AUNPs and hybridized with the cap -DNA, containing the target specific
1483 aptamers and the complementary sequence of the primer. sSDNA was connected to different metal
1484  ions encoded nanoscale MOFs as signal tagsBst DNA polymerase was introduced into the CSRP
1485 reaction to assistthe target recycling amplification. Y -shape disassembled in the presence of the
1486  targets. The exposed primer recognition sequence of the capDNA hybridizes with the primer and
1487 initiates the polymerization in the presence of dNTPs. Thus, the released target triggered the
1488  successive polymerization reaction. As aresult, the amount of signal tags in the supernatant after
1489  magnetic separation increased.

1490 Liu et al. [174] introduced an electrochemical aptasensor for chloramphenicol detection based
1491 on rGO and AgNPs. The GCE as working electrode was covered with AgNPs modified rGO.
1492  Subsequently the chloramphenicol specific aptamers were immobilized onto the surface of the
1493 modified electrode. Remaining active binding sites were blocked by MCH. Upon capturing of the
1494  target, chloramphenicol was electrocatalytically reduced by the rGO-AgNPs nanocomposite, which
1495 was detected by LSV.

1496 Huang et al. [110] designed an electrochemical aptasensor for multiplex antibiotics detection of
1497  kanamycin and chloramphenicol, based on endonuclease and exonuclease assisted dual recycling
1498 amplification strategy. AuNPs were syntehsized and decorated with the two kinds of restriction
1499  endonucleasesEcoR| and BamHI to make them enrich and magnify and acted as signal transduction
1500 substances.Target specific thiolated aptamers were immobilized on bar A and their endonuclease
1501 labelled cDNAs were hybridized to form the enzyme-cleavage probes. ZiMOF NPs with 1,4-
1502 benzenedicyrboxylate were defined as UiO -66. The signal tags consisted of lerarchically porous
1503 aminomodified UiO -66 decorated with MB (for chloramphenicol) or Fc (for kanamycin) as
1504 electroactive components. The signal tags were immobilzed on bar B by two dsDNA stands. The
1505 dsDNA strands could be cleaved by the corresponding enzyme-cleavage probes on bar A. In the
1506 presence of the targets, the aptamersformed aptamer-target-complexes and the enzyme-cleavage
1507 probes departed into the reaction mixture. Exo | digested the aptamers from 3" to 5° end and the
1508 targets were released.The Exol induced circulation achieved and the number of enzyme -cleavage
1509 probes increased. Theenzyme-cleavage probes moved to bar B and cleavage the dsDNA strands on
1510 bar B, resulting in the reaese of the signal tags into the reaction mixture which caused a decrease of
1511 the electrochemical signal. The negligible interferenc between kanamycin and chlormphenicol
1512  proved the high specificity of the sensing system to the respective target.

1513 The most important data of the discussed aptasensors are summarized in Tablel. As seen,almost
1514  half of all developed aptamer -based biosensors for the detection of chlaamphenicol are based on
1515 electrochemical sensor principles. Moreover, a comparatively large number of fluorometric
1516 aptasensors have been developedMehta et al. [147] identified and inve stigated the ssDNA aptamer
1517  sequence which was later used in numerous studies dealing with the aptasensing of chloramphenicol.
1518 The lowest LOD could be obtained by Chen et al. [173], followed by Rosy et al. [169] using
1519 amperometric aptasensors.

1520 2.5 (Fluoro)Quinolones

1521 (Fluoro)Quinolones have a very broad spectrum of action thus they act against gram-positive s,
1522  gram-negatives, Mycobacteria, Chlamydia and anaerobes and are just a little humanly toxic. Their
1523 mechanism of action based on the inhibition of DNA -gyrase, which belongs to the group of
1524  topoisomerasesll. Inter alia DNA -gyrase is responsible for the derivatization of the DNA.
1525  Structurally qu inolones are derived from quinolone (marked red in
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1535 Figure 6) [2]. The efficacy of the quinolones was further enhanced by the introduction of an
1536  additional fluorine atom, resulting in a whole series of fluoro quinolones.
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1548 Figure 6. Chemical structure of: (a) ciprofloxacin, (b) danofloxacin, (c) enrofloxacin and (d) ofloxacin.
1549 The structure of quinolone is marked red.

1550 2.5.1 Ciprofloxacin
1551 Ciprofloxacin (

1552
1553
1554
1555

1556
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1557
1558
1559

1560

1561 Figure 6 (a)), a secondgeneration fluoro quinolone, acts against Bacillus anthracis, the causative
1562 agent of the anthrax and is one of the most used quinolonesnowadays [1, 2].

1563 In 2017 Lavee et al.[175] developed for the first time a colorimetric aptamer-based assay fo the
1564  determination of ciprofloxacin. AuNPs possess eizyme-like activity that can catalyse the reduction
1565  of 4-nitrophenol to 4-aminop henol by sodium borohydride ( NaBH4). The AuNPs were modified with
1566 the ciprofloxacin specific aptamer and two partly cDNAs ( cDNA I, cDNA I, Table 1). In the absence
1567  of the target, the reduction of 4-nitrophenol was prevented by the flower -shape coating. The addition
1568 of enrofloxacin leads to the detachment of the aptamer-cDNA conjugate, an aptamer-target-complex
1569 was formed and the AuNPs exerted their catalytic activity. As a result the color changed from yellow
1570 to colorless. The highest LODs were observed in the milk samples (Table 1), which indicates that
1571 interferences of complex matrices in the milk disturb the signal.

1572 In the study of Abnous et al. [176] an electrochemical aptasensor for ultrasensitive detection of
1573 fluoroquinolones , especially ciprofloxacin, is presented. As a physical barrier for the access of redox
1574  probe ([Fe(CN)¢]3/4) to the surface of SPGEsingle-stranded DNA -binding protein was used ..

1575 The electrochemical aptasensor[176] possessl.5 fold lower LOD than the colorimetric one [175]
1576 (Table 1). No further published studies about an aptasensing ofciprofl oxacin were reported. Here is
1577  still potential for research.

1578 2.5.2 Danofloxacin
1579 Danofloxacin (

1580
1581
1582
1583
1584
1585
1586
1587
1588

1589 Figure 6(b)) acts against grampositive and gram -negative bacteria and is often used for the
1590 treatment of respiratory diseases of cattle and pigs[177]. It is exclusively used in animal husbandry,
1591 not least because of its toxicity to humans[177].

1592 By the application of SELEX, Han et al. [177] selected specific and high-affinity RNA aptamers
1593 wi t Kfluot*-2-deoxyribonucleotide modified pyrimidine nucleotides bound to danofloxacin. In
1594  their work the scientists truncated the selected aptamers to the motif necessary for binding of
1595 danofloxacin, which leads to an improved affinity. In consequence Han and colleges employed an
1596  optical aptasensor for the detection of danofloxacin in buffer.
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1597 There are no other reports about investigations for danofloxacin detection by an aptasensor
1598 mentioned in the literature.

1599 2.5.3 Enrofloxacin
1600 Enrofloxacin (

1601
1602
1603
1604
1605
1606
1607
1608
1609

1610 Figure 6(c)) is a high-potency antibacterial agent which is widely employed for disease
1611 prevention and therapy in poultry and livestock breeding and aquaculture practice [178, 179]

1612 For the detection of enrofloxacin, Liu et al. [178] designed afluorometric aptasensor.Yb, Er ion-
1613  pair doped magnetic FesO4 UCNPs and amino-functionalized silica -modified (NH 2-Si) UCNPs were
1614  produced and further modified with streptavidin via class ical glutaraldehyde method. Biotinylated
1615 enrofloxacin specific aptamers were immobilized onto the surface of the FesOs UCNPs and
1616  biotinylated cDNA s onto NH 2-Si UCNPs. The two kinds of functionalized UCNPs were mixed and
1617 formed hybridization probes by the formation of duplex structures between the aptamers and the
1618 cDNAs. As long as enrofloxacin was absence the hybridization probe exhibits a background
1619 fluorescence signal. Upon enrofloxacin addition, the aptamer -modified UCNPs preferentially bound
1620 tothe target and some of the duplex structures dissociated, resulting in a decrease of the fluorescence
1621 signal, after magnetic separation.

1622 Moreover, Liu’ s g fl®ldeveloped a fluorometric “ doubl e recognition” aptas:c
1623 detection of enrofloxacin. The potential promising idea was to build a hybrid synergistic
1624 identification system by integrating two antibiotic recognition elements. Aptamers and fully
1625  synthetic molecularly imprinted polymers (MIPs) were chosen. MIPs are one of the most suitable
1626  alternative for biological molecular recognition instead of ligand -receptor, antigen-antibody and
1627  substrate-enzyme. Molecular imprinting is a strategy, where a molecular recognition unit is prepared
1628 by polymerizing functional monomers in the presence of template molecules. MIPs exhibit excellent
1629  specificity to substrates, compared to traditional molecular -recognition -based separation techniques.
1630 Biotinylated enrofloxacin specific aptamers were immobilised on NaYo.zd4:Ybo2, Tmo.o2 UCNPs via
1631 biotin -avidin reaction. The modified UCNPs were suspended in a solution, containing enrofloxacin
1632 templates, and a “ pre-polymerization complex ” was formed, whereat the aptamer was folded into
1633 the desired (correct) shape The complex acted as polymerization centre for the subsequent NP
1634  formation. The commonly used monomers of methacrylic acid in molecular imprinting technique
1635 were introduced into the system and interacted with the residual functional groups of enrofloxacin
1636 templates (not embedded in aptamer). Thus, in the polymerization process enrofloxacin molecules
1637 were immobil ized with aptamers and further with a polymer matrix. It was shown, that the
1638 recognition ability of the NPs was enhanced by the combined characteristics of the specific molecular
1639 recognition properties of aptamers and MIPs. The enrofloxacin templates were removed by a
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1640 washing procedure. The ultimately arising imprinting cavities were complementary to target
1641 enrofloxacin and possessed high affinity and specificity towards it. The LOD of the proposed
1642  aptasensor[179] was about five times lower than the previously presented “ s i mp | §L78](Bable
1643 1), which presumably is related to the improved recognition ability of the NPs by the use of aptamers
1644  in combination with MIPs.

1645 The two described are the only paper which deal with the aptamer-based detection of
1646  enrofloxacin, so here existspotential for further research .

1647 2.5.4 Ofloxacin
1648 Ofloxacin (

1649
1650
1651
1652
1653
1654
1655
1656
1657

1658 Figure 6(d)) is a second-generation fluoroquinolone , used in bacterial infections of the respiratory
1659 tract and the gastrointestinal tract [180].

1660 Reinemann et al. [181] searched for aptamer sequences specific for ofloxacin and furthermore
1661 determined the dissociation constant (Ko value) of the aptamer-target system.

1662 In 2017Pilehvar et al. [180] developed arapid and sensitive label-free electrochemicalaptasensor
1663 for oflo xacin detection. For the immobiliza tion of the specific aptamer a covalently attached AuNPs
1664 modified GCE was used. Another GCE acts as counter and aAg|AgCl electrode as reference
1665 electrode. A high specificity, besides good reproducibility and stability, was achieved. To verify the
1666  application in environmental monitoring the aptasensorwas tested in real samples such as effluent
1667  of sewage treatment plant and tap water.

1668 2.6 Lincosamide

1669 Lincosamide, called acylaminopyranosides due to their chemical structure, bind to the 50S
1670 subunit of the bacterial ribosomes and block the enzyme peptidyltransferase, resulting in a
1671 interrupted chain elongation during protein biosynthesis [2]. Lincosamide are frequently used in the
1672 case of staphylococcal, streptococcal, and pneumococcal infectiong4]. Three representatives exist:

1673 the natural lincomycin (
1674
1675
1676

1677

1678 Figure 7) and two semi-synthetic derivates clindamycin and pirlimycin [1]. The structure, which
1679 is common to all anthracyclines, is marked red in

1680

1681
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1682
1683

1684 Figure 7. Anthracyclines are applied especially if a penicillin allergy exists [4].
1685

1686
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CH3 o HO CH3
1691 Figure 7. Chemical structure of l || lincomycin. The basic

1692 structure of the anthracyclines O S is marked red.
N CH3

1693  2.6.1 Lincomycin H3C H

1694 Lincomycin was the HO OH first discovered

1695 lincosamide, isolated from Streptomyces lincolnensis in @ OH soil  sample  from  Lincoln
1696 (Nebraska) [1, 4]. It is preferably for the treatment of bone marrow inflammation and wound -and
1697 respiratory infections [4].

1698 To best of our knowledge, there is just a report of aptasensor for lincomycin by Li et al. [182].
1699 They developed an aptamer-MIP biosensor for lincomycin detection based on electrogenerated
1700 CRET. A AuNP -functionalized GO nanocomposite was used for signal amplification. C-dots, which
1701 were modified onto the lincomycin specific aptamers, served as signal indicator and exhibited
1702 enhanced signal intensity in the absence of lincomycin. Electrogenerated CRET was observed
1703 between Au-GO nanocomposite and the C-dots. In the presence of lincomycin, it competitively
1704  bound to the aptamers and the MIPs and thus the energy transfer was blocked, resulting in a decrease
1705 of the electrochemical signal. Lincomycin templates were added to an aptamer containing solution
1706 to form aptamer-target complexes. The MIP was prepared on the Au-GO-modified GCE via
1707  electropolymerization. The lincomycin template s were removed by a washing procedure and the
1708 aptamer-MIP sensor was obtained with the imprinting cavities . For a contrasttest, non-MIP was
1709 fabricated by the same method but without using the lincomycin template. Besides, a random DNA
1710 sequence was used instead of the aptamerln the contrast-test, lincomycin was neither captured by
1711 the aptamer-non-MIP sensor, nor by the random DNA -MIP sensor. The results confirmed, that the
1712 combined characteristics of the specific molecular recognition properties of aptamers and MIPs
1713  enhance the recognition ability and cause a high specificity towards their target.

1714 2.7 Tetracyclines

1715 Tetracyclines are the most widely used antibiotics besides penicillines which are of great
1716 economic importance due to their broad-spectrum activity (acting against gram -positive, gram-
1717  negative bacteria, Rickettsiae, Mycoplasmas, Leptospira and some large viruses) and their low toxicity
1718 [2, 4]. In some countries, they are widely used as nutritive antibiotics in poultry and pig fattening,
1719 which encourages resistance development. Tetracyclines inhibit protein biosynthesis by binding to
1720  the 50S subunit of the ribosomes. They are formed exclusively by Streptomyces. Their name derives
1721  from their basic structure, which consists of four linearly arranged six rings ( marked red in

1722

1723

1724

1725 Figure 8).
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1731 Figure 8. Chemical structure of: (a) oxytetracycline and (b) tetracycline. The basic structure of the
1732 tetracyclines is marked red.
1733 2.7.1 Oxytetracycline
1734 Oxytetracycline (
1735
1736
1737
1738 Figure 8(a)) is the primary product in the formation of tetr acyclines by Streptomyces [4].
1739 Niazi et al. [183] selected oxytetracycline specific sSDNA aptamers by Flu-Mag SELEX and

1740 investigated their aff inity, specificity and specificity. The one with best affinity (lowest K o, Table 1)
1741 was later used in a variety of studies which deal with oxytetracycline detection [184-188]. In the Flu-
1742 Mag SELEX method fluorescent labels for DNA quantifica tion and magnetic beads for target
1743 immobilization are used for aptamer selection[189]. In further i nvestigation they selected ssDNA
1744  aptamers specific for tetracycline, oxytetracycline and doxycycline [190].

1745 Kwon et al. [191] truncated 76-mer ssDNA aptamers with high affinity and specificity for
1746  oxytetracycline, selected by SELEX, to a unique shortened 8mer ssDNA, by selection of the
1747 nucleotide bases which exhibit high homogeneity in accordance to their conserved regions. The
1748 shortened aptamer was found to exhibit a very high binding affinity (K b, Table 1), determined by
1749 isothermal titration calorimetry, and specificity to oxytetracycline, tetracycline, doxycycline and
1750 chlortetracycline. By utilization of the shortened aptamer, an ultra -sensitive (Table 1) colorimetric
1751  oxytetracycline detection based on unmodified AuNPs was possible. The truncated aptamer was
1752  used in other studies [192].

1753 An aptamer-based cantilever array sensor for the detection of oxytetracycline was introduced
1754 by Hou et al. [193]. Cantilever sensors offers improved dynamic response, reduced size, increased
1755 reliability and high precision, compared to more conventional sensors. Molecular recognition can be
1756  directly and specifically transduced into nanomechanical response. The cantilever array consisted of
1757  silicon cantilev ers coated with a 20nm layer of Au. The sensing cantilevers were functionalized with
1758  SAMs of the oxytetracycline specific aptamers by Au-S bond binding while the reference cantilevers
1759 were modified with MCH to eliminate the influence of environmental dist urbances, such as
1760 temperature and non-specific adsorption. Sensing and reference cantilever were arranged alternately
1761 inthe array. When oxytetracycline bound to the aptamer onto the cantilevers surface, a difference in
1762  surface stress is generated betweernfunctionalized and non -functionalized side of the cantilever,
1763  resulting in a bending. The nanomechanical deflection of eachcantilever was determined in real time
1764 by monitoring the position of a laser beam reflected from the cantilever onto a position sens itive
1765  detector with a four -quadrant photodiode.

1766 Kim et al. [185] introduced a combination of light scattering particle immunoagglutination assay
1767  (LSPIA) with a microfluidic device for oxytetracycline detection. Light scattering offers advantages
1768 such as low cost, small size and ease of integration. A portable miniature spectrometer was used for
1769  forward light scatt ering intensity measurements, collected by multi -mode fiber. Highly carboxylated
1770  polystyrene submicron latex microspheres were coated with the aptamers by covalent coupling
1771  method. The aptamer conjugated microsphere and the target solution were injected into the Y-shaped
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1772  microfluidic channel by a syringe pump. Aptamer -target binding causes the microspheres to form
1773  agglutination complexes, which can be detected by static or DLS method. In the proposed assay, an
1774 increase in the oxytetracycline concentration can be interpreted with an increase in the aggregated
1775 particle size, resulting in an increased light scattering intensity. A mix ture of gentamicin, penicillin G,
1776  enrofloxacin and sulfamethazine was used as negative control which simultaneously implies a high
1777  specificity of the designed aptasensor towards oxytetracycline.

1778 Moreover, Kim’' s t [&88]rdeveloped an indirect competitive assay-based aptasensor for
1779  oxytetracycline detection in milk. Oxytetracycline specific aptamers were selected by SELEX and
1780 identified by ELAA. The one with str ongest affinity ( Table 1) was used for further investigations. The
1781 selected aptamer showed highest specificity to oxytetracycline, even in the presence of the
1782  structurally similar antibiotics tetracycline and chlortetracycline, no cross -reactivities could be
1783 observed in the indirect competitive ELAA. Biotinylated aptamers and oxytetracycline were added
1784 into microtiter plates. After competitive reaction a streptavidin -HRP solution and subsequently a
1785 TMB solution were added and the absorbance was measured. The results validated the proposed
1786  ELAA as satisfactory screening method for oxytetracycline detection in milk.

1787 Meng et al. [192] designed an ultrasensitive surface enhanced Raman scattering (SERS)
1788 aptasensor for the detection of oxytetracycline. Advantages of SERS, a molecular fingerprint
1789  spectrum, are amongst others ultrasensitive and non-invasive probing, compatibility with aqueous
1790 solution, minimal sample preparation and la bel-free monitoring of analytes in complex matrices.
1791 Thiolated stem-loop DNA, containing the oxytetracycline specific aptamer, was immobilized onto
1792  the surface of 80nm AuNPs by forming Au -S bonds. A monolayer of MCH was self-assembled to
1793  prevent non-specific adsorption and to improve the capture efficiency of the aptamers. Avidin was
1794  added, which bound specifically to the biotin modified 5° end of the DNA. 13 nm AuNPs attached to
1795 the avidin modified DNA strand by the electrostatic subsequently effect (avidin positively charged,
1796  AuNPs negatively charged). Subsequently, the 13nm AuNPs were functionalized with the Raman
1797  reporter molecule 4-mercaptobenzoic acid (MBA ). Between the 80nm AuNPs and the 13 nm AuNPs
1798 a SERS hot spot was formed, which is ahighly -localized regions of intense local field enhancement.
1799 In the presence of oxytetracycline, the aptamer preferentially bound to it, leading to a partial
1800 dehybridization of the DNA. In consequence , the 13nm AuNPs approach the 80 nm AuNPs more
1801 closely and the Raman intensity increased significant.

1802 A colorimetric aptasensor for the detection of oxytetracycline was presented by Kim et al. [186].
1803  Oxytetracycline specific aptamers are immobilized onto AuNPs surfaces and stabilize them, even if
1804 salt is added. Upon addition of oxytetracycline, aptamers detach from the surfaces and conjugates
1805 with their target. Thus, the AuNPs are no longer stabilize d by the aptamers and aggregates after
1806 addition of salt, resulting in a visible color change from red to purple, monitored by UV -Vis
1807  spectrophotometry. Supplementary Kim ' s g [L&®/Linvestigated the affinity -ratio and its piv otal
1808 role in AUNP -based competitive colorimetric aptasensor.

1809 In the work of Seo et al. [194] a reflectancebased colorimetric aptasensor using AuNPs for
1810 oxytetracycline detection is presented. Oxytetracycline specific aptamers are immobilized onto
1811  AuNPs surfaces. Upon addition of oxytetracycline, the aptamers detach from the AuNPs and bind to
1812 their targets. After adding salt, the AuNPs aggregated. The result is a visible color change from red
1813 to purple (absorbance peak shifts from 520nm to 650 nm), because he localized SPR is changed. The
1814 absorbance can be detected indirectly from the spectrum transmitted using a spectrophotometer.
1815  Alternatively, the reflected spectrum from the SPR of the AUNPs can be measured directly. Two types
1816  of reflection exist: the specular and the diffuse reflection. The diffuse reflection was of primary
1817 interest for the mentioned experiment. So, in order to minimize the specular reflection, the incidence
1818 angle was optimized. The reflectance-based measurements at twowavelengths (650 aand 520 nm)
1819 were found to generate more sensitive and stable signalsthan absorbancebased sensors. Besides,
1820 small amounts of samples can be directly measured and the use of different loading platform with
1821 various shapes, such as well plates, disc plates ad microfluidic channels, is possible, since the
1822 measurement can be configured with flexible optical fibers.

1823 Zhao et al. [32] designed a fluorometric assay for oxytetracycline detection based on an
1824  fluorescein-labelled long-chain aptamer assembled ontorGO. The efficient quenching ability of r GO
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1825 and the different interaction intensity of the aptamer and the aptame r-oxytetracycline complex with
1826  rGO are used for fluorometric detection. Compared with GO, rGO possess more crystalline graphene
1827 regions on the sheet, which improves the quenching ability. Via hydrophobic and m-m st acki ng
1828 interactions between the ring structures in the nucleobases of the aptamers and the hexagonal cells
1829 of rGO, the FAM -modified long -chain (76-mer) aptamers were adsorbed onto the surface of rGO.
1830 Thereby the FRET proximity was induced, leading to fluorescence quenching of dyes by rGO. In the
1831 presence of oxytetracycline, a well-folded aptamer-oxytetracycline complex was formed. The
1832 exposure of nucleobases decreasg and the dyes remove from the rGO surface, resultng in a
1833 hindered FRET process and ultimately in a restoration of fluorescence.

1834 Yuan et al. [195] designed a fluorometric aptasensor for oxytetracycline detection using an
1835 indirect labelled long-chain aptamer, which based on the work of Zhao et al. [32]. It was established,
1836 that the secondary structure of long-chain aptamers causes indistinctive structural transformation
1837 after bindi ng of oxytetracycline, resulting in a hindering of an effective desorption from the graphene
1838 sheet and thus to a hindered fluorescence restoration. To avoid the mentioned negative effects, a
1839 novel recognition probe for oxytetracycline detection based on an indirectly fluorescence amidite
1840 labelled aptamer was designed. The recognition probe consisted of the long-chain (76-mer) aptamer
1841 and a FAM-labelled short-chain (11mer) ssDNA (cDNA 1), which was hybridized with the 5"-end of
1842 the aptamer. The oxytetracycline specific aptamers were adsorbed onto the surface of GO via strong
1843 " -stacking interaction between the hexagonal cells of graphene and the ring structure of the
1844  nucleobases. Due to the FRET proximity, the FAM on the probe was quenched by the GO. Upon
1845 addition of oxytetracycline, cDNA | was released, because the aptamer preferentially binds to its
1846  target. Upon addition of the short -chain (11mer) ssDNA (cDNA 1I), which was complementary to
1847 cDNA |, the originally adsorbed cDNA | hybridized with cDNA 1l and formed dsDNA. The dsDNA
1848 escaped from the graphene sheet to the solution, resulting in a hindered FRET process and in a
1849 restoration of fluorescence.

1850 During the last several years the formation of GO hydrogel by self -assembly of GO sheets and
1851 influence of dif ferent parameters onto the gelation process has beersystematically investigated [196].
1852 Tanetal.[197]introduced a fluorometric aptasensorbased on targetresponsive GO hydrogel for the
1853 detection of oxytetracycline. The hydrogel was prepared by mixing GO sheets, adenosine and
1854  oxytetracycline specific aptamers together. The strong hydrogen bonding and electrostatic
1855 interactions between adenosine and the GO nanosheets are most likely responsible for the fast
1856 gelation. The FAM-labelled aptamers adsorbed on the GO sheets via the strongTti-1t stacking
1857 interactions and the fluorescence of FAM was quenched by GO due to FRET. If the functional
1858 hydrogel i s immersed in the oxytetracycline containing solution, the aptamers prefer to capture the
1859 antibiotic molecules to form an aptamer-target complex. The conformational change induces a steric
1860 hindrance and the complex desorbsfrom the GO surface to thesupernatant. The increasing distance
1861 between FAM and the GO sheets results in a recovery of fluorescence.ln general, the developed
1862  aptasensor is distinguished by a facile and fast gelation, soaking and fluorescence detection process
1863 and thermal and chemical stability.

1864 In the work of Fang et al. [38] a luminescent aptasensor for oxytetracycline detection, based on
1865 UCNPs and magnetic NPs, is presented. UCNPs possess a couple of advantagesompared to other
1866 types of fluorescent materials (e.g.organic dyes, fluorescent proteins, AuNPs, QDs), including higher
1867  photostability , low toxicity, large Stokes shifts, high quantum yields and the lack of both auto -
1868 luminescence and a light-scattering background. The signal probes composed of amino
1869 functionalized NaYF4:Yb, Er UCNPs modified wi th amino -functionalized cDNA. Capture probes
1870 were formed by immobilizing oxytetracycline specific amino -functionalized aptamers onto the
1871 surface of amino-functionalized FesOs magnetic NPs via classical glutaraldehyde method. By
1872  hybridization of capture and signal probes poly-network structures were generated, leading to a
1873 maximum luminescence emission, after magnetic separation by an external magnet. Upon addition
1874  of oxytetracycline, the signal probes were replaced, since the affinity of the aptamers to their target
1875 is higher than to the cDNA, resulting in a decrease of luminescence intensity.

1876 A aptasensor for the detection of oxytetracycline, based on luminescence resonance energy
1877  transfer (LRET) from UCNPs to SYBR green, was developedby Zhang et al. [198]. SYBR green is a
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label-free indicator, making a very simple and convenient detection possible. The oxytetracycline

specific amino-functionalized aptamers were covalently linked to NaYFa:Yb, Tm UCNPs via classical
glutaraldehyde method and hybridized with their amino-functionalized complementary strands.

The subsequent added SYBR green inserted into the formed dsDNA and brings energy donor and

acceptor in close proximity to each other. Thus, leading to a LRET from UCNPs to SYBR grea and a
guenched luminescence. When oxytetracycline was present, the aptamers dehybridized from their

cDNA and preferentially bound to the target molecules. Thereby SYBR green was liberated and the
luminescence recovers.

A , s i-ogf npatitoelectrochemical aptasensor for oxytetracycline detection was developed by
Yan et al.[199]. A p-type semiconductor BiOIl doped with graphene (G) acted as photoactive species.
The doping with graphene promoted the cathodic photocurrent response of BilO under visible light
irradiation . Amino -functionalized oxytetracycline -binding aptamers were immobilized on the BilO -
G modified electrode using glutaraldehyde as cross-linking. In the absence of oxytetracycline, BiOl-
G efficiently converts visible light irradiation to cathodic current. When oxytetracycline was added,
the photocurrent response of the photocathode decreased. Obviously, the diffusion of electron
acceptor to electrode surface is sterically hindered by the formation of the aptamer -oxytetracycline
complex. The applicability for real sample analysis was verified by assaying oxytetracycline in a
commercial tablet and compare the results to this obtained by the additionally performed HPLC.

Li et al. [200] constructed a photoelectrochemical aptasensor for the detection of oxytetracycline
based on sign a | ., Swionh¢ h s o fERkdrachesical impedance and photoelectrochemical
measurements were carried out in an electrochemical workstation, containing a four -electrode
configuration. TiO2 nanorods (semiconductor) were uniformly prepared on a n indium tin oxide
conducting glass. Subsequently AUNPs were electrodeposited on the surface of the TiC: film. CdTe
QDs were conjugated to hairpin cDNAs, which were than immobilized onto the working electrode
by Au -S bonds. The CdTE QDs came in close proximity to he electrode surface and generate a strong
photocurrent under visible light irradiation, with ascorbic acid as electron donor. After immersion
into aptamer solution, the aptamers and the cDNAs hybridize and the photocurrent decreases,
because the cDNA charged into a rod-like double helix and CdTE QDs were far away from electrode
surface. The decrease value varied with the cDNA chain length. In the presence of oxytetracycline,
the aptamer preferentially binds to its target instead of the hairpin cDNA and det aches from the
electrode. The cDNAs regained their original hairpin forms and the photocurrent signal was
recovered. The recovery value increases with increasing oxytetracycline concentration. Different
types of hairpin cDNAs (I, Il and IIl) were investiga ted with regard to their effects on the detection
performance. Their sequences are listed in Table 1. ¢cDNA | was complementary to the whole
sequence d the aptamer and cDNA Il and Il were complementary to part of the sequence. cDNA Il
showed higher stability and a lower signal background and hence it was selected for the final
construction of the aptasensor.

Kim et al. [184] introduced an electrochemical sensing systen for oxytetracycline detection,
using a single glass chip, containing an interdigitated array (IDA) Au electrode, a reference and a
counter electrode. Thiol-modified aptamers were immobilized onto the IDA Au electrode. The
binding of oxytetracycline leads to a conformational change of the aptamer. Thus, the target is close
to the electrode surface and a electron transfer is triggered. Ferricyanide solution was used as a
mediator for electron flow between bulk solution and working electrode.

Zheng et al.[201] developed an electrochemical aptasensor for direct detection of oxytetracycline
in mouse blood, serum and urine. First, the working electrode was incubated with ferrocene -
functionalized cDNA of the aptamer and these formed a SAM onto the surface of the electrode via
Au-S bonding. Then the electrode was passivated with MCH to reduce non -specific between the
DNA probe and the surface as well as to stabilize the monolayer. The aptamer was added and formed
dsDNA with its cDNA. A partial hybridization of the aptamer and its ta rget was induced, when
oxytetracycline was introduced. Thereby the cDNA self-fold into a hairpin structure and brings the
redox-active electrochemical probe ferrocene in close proximity of the electrode surface, resulting in
a current response. The aim ofthe study was to quantify oxytetracycline in mouse blood, serum and
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1930 urine, which succeeded well. Comparisons to an additionally carried out ELISA showed almost
1931 identical results.

1932 A competitive aptasensor for the detection of oxytetracycline based on HRP and GO-polyaniline
1933 (GO-PANI) composites as signal amplifiers was introduced by Xu et al. [202]. GO-PANI composites
1934  exhibit obviously higher electrical conductivity than the pure GO or PANI . The prepared GO-PANI
1935 was immobilized onto the surface of the GCE via electrostatic adsorption force. The electrodes were
1936 immersed into HAUCI 4, AUNPs were electrodeposited onto the surface of the GCE. The complete
1937 antigen oxytetracycline-BSA was fixed on the electrodes, based on the binding between the amino
1938 group of BSA and AuNPs. The GCE was incubated in BSA to block non-specffic binding sites. Finally,
1939  oxytetracycline samples and HRP-labelled aptamers were added simultaneously. The oxytetracycline
1940 in the samples competed with those on the electrode to bind the aptamer. The more oxytetracycline
1941 was added, the less HRP combinedwith oxytetracycline -BSA conjugate on the electrodes, resulting
1942 in a current decrease, which indicated the quantity of oxytetracycline. The electrochemical
1943 measurementswere carried out in PBS containing Ks[Fe(CN)s], hydroquinone (HQ) and H 202. HQ is
1944  oxidized to benzoquinone (BQ) and simultaneously H 20: is reduced to H20. Based on their similar
1945  structure and type of interaction, tetracycline and chlortetracycline were used as interfering
1946  substances for evaluation of the specificity of the aptasensor to oxytetracycline, which can be
1947  estimated as good.

1948 The electrochemical aptasensos for simultaneous detection of kanamycin /oxytetracycline [105]
1949  and chloramphenicol /oxytetracycline [173] were reported, as mentioned in the previous sections.
1950 Zhang et al. [203] developed an electrochemical aptasensor for the simultaneous detection of
1951 tetracycline and oxytetracycline. Detailed information is mentioned in the section of tetracycline.
1952 A sandwich-type electrochemical aptasensor for oxytetracycline detection based on graphene-

1953 three-dimensional nanostructure Au nanocomposites (Gr-3D Au) was introduced by Liu et al. [204].
1954 Compared to a pure graphene film, conductivity and surface area of Gr-3D Au are significant
1955 improved. A Gr -3D Au film was modified on the working electrode by one -step electrochemical co
1956 reduction with graphite oxide and HAUCI sat cathodic potentials. This enhanced the electron transfer
1957 and the loading capacity of biomolecules. The antibodies of oxytetracycline were attached to the
1958 electrode surface via electrostatic interaction. To avoid non-specific interactions BSA was added.
1959  Oxytetracycline was captured by the antibodies. AuNPs were modified with HRP and the
1960 oxytetracycline specific aptamer and formed the nanoprobes. The addition of the nanoprobes leaded
1961 to the formation of a sandwich -type system, resulting in an electro-reduction of H 202 (present in
1962  solution), enhanced by HRP. The current response corresponded to the oxytetracycline concentration.
1963 Measurements in the presence of structural analogues, e.g. tetracycline, doxycycline and
1964  chlortetracycline, revealed the high selectivity of aptasensortowards oxytetracycline .

1965 In summary, most of the aptamer-based biosensors for the deection of oxytetracycline are
1966 amperometric ones. Moreover, colorimetric and fluorometric aptasen sors were developed
1967 frequently, i. a. due to their simplicity. Nia zi et al. [183] selected and investigated a ssDNA aptamer
1968 sequence(Table 1), which was further used in almost all studies about aptasen sing of oxytetracycline.
1969 But the ssDNA aptamer with highest affinity, and thus lowest K o value, was proposed by Kwon et
1970 al. [191] (Table 1). As seen, Meng et al. [192] reached the lowest LOD by using a SERS based
1971 aptasensor for oxytetracycline detection, followed by Chen et al. [173] with an amperometric one
1972 (Tablel).

1973 2.7.2 Tetracycline

1974 Tetracycline (
1975
1976

1977
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Figure 8(b)) is used in veterinary medicine and tre atment as well as prevention of microbial
infections such as respiatory tract in fections, arthritis and severe acne[205]. In particular it has been
used as a feedadditive to promote the growth of livestock in agriculture  sector[206].

In 2008 Niazi et al. [190] identified tetracycline group specific ssDNA aptamers by modified
SELEX (ToggleSELEX combined with Flu-Mag SELEX). Tosylactivated magnetic beads coated
oxytetracycline, tetracycline and doxycycline, respectively, were employed as targets and counter
targets. Twenty aptamers were selected whereof seven showed high affinity to the basic backbone of
the tetracycline group. Aptamers which fail to bind specific to all tested target molecules were
eliminated during counter selection steps. The specificity to the structural analogues followed the
order oxytetracycline > tetracycline > doxycycline. A consensus sequence motif was found in most of
the selected aptamers, which was predicted to be essential for target binding. The selected aptamer
sequence wasused in almost every aptamer based study, which is mentioned below, for tetracycline
detection by a biosensor.

Kwon et al. [191] truncated 76-mer ssDNA aptamers with high affinity and specificity for
oxytetracycline to a unique shortened 8-mer ssDNA with selectivity to oxytetracycl ine, tetracycline,
doxycycline and chlortetracycline. Detailed information is mentioned once in the section of
oxytetracycline.

The ligand binding properties of a synthetic tetracycline binding RNA aptamer were
thermodynamically characterized by Miiller et al. [207]. The dissociation constant was determined
by a fluorometric assay. Functional groups crucial for the aptamer-target interaction and their
respective enthalpic and entropic contributions were investigated for proposing detailed structural
and functional roles for certain groups.

Aslipashaki et al. [205] developed an aptamer-based extraction followed by electrospray
ionization -ion mobility spectrometry (ESI-IMS) for tetracycline detection in biological fluids.
Aptamer -based solid-phase extraction was used to separate tetracycline from the complex matrix.
Therefore, the tetracycline specific aptamers were covalently bound onto CNBr-activated sepharose
To prove the applicability of the proposed method for real sample analysis and for investigation of
the matrix effects, tetracycline was detected in human urine and plasma samples.

Jeong & Rhee Paend208]introduced a competitive ELAA for the determination of tetracycline
residue in bovine milk using two different aptamers individually, one 76mer DNA and a 57mer RNA
aptamer. The RNA aptamer featured a lower Ko and thus a higher affinity to tetracycline than the
DNA aptamer (Table 1). The ELAA was carried out in polystyrene immuno microplates. The
biotinylated aptamer was immobilized onto microplate via avidin -biotin interaction. Tetracycline
was conjugated to HRP and formed the competitor. The ELAA was utilized for tetracycline detection
in tetracycline spiked, pretreated (protein, fat carbohy drate cations were removed) milk samples. The
LODs obtained for the RNA aptamer were lower than the one for the DNA aptamer, as well as in
buffer as in milk ( Table 1). The specificity of aptamer was evaluated by a crossreactivity study , by
addition of structurally similar antibiotics like oxytetracycline, chlortetracycline and doxycycline . All
of the tested antibiotics showed high cross-reactivity with tetracycline. Consequently, the ELAA
showed no superior specificity. This was confirmed again by comparing the results to an additionally
performed ELISA, which exhibited high specificity to tetracycline. Therefore, the use of aptamers
does not necessarily lead to a better selectivity and sensitivity even if aptamers have several
advantages over antibodies.

Two different colorimetric aptasensors for tetracy«
based on an indirect competitive ELAA (icELAA) [209] and a direct competitive ELAA (dcELAA)
[210]. The ELAAs were performed in flat -bottom immuno plates. In the icELAA, the microtiter plates
were coated with BSA-functionalized tetracycline. The plated were blocked with Hammerstein
bovine casein to prevent non-specific adsorption. Biotinylated aptamer was added and bound to its
target. Streptavidin -HRP conjugate was added and bound to the aptamer [209]. In the dcELAA,
streptavidin was coated on the microtiter plates. The plates were blocked against non-specific
adsorption with ca sein or BSA. Biotinylated aptamer was added and bound to streptavidin. HRP -
labelled tetracycline was added and bound to the aptamer [210]. In both assays, the TMB solution
changed from colorless to blue, until the reaction was stopped by the addition of H 2SOs, whereat the
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2031 color turned to vyellow. Cross -reactivity studies were performed with oxytetracycline and
2032 doxycycline, which indicated a high specificity towards tetracycline. Comparing the applied sensing
2033  systems,significantly lower LODs were obtained with the icELAA (' Table 1).

2034 Luo et al. [211] designed resonance scattering(RS) method to for the detection of tetracycline
2035 using aptamer-coated AuNPs as catalyst. In the absenceof tetracycline, the tetracycline specific
2036  aptamers adsorb onto the surface of the AUNPs and keep the AuNPs distributing evenly in solution.
2037  Thus, the AuNPs catalyse the Fehling reaction to yield a bigger Cu20 cubic and obtain a high RS
2038 signal. If tetracycline is present, aptamer-tetracycline conjugates are formed and the AuNPs
2039 aggregateunder NaCl existence Less AuNPs catalyse the Fehling reaction, yielding a smaller Cu20
2040 cubic, leading to a lower RS signal. The RS intensities are linear to the diameter of the particle.
2041  Catalytic reaction conditions, such as reagent concentration, reaction time and reaction temperature,
2042  were adjusted to achieve the optimal RS signal. Addition of a variety of foreign substances, such as
2043 antibiotics (e.g. kanamycin) and organic molecules (e.g.L-lysine) into the assay verified its selectivity ,
2044  and specificity towards tetracycline.

2045 Another SERS apatsesor for tetracycline detection was developed by Li et al. [212]. By loading
2046  the Raman reporter p-aminothiophenol (PATP) onto AuNPs , a nanocarrier was formed, which acted
2047  as signalprobe. Subsequently, the nanocarrier was functionalized with Na 2SiOz to immobilize cDNA
2048 to produce a large amplification factor for Raman signal. The recognition probe was formed by
2049 immobilizing tetracycline specific aptamers on polymethacrylic acid -functionalized magnetite
2050 colloid nanocrystal clusters via condensation reaction. The incurred magnetic nanospheres possessed
2051 ahigh saturation magnetization value and excellent biocompatibility, which enables a rapid and easy
2052 magnetic separation. In the absence of the target, signal and recognition probe hybridizes via
2053 aptamer-cDNA interaction. In the presence of tetracycline, the aptamer preferentially binds to its
2054 target, leading to a diverge of signal and recognition probe and a release of some signal probes into
2055  bulk solution. The result is a strong SERS signal after magnetic separation.Negligible changes in the
2056 SERS intensity were obtained for the possibleinterfering antibiotics whereas a greatly change was
2057  monitored for tetracycline, indicating a high specificity of the sensorfor tetracycline.

2058 Two different colorimetric aptasensor for the detection of tetracycline were presented by He et
2059 al. [213]. For both, the tetracycline specific aptamers were immobilized onto AUNPs via electrostatic
2060 interactions. TEM and CD were used to characterize this modification. In the one colorimetric assay
2061 hexadecyltrimethylammonium bromide (CTAB) [213] was used and in the other one
2062  poly(diallyldimethylammonuim) (PDDA) [214]. CTAB, a cationic surfactant, is able to assemble DNA
2063 to form supramolecules and could imply the aggregation of AUNPs due to the electrostatic attraction
2064  between CTAB and AuNPs. PDDA, a cationic polyelectrolyte, could generate and stabilize AUNPs
2065 and interacted with aptamers as they were negatively charged to form a counterpart macromolecule.
2066  When CTAB bound to the aptamers, the aptamers are segiestered from the AuNPs, resulting in an
2067 aggregation of the AuNPs and a visible color change. In the presence of tetracycline, the aptamers
2068 bound to it and CTAB cannot assemble aptamers to form supramolecules [213]. On the other hand,
2069 when PDDA bound to the aptamers to form a complex structure, AuNPs did not aggregate, because
2070 they are stabilized by the complex structures. Upon addition of tetracycline, a aptamer -target
2071 complex is formed and the PDDA lose their ability to protect the AuNPs, resulting in an aggregation
2072  of the AuNPs and a visible color change [214].

2073 Furthermore, Luo et al. [215] introduced a colorimetric aptasensor for tetracycline detection,
2074  based on cysteaminestabilized AUNPs (CS-AuNPs). The aggregation of the positively charged CS-
2075 AuNPs can be induced by electrostatic attraction between CSAuNPs and the added tetracycline
2076  specific aptamers. The result is a visible color change from red to blue, detected by UW-Vis
2077  spectrophotometry. In the presence of tetracycline, the aptamer-target interaction, which is stronger
2078 than the electrostatic one, causes a conformational chage of the aptamer from G-quadruplex into
2079 hairpin structure. Therefore, the aptamer CS-AuNPs interaction, and thus the color change, holded
2080  of.

2081 Ramezani et al.[216] developed a colorimetric aptasensor for the detection of tetracycline, based
2082 on triple -helix molecular switch (THMS) and AuNPs. The THMS consisted of the label -free
2083 tetracycline specific aptamer sequence with two arm segments and a labelfree oligonucleotide as
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signal transduction probe (STP). In the absence of tetracycline, THMS is stable and cannot protect the
AuNPs against salt-induced aggregation, owing to its rigid structure. Thus, the addition of salt leads
to a visible color change from red to blue. If tetracycline is present, THMS is disassembled. The
aptamer forms a complex with its target, while STP adsorbs onto the surface of the AuNPs. Thus, the
dispersed AuNPs remains stable against saltinduced aggregation.

Wang et al. [217] found that some antibiotics can absorb directly on unmodified AuNPs,
regardless of the presence of aptamers, which can lead to false positive colorimetric signals. The
scientists established two rational screening criteria for antibiotic targets qualified for unmodified
AuNPs based colorimetric assay, relying on the oil-water partition coefficients (log P >0) and net
physiological charges ( 8) of the antibiotics.

A GO based colorimetric aptasensor for the detection of tetracycline was presented by Tang et
al. [218]. In the absenceof tetracycline, the aptamers were adsorbed onto the surface of GO via
hydrophobinc samdcdkitng interaction and thus, GO
otherwise occurs in the salty solution. Upon tetracycline addition, the aptamer preferentially binds
to it and does not stabilize GO any longer, which leads GO aggregatesand the solution color changes.

Jalalian et al. [219] introduced a fluorometric aptasensor for th e detection of tetracycline based
on THMS. The tetracycline specific aptamer possessed two arm segments, which bound to the loop
sequence of a FAMlabelled complementary signal transduction prob e (cDNA) and formed an open
THMS configuration, whereby a strong fluorescence emission was induced. In the presence of
tetracycline, the THMS complex was disassembled and the free cDNA folded to a stem loop structure,
which brought the fluorophore on the 5"-end and the black hole quencher on the 3"-end in close
proximity. As a result, the fluorescence signal decreased. The arm segment length (@ bp) of the
aptamer (Table 1) was investigated regarding the formation of a stable THMS. The best results could
be achieved with the longest one, so this was selected for further investigations.

A label-free fluorescent strategy for tetracycline detection based on THMS an Gquadruplex was
presented by Chen et al. [220]. A shortened 8-mer tetracycline specific aptamer sequence and two
flanked arm segments, which can bind to the signal transduction probe, formed the THMS. The signal
transduction probe consisted of thioflavin T and G uanosin-rich oligonucleotides. If no target was
available, the THMS remained stable and the fluorescent background vanishingly low. The addition
of tetracycline led to the formation of aptamer-target complexes, the disassembling of the THM Sand
the release ofthe signal transduction probe, which s elf-assembled into G-quadruplex, specifi cally
bound to thioflavin T, resulting in a strong fluorescence signal.

Ouyang et al. [221] developed a lanthanoide-doped UCNPs based aptasensor for the detection
of tetracycline in food samples. Thetetracycline specific aptamers were immobilized onto magnetic
NPs via classical glutaraldehyde crosslink method and formed the capture probe. The signal probe
consisted of cDNA modified (NaY o.46Gdo.sF4:Ybo.2, Hoo.02) UCNPSs. In the presence of tetracycline, the
aptamer preferentially bound t o it, resulting in the decay of the hybridized complex and the
fluorescence signal caused by the UCNPs increased.

Sun et al.[222] introduced a label -free fluorescent aptasensor for tetracycline detection based on
thiazole orange as intercalated dye, according to the work of Xing et al. [83]. Essentially thiazole
orange is no fluorescent in aqueous solution, but it shows high fluorescence emission intensity upon
interaction with nucleic acids without regard to base composition. Thus, thiazole orange was
intercalated into G-quadruplex structure of the tetracycline specific aptamers, resulting in a strong
fluore scence signal. The addition of tetracycline resulted in the conformational change of the
aptamers from G-quadruplex to hairpin structure, the formation of aptamer -target-complexes, the
release of thiazole orangeand finally a reduced fluorescence intensity .

A chemiluminescent aptasensor for the simultaneous detection of kanamycin, oxytetracycline
and tetracycline was developed by Hao et al. [92], asmentioned in the section of kanamycin.

Liu et al. [206] presented a photoelectrochemical aptasensor for tetracycline detection Graphitic
carbon nitride (G -CsN4), a semiconductor, coupled with CdS QDs was used as transducer. The UV
Vis diffuse reflection spectra verified that the CdS QDs enhanced the absorption of G-CsN4in the
visible region and thus, dramatically promote the photocurrent response. A fluorine -doped tin oxide
electrode was modified with the G -CsN4+-CdS nanocomposite. The specific aptamer was anchored

d0i:10.20944/preprints201804.0343.v1
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2137 onto G-CsNasurface via “-" stacking interaction between the nucleobasesG-CsN4. The photocurrent
2138 increased, when tetracycline was added. In the presence of otherantibiotics (e.g.chlortetracycline,
2139 doxycycline, kanamycin) no obvious responses were detected, revealing that the proposed
2140 aptasensor had a highspecificity towards tetracycline, due to its specific aptamer-target recognition.
2141 A label-f r e e *“osfiphonoaléctrochemical aptasensorfor the detection of tetracycline was
2142 introduced by Li et al. [223], based on localized SPR of AUNPs and duatfunction quercetin. Quercetin
2143 isanelectron donor, which can efficiency promote the separation of photonic carriers. A triple signal
2144  amplification has been applied to improve the sensitivity . Plasmonic AuNPs can convert collected
2145 light into electrical energy by generating hot electrons, which can be injected in the conduction band
2146  of TiO2NPs by visible light irradiation . Moreover, the recombination of photonic carriers is reduced
2147 by the rapid electron communicatio n between AuNPs and TiO2NPs. Furthermore, quercetin was
2148 chosen as both photosensitizer and electronsacrificial agent for enlarged photocurrent. The working
2149 electrode was first modified with a nano -TiO:z film and then with AUNPs and acted as photoanode.
2150 Tetracycline specific aptamers were added and selfassembled onto the surface. The modified
2151 photoanode was covered with MCH to block nonspecific sites. With the addition of tetracycline, the
2152  photocurrent decreases due to the formation of an aptamer-tetracycline complex, which subsequently
2153 closed the entrance of long passageways and resulted in a hindered electron transfer.

2154 Zhang et al. [224] developed a photoelectrochemical aptasensor for the detection of tetracycline .
2155  Spindle-like ZnO nanorods closely anchored to CdSNPs placed on AuNPs were synthesized and
2156 used as photoactive material by efficiently absorbing light and promoting electron transfer. A ITO
2157  electrode was modified with the prepared nanocomposite and tetracycline specific aptamers. In the
2158 presence of tetracycline, the aptamers capture their targets and a restoed photocurrent signal is
2159  produced through the reaction between captured tetracycline and photogenerated holes.

2160 Le et al. [225] presented an impedimetric electrochemical aptasensor for the detection of
2161 tetracycline. Tetracycline specific amino-modified aptamers were immobilized onto the surface of the
2162  Au electrode and subsequently tetracycline was added. Oxytetracycline, streptomycin and heomycin
2163  were introduced into the sensing system to verify the specificity toward s tetracycline, which was
2164  found to be high.

2165 Xu et al. [226] developed an impedimetric electrochemical aptasensor for tetracycline detection
2166 based on interdigitated array microelectrodes. SbZnNPs, which improves the electrochemical
2167  conductivity, were c onjugated to chitosan and formed a SbZnNPs-chitosan nanocomposite. The
2168 microelectrode was modified with the nanocomposite by electrostatic adsorption of the Au -amino
2169 non-covalent bond. Subsequently thiolated aptamer was assembled onto the surface of the malified
2170 electrode. The addition of tetracycline caused an increase in the resistance response, because the
2171 response compound of tetracycline and the probe hindered the electron transfer. A comparison
2172  between the aptasensor with and without the nanocomposite proved the improving effect of the
2173  modification regarding to the sensitivity.

2174 Another impedimetric electrochemical aptasersor for tetracycline detection was introduced by
2175 Zhao et al. [227], using interdigitated array microelectrodes and ionic -liquid -ferroferric oxide
2176  nanocomposite. Ferroferric oxide has a good electrochemi@l conductivity (electrons can quickly shift
2177  between two kinds of oxidation states) and formed a film on the microelectrode surface, resulting in
2178 an increased electrode area. The stability of the sensor was improved by adding ionic liquid, a
2179  biocompatible material. The aptamer was immobilized onto the modified microelectrode. The
2180 proposed aptasensor was successfully applied for tetracycline detection in milk samples.

2181 A very similar aptasensor based on the same sensing principle of Zzhad s  w[@27]kwas
2182  described by Hou et al. [228]. An interdigital array microelectrode was used to miniaturize the
2183 conventional electrode system, enhance the sensitivity, shorten the detection time and minimize
2184 interfering effects. Measurements of tetracycline in real milk samples demonstrated the possible use
2185 of the aptasensor for real sample analysis.

2186 For tetracycline detection an electrochemical aptasensor was developed by Kim et al. [229],
2187 based on the modified screenprinted Au working electrode. Biotinylated and thiola ted aptamers
2188 were compared regarding to their coverage ability of the SPE and the resulting higher sensitivity. The
2189 biotinylated variant showed better results and therefore was used for further investigations. In the
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presence of tetracycline, the electrontransfer was hindered by the formed aptamer -tetracycline
complex and the current response decreased.

Zhang et al. [203] described an labelfree electrochemical aptasersor for the detection of
tetracyclines. The tetracycline and oxytetracycline specific aptamer was selected by SELEX and
coupled on a GCE via EDC/NHS-chemistry. The affinity constant was determined to be 218 mol-L.
The high specificity was verified by measurements in the presence of penicillin as aninterference.

Zhou et al. [230] developed an electrochemical aptasensor for tetracycline detection with
MWCNT s amplification. Ferricyanide solution acted as mediator to generate electron flow between
bulk solution and working electrode. The GCE was modified with carboxyl-functionalized
MWCNTs. MWCNTs are employed as the carriers of the electrochemical capture probe for an
amplified current upon target binding. The tetracycline specific amino -modified aptamer was added
and self-assembled onto the electrode surfaice. Ethanolamine was used to remove nonspecific
adsorption. In the absenceof tetracycline, a strong Faradaic current is observed. In the presence of
tetracycline, the formation of an aptamer-target complex hinders the electron transfer, resulting in a
decrease of the electrochemical signal.

A label-free aptasensor for electrochemical detection of tetracycline was designed byChen et al.
[231]. The tetracycline binding aptamer with highest affinity was screened outfrom a 13 bp ssDNA
random sequence by isothermal titration calorimetry (ITC) and selected for further experiments. The
aptamer was immobilized onto the surface of the working electrode. The interaction between the
aptamer and tetracycline was investigated by the ferricyanide generated electron flow between bulk
solution and working electrode and monitored by EIS. By initially addition of a mixture of possible
interferents, the current response changed not until tetracycline was added, which proved the high
specificity for tetracycline.

For tetracycline detection Shen et al.[232] introduced an electrochemical aptasensor, using an
indicator consisted of prussian blue (PB), chitosan (CS) and glutaraldehyde (GA). The asprepared
CS-GA conjugate and subsequently PB wereimmobilized onto the GCE via electrodeposition. AUNPs
were added and bound to the abundant primary amino -groups of CS. The tetracycline specific amino
functionalized aptamers covalently attached on the modified GCE. Finally, ethanolamine was used
to remove non-specific adsorption on the functionalized electrode surface. The addition of
tetracycline led to a decreased current response, because the formation of the aptameitarget complex
hindered the electron transfer between PB and prussian white.

Another label -free electrochemical aptasersor for the detection of tetracycline was developed by
Gu o’ s [238]laTime GCE was modified with AuNPs by one -step electrodeposition method.
Subsequently the tetracycline specific aptamer was immobilized onto the modified electrode via Au -
S bonding and MB was dripped onto the electrode. The formation of an aptamer tetracycline complex
hinders the electron transfer, resulting in a decrease of the redox peaks (CV) and an increase of the
impedance (EIS), because of the nonconductive properties of the biomacromolecule.

Benvidi et al. [234] presented an electrochemical aptasensor for the detection of tetracycline The
GCE was modified with GO nanosheets. Viam-m st acking interactions between
the nucleobases of the aptamers and the hexagonal cells of GO, the tetracycline specificaptamers
were adsorbed onto the surface of GO If tetracycline is added, the formation of the tetracycline-
aptamer triggers an interfacial electron transfer to the electrode surface, resulting in an increased
current.

Moreover, Guo et al. [235] introduced an electrochemical aptasensor for tetracycline detection,
based on signal amplification MWCNTSs a nd FesO4 dispersed in chitosan (CS).MWCNTs and FesOa
possess high electrical conductivity and CS can keep the biological activity of the biomolecules that
immobilized on CS, because of its large amount ofamino and hydroxyl groups. MWCNTSs -CS, FeOs-
CS and the tetracycline specific aptamer were immobilized onto the surface of the SPE The CV
current response decreased in the presence of tetracycline, because of the hindering of the electron
transfer process. The applicability of the aptasensor in real samples was proved by tetracycline
detection in milk.

Jahanbani & Benvidi [236] fabricated two similar electrochemical aptasensors and compared
their performances for determination of tetracycline. The first aptasensor @ptasensorl) based onoleic
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2243  acid modified carbon paste electrode (CPE)Oleic acid is able to react with the amine- aptamers after
2244  activation of its carboxyl group to form an amine-reactive ester. The second aptasesor (aptasensor|l)
2245 based on magnetic bar inserted into CPE (MBCPE), which was further modified with FesOs NPs and
2246 oleic acid. A free carboxyl group is provided on the surface of the FesO4NPs by depositing a double
2247 layer of oleic acid, which improved the number of active groups. Subsequently the aptamers were
2248 immobilized onto the surface of the electrodes. For both aptasensors, bwer LOD s were obtained
2249  using EIS than using DPV (Table 1). The aptasensorsll showed a wider dynamic range and lower
2250 LODs as well with EIS as with DPV than aptasensor | (Table 1). The higher sensitivity of aptasensor |l
2251 is due to the fact, that the number of active groups (carboxylic acid ) on the surface ofaptasensorll is
2252  higher than that on aptasensor | and furthermore due to the presence of magnetic bar, which adsorbs
2253  ahigh amount of NPs at the electrode surface and thus increases the effective electrode area.

2254 A M-shape electrochemical aptasensor for the detection oftetracycline was developed by
2255 Taghdisi et al. [237]. The M-shape structure was constructed by immobilization of three partially
2256 complementary strands (cDNA |, Il and IlI; Table 1) of the aptamer onto the surface of the SPGE and
2257  subsequently partially binding of the aptamer to e ach of the strands. The M-shapeactsas a gate and
2258 barrier for the access of redox probe tothe electrode surface. In the absenceof tetracycline, the M-
2259  shape remains intact, leading to a weak electrochemical signal, monitored by DPV. Upon addition of
2260 tetracycline, the M-shape structure disassemble because theaptamer leaves the cDNAs to form an
2261  aptamer-target conjugate. Exol is introduced and degrades cDNA | and cDNA Il from their 3'-
2262  terminus, resulting in more access of redox mediator to the electrode surface and thus to an increase
2263  of the electrochemical signal. DPV measurements in the simultaneous presence of doxycycline,
2264  amoxicillin, ciprofloxacin, ¢ hloramphenicol and clindamycin showed that doxycycline, which belong
2265 to the class of tetracyclines, caused an increased electrochemical signal. Therefore, the M-shape
2266  structure seems to beselective to more than representative of the tetracycline class

2267 A label-free electrochemical aptasensor for tetracycline detection was presented by Zhan et al.
2268 [238]. A nanocomposite was formed out of FesOs, rGO and sodium alginate, which was then modified
2269 the surface of a SPCE. F®4s modified rGO possess high specific capacitance and stable cycling
2270 performance and sodium alginate is a biocompatible polymer, used for the immobilization of
2271 biomolecules. The tetracycline binding aptamer was immobilized on the modified electrode.
2272  Thionine acted aselectrochemical redox probe for the investigation of the interaction between the
2273 aptamer and tetracycline, monitored by DPV. The long flexible aptamer chain prevents electrical
2274  contact of the redox probe with the electrode. Upon tetracycline addition, aptamer -target complex is
2275 formed, making the aptamer configuration rigid , resulting an orientation of the redox probe towards
2276 the electrode and an electrontransfer. In order to evaluate the specificity of the aptasensor towards
2277 tetracycline, were tested to be detected. In the presence of possible interfering substances
2278 (e.g.ampicillin, anthramycin, meropenem), only tetracycline triggered an increase of the
2279 electrochemical current response, indicating a high specificity to tetracycline.

2280 Xu et al. [239] integrated two different aptasensors to construct a ratiometric electrochemical
2281 aptasensor for tetracycline detection based on ferrocene and carbon nanofibers.For the fabrication of
2282  sensor 1, ferrocene-labelled thiol -functionalized aptamers were immobilized onto surface of the
2283  AuNPs-chitosan nanocomposite modified SPCE via Au-SH interaction. For the fabrication of sensor
2284 2, thiol -functionalized aptamers were immobilized onto the surface of the carbon nanofibers-AuNPs
2285 modified SPCE. The addition of tetracycline caused an increase of theelectrochemical current. The
2286 tetracycline detection results of sensor 1 and sensor2 were calculated by ratio. Thus, the problem of
2287 low accuracy and large differences between batches were solved.

2288 Summarized, around half of all developed aptamer-based biosensors for he detection of
2289 tetracycline are based on electrochemical sensor principles (either impedimetric or amperometric).
2290 Colorimetric aptasensors are frequently used, mainly due to their simple handling and evaluation.
2291 Inalmost all of the mentioned studies, the same tetracycline specific sSDNA aptamer was used, which
2292  selected and investigated by Niazi et al. [190]. The summarised data in Table 1 shows, in comparison
2293  between the RNA aptamer [208] and the ssDNA aptamers applied for tetracycline detection , the RNA
2294  aptamer featured a lower Ko and thus a much higher affinity to tetracycline than the DNA aptamer s
2295 [208]. By shortening the ssDNA sequence to the possible minimum with sufficient a ffinity, Kwon et
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al. [191] managed to achieve a similar high affinity of the sSDNA aptamer to the target, as Jeong et al.

[208] reached with the RNA aptamer. Thelowest L OD was obt ai ned [2B§withahanbani
the constructed impedimetric aptasensor I, followed by the amperometric one of Benvidi et al. [234].

Directly thereafter (before other developed electrochemical aptasensors) follows the colorimetric

aptasensor of Tang et al.[218] and the SERS based one of Li et al[212] which achieved similar

sensitivity.

2.8 Sulfonamides

Sulfonamides were the first synthetic antibiotics [143]. As the name suggests they are
characterized by their sulfonamid e group (marked red in

O/CH3
N
(0] @]
22 |
S = _CH,
N N O
H
Figure 9). As H5N analogues of p-aminobenzoic acid they interfere with

the synthesis of folic acid [1]. Sulfonamides acts against enterobacteria like Escherichia coli or
Salmonella and are mainly used to treat urinary tract infection and pneumonia.

Figure 9. Chemical structure of sulfadimethoxine. The sulfonamide group is marked red.

2.8.1 Sulfadimethoxin e

Sulfadimethoxine (

Figure 9) is a cheap broadspectrum antibiotic, which is effective against bacterial and coccidial
infections and used for treatment (and prevention) of poultry diseases [240, 241]

Song et al.[240] selected aptamers specific for sulfadimethoxine by magnetic bead-based SELEX
and identified the one with highest affinity towards its target. Therefore, they applied a fluorescence
binding assay wherein the different FAM -labelled aptamers were added to sulfadimethoxine -
immobilized beads and the amount of each eluted aptamer sample was measured by fluorescence.
Coordination polymer nanobelts acts as fluorescent quenchers, thus the aptamer is quenched due to
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2334 its adsorption on the coordinatio n polymer nanobelt in the absence of sulfadimethoxine and the
2335 fluorescence intensity decreases. Not even the derivates (sulfathiazole and sulfaquinoxaline) bound
2336 to the aptamer, which verified the high specificity of the aptamer. The developed aptamer was
2337  utilized in various further work [242].

2338 In the work of Liu et al. [249] actually two aptasensing procedures are applied: a fluorescence
2339 quenching one and a colorimetric one, similar to the system mentioned by Song et al. [61] for
2340 ampicillin detection . This fluorescence quenching and colorimetric aptasensors in general based on
2341 target-induced release of complimentary strand from aptamer, strong interacti on of ssDNA and
2342  water resuspended AuNPs and less/no interaction of dsDNA and AuNPs. Liu and colleges were
2343 interested in the unknown effects of remnant non AuNPs in the colloid Au solution and therefore
2344  they examined sodium citrate, sodium acetate, sodium chloride, citric acid, ketoglutaric acid,
2345 hydrochloric acid with regard to an effect. The authors were able to demonstrate that sodium citrate
2346  and three acids influencesboth, fluorescent quenching and colorimetric aptasensor sensitivity. By the
2347 removal of them by using water resuspension AUNPs the sensitivity could improve by 10 -folds.
2348 Chen et al. [241] developed a label-free colorimetric aptasensor for sensitively detection of
2349 sulfadimethoxine based on unmodified AUNPs. To improve the sensitivity of the aptasensor, the
2350 amount of aptamer adsorbed to AuNPs, the concentration of salt and the NPs pH value were
2351  optimized .

2352 Niu et al. [72] report the development of a AuNPs based colorimetric multiplex aptase nsor
2353 wherein more than one aptamer serves the stability of the AuNPs. The principle of the aptasensor
2354 was first tested for each target itself and subsequent the multiplex aptasensor was developed.
2355  Sulfadimethoxin e, kanamycin and adenosine were used as targets. Their specific aptamers were
2356 mixed at a volume ratio 1:1:1 and adsorbed directly onto the AuNPs surface. The addition of one,
2357  two or three targets lead to a conformation change of each corresponding aptamer from random
2358 coiled to rigid folded structure. Thus, the affected aptamers were no longer able to stabilize the
2359 AuNPs and finally the AuNPs aggregated (in a specific reaction buffer) which lead to a detectable
2360 (UV-Vis) color change of the solution. A series of experiments were performed to detect one, two or
2361 three of the targets. With the mentioned homogenous multiplex system, a simultaneous detection of
2362 three targets was possible. However, when a sample gives a positive result it is not possible to
2363 determine which of the targets triggered the signal.

2364 In the work of Yan et al. [243] an aptamer-based colorimetric biosensor for sulfadimethoxine
2365 detection is presented, which is practicable for fast-screening food analysis because of its high
2366  sensitivity with simultaneou s short analysis time (about 15 min). The photometric assay based on
2367 inhibition and reactivation of the peroxidase -like activity of AuNPs. By the adsorption of target-
2368  specific ssSDNA on the surface of AuNPs they are shielded and in consequence the peroxidae-like
2369  activity is inhibited. In the presence of its target (in this case sulfadimethoxine) the aptamer desorbs
2370 from the AuNPs surface which results in a reactivation of AUNPs catalytic property. Thus, TMB is
2371  oxidized by H 202, resulting in a color change of the solution (from purple to blue) which is related to
2372  the analyte concentration and could be observed by bare eye or U\:Vis spectrometry.

2373 Wang et al. [244] developed a colorimetric aptasensor for sulfadimethoxin e detection based on
2374  peroxidase-like activity of graphene -Ni-Pd hybrids. The hybrids themselves could cause a visible
2375  color change in the reaction solution by oxidizing TMB in the presence of H 202. The catalytic activity
2376 of the hybrids can be controlled by the apt-m-mer thro
2377  stacking interaction between the bases of the agamer and the graphene surface.In the presence of
2378  sulfadimethoxin e, aptamer-target complexes are formed and due to the decrease of exposed base
2379  groups, the complex release from the surface of the hybrid. The peroxidase-like catalytic activity
2380 recovers with increasing amount of sulfadimethoxin e, which at the end influences the color change
2381  of TMB.

2382 Liu et al. [245] used magnetized UCNPs to design a fluorometric aptasensor for
2383  sulfadimethoxine detection. The NaYF«:Yb, Tm UCNP acted as internal fluorophore signals and were
2384  modified with ssD NA strands complementary to the sulfadmethoxine specific aptamer (cDNA) via
2385 biotin -streptavidin interaction. In turn, magnetic nanoparticles were modified with the aptamer via
2386  biotin -streptavidin interaction, too. Then the prepared UCNPs and magnetic NPs w ere hybridized
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2387 by attaching the aptamer to its cDNA . A part of the UCNPs dissociated from the surface of the
2388 magnetic NPs in the presence of sulfadimethoxine, whereby the fluorescence signal decreased. The
2389 magnetic property improved the efficiency of the process by using an extern magnetic to rapidly
2390 separate the bound targets. The quantification of the target in spiked perch and catfish samplesprove
2391 the posdble use of the aptasensor for real sample analysis.

2392 For sulfadimethoxin e detection Okoth et al. [246] constructed a photoelectrochemical aptasensor
2393 based on aptamer-chitosan-graphene-Bi-S modified electrode, in which bismuth sulfide (Bi2Ss)
2394  nanorods doped with graphene were used as photoactive material. The effect of graphene doping on
2395 the performance of the sensor was determinedby photoelectrochemical measurements.The influence
2396 of the amount of graphene on the electrical conductivity of the as-prepared material was conducted
2397 by EIS, using [Fe(CN)e]3/4- as redox probe.

2398 According to the data of Table 1, most of the aptasensors developed for sulfadimethoxine
2399 detection were colorimetric ones. The ssDNA aptamer sequence with the corresponding Ko value,
2400 selected by Song et al[240], was used in all above mentioned studies. As seen,Song et al.[240] and
2401 Yan et al.[243] reached the same LODs with the different systems. On the other hand, the PEC sensor
2402  of Liu etal. [245] showed a much higher (factor 92) sensitivity.

2403

2404

2405 3. Summary

2406 In recent yearswidespread and uncontrolled usage of antibiotics and accordingly their resistance
2407 has emerged as a serious problem.Therefore, simple, sensitive, robust and rapid methods for
2408 evaluation of antibiotic and their residues are needed for an onsite screening analysis. Among
2409 different analytical methods, the aptamer -based biosensors (aptasesors) are promising tools with
2410 notable recognition capabilities because of good selectivity, specificity, and sensitivity. This review
2411  describes various developed aptasensors for detection of eight different groups of antibiotics.

2412 Electrochemical aptamer biosensors compared to other developed aptasensorsare the most
2413 common used ones for antibiotic detection, because of their operational simplicity, high sensitivity,
2414  portability and low costs. Because antibiotics are most often not electrochemically active by
2415 themselves, redox tags like MB, Fcor the commonly used Fez/Fe3*system must be added. Target
2416 induced strand displacement is one of the most widely used signal transduction strategy in aptamer -
2417 based biosensors for antibiotic detection. The challenge h replacement reactions is that the affinity of
2418 the aptamer towards the target must be stronger than to the cDNA. The described indirect measuring
2419 methods, in which the target is immobilized, are usable for the proof of the function of the developed
2420 measurement method, but irrelevant for practical application.

2421 Often a once established aptamer sequence, specific for a target, is used for almost all further
2422  studies. In general, the 5"-end of the aptamer-sequence is preferredfor immobilization and the 3"-end
2423  for labeling (e.g. with FAM) of the aptamer. To evaluate the specificity of the used aptamer towards
2424  its target, structural similar derivates and possible interfering substances areintroduced into the
2425 sensing system and their influence onto the signal and the detection of the actual target are
2426 investigated. In most of the developed aptasensors DNA-aptamers were used, justa few of the
2427  mentioned papers dealed with RNA -aptamers. RNA aptamer s featured lower Ko values and thus a
2428 higher affinity to their target than DNA aptamer s, but RNA is attacked and degraded faster. As
2429  shown in the table, and also compared with the standard HPLC or ELISA methods, sensitivity and
2430 selectivity of many aptasensors are acceptable.

2431 The most commonly investigated antibiotics detected by an aptasensor are kanamycin,
2432  chloramphenicol, tetracycline and oxytetracycline. Therefore, a great potential for developing of
2433  aptamers for other antibiotics with high affinity and specificity ~ exits.
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Abbreviations

ABEI
AC
AFM
AuNPs
BSA
CA

CcC

CD
cDNA
CMOS
CNT
CRET
CSRP
CVv
Cy3/Cy5
dNTPs
DLS
dsDNA
DPV
EDX
EEC
EIS
ELAA
ELISA
ELONA
EPR
ESHMS
Exo
FAM

Fc
FESEM
FIS
FRET
FTIR
GCE
GO
HRP
ITO

Kb
LOD
MB
MBA
MCH
MIP
MOF
MWCNT s
NPs
OCPVD
ocv
PAGE

N-(4-aminobutyl) -N-ethylisoluminol
alternating current

atomic force microscopy

gold nanoparticles

bovine serum albumin

chronoamperometry

chronocoulometry

circular dichroism

complementary DNA

complementary metal oxide semiconductor
carbon nanotube

chemiluminescence resonance energy transfer
circular strand -replacement DNA polymerization
cyclic voltammetry

cyanin 3, cyanin 5

desoxyribinucleoside triphosphates
dynamic light scattering

double stranded DNA

differential pulse voltammetry

energy dispersive X-ray spectroscopy
electrical equivalent circuit

electrochemical impedance spectroscopy
enzyme-linked aptamer assay
enzyme-linked immunosorbent assay
enzyme-linked oligonucleotide assay
electron paramagnetic resonance
electrospray ionization -ion mobility spectrometry
exonuclease

carboxyfluorescein

ferrocene

field emission scanning electron microscopy
Faradaic impedance spectroscopy
fluorescence resonance energy transfer
Fourier transform infrared spectroscopy
glassy carbon electrode

graphene oxide

horseradish peroxidase

indium tin o xide

dissociation constant

limit of detection

methylene blue

4-mercaptobenzoic acid
6-mercapto-1-hexanol

molecularly imprinted polymer

metal organic framework

multi -walled carbon nanotubes
nanoparticles

open-circuit photovoltage decay

open circuit voltage

polyacrylamide gel electrophoresis
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2485 PCR polymerase chain reaction

2486 QCM quartz crystal microbalance

2487 QD guantum dot

2488 rGO reduced graphene oxide

2489 ROX carboxy-X-rhodamine

2490 SAM self-assembled monolayer

2491 SAW surface acoustic wave

2492 SCE saturated calomel electrode

2493 SELEX systematic evolution of ligands by exponential enrichment
2494 SEM scanning electron microscope

2495 SERS surface-enhanced Raman scattering

2496 SPCE screenprinted carbon electrode

2497 SPGE screenprinted gold electrode

2498 SPE screenprinted electrode

2499 SPR surface plasmon resonance spectroscopy

2500 SSB ssDNA binding protein

2501 ssDNA single stranded DNA

2502 SWv square wave voltammetry

2503 TEM transmission electron microscopy

2504 THM S triple -helix molecular switch

2505 TMB 3,3",5,5 -tetramethylbenzidine

2506 PEDOT poly(3,4-ethylenedioxythiophene)

2507 UCNPs upconversion nanoparticles

2508 XPS X-ray photoelectron spectroscopy

2509 XRD X-ray diffraction
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3239 Table 1. Aptamer sequence, dissociation constant (Ko), limit of detection (LOD), real sample analysis (RSA) and realized sensor type and measuring method for the
3240 different antibiotic targets, mentioned in the corresponding reference (Ref). AC =alternating current, AEC =amperometric electrochemical,
3241 CA =chronoamperometry, CAN = cantilever, CO = colorimetric, CV =cyclic voltammetry, Cy =Cyanin dye, DPV =differential pulse voltammetry, ELAA =enzyme-
3242 linked aptamer assay, ESHMS =electrospray ionization -ion mobility spectrometry, FL =fluorometric, EBFC=enzyme biofuel cell, ECL =electrochemiluminescent,
3243 ElS=electrochemical impedance spectrometry, FAM =Fluorescein amidite, FIS=Faradeic impedance spectroscopy, IEC=impedimetric electrochemical,
3244 LCA =liquid crystal assay, LSPIA =of light scattering partic le immunoagglutination assay, LSV =linear sweep voltammetry, MB = methylene blue, mut = mutated
3245 aptamer, OCV =open circuit voltage, PEC = photoelectrochemical, SPR=surface plasmon resonance, SW\E square wave voltammetry, apt =aptamer, b =buffer,
3246 bs =blood serum, bsa=bovine serum albumin, ¢ =chicken, ce=chicken egg, cap = capture probe, cDNA =complementary DNA, d =drugs, f =fish, dw =distilled
3247 water, h =honey, hs =human serum, hp =human plasma, hu =human urine, lw =lake water, m =milk, me = meat, mb = mouse blood, mu = mouse urine, ms = mouse
3248 serum, p =pork, rs =rat serum, rw =river water, sa = salvia,st =standard, tw =tap water, sw =spiked water, ww =waste water, uw = ultrapure water.
Antibiotic 5 linker ~ Aptamer sequence 5°Y 3’ 3’ linker Kb LOD RSA Sensor Ref 1
target & spacer & spacer [nM] [nM] type/
method
Ampicillin - FAM I: GCG GGC GGT TGT ATAGCG G - [:13.4 I: 1.4 (dw, FL) m FL,CO/ UV- [54]
I:TTAGTT GGG GTT CAG TTG G 11:9.8 I: 5.7(m, FL) Vis
Ill: CAC GGC ATG GTG GGC GTC GTG l:9:4 I: 14.3 (dw, CO)
I: 28.6 (m, CO
- aptI: GCG GGC GGT TGT ATAGCG GTTTTTTT apt I: SH - 0.2 (b) rw FL [56]
apt ll: GCG GGC GGT TGT ATAGCG GTTTTTTT apt Il (0. 0sg/L)1 O

cDNAI: AAC CGC CCG CTT TC CTCAGC

cDNA II: AAC CGC CCG CTT TAC CTC AGC

cDNA 1ll: AAC CGC CCG CTT TAC CTC AGC A
cDNA IV: AACCGC CCG CTT TACCTC AGCA
cDNAV: ACCGCC CGC TTT ACC TCA GCA

cDNA VI: CAA CCG CCC GCT TTA CCT CAG CA
cDNA VII: ACAACC GCCCGCTTT ACC TCA GCA

3249
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3" linker Kb LOD RSA Sensor Ref 1
target & spacer & spacer [nM] [nM] type/
method
Ampicillin NH 2-Cs GCG GGC GGT TGT ATAGCG G - 13.4 0.1 (b) m IEC/ EIS [55,
54]
poly(T) - GCG GGC GGT TGT ATAGCG G - - 0.1 (b) - IEC/ EIS [57,
poly(C) 58]
- - - - 0.001 (b) m AEC/DPV  [59]
MB GCG GGC GGT TGT ATAGCG G A - 0.004 (b) m AEC/DPV  [60]
apt: SH TGG GGG TTG AGG CTAAGC CGAC - - 0.00038 (b) m AEC/DPV  [61]
cDNA: SH cDNA: GTC TTA GCC TCA ACC CCC A
SH-(CH2)s TTA GTT GGG GTT CAG TTG G MB 1000 (AC) bsa, AEC/AC, [62]
30000 (SWV)  sa, SWv
m
SH-(CH2)s apt: TTAGTT GGG GTT CAGTTG G MB - 30(b) hu, AEC/ AC [63]
cDNA I: CCA ACT AA w,
cDNA Il: CCC AAC TA m,
cDNA Ill: CCC AAC TAA sa
cDNA IV: CCC CAA CTA
cDNA V: CCC CAACTAA
cDNA VI: ACC CCA ACT AA
cDNA VII:AAC CCC AAC TAA
cDNA VIII: GAACCC CAACTAA
cDNA IX: TGA ACC CCA ACT AA
apt: NH 2- TTT TGC GGG CGG TTG TAT AGC GG - - 0.003(b) m EBFC/CV, [64]
(CH2)s cDNA: TTTTTT TTT CCG CTATAC AACCGC C ocv
cDNA : SH-
(CH2)s
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3" linker Kb LOD RSA Sensor Ref 1
target & spacer & spacer [nM] [nM] type/
method
Penicillin G - GGG AGG ACG AAG CGG AAC GAG ATG TAG - - 0.49 (b) m IEC/ EIS [66]
ATG AGG CTC GAT CCG AAT GCG TGA CGT (0.17.10¢
CTATCG GAATAC TCG TTT TTA CGC CTC ATA g/L)
AGA CAC GCC CGA CA
FAM GGG TCT GAG GAG TGC GCG GTG CCA GTG - 383.4 9.2(b) m FL [67]
AGT
Penicillin 2 NH:2 CTG AAT TGG ATC TCT CTT CTT GAG CGATCT - - 0.057 (b) m IEC/ EIS [65]
CCA CA
Gentamicin  I: SH I: GGG ACU UGG UUU AGG UAA UGA GUC CC I: NH-MB  I: 72000 - hs AEC/ (68,
II: SH II: (fully O -methylated) IENH-MB ll:= 800 SWv 119]
I: SH GGG ACU UGG UUU AGG UAA UGA GUC CcC [: NH - l: 260000
Ill: GGG ACT TGG TTT AGG TAA TGA GTC CC MB
Kanamycin SH-(CH2)s TGG GGG TTG AGG CTA AGC CGA C - - 50000(b) - CAN [71]
- TGG GGG TTG AGG CTA AGC CGA - 78.8 25 (b) - CO/ UV- [69]
Vis
- TGG GGG TTG AGG CTA AGC CGA - 78.8 - - CO/ UV- [72, 69]
Vis
- TGG GGG TTG AGG CTA AGC CGA - 8.38 1.49 (b) - CO [30, 69]
SH-(CH2)s TGG GGG TTG AGG CTA AGC CGA - - 0.014 (b) m CO/ UV- [96, 69]
Vis
- TGG GGG TTG AGG CTA AGC CGA - - 4.5 (b) m CO [75]
(2.6:108
g/L)
- CGG AAG CGC GCC ACC CCATCG GCG GGG - - 3.35(h) m CO [76, 86]
GCG AAG CTT GCG
apt: apt: TGG GGG TTG AGG CTA AGC CGA apt: biotin 0.0778 (b) m,h CO [77]
SH-(CH2)s cDNA I: TCA GTC GGC TTA GCC GTC CAA CGT
cDNA [: CAG ATCC
SH-(CH2)s cap: CCG ATG GATCTG ACG T
cap:

biotin
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Antibiotic 5" linker Aptamer sequence 5°Y 3 3’ linker Kb LOD RSA  Sensor Ref!?
target & spacer & spacer [nM] [nM] type/
method
Kanamycin - TGG GGG TTG AGG CTA AGC CGA NH2-(CH2s - <1(b) - LCA [78,
69]
apt: biotin  apt: AGA TGG GGG TTG AGG CTA AGC CGA - - 0.612 (b) rs FL [79]
cDNA: cDNA: CTT AGC CTC AAC CCCCAT CT 0.453(rs)
FAM
apt: biotin  apt: TGG GGG TTG AGG CTA AGC CGA - - 1.58 (b) m, h, FL [80,
cDNA: cDNA: TCG GCT TAG CCT CAA CCCCCA (0.9210%g/L) p 69]
ROX
- AGA TGG GGG TTG AGG CTA AGC CGA - - 0.321 (b) m,rs FL [82,
0.476 (m) 69]
0.568 (rs)
- apt: TGG GGG TTG AGG CTA AGC CGA - - 59 (b) m FL [83,
69]
NH 2 AGA TGG GGG TTG AGG CTA AGC CGA - - 0.009 (b) bs FL [84]
0.018 (bs)
NH 2-Cs TGG GGG TTG AGG CTAAGC CGAC - - 1100(b) m FL [85]
Il: FAM I: ATG CGG ATC CCG CGC GAC CAA CGG AAG - II: 92.3 I: 6.25 (b) m,bs FL [86]
CGC GCC ACC CCATCG GCG GGC GCG AAG II: 6.25 (b)
CTT GCGC [I: 0.001 6t)
Il: CGG AAG CGC GCC ACC CCATCG GCG GGC II: 0.1 (bs)
GCG AAG CTT GCG II: 0.02 (m)
aptl: FAM aptl: TGG GGG TTG AGG CTA AGC CGA cDNA I - 0.4 (b) m FL [87]
apt ll: TGG GGG TT FAM GAG GCT AAG CCG A FAM
apt lll: TGG GGG TTG AGG CTA AGC CGA cDNA I
cDNA I: AAC CCC FAM
cDNA Il: AAC CCC A cDNA II:

cDNA Ill: AAC CCC CAACT FAM
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3" linker Kb LOD RSA  Sensor Ref ?
target & spacer & spacer [nM] [nM] type/
method
Kanamycin apt Il: Cy3 aptl: TGG GGG TTG AGG CTA AGC CGA apt IV: 26 (b) m FL [88, 69]
aptlll: Cy5 aptll: TGG GGG TTG AGG CTAAGC CGA  Cy3
anchor apt:  apt lll: TGG GGG TTG AGG CTAAGC CGA cDNA:
NH 2 apt IV: TGG GGG TTG AGG CTAAGC CGA Cy3
cDNA I anchor apt: TTT TTT TGG GGG TTG AGG
Cy3 CTA AGC CGA
cDNA I: TAG CCT CAA
cDNA II: TCG GCT TAG CCT
- TGG GGG TTG AGG CTA AGC CGA - 78.8 143(b) f ECL [89, 69]
SH-(CH2e- TGG GGG TTG AGG CTA AGC CGA - - 0.045(b) m ECL [90]
Ts G-quadruplex: GGT TGG TGT GGT TGG
TAG CCT CAA GGT TGG TGT GGT TGG
apt: apt: TGG GGG TTG AGG CTA AGC CGA - - 0.034 (b) m ECL [92]
biotin cDNA: TTA GCCTCA A (0.00210°%g/L)
CcDNA:
SH-(CH2)s
- TGG GGG TTG AGG CTA AGC CGA - - 0.2(b) - PEC [93]
SH-(CH2)s TGG GGG TTG AGG CTA AGC CGA - - 0.1(b) - PEC/ EIS, [94]
CA
SH-(CH2)s TGG GGG TTG AGG CTA AGC CGA - - 7.2 (b) m PEC/ EIS [95, 94]
(3.5g/lLYLO0
- TGG GGG TTG AGG CTA AGC CGA - - 1.0(b) m IEC/ EIS [74]
- TGG GGG TTG AGG CTA AGC CGA - - 0.23 m IEC/ EIS [97, 69]
(0. 15g/)1C
I: SH I: GGG ACU UGG UUU AGG UAA UGA I: NH-MB |:281000 - hs AEC/ SWV  [68, 119]
II: SH GUuC CC II: NH -MB  11: =450000
l: SH II: (fully O -methylated) ll: NH - Il =600000
GGG ACU UGG UUU AGG UAA UGA MB

GUC CC
III: GGG ACT TGG TTT AGG TAATGA
GTC CC
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3" linker Kb LOD RSA  Sensor Ref ?
target & spacer & spacer [nM] [nM] type/
method
Kanamycin  NH:2 TGG GGG TTG AGG CTAAGC CGAC - 78.8 9.4+£0.4 (b) m AEC/ SWV  [98]
10.8 + 0.6 (m)
I:NH 2 I: TGG GGG TTG AGG CTAAGC CGAC - - 5.8(b) m AEC/DPV  [99]
II': biotin II: TGG GGG TTG AGG CTA AGC CGAC
I NH 2 I: TGG GGG TTG AGG CTAAGC CGAC - - 8.6(b) m AEC/DPV  [100]
Il biotin II: TGG GGG TTG AGG CTA AGC CGA C
biotin TGG GGG TTG AGG CTA AGC CG - - 0.0079 (b) m AEC/DPV  [101]
(4,6:10°g/L)
NH 2 AGA TGG GGG TTG AGG CTA AGC CGA - - 0.0037(b) m AEC/DPV  [102]
POs AGA TGG GGG TTG AGG CTA AGC CGA - 0.87(b) m, p, AEC/DPV  [103]
c
NH 2 AGA TGG GGG TTG AGG CTA AGC CGA - - 0.00042(b) m, p, AEC/DPV  [104]
c
- TCT GGG GGT TGA GGC TAA GCC GAC (CH2)s- 78.8 0.00015(b) m AEC/ SWV  [105, 99]
NH 2
apt: SH apt: TGG GGG TTG AGG CTAAGC CGAC - - 0.01(b) m AEC/ SWV  [106]
cDNA: apt cDNA: GTC GGC TTA CGG TCA ACC CCC (0. 09gl) 1
A
- TGG GGG TTG AGG CTA AGC CG - - 0.00074 (b) m AEC/DPV  [107]
- TGG GGG TTG AGG CTA AGC CGA C - - 0.0000013Db) m AEC/DPV  [108]
apt: apt: TGG GGG TTG AGG CTAAGCCGAC - - 0.00016 (b) m AEC/ SWV  [47]
NH2-(CH2)s cDNA: CGT TAG CCT CAA CCC
cDNA:
NH 2-(CH2)s
SH TGG GGG TTG AGG CTA AGC CGA - - 0.00137 (b) m AEC/DPV  [109]
(0.008-10° g/L)
apt I: SH apt: TGG GGG TTG AGG CTA AGC CGA 0.000035b) m AEC/ SWV  [110, 69]
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Antibiotic 5" linker Aptamer sequence 5°Y 3 3’ linker Kb LOD RSA Sensor type/ Ref!
target & spacer & spacer [nM]  [nM] method
Kanamycin A FAM ATA CCA GCT TAT TCA ATT AGC CCG - 3900 5000(ww) ww FL [111]

GTATTG AGG TCG ATC TCT TAT CCT
ATG GCT TGT CCC CCATGG CTC GGT
TAT ATC CAG ATA GTA AGT GCA ATC

T
FAM TGG GGG TTG AGG CTA AGC CGA - 115+ 0.3(b) m FL [70, 69]
2.76
- apt: TGG GGG TTGAGG CTA AGC CGA - - 0.3 (b) m FL [113,
mut |: TGG AGG TTG AG CTA AGC CGA 69]
mut Il: TGG AGG TTG AGG CTA AGC
CGA
mut lll: TGG AGG TTG AAG CTA AAC
CGA
mut IV: TAA AAA TTA AAA CTA AAC
CAA
NH 2-Cs TGG GGG TTG AGG CTA AGC CGA - 78.8 10(b) m IEC/ EIS [55, 69]
cDNA I aptl: TGG GGG TTG AGG CTA AGC CGA  apt [ 78.8 1.0(b) Iw IEC/ EIS [114,
ferrocene- GTC ACT AT (CH2)s-SH 69]
(CH2)s cDNA I: GTGACT CGGCTT apt II:
cDNA II: SH - aptll: TGG GGG TTG AGG CTA AGC (CH2)s-
(CH2)s CGA GTC ACT AT ferrocene
cDNA Il: TAT GTGACT CGGCTT
Neomycin B FAM GGA CUG GGC GAG AAG UUU AGU CC (M)is—(A)12 115+ 10 (m) m FL [116,
25 115]
- (fully O -methylated) - - < 1000 (b) m IEC/ FIS [117]
GGC CUG GGC GAG AAG UUU AGG CC
- (fully O -methylated) - 2500 5 (b, SPR - IEC/ FIS [118]

GGC CUG GGC GAG AAG UUU AGG CC + 900 SPR
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3’ linker Kb LOD RSA Sensor Ref !
target & spacer & spacer [nM] [nM] type/
method
Tobramycin ~ SH TCC GTG TAT AGG TCG GGT CTC TTGCCA - 260 500 (b) bs SPR [121,
ACT GAT TCG TTG AAA AGT ATA GCC CCG 3400 120]
CAG GG (bs)
- I: TAG GGA ATT CGT CGA CGG ATC CAT GGC - I: 56.9 37.9() h Cco [122]
ACG TTA TGC GGA GGC GGT ATG ATA GCG II: 46.8
CTA CTG CAG GTC GAC GCATGC GCC G 1l: 48.4
II: CGT CGA CGG ATC CAT GGC ACG TTA
TGC GGT ATG ATA GCG CAG GTC GAC G
lll: CGT CGA CGG ATC CAT GGC ACG TTA
TAG GTC GAC G
- GGG ACT TGG TTT AGG TAATGA GTC CC - - 23.3(b) m, CO [123]
ce
- I: (O-methylated RNA except U12 position) - I: 600 I: 700 hs IEC/ FIS [124,
GGC ACG AGG UUU AGC UAC ACU CGU GCcC II: 400 (b) 119]
II: (fully O -methylated) II: 400
GGC ACG AGG UUU AGC UAC ACU CGU GCC (b)
I: SH I: GGG ACU UGG UUU AGG UAA UGA GUC I: NH - | 319000 - hs AEC/ SWV  [68,
II: SH cC MB l:= 180000 119]
l: SH II: (fully O -methylated) I Ill: 1380000
GGG ACU UGG UUU AGG UAA UGA GUC CC NH -MB
IIlI: GGG ACT TGG TTT AGG TAATGA GTC CC Il
NH -MB
biotin (O-methylated except U12 position) - - 5000 - AEC/DPV  [125,
GGC ACG AGG UUU AGC UAC ACU CGU GCC (b) 119]
fluorescein (O-methylated except U12 position) - - 100 (b) hs AEC/ [126]
GGC ACG AGG UUU AGC UAC ACU CGU GCC DPV, CA
I: SH-Cs I: GGG ACU UGG UUU AGG UAA UGA GUC I: MB I: 16000 +3000 - bsa AEC/SWV [127,
II: SH-Cs CcC II: MB II: 220 £50 119]
Ill: SH-Cs  Il: ACU UGG UUU AGG UAA UGA GU l: MB Ill: 510 +70
IV: SH-Cs  lll: CUU GGU UUA GGU AAU GAG IV: MB IV: 2900 +900

IV: GGG ACU UGG UUU AGG UAA UGA GU

[1I: 148000 +4000 (s)
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Antibiotic 5 linker ~ Aptamer sequence 5°Y 3’ 3" linker  Kbp LOD RSA Sensor Ref!
target & spacer & spacer [nM] [nM] type/
method
Streptomycin - I: GGG GTC TGG TGT TCT GCT TTG TTC TGT CGG GTC GT - [:199.1 I: 200(b) h co/ [128]
II: TGA AGG GTC GAC TCT AGA GGC AGG TGT TCC TCA Il I: 200 (h) UV-Vis
GG 221.3
II: AGC TTG GGT GGG GCC ACG TAG AGG TAT AGC TTG I:
TT 272.0
IV:TGT GTG TTC GGT GCT GTC GGG TTG TTT CTT GGT V:
TT 340.6
I: FAM I: CCC GTT TAA AGT AGT TGA GAG TAT TCC GTT TCT I: biotin I:6.07 25 (b) m,h CO [129]
Il: FAM TTGTGTC [I: biotin  1I: 8.56
IIl: FAM  II: GTG CGT TAT AAACTA GTT TTG ATT CAATGT TGG [: I:
GTG TGG G biotin 1314
Ill: GGG CCT GTT TTG CCT TCA CGT TCT CTT CCT TGC
CGTTCTG
SH- TAG GGA ATT CGT CGACGG ATC CGG GGT CTG GTG - - 0.0017(b) m CoO [130,
(CH2)s TTCTGC TTT GTT CTG TCG GGT CGTCTG CAG GTC GAC (1-d/19 128]
GCATGC GCC G
SH TAG GGA ATT CGT CGA CGA ATC CGG GGT CTG GTG - 199.1 86 (b) m CoO [131,
TTC TGC TTT GTT CGTB TCG GGT CGT CTG CAG GTC 128]
GAC GCATGC GCC G
cDNA: apt: TAG GGA ATT CGT CGA CGG ATG CGG GGT CTG - - 73.1 (b, CO m, CO, FL/ [132]
FAM GTG TTGTGC TTT GTT CTG TCG GGT CGT CTG CAG GTC 102.4 (bs, CQ bs UV-Vis
GAC GCATGC GCC G 108.7 (m, CQ
cDNA: CGG CGC ATG CGT CGA CCT GCA GAC GAC CCG 47.6 (b, F)
ACA GAA CAA AGCAGA ACA CCA GAC CCCGGA TCC 58.2 (bs, Fl)
GTC GAC GAA TTCCCTA 56.2 (m, FD
- apt: TAG GGA ATT CGT CGA CGG ATG CGG GGT CTG - - 54.5 (b) m, FL [133]
GTG TTGTGC TTT GTT CTG TCG GGT CGT CTG CAG GTC 71.0 (rs) bs
GAC GCATGC GCC G 76.05 (m)

cDNA: CGG CGCA TGC GTC GAC CTG CAG ACG ACC
CGA CAG AAC AAA GCA GAA CAC CAG ACC CCG GAT
CCG TCG ACGAAT TCC CTA




Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2018

3258

3288

d0i:10.20944/preprints201804.0343.v1

Antibiotic
target

5 linker
& spacer

Aptamer sequence 5Y 3

3’ linker
& spacer

LOD
[nM]

RSA

Sensor

type/
method

Ref !

Streptomycin

GGG GTCTGG TGT TCT GCTTTG TTC TGT CGG
GTC GT

0.05 (b) m
(0. 0°8/L)1

FL

[134,
128]

apt: TAG GGA ATT CGT CGA CGG ATC CGG GGT
CTGGTGTTCTGC TTT GTT CTG TCG GGT CGT CTG
CAG GTC GAC GCATGC GCC G

cDNA I: CGG CGGC ATG CGT CGA CCT GCA GAC
GAC CCG ACA GAA CAA AGC AGA ACA CCAGAC
CCC GGATCC GTC GAC GAATTCCCTA

cDNA 1I: CAG ACG ACC CGA CAG AAC AAA GCA
GAA CAC CAG ACC CCG GAT CCG TCG ACG AAT
TCC CTA

cDNA 1lI: GAC AGA ACA AAG CAG AAC ACC AGA
CCC CGG ATCCGT CGACGAATTCCCTA

cDNA IV: AGC AGA ACA CCAGAC CCC GGATCC
GTC GAC GAATTC CCT A

94 (b)

m, C

FL

[135,
130]

TAG GGA ATT CGT CGA CGG ATC CGG GGT CTG
GTGTTCTGC TTT GTTCTG TCG GGT CGT CTG
CAG GTC GAC GCATGC GCC G

NH 2

0.033(b) h

PEC

[136]

TAG GGA ATT CGT CGA CGG ATG CGG GGT CTG
GTGTTGTGC TTT GTT CTG TCG GGT CGT CTG
CAG GTC GAC GCATGC GCC G

SH

0. 05%b) 1 hs
(0.083-
g/L)

IEC

[137]

TAG GGA ATT CGT CGA CGG ATG CGG GGT CTG
GTGTTGTGC TTT GTT CTG TCG GGT CGT CTG
CAG GTC GAC GCATGC GCC G

SH

11.4 (b) m,
14.1 (m) rs
15.3 (rs)

AEC/ DPV

[138]

cap: SH
(CH2)s

apt: TAG GGA ATT CGT CGA CGG ATG CGG GGT

cDNA

CTGGTGTTG TGC TTT GTT CTG TCG GGT CGT CTG I: biotin

CAG GTC GAC GCATGC GCC G

cap: GGT GTT GGT GTT

cDNA I: GAC AGA ACA AAG CAG AACACCA
cDNAIl: TTC TGT CTC TCG

10 (b) m

AEC/ SWV

[39]
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3" linker Kb LOD RSA  Sensortype/ Ref!
target & spacer & spacer [nM] [nM] method
Streptomycin - TAG GGA ATT CGT CGA CGG ATG CGG GGT SH - 0.036(b) m,h  AEC/DPV [139]
CTGGTGTTGTGC TTT GTT CTG TCG GGT CGT
CTG CAG GTC GAC GCATGC GCC G
NH 2 TAG GGA ATT CGT CGA CGG ATG CGG GGT - 0.0078(b) m AEC/ DPV [140]
CTGGTGTTGTGC TTT GTT CTG TCG GGT CGT
CTG CAG GTC GAC GCATGC GCC G
- TAG GGA ATT CGT CGA CGG ATG CGG GGT SH - 0.028(b) m AEC/ DPV [141]
CTGGTGTTG TGC TTT GTT CTG TCG GGT CGT
CTG CAG GTC GAC GCATGC GCC G
Daunomycin - GGG AAT TCG AGC TCG GTA CCA TCT GTG - 20 15(b) - FL [145]
TAA GGG GTA AGG GGT GGG GGT GGG TAC (8. 4. ELAA
GTC TAG CTG CAG GCA TGC AAG CTT GG g/L) SPR
- GGG AAT TCG AGC TCG GTA CCA TCT GTG - 20 17.6 (b) - CO, FL [144,
TAA GGG GTA AGG GGT GGG GGT GGG TAC 145]
GTC TAG CTG CAG GCA TGC AAG CTT GG
poly-TTBA- GGG AAT TCG AGC TCG GTA CCATCT GTG - 20 0.052 hu AEC/ DPV [146,
NH 2 TAA GGG GTA AGG GGT GGG GGT GGG TAC +0.002 (b) 145]
GTC TAG CTG CAG GCA TGC AAG CTT GG
Chloramphenicol - I: ACT TCA GTG AGT TGT CCC ACG GTC GGC - 1766 - - FL [147]
GAG TCG GTG GTA G Il
Il: ACT GAG GGC ACG GAC AGG AGG GGG 1160
AGA GAT GGC GTG AGG T
apt: SH- apt: ACT TCA GTG AGT TGT CCC ACG GTC GGC - 766 0.062(b) f,p CO/UV-Vis  [247,
(CH2)s GAG TCG GTG GTA G (0.0210¢ 147]
cDNA: SH- cDNA: TTT TCT ACC ACCGACTCG C g/L)
(CH2)s
apt: (CH2)s  apt: ACT TCA GTG AGT TGT CCC ACG GTC GGC - - 0.046(b) m CO/ UV-Vis  [148,
cDNA:SH- GAG TCG GTG GTAG (0.01510¢ 147]
(CH2)s cDNA: CTA CCA CCG ACT CGC CGA CCG TGG g/L)

GAC AACTCACTGAAGT
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Antibiotic 5" linker Aptamer sequence 5°Y 3 3" linker Kb LOD RSA  Sensor Ref 1
target & spacer & spacer  [nM] [nM] type/
method
Chloramphenicol apt: (CH2)s apt: ACT TCA GTG AGT TGT CCC ACG - - 0.00093(b) m CO/UV- [149]
cDNA: SH- GTC GGC GAG TCG GTG GTAG (0.3-10°g/L) Vis
(CH2)s cDNA: CTA CCA CCG ACT CGCG CGA
CCG TGG GAC AACTCACTG AAGT
- ACT TCA GTG AGT TGT CCC ACG GTC  biotin - 0.451 (b) m,rs CO/UV- [153]
GGC GAG TCG GTG GTA G 0.697 (m) Vis
0.601 (r9
NH 2-Cs AGC AGC ACA GAG GTC AGA TGC - - 0.098 (b) m FL [154]
ACT CGGACC CCATTC TCCTTC CAT 0.761 (m)
CCCTCA TCC GTC CAC CCTATG CGT
GCT ACC GTG AA
apt: biotin apt: AGC AGC ACA GAG GTC AGA TGA - - 0.031 (b) m FL [155]
cDNA: NH 2 CTT CAG TGA GTT GTC CCA CGG TCG (0.02:10%
GCG AGT CGG TGG TAG CCT ATG CGT g/L)
GCT ACC GTG AA
cDNA: CGA CCG TGG GAC AAC TCA
apt: (CH2)s apt: ACT TCA GTG AGT TGT CCC ACG - - 0.0006 (b) f FL [40,
cDNA : SH- GTC GGC GAG TCG GTG GTAG (0.000210¢ 147]
(CH2)s cDNA: CTA CCA CCG ACT CGC CGA g/L)
CCG TGG GAC AAC TCACTG AAGT
apt: (CH2)s apt: ACT TCA GTG AGT TGT CCC ACG - - 0.0015 (b) m FL [152,
cDNA : SH- GTC GGC GAG TCG GTG GTAG (0.0005-10° 147]
(CH2)s cDNA: CTA CCA CCG ACT CGC CGA g/L)
G-quadruplex : CCGTGG GACAACTCACTGAAGT
SH-(CH2)s G-quadruplex : GGG TAG GGC GGG AA
(CH2)s ACT TCA GTG AGT TGT CCC ACG GTC - - 0.001(b) f FL [151,
GGC GAG TCG GTG GTA G 147]
apt: SH-(CH2)s apt: ACT TCA GTG AGT TGT CCC ACG - - 0.0003(b) m FL [41,
GTC GGC GAG TCG GTG GTAG 147]

cDNA: CTA CCA CCG ACT CGC
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GGC GAG TCG GTG GTA G

5" linker Aptamer sequence 5°Y 3 3" linker Kb LOD RSA  Sensor type/ Ref !
& spacer & spacer [nM]  [nM] method
Chloramphenicol - apt: CAA TAA GCG ATG CGC CCT CGC cDNAI: 32.24 0.31 (b) m FL [156]
CTG GGG GCC TAG TCC TCT CCT ATG  biotin
CGT GCT ACC GTG AA cDNAIL:
cDNAI: TCG CTT ATT GAA AAA AAA biotin
AA cDNAIII:
cDNAII: CAT CGC TTATTG AAA AAA biotin
AAA A
cDNAIIl: CGC ATC GCT TAT TGA AAA
AAA AAA
SH-(CH2)s ACT TCA GTG AGT TGT CCC ACG GTC - 766 0.093 (b) m FL [157,
GGC GAG TCG GTG GTA G (0.00310% 147]
g/L)
cDNA: SH- apt: ACT TCA GTG AGT TGT CCC ACG apt: COOH - 0.07 (b) - ECL [159,
(CH2)s GTC GGC GAG TCG GTG GTAG 166]
cDNA: TTT TTC TAC CAC CGA CTC
apt: biotin apt: TTT TTA GCA GCA CAG AGG TCA - - 0.031 (b) m ECL [91,
cDNA: SH- GAT GAC TTC AGT GAG TTG TCC CAC (0.02:10¢ 147]
(CH2)s GGT CGG CGA GTC GGT AGC CTATGC g/L)
GTGCTACCGTGAA 3.094(m)
cDNA: CAC GCA TAG GCTACC A (1. ©
g/L)
cDNA: SH- apt: ACT TCA GTG AGT TGT CCC ACG apt: (CH2)e- - 0.03(b) f ECL [158,
(CH2)s GTC GGC GAG TCG GTG GTAG NH 2 166]
cDNA: CTACCACCGACTC
apt: (CH2)s apt: ACT TCA GTG AGT TGT CCC ACG - - 0.000034 f ECL/ SPR [150,
GTC GGC GAG TCG GTG GTAG (b) 147]
cDNA: CTC GCC GAC CGT GGG ACA
ACT CAC TGA AGT
- ACT TCA GTG AGT TGT CCC ACG GTC - - 3.1(b) d PEC [160]
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Antibiotic 5" linker Aptamer sequence 5°Y 3 3" linker Kb LOD RSA Sensor Ref 1
target & spacer & spacer [nM] [nM] type/
method
Chloramphenicol NH 2 ACT TCA GTG AGT TGT CCC ACG GTC - - 0.00036 (b) M PEC [161]
GGC GAG TCG GTG GTA G
SH-(CH2)s AGC AGC ACA GAG GTC AGA TGA CTG - - 1.76(b) - IEC/ EIS [162,
AGG GCA CGG ACA GGA GGG GGA 147]
GAG ATG GCG TGA GGT CCT ATG CGT
GCT ACC GTG AA
SH-(CH2)s AGC AGC ACA GAG GTC AGATGA CTG - - 1000(b) - AEC/ SWV [164,
AGG GCA CGG ACA GGA GGG GG A 147]
GAG ATG GCG TGA GGT CCT ATG CGT
GCT ACC GTG AA
SH-(CH2)s AGC AGC ACA GAG GTC AGATGA CTG - 766 1.6(b) w, AEC/ SWV [163,
AGG GCA CGG ACA GGA GGG GGA 1.6 (m) m 147]
GAG ATG GCG TGA GGT CCT ATG CGT
GCT ACC GTG AA
apt: SH- apt: TTT TTA GCA GCA CAG AGG TCA - - 0.29(b) h AEC/ DPV  [165,
(CH2)s GAT GAC TTC AGT GAG TTG TCC CAC 147]
cDNA: GGT CGG CGA GTC GGT GGT AGC CTA
biotin TGC GTG CTACCG TGA A
cDNA: TTT TCT ACC ACC GACTCG C
NH 2 ACT TCA GTG AGT TGT CCC ACG GTC - - 0.02(b) u,d AEC/SWV [166,
GGC GAG TCG GTG GTA G 147]
SH-(CH2)s AGC AGC ACA GAG GTC AGATGACTT - - 4.0(b) hs  AEC/SWV [167]
CAG TGA GTT GTC CCA CGG TCG GCG
AGT CGG TGG TAG CCT ATG CGT GCT
ACC GTG AA
SH-(CH2)s AGC AGC ACA GAG GTC AGATGACTG - 766 0.183(b) m AEC/ DPV [168,
AGG GCA CGG ACA GGA GGG CAT 147]
GGA GAG ATG GCG
NH 2 ACT TCA GTG AGT TGT CCC ACG GTC - - 0.000011b) d AEC/ SWV [169,
GGC GAG TCG GTG GTA G 0.000014 (u) 166]
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Antibiotic 5" linker Aptamer sequence 5°Y 3 3" linker Kb LOD RSA Sensor Ref t
target & spacer & spacer [nM] [nM] type/
method
Chloramphenicol  apt: SH- apt: ACT TCA GTG AGT TGT CCC ACG GTC GGC GAG - 0.0009 (b) f AEC/ [170]
(CH2)s TCG GTG GTAG (0.3-10° SWV
cDNA: cDNA: ACC ACC GAC TCG CCG g/L)
NH 2-(CH2)s
SH-(CH2s  AGC AGC ACA GAG GTC AGA TGA CTT CAG TGA - - 4.0(b) hs AEC/ DPV [171]
GTT GTC CCA CGG TCG GCG AGT CGG TGG TAG CCT
ATG CGT GCT ACC GTG AA
cDNA I apt: ACT TCA GTG AGT TGT CCC ACG GTC GGC GAG cDNAI: - 0.46 (b) m AEC/ [172]
SH-(CH2s TCG GTG GTA (CH2)e- (0.1510% SWV
cDNA II: cDNA I: ACA CAA GGG GG C CAC CAC AA PHO g/L)
NH2-(CHz)s cDNAIl: TTG TGG TGG CCC CCT TGT GT
cap: SH apt: AGC AGC ACA GAG G TC AGA TGA CTT CAG cDNA - 5 (b) m AEC/ [39]
(CH2)s TGA GTT GTC CCA CGG TCG GCG AGT CGG TGG [I: biotin SWV
TAG CCT ATG CGT GCT ACC GTG AA
cap: GAG GAT TCAGTG A
cDNA I: CCG ACC GTG GGA CAA CTC AGT GAA
cDNA II: ACG GTC GGT TAC A
apt: NH 2- apt: ACT TCA GTG AGT TGT CCC ACG GTC GGC GAG - - 0.00019 m AEC/ [47]
(CH2)s TCG GTG GTAG (b) SWv
cDNA: cDNA: ACC GAC TCG CCG ACC
NH 2-(CH2)e
cDNA I apt: ACT TCA GTG AGT TGT CCC - - 0.0000033 m AEC/ [173]
NH2-(CH2)s ACG GTC GGC GAG TCG GTG GTA GCC TAT GCA (b) SWvV
cDNA II: GTTT
SH-(CH2)s  cDNAI: TTT CGC TGT GAC
CTA CCA CCG ACT GC
cDNAIl: TTT GTG CAT AGG GTC ACA G
SH-(CH2)s  ACT TCA GTG AGT TGT CCC ACG GTC GGC GAG - - 2.0 (b) m AEC/ LSV [174]
TCG GTG GTAG
apt: SH apt: AGC AGC ACA GAG GTC AGA TGA CTG AGG - 0.000021 m AEC/ [110,
GCA CGG ACA GGA GGG CAT GGA GAG ATG GCG (b) SWV 147]
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3" linker Kb LOD RSA  Sensor Ref ?
target & spacer & spacer [nM] [nM] type/
method
Lincomycin C dot CGC GTG ATG TGG TCG ATG CGA TAC - - 0.00016 (b) me ECL/ CV, [182]
GGT GAG TCG CGC CAC GGC TAC ACA AC
CGT CTC AGC GA
Ciprofloxacin  cDNA 1I: apt: ATA CCA GCT TAT TCA ATT GCA GGG cDNA I - 1.3 (sw) Sw, Cco [175,
SH TAT CTG AGG CTT GAT CTA CTA AAT GTC SH 2.6 (s) hs, m 181]
GTG GGG CAT TGC TAT TGG CGT TGA TAC 3.2 (m)

GTA CAA TCG TAA TCA GTT AG
cDNA I: TTG AAT AAG CTG GTA TAA ACC
cDNA Il: AAA CCA CCT CCG AAT CCC AAG
CCA CCG CCG CTA ACT GAT TAC GAT TGT
SH ATA CCA GCT TAT TCA ATT GCA GGG TAT - - 0.263(b) m,hs AEC/DPV  [176]
CTG AGG CTT GAT CTA CTA AAT GTC GTG
GGG CAT TGC TAT TGG CGT TGA TAC GTA
CAA TCG TAA TCA GTT AG

Danofloxacin  FAM - UCA GGC UCC UGU GAA GCA ACC GAA Aie 1.81+£0.18 - - FL [177]
oligo(dT) UGG ACU GA SPR
Enrofloxacin - apt: CCC ATC AGG GGG CTA GGCTAA CAC apt: - 0.56 (b) f FL [178]
GGT TCG GCT CTC TGA GCCCGG GTTATT  biotin (0.0210¢
TCA GGG GGA cDNA: g/L)
cDNA: GTG TTA GCC TAG CCC CCT GAT biotin
- CCC ATC AGG GGG CTA GGC TAA CAC biotin - 0.11 (b) f FL [179]
GGT TCG GCT CTC TGA GCC CGG GTT ATT (0.0410¢
TCA GGG GGA g/L)
Ofloxacin SH-(CH2)s ATA CCA GCT TAT TCA ATT AGT TGT GTA - 0.2 1.0(b) p,tp  AEC/CV, [180,
TTG AGG TTT GAT CTA GGC ATA GTC AAC DPV 181]

AGA GCACGATCGATCTGG CTT GTT CTA
CAATCG TAA TCA GTT AG

3265
3266
3267
3268
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3" linker Kb LOD RSA Sensortype/ Ref!
target & spacer & spacer [nM] [nM] method
Ofloxacin - apt I: ATA CCA GCT TAT TCA ATT CGA - I: 56.9 £11.3 - - FL [181]
TGG TAA GTGAGG TTC GTC CCT TTA ATA II: 0.11 +0.06
AAC TCGATT AGG ATC TCG TGA GGT ll: 0.20
GTG CTC TAC AAT CGT AAT CAG TTA G +0.09

apt 1l: ATA CCA GCT TAT TCA ATT GCA
GGG TAT CTG AGG CTT GAT CTA CTA

AAT GTC GTG GGG CAT TGC TAT TGG CGT
TGA TAC GTA CAA TCGTAA TCA GTT AG
apt lll: ATA CCA GCT TAT TCA ATT AGT
TGT GTATTG AGG TTT GAT CTA GGC ATA
GTC AAC AGA GCA CGA TCGATC TGG
CTTGTT CTA CAA TCGTAA TCA GTT AG

Oxytetracycline - I: CGT ACG GAA TTC GCT AGC CGA CGC - I: 9.61 - - FL [183, 190]
GCG TTG GTG GTG GAT GGT GTG TTA II: 12.08
CAC GTG TTG TGG ATC CGA GCT CCA 1l: 56.84
CGT G

II: CGT ACG GAATTC GCT AGC ACG TTG
ACG CTG GTG CCC GGT TGT GGT GCG
AGT GTT GTG T GG ATC CGA GCT CCA
CGT G

Ill: CGT ACG GAATTC GCT AGC CGA GTT
GAG CCG GGC GCG GTA CGG GTACTG
GTATGT GTG G GG ATC CGA GCT CCA

CGT G
- AGG TGC AC - 1.104 0.1(b) - CO/UV-Vis [191]
- GGA ATT CGC TAG CAC GTT GAC GCT (CH2)e-SH 0.2(b) - CAN [193, 183]

GGT GCC CGG TTG TGG TGC GAG TGT TGT
GTG GAT CCG AGC TCC ACG TG

- CGA ACG CGC GTT GGT GGT GGA TGG - 9.61 100 - LSPIA [185, 183]
TGT GTT ACA CGT GTT GT (b)

3269
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Antibiotic 5 linker  Aptamer sequence 5°Y 3’ 3" linker Kb LOD RSA Sensor Ref ?
target & spacer & spacer [nM] [nM] type/
method
Oxytetracycline - I: CGA CGC ACA GTC GCT GGT GCG TAC - I: 4.7 I: 26.7 (b) m ELAA [188]
CTGGTT GCCGTTGTG T II: 8.0 (12.310%g/L)
II: GGC GCG GCA TGG TGT GGA CTC CAG l: 9.5 I: 58.6(m)
GCG GTAGGGATGTCG T IV:14.0 (27-10%g/L)

lll: GGC GAA GGA GTC ATG TAG GTG
TGG TCGAGACCGCTGTGCT
IV: GAA AGG GAC GTT CCA AGT TCG
TAT AAG CAG TCCTGT GCG T

biotin ACC GCA CCA CCG TCA TGA GTG CGA SH - 0.000000009 (b) f SERS [192,
ACT TAC GCA ATC ATG ACG GTG GTG (0.04351022 g/L) 191]
CGG TGG TG
- CGT ACG GAA TTC GCT AGC GGG CGG - 1113  25(b) - CO/UV-Vis [186,
GGG TGC TGG GGG AAT GGA GTG CTG 183]
CGT GCT GCG GGG ATC CGA GCT CCA
CGT G
- CGT ACG GAA TTC GCT AGC GGG CGG - - 1 (b) tw CO/UV-Vis [194,
GGG TGC TGG GGG AAT GGA GTG CTG 1 (tw) 183]
CGT GCT GCG GGG ATC CGA GCT CCA
CGT G
FAM CGT ACG GAA TTC GCT AGC GGG CGG - 10 (b) lw FL 132,
GGG TGC GGG AAT GGA GTG CTG CGT 183]
GCT GCG GGG ATC CGA GCT CCA CGT G
apt: apt: GGA ATT CGC TAG CAC GTT GAC - - 1.85 (b) m,h, FL 180,
biotin GCT GGT GCC CGG TTG TGG TGC GAG (0.8510¢ g/L) p 183]
¢cDNA:  TGT TGT GTG GAT CCG AGC TCC ACG TG
FAM cDNA: ACA CAA CAC TCG CAC CAC AAC
CGG GCA CCA GCGTCA ACG T
3272
3273
3274
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target & spacer & spacer [nM]  [nM] type/
method
Oxytetracycline - apt: CGT ACG GAA TTC GCT AGC GGG cDNA I - 10 (b) m, FL [195]
CGG GGG TGC GGG AAT GGAGTG CTG  FAM tw
CGT GCT GCG GGG ATC CGA GCT CCA
CGTG
cDNA I: AAT TCC GTA CG
cDNA II: CGT ACG GAATT
FAM CGT ACG GAATTC GCT AGC GGG CGG - - 54.3(b) tw, FL [197]
GGG TGC TGG GGG AAT GGA GTG CTG (25-10%g/L) rw
CGT GCT GCG GGG ATC CGA GCT CCA
CGTG
apt: apt: GGA ATT CGC TAG CAC GTT GAC - - 0.078 (b) m ECL [38, 183]
NH 2 GCT GGT GCC CGG TTG TGG TGC GAG (0.03610¢
cDNA: TGT TGT GTG GAT CCGAGC TCC ACG g/L)
NH 2 TG
cDNA: CGG ATC CAC ACA ACA
apt: apt: GGA ATT CGC TAG CAC GTT GAC - - 0.12 (b) m ECL [198,
NH 2 GCT GGT GCC CGG TTG TGG TGC GAG (0.05410¢ 183]
cDNA: TGT TGT GTG GAT CCG AGC TCC ACG g/L)
NH 2 TG
cDNA: CAA CGT GCT AGC GAA
apt: apt: GGA ATT CGC TAG CAC GTT GAC - - 0.043 (b) m ECL [92]
biotin GCT GGT GCC CGG TTG TGG TGC GAG (0.0210%g/L)
cDNA: SH- TGT GTG GAT CCG AGC TCC ACG TG
(CH2)s cDNA: AAA ATC CAC ACA ACA
NH2-(CH2s GGA ATT CGC TAG CAC GTT GAC GCT - - 0.9(b) d PEC/ EIS [199,
GGT GCC CGG TTG TGG TGC GAG TGT 183]

TGT GTG GAT CCG AGC TCCACG TG
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Antibiotic 5" linker Aptamer sequence 5°Y 3 3" linker Kb LOD RSA  Sensor Ref 1
target & spacer & spacer [nM]  [nM] type/
method
Oxytetracycline ~ cDNA I apt: GGA ATT CGC TAG CAC GTT GAC cDNA I: - 0.19(b) m,w, PEC [200]
SH GCT GGT GCC CGG TTG TGG TGC GAG (TTT)20 c
cDNA II: TGT TGT GTG GAT CCG AGC TCC ACG ACG TG-
SH TG NH 2
cDNA III: cDNA I: CAC GTG GAG CTC GGA TCC cDNA II:
SH ACA CAA CAC TCG CAC CAC AAC CGG (TTT)s-ACG
GCA CCA GCG TCA ACG TGC TAG CGA TG-NH 2
ATT CC cDNA II:
cDNA II: CAC GTG GAG CTC GGA TCC (TTT)10-
AC ACG TG-
cDNA Ill: CAC GTG GAG CTC GGA TCC NH 2
ACA CAA CAC TCG CAC CA
- GGA ATT CGC TAG CAC GTT GAC GCT Cs-SH 11.13 1(b) - AEC/ SWV  [184,
GGT GCC CGG TTG TGG TGC GAG TGT 183]
TGT GTG GAT CCG AGC TCC ACG TG
cDNA: apt: CGT ACG GAA TTC GCT AGC GGG cDNA: - 21.3 (b) mb, AEC/ SWV  [201]
SH-(CH2)s CGG GGG TGCGGG AAT GGA GTG CTG ferrocene (9.8106g/L) ms,
CGT GCT GCG GGG ATC CGA GCT CCA mu
CGTG
cDNA: GCA TGC CTT AAG CGA TCG CCA
TAT TAT AAG GCATGC
biotin Cs GGA ATT CGC TAG CAC GTT GAC GCT - - 0.005 (b) h AEC/ CV [202]
GGT GCC CGG TTG TGG TGC GAG TGT (2.310°g/L)
TGT
- TCA CGT TGA CGC TGG TGC CCG GTT (CH2)e-NH:2 4.7 0.00018 (b) m AEC/ SWV  [105,
GTG GTG GGA GTG TTG TGT 183]
cDNA I: apt: ACG TTG ACG CTG GTG CCC GGT cDNA I: - 0.22 (b) m AEC/ SWV  [172]
SH-(CH2)s TGT GGT GGG AGT GTT GTG T (CH2)e-PHO (0.1:10%g/L)
cDNAII: cDNAI: CTACCATITTTT CGC CGACC
NH 2- cDNA II: GGT CGG CGA AAA AAT GGT
(CH2)s AG
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Antibiotic 5" linker Aptamer sequence 5°Y 3 3" linker Kb LOD RSA  Sensortype/ Ref!
target & spacer & spacer [nM] [nM] method
Oxytetracycline  cDNA I apt: ACG TTG ACG CTG GTG CCCGGT TGT - - 0.0000048b) m AEC/ SWV  [173]

NH 2- GGT GCG AGT GTT GTG TCC TAT GCA GTT

(CH2)s T

cDNA I cDNA I: TTT CGC TGT GAC

SH-(CH2s ACA CAA CAC TCG GT
cDNAIl: TTT GTG CAT AGG GTC ACAG

SH CGA CGC ACAGTC GCT GGT GCG TAC CTG - - 0.498(b) h AEC/ DPV [204]
GTTGCCGTTGTGT
Tetracycline - I: CGT ACG GAATTC GCT AGC CCC CCG - | 63 - - - [190]
GCA GGC CACGGC TTG GGT TGG TCC CAC 170
TGC GCG TGG ATC CGA GCT CCACGT G 1
II: CGT ACG GAATTC GCT AGC GGG GGC 100

ACA CAT GTA GGT GCT GTC CAG GTG TGG
TTG TGG TGG ATC CGA GCT CCACGT G

lll: CGT ACG GAATTC GCT AGC GGG CGG
GGG TGC TGG GGG AAT GGA GTG CTG
CGTGCT GCG G GGATCCGAGCTCCA

CGT G
NH 2 CGT ACG GAA TTC GCT AGC CCC CCG GCA  Ce 63.6  42.8 (u) hu, ESHMS [205,
GGC CAC GGC TTG GGT TGG TCC CAC TGC (0.019103 hp 229]
GCG TGG ATC CGA GCT CCA CGT G g/L)
83.3 (p)
(0.037.103
g/L)
II biotin | CGT ACG GAA TTC GCT AGC CCC CCG | biotin 1163  1:32.7 () m ELAA [208,
GCA GGC CAC GGC TTG GGT TGG TCC CAC II: l: 95.2 (M) 190,
TGC GCG TGG ATC CGA GCT CCA CGT G 0.77 11:21.0 (b 207]
Il GAG CCU AAA ACA UAC CAG AGA AAU II: 35.1 (m)
CUG GAG AGG UGA AGA AUA CGA CCA
CCU AGG CUC

3282
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3’ linker Kb LOD RSA Sensor Ref 1
target & spacer & spacer [nM] [nM] type/
method
Tetracycline
- CGT ACG GAATTC GCT AGC CCC CCG GCA  biotin 63.6 0.018(b) ELAA [209,
GGC CAC GGC TTG GGT TGG TCC CAC TGC (7.810°g/L) 190]
GCG TGG ATC CGA GCT CCACGT G 0.022(h)
(9.6:10°g/L)
- CGT ACG GAATTC GCT AGC CCC CCG GCA  biotin - 0.15 (b) ELAA [210,
GGC CAC GGC TTG GGT TGG TCC CAC TGC (0.065910¢ 190]
GCG TGG ATC CGA GCT CCACGT G g/L)
0.22 (h)
(0.097810¢
g/L)
- CGT ACG GAATTC GCT AGC CCC CCG GCA - - 11.6 (b) SERS [211,
GGC CAC GGC TTG GGT TGG TCC CAC TGC 190]
GCG TGG ATC CGA GCT CCA CGT G
apt: NH 2 apt: CGT ACG GAATTC GCT AGC CCCCCG  apt: NH:2 - 0.0023 (b) SERS [212]
cDNA: GCA GGC CAC GGC TTG GGT TGG TCC CAC (0.002:10¢
NH 2 TGC GCG TGG ATC CGA GCT CCACGT G g/L)
cDNA: CAA CGT GCT AGC GAA
- AGG TGC AC - 1067 0.1(b) CO/ UV-Vis [191]
- CGT ACG GAATTC GCT AGC CCC CCG GCA - - 122(b) CO/ UV-Vis [2183,
GGC CAC GGC TTG GGT TGG TCC CAC TGC 190]
GCG TGG ATC CGA GCT CCACGT G
- CGT ACG GAATTC GCT AGC CCC CCG GCA - - 45.8 (uw) CO/ UV-Vis [214,
GGC CAC GGC TTG GGT TGG TCC CAC TGC 190]
GCG TGG ATC CGA GCT CCA CGT G
- CGT ACG GAATTC GCT AGC CCC CCG GCA - 63.6 87.8 (b) CO/ UV-Vis [215,
GGC CAC GGC TTG GGT TGG TCC CAC TGC (0.039103 190]
GCG TGG ATC CGA GCT CCA CGT G g/L)
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Antibiotic 5" linker Aptamer sequence 5°Y 3 3" linker Kb LOD RSA Sensor Ref ?
target & spacer & spacer [nM] [nM] type/
method
Tetracycline - CTC TCT CGG TGG TGT CTC TC - - 0.266 (b) m,rs CO/UV-Vis [216,
0.347 (m) 191]
0.393 (rs)
- CGT ACG GAATTC GCT AGC CCC CCG GCA - 3.4 - - CO/ UV-Vis [217,
GGC CAC GGC TTG GGT TGG TCC CAC TGC 190, 191]
GCG TGG ATC CGA GCT CCACGTG
- CGT ACG GAATTC GCT AGC CCC CCG GCA - - 0.0023 (b) h CO/ UV-Vis [218]
GGC CAC GGC TTG GGT TGG TCC CAC TGC (0.00%:10%g/L)
GCG TGG ATC CGA GCT CCACGTG
I: (CT)a I, II, 1l GGG GGCACA CAT GTA GGT GCT I: (TC)s I: 2.09 (b) tw, FL [219]
II: (CT)«C GTC CAG GTGTGGTTGTGG T Il: I: 7.30 (tw) rs
II: (CT)s cDNA: GAG GAG AGA GAG AGATCC TC (CT)sC I: 8.48 (rs)
cDNA: ll: (TC)4
FAM cDNA:
black
hole
quencher
- apt: TCC CTTCCG GTGGTGCTTCCCT - - 0.97(b) hs FL [220,
G-quadruplex : ATG GGA AGG GAG GGA TGG 191]
GT
- apt: CGT ACG GAA TTC GCT AGC CCC CCG - - 0.014(b) m,p FL [221,
GCA GGC CAC GGC TTG GGT TGG TCC CAC (6. 2g/LL0 190]
TGC GCG TGG ATC CGA GCT CCACGT G
cDNA: CAA CGT GCT AGC GAA
- CGT ACG GAATTC GCT AGC CCC CCG GCA - - 0.65(uw) m FL [222,
GGC CAC GGC TTG GGTTGG TCC CAC TGC (0. 28g/L)1 C 190]
GCG TGG ATC CGA GCT CCACGTG
apt: apt: CGT ACG GAA TTC GCT AGC CCC CCG - - 0.045 (b) m ECL [92]
biotin GCA GGC CAC GGC TTG GGT TGG TCC CAC (0.0210%g/L)
cDNA: SH- TGC GCG TGG ATC CGA GCT CCACGT G
(CH2)s cDNA: GGA CCA ACC CAA
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Antibiotic 5" linker Aptamer sequence 5°Y 3 3’ linker Kb LOD RSA  Sensor Ref ?
target & spacer & spacer [nM] [nM] type/
method
Tetracycline - CGT ACG GAATTC GCT AGC CCC CCG GCA - - 5.3(b) Iw PEC [206,
GGC CAC GGC TTG GGT TGG TCC CAC TGC 215]
GCG TGG ATC CGA GCT CCACGT G
SH-(CH2)s CGT ACG GAA TTC GCT AGC CCC CCG GCA - - 0.1(b) m PEC [223,
GGC CAC GGC TTG GGT TGG TCC CAC TGC 210]
GCG TGG ATC CGA GCT CCA CGT G
- CGT ACG GAA TTC GCT AGC CCC CCG GCA - 4.5(b) w PEC [224,
GGC CAC GGC TTG GGT TGG TCC CAC TGC 215]
GCG TGG ATC CGA GCT CCACGT G
- ACT CTT ATA CGG GAG CCA ACA CCA AAG - 52.5 22.5 (b) m IEC/ EIS [225]
CTT CTG CGC CAC ACC ATA TGA GAG CAG +3.6 (1-105g/L)
GTG GTACGGATAAGCT
SH-(CH2)s GTC TCT GTG TGC GCC AGA GAACAC TGG - - 6.75(b) m IEC/ EIS [226,
GGC AGA TAT GGG CCA GCA CAG AAT GAG (3.0.10%g/L) 145]
GCCC
SH-(CH2)s GTC TCT GTG TGC GCC AGA GAACAC TGG - - 1.0(b) m IEC/ EIS [227,
GGC AGA TAT GGG CCA GCA CAG AAT GAG 145]
GCCC
NH 2-CH: CGT ACG GAATTC GCT AGC CCC CCG GCA - - 1.0 (b) m IEC/ EIS [228]
GGC CAC GGC TTG GGT TGG TCC CAC TGC
GCG TGG ATC CGA GCT CCACGT G
biotin -Ts TTT TTG GTA CGG AAT TCG CTA GCC CCC - 63.6 10(b) - AEC/ SWV  [229,
CHG CAG GCC ACG GCT TGG GTT GGT CCC 190]
ACT GCG CGT GGA TCC GAG CTC CAC GTG
- - - - 2.25 (b) m AEC/ CV [203]
(1.010%g/L)
NH 2-CH: CGT ACG GAATTC GCT AGC CCC CCG GCA - - 5.0(b) m AEC/DPV  [230,
GGC CAC GGC TTG GGT TGG TCC CAC TGC 190]
GCG TGG ATC CGA GCT CCACGT G
NH 2-(CH2)s - - 51800 2.25 (b) m AEC/ DPV  [231]

(1.0.10% g/L)
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Antibiotic 5" linker Aptamer sequence 5°Y 3’ 3’ linker Kb LOD RSA Sensor Ref t
target & spacer & spacer [nM]  [nM] type/
method
Tetracycline NH2-CHz CGT ACG GAATTC GCT AGC CCC CCG GCAGGC - - 0.32(b) m AEC/DPV  [232,
CAC GGC TTG GGT TGG TCC CAC TGC GCG TGG 190]
ATC CGA GCT CCACGT G
NH 2-CH:> CGT ACG GAATTC GCT AGC CCC CCG GCAGGC - - 0.0042(b) m AEC/ CV [233,
CAC GGC TTG GGT TGG TCC CAC TGC GCG TGG IEC/ EIS 190]
ATC CGA GCT CCA CGT G
NH 2 CGT ACG GAATTC GCT AGC CCC CCG GCAGGC - - 0.000029b) d AEC/DPV  [234]
CAC GGC TTG GGT TGG TCC CAC TGC GCG TGG
ATC CGA GCT CCACGT G
SH-(CH2)s GTC TCT GTG TGC GCC AGA GAA CAC TGG GGC - 10 (b) m AEC/ CV [235,
AGA TAT GGG CCA GCA CAG AAT GAG GCC C 145]
NH 2 CGT ACG GAATTC GCT AGC CCC CCG GCAGGC - aptasensor m, AEC/DPV  [236]
CAC GGC TTG GGT TGG TCC CAC TGC GCG TGG 0.0003 (b, EIS) d,h, IEC/EIS
ATC CGAGCT CCACGTG 0.029 (b, DPV) bs
apatsensor ll:
0.0000038 (b,
EIS)
0.00031 (b, DPV)
cDNA [ apt: CGT ACG GAA TTC GCT AGC CCC CCG GCA cDNA IIl: 63 0.45 (b) m, AEC/DPV  [237,
SH GGC CAC GGC TTG GGT TGG TCC CAC TGC GCG  SH 0.74 (m) hs 190]
cDNA II: TGG ATC CGA GCT CCACGT G 0.71 (s)
SH cDNA I: CCA TCA GAC CTA CCA AAC ACG TGG

AGC T

cDNAIl: AGA CCT ACC AAA CGA ACC CA

cDNA 1II: AAT TCC GTA CGA AAC CAT CCA GAC
TAC C
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Antibiotic 5 linker ~ Aptamer sequence 5°Y 3’ 3" linker Kb LOD RSA  Sensor Ref 1
target & spacer & spacer  [nM] [nM] type/
method
Tetracycline cap:SH- apt: CGT ACG GAATTC GCT AGC CCC  cSI: - 20(b) m AEC/ SWV  [39]
(CH2)s CCG GCA GGC CAC GGC TTG GGT biotin
TGG TCC CAC TGC GCG TGG ATC CGA
GCT CCACGTG
cap: ATG TAG CTA GGT G
cDNA I: CGT GTA GCA CAG CAT CAC
CAC CTAGC
cDNAIl: GCT ACACGC GTTT
- CGT ACG GAA TTC GCT AGC CCC CCG - - 0.6(b) - AEC/ DPV [238]
GCA GGC CAC GGC TTG GGT TGG TCC
CAC TGC GCG TGG ATC CGA GCT
CCACGTG
SH- CGT ACG GAA TTC GCT AGC CCC CCG - - 0.74 (b) m AEC/ DPV [239,
(CH2)s GCA GGC CAC GGC TTG GGT TGG TCC (0. 3%@/NL)10 145]
CAC TGC GCG TGG ATC CGA GCT
CCACGTG
Sulfadimethoxine - I:GTT AGA TGG GAG GTC ATATAG C - I: 150 II: 32.2(b) m FL [240]
II: GAG GGC AAC GAG TGT TTATAG A II: 84 II: 32.2(m)
(10-105g/L)
- GAG GGC AAC GAG TGT TTATAG A FAM - - - FL, CO/ UV- [240,
Vis 242]
- GAG GGC AAC GAG TGT TTATAG A - - 161.1 (b) - CO/ UV-Vis [240,
(50-108 g/L) 241]
- GAG GGC AACGAG TG TTTATAGA - 84 - - CO/ UV-Vis [72,240]
- GAG GGC AAC GAG TGT TTATAG A - - 32.2 (b) m CO/ UV-Vis [243]
(10-108 g/L)
- GAG GGC AAC GAG TGTTTATAG A - - 22.56(b) Iw CO [244]
- apt: GAG GGC AAC GAG TGTTTATAG  apt: biotin - 0.35(h) f FL [245,
A cDNA: (0.11:10%g/L) 240]
cDNA: CGT TGC CCT C biotin
NH 2 GAG GGC AAC GAG TGT TTATAG A FAM - 0.55(b) m,d PEC [246]
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3295 1when naming several references, the first always describes the realized sensor with assoeited LOD; aptamer sequence(s) and/or associatd Ko values
3296 are derived from the additional reference(s)
3297 2the exactsubcategory of the substance isnot mentioned



