ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Design of an aptamer — based fluorescence
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A label-free detection method for kanamycin A using an aptamer-based biosensor has been developed. To
start with, some commonly used DNA G-quadruplex structure sensitive dyes were evaluated and it was
verified that the thioflavin T-G-quadruplex DNA complex was useful for constructing a fluorescent
displacement biosensor. The limit of detection and the dynamic detection range of this sensor for
kanamycin A is 300 pM and 1 nM to 300 uM, respectively, which are comparable to or better than the
results for most reported methods, particularly for almost all the optical ones. The kanamycin recovery is
in the range from 94% to 105%. The success of this new method is the creation of a new type of
displacement biosensor which can be made widely applicable for probing quadruplex DNA-ligand
interactions and thus there is the potential that a handful of analytes including small molecules,
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1. Introduction

Kanamycin is one type of classic aminoglycoside bacteriocidal
antibiotics, which is isolated from Streptomyces species.! It is
widely used as a broad-spectrum antibiotic in veterinary medi-
cine and can be accumulated through the food chain and
eventually transferred to humans.” Overdose and long exposure
to kanamycin can cause several problems such as ototoxicity
and nephrotoxicity accompanied with symptoms.® In addition,
abuse of antibiotics leads to worldwide aggravation in antibiotic
resistance, which creates ‘superbugs’. This is a severe trend and
greatly endangers public health. It is critical to test whether the
residual antibiotics in food products exceed maximum residue
limits (MRLs) before they are able to be sold. The European
Union has established the following MRLs for kanamycin in
animal derived food: 100 pg kg™ for meat, 600 pg kg™ for liver,
2500 pg kg™ * for kidney, and 150 pg kg™ ' (around 300 nM) for
milk.® Therefore, the development of easy-to-use and accurate
techniques to quantify kanamycin A in biological samples is
imperative. Aptamers are usually short pieces of RNA or DNA
obtained from in vitro selection experiments, which give rise to
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oligonucleotides and proteins could be detected using it.

nucleic acids which will bind targets selectively with high
affinity.® Classically, nucleic aptamers can be generated using
systematic evolution of ligands by exponential enrichment
(SELEX), in which candidate molecules are isolated from highly
diverse (typically 10" to 10"°) nucleic acid pools via several
rounds of affinity-based capture and amplification.” Compared
with antibodies, aptamers are demonstrated to have a range of
advantages such as: rapid and efficient recognition, easy to
handle, cost-effectiveness, less label intense in preparation, and
flexible functionalisation. A biosensor based on aptamers as
a recognition element can be termed as an aptasensor. Apta-
sensors can be fabricated using different principles, and
produce electrochemical, optical and mass-sensitive biosen-
sors. They have been widely developed and have caused great
research interest, because they are able to detect a variety of
targets from ions, small molecules, proteins and even
prokaryotic and eukaryotic cells.®*** This technology creates
a novel model for expanding nucleic acid small molecule and
nucleic acid protein interactions, which have been widely
applied for detection, imaging, diagnosis and therapy.'® It is
known that a range of DNA aptamers are demonstrated to have
G4 structures.™ Meanwhile, it was realised that some organic
dyes were useful for lighting up G4 DNA structures and further
research is needed to determine their applications. Therefore,
a working principle to employ G4 sensitive dye for detecting
kanamycin A was hypothesised, as shown in Scheme 1. It is
essentially based on a fluorescent displacement biosensor. A
previously reported single stranded (ss) kanamycin A DNA
apatamer (KanaApt) discovered through in vitro selection was
adopted.* KanaApt has recently been demonstrated to form an
intermolecular G-quadruplex by the association of four separate

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic diagram of the kanamycin A induced fluores-
cent displacement biosensor.

aptamer strands.® The dye of interest binds KanaApt selec-
tively, and the fluorescence (FL) of this dye can be markedly
‘turned-on’. While in the presence of kanamycin A, the aptamer
is prone to bind its ligand kanamycin A and to repel the dye. The
free dye unbound to the G4 DNA only displays marginal FL, thus
it is anticipated that this target-induced displacement leads to
a measurable decrease in FL intensity. This decrease in FL is
inversely related to the concentration of kanamycin A, and thus,
a standard curve can be plotted for quantification. For the
following part of this work, this hypothesis was tested.

2. Experimental

2.1. Materials and sample preparations

All DNAs were chemically synthesised and purified by Generay
Biotech Co., Ltd (China). One kanamycin A aptamer (KanaApt)
and four other sequences were used including three mutated
kanamycin A aptamers (named Mut 1, Mut 2 and Mut 3) and
one poly A sequence of the same length. Their sequences are
listed as follows (5 to 3'): KanaApt: TGGGGGTTGAGGC-
TAAGCCGA, poly A: AAAAAAAAAAAAAAAAAAAAA, Mut
1: TGGAGGTTGAAGCTAAGCCGA, Mut 2: TGGAGGTTGAGGC
TAAGCCGA, Mut 3: TGGAGGTTGAAGCTAAACCGA, Mut 4:
TAAAAATTAAAACTAAACCAA. The nucleobases underlined
were mutated. Tris(hydroxymethyl)Jaminomethane (Tris),
sodium chloride (NaCl) and other common chemicals were
purchased from Shanghai Sangon Biotech Co., Ltd (China)
unless otherwise stated. Thioflavin T [ThT; 4-(3,6-dimethyl-1,
3-benzothiazol-3-ium-2-yl)-N,N-dimethylaniline] and antibiotics
including ampicillin, chloramphenicol, kanamycin A, sulfadi-
methoxine, terramycin and tetracycline were purchased from
Sigma-Aldrich (USA). Chlortetracycline was purchased from
Shanghai Sangon Biotech Co., Ltd (China). All the chemicals
were used without further purification. Deionized water was
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prepared using a Milli-Q® Ultrapure water system. DNA
concentrations were quantified at 260 nm absorbance using
a UV-1800 ultraviolet-visible (UV-Vis) spectrophotometer (Shi-
madzu, Japan) and the extinction coefficients were calculated
using the online IDT OligoAnalyzer 3.1 (http://www.idtdna.com/
calc/analyzer). The ThT was quantified using the molar extinc-
tion coefficient at 412 nm in water which was 36 000 M~ cm ™.

2.2. Fluorescent measurements

The steady-state fluorescence spectra of ThT were measured
using an F-7000 fluorescence spectrophotometer (Hitachi,
Japan) with a slit of 5 nm for excitation (425 nm) and a slit of
5 nm for emission (from 450 nm to 600 nm). The scan speed
and response time were 60 nm min ' and 0.1 s, respectively.
The solutions used for the FL assay were buffered with 10 mM
Tris-hydrochloride (pH 7.0) and 10 mM NaCl. All samples were
incubated at 30 °C in a water bath for 20 min and then cooled
down to ambient temperature before measurement. The
492 nm emission of ThT was used for curve plotting. For the
real-time FL spectra, the excitation and emission were 425 nm
(5 nm slit) and 492 nm (5 nm slit), respectively.

2.3. Circular dichroism

The circular dichroism (CD) measurements were performed on
a MOS-450 CD spectrometer (Bio-Logic, France) at ambient
temperature. The scan step was set to 0.125 nm. The concen-
tration of DNA samples used for measurement was 15 uM,
kanamycin A and ThT were added where necessary.

2.4. Optimisation of conditions

The value of FL intensity (l,/I) was used as an optimisation
criterion. I, and I represent the FL intensities of KanaApt-ThT
complex in the absence and presence of kanamycin A. All
samples were buffered with 10 mM Tris-HCl (pH 7.0) and
10 mM NaCl. KanaApt DNA was used at a concentration of 1 uM.

a. Effect of ratio. ThT/KanaApt with different ratios (from
0.1 to 50) were tested in the presence of 300 pM kanamycin A.
All samples were incubated at 30 °C for 20 min and cooled down
to ambient temperature before measurement.

b. Effect of incubation time. All samples (with a KanaApt/
ThT ratio of 1: 1 and an incubation temperature of 30 °C) in
the presence of 20 uM kanamycin A were measured at different
time points from 0 to 25 min.

c. Effect of temperature. All samples (with a KanaApt/ThT
ratio of 1:1) in the presence of 50 uM of kanamycin A were
incubated at 20 °C, 30 °C, 35 °C, 45 °C or 60 °C for 20 min before
measurement.

2.5. The use of the proposed biosensor for kanamycin A
detection

In order to determine kanamycin A, 1 pM KanaApt was com-
plexed with 1 pM ThT and different concentrations of kana-
mycin A (from 1 nM to 300 uM) were added. Each sample was
incubated at 30 °C for 20 min and then cooled down to ambient

RSC Adv., 2017, 7, 38512-38518 | 38513
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temperature for FL spectra recording. The FL intensity at
492 nm was used for plotting the calibration curve.

2.6. Selectivity of the proposed biosensor

The selectivity of the biosensor for kanamycin A was evaluated
using a variety of commonly used antibiotics, including ampi-
cillin, chloramphenicol, chlortetracycline, sulfadimethoxine,
terramycin, and tetracycline. The concentration for kanamycin
A and the other antibiotics was 20 uM. The concentrations of
KanaApt and ThT used were both 1 uM. The decreased FL/
original FL after adding kanamycin A into the KanaApt-ThT
complex was assigned as a 100% relative FL response.

2.7. Detection of kanamycin A in milk sample

Next, the fabricated biosensor was tested to see if it was
appropriate for use with water derived samples such as
commercial milk. Commercial liquid milk was purchased from
the supermarket in Tianjin, China. The milk samples were
spiked with different kanamycin A solutions to give final
concentrations at three levels (0.10, 2.0, and 20.0 uM). The
proteins in milk were precipitated using 300 pL of cold aceto-
nitrile which was added to 100 pL of milk, with gentle mixing.
The mixtures were incubated at 4 °C for 20 min. The samples
were then centrifuged at 13 000 rpm for 10 min at 4 °C. The
supernatant was filtered with a 0.22 mm membrane, and
adjusted to neutral pH. The filtrate was collected and the fluo-
rescent assay was carried out.

3. Results and discussion

Initially, an appropriate dye was needed for this displacement-
based biosensor. As is known, several organic dyes have been
reported to selectively bind DNA especially the G4 structure. To
start with, several representative dyes were deliberately chosen
including N-methyl mesoporphyrin IX (NMM),"” crystal violet
(CV),*® malachite green (MG),"” thiazole orange (TO)* and
acridine orange (AO)* to test their ‘light-up’ property and
selectivity toward KanaApt. As shown in Fig. 14, it can be seen
that apart from ThT and TO, none was able to fulfill this
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Fig. 1 The comparison of several organic dyes to find one which
could be selectively lit up by KanaApt. (A) FL response (expressed as
increased fold) of different dyes in the presence of KanaApt. (B)
Selectivity of TO and ThT for KanaApt against ssDNA and dsDNA. The
concentrations of TO and ThT used were both 5 uM and the
concentration of all the DNA used was 30 pM.
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purpose. Thus, in order to compare the selectivity of ThT and
TO further, a 21-mer poly A ssDNA sequence, and its corre-
sponding double stranded (ds)DNA together with KanaApt were
used. As shown in Fig. 1B, it can be seen that TO was highly
fluorescent for both dsDNA and G4 DNA structures, thus
demonstrating no selectivity. However, the FL for KanaApt/
dsDNA and KanaApt/ssDNA in the presence of ThT was more
than 10 and 100, respectively, which proved that ThT had a far
better selectivity for KanaApt against dsDNA and ssDNA. As ThT
was so obviously superior to and it was decided to carry on the
investigation using ThT. ThT is a benzothiazole salt and has
previously been found to be a specific probe for amyloid
fibrils.*” Following this, Mohanty et al. have reported that ThT is
also an efficient inducer and selective fluorogenic sensor for the
human telomeric G-quadruplex (G4) DNA.** In 2014, the G4
DNA “light-up” observation was extended and generalised, and
researchers indicated that ThT may be used as a convenient and
specific nucleic acid G4 probe.**

Next, a preliminary experiment was performed to test if the
proposed principle was workable. As shown in Fig. 2A, the FL
intensity of free ThT, KanaApt-ThT complex, and KanaApt-ThT
complex was measured in the presence of 20 uM of kanamycin
A. Clearly, the presence of KanaApt greatly turned on the FL of
ThT, whereas the free ThT merely emitted FL. Strikingly, the
addition of kanamycin A seemed to displace ThT, which can be
shown by the significant decrease of FL. As shown in Fig. 2B, the
FL intensity change after addition of kanamycin A can be re-
flected in real-time. In the absence of kanamycin A, the FL of the
KanaApt-ThT complex was rather steady and aligned well with
the baseline. However, with the addition of increasing amounts
of kanamycin A, it can be noticed that the initial velocity of the
‘displacement’ process increased accordingly, because the
‘displacement’ process was well synchronised with the “turn-
off” of the FL of KanaApt-ThT complex. Fig. 2B shows that the
“displacement” process had a fast response and was triggered
by kanamycin A in a concentration dependent manner, which
agreed with the speculation about the proposed biosensing
strategy.

Furthermore, CD experiments were carried out to probe the
conformation of KanaApt and KanaApt-ligand interactions, as
CD is the most common technique to study the morphology of
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Fig. 2 ThT FL analysis for the kanamycin A induced FL displacement
biosensor. (A) Depicts the ThT FL in different states. Column1=1uM ThT,
2=1puMThT + 1 pM KanaApt, and 3 = 2 + 20 uM kanamycin A. (B) Shows
the real-time fluorescence when different concentrations of kanamycin A
(0 to 20 uM) were added to the 1 pM KanaApt-ThT complex.
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DNA in aqueous solution. As shown in Fig. 3A, KanaApt DNA
displayed a typical G4 structure with parallel conformation,
because it is well known that a ‘parallel’ G4 DNA has a positive
peak around 260 nm and a negative peak around 240 nm.>*?®
The G4 structure is mainly caused by the non-covalent bonding
among guanine bases, therefore, the loss of them would result
in the breakdown of the G4 secondary structure.”” When
systematically mutating guanosines to adenosines in the
KanaApt (Fig. 3A), it can be clearly seen that the G4 conforma-
tion started to collapse while more guanosines were mutated
and the typical CD signals at ~240 and ~260 nm became
ambiguous for the three mutants. Concomitant with the
increase of molar ratio of ThT/KanaApt and kanamycin A/
KanaApt, the corresponding CD spectra did not show much
change (Fig. 3B and C), indicating that neither ThT nor kana-
mycin A exerted much disturbance on the dynamic conforma-
tion of KanaApt.

Next, the ‘light-up’ effect of KanaApt toward ThT was
studied, and as shown in Fig. 4A, free ThT were rather less
fluorescent, whereas with the addition of a KanaApt, its FL
increased by about 81 fold. However, the same concentrations
of a mutated KanaApt (Mut 4, in which all guanosines were
replaced with adenosines) and ss poly A enhanced the FL of ThT
by only 3.1 and 1.9 fold, respectively. Fig. 4B shows that the FL
spectra for KanaApt-ThT complexes with different molar ratios
(KanaApt/ThT from 0.02 to 20). These results showed that for
KanaApt-ThT complexes with molar ratios of 0.1, 0.4, 3, 6, 10 or
20, each FL was enhanced by 18.9, 81.2, 415.3, 653.2 or 703.4
fold, respectively (Fig. 4C). It is believed that ThT is a specific
probe for G4-forming sequences rather than ss- and ds-DNA and
this observation agrees with the previous conclusion. Also it
proved that KanaApt had a G4 structure and was able to ‘light
up’ ThT. Fluorescence titrations (ThT by KanaApt) were carried
out and the curve of FL intensities against the concentration of
kanamycin A was plotted in Fig. S1 (ESIT).

It was then decided to fabricate a displacement biosensor for
kanamycin A detection. In order to do so, some factors, which
correlated well with the performance of the FL measurements,
were investigated in detail. The ratio of ThT to KanaApt, incu-
bation time, temperature, and pH were studied. Fig. S2 (ESIY)
shows the influence of the ThT/KanaApt molar ratio on the Io/I

A
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|—— KanaApt %
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value in the absence (I,) and presence (I) of kanamycin A,
because it was thought that this index could be rather sensitive
and be used to obtain a satisfactory signal-to-noise ratio.
Interestingly, it was observed that in fact the 1 : 1 ratio seemed
to reach a peak value of I,/I and when using a higher ligand
ratio, the I,/I decreased accordingly. Despite counterintuition,
the observations made in this study agreed well with the results
of Gabelica et al., who found that the FL response of ThT was
the highest with the 1 : 1 complex, and quenched with higher
ligand binding ratios.?® In this case, it was decided touse 1:1
ratio for the following study. A discontinuous assay was used, as
shown in Fig. S3 (ESIt), and the initial addition of kanamycin A
into the KanaApt-ThT complex caused a rise in FL emission
intensity as expected. With increase in incubation time, the
intensity decreased sharply in the first few minutes. This
decrease remained for about 20 min and then reached
a plateau. Further incubation of the mixture did not cause an
evident change in FL intensity. Whereas in the absence of
kanamycin A, when the interaction time (incubation time) was
extended up to 25 min, the background signal almost stayed
unchanged. Thus, for the following experiments, the incubation
time used was 20 min. The dependence of I,/I on the incubation
temperature was also investigated, as shown in Fig. S4 (ESIY).
The incubation temperature had a considerable affect on the FL
response. The strongest response appeared when the tempera-
ture was set at 30 °C. Thus, 30 °C was used as the incubation
temperature. However, it was found that the linearity between
FL intensity and concentration of kanamycin A was less sensi-
tive to the pH value and it was found that pH 7 worked well (data
not shown).

Upon the completion of the experimental conditions’ opti-
misation, the relationship between FL intensity and added
kanamycin A was tested, as shown in Fig. 5. The addition of
kanamycin A decreased the FL of the KanaApt-ThT complex,
and this was indicative of a displacement effect for ThT. A range
of kanamycin A samples with different concentrations were
tested and a curve of FL intensities at 492 nm against different
concentrations of kanamycin A was plotted (Fig. 5B). There was
a linear relationship (R = 0.990) between FL intensity and
kanamycin A concentration (expressed in a logarithmic format)
over the range from 1 nM to 300 uM (Fig. 5C), and a limit of

B C
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— 4 equiv 5 anamycin —6 uM ——20 M
— 8 equiv f=
—— 10 equi 2
UiV o)
— 12 equiv b =] 0
E
D
0.5

300 400 300

Wavelength (nm)

Wavelength (nm)

400 500

200

250
Wavelength (nm)

300 350

Fig. 3 CD spectra recorded to investigate the conformation of KanaApt and its mutations under different circumstances. (A) CD spectra for
KanaApt and three other mutated sequences. (B) KanaApt in the presence of different concentrations of ThT (2 to 12 equiv.). (C) KanaApt in the
presence of different concentrations of kanamycin A. The black curves are the CD spectra for free KanaApt and all the concentrations of KanaApt

used are 15 puM.
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Fig. 4 ThT can be specifically lighted up by KanaApt. (A) FL response (expressed as increased fold) of 5 uM ThT in the presence of 2 uM poly A
ssDNA, mutated KanaApt (Mut 4) and KanaApt. (B) FL spectra for KanaApt—ThT complexes with different molar ratios. (C) FL when adding

increased KanaApt into 5 uM ThT (data derived from B).

detection (LOD) of 300 pM for kanamycin A analysis was ach-
ieved, based on the 3o/slope equation.

The selectivity of kanamycin A compared with six other
commonly used antibiotics (ampicillin, chloramphenicol,
chlortetracycline, sulfadimethoxine, terramycin, and tetracy-
cline) was evaluated. Fig. 5D presents the histograms of the
relative FL responses of kanamycin A and six other antibiotics.
It can be observed that compared with kanamycin A, the other
antibiotics did not interfere with the system as the proposed
biosensor was almost unresponsive (less than 10%). These
competing antibiotics had a negligible effect on the detection
system. This approach exhibited high selectivity for kanamycin

A B
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/ .
z 21000 !
(72} c
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Fig. 5 The detection utility of the proposed method for detecting
kanamycin A. (A) FL spectra for the KanaApt-ThT complex when
adding different concentrations of kanamycin A. The black curve is the
spectrum for the free KanaApt—ThT complex without kanamycin A. (B)
The dependence of FL on kanamycin A concentrations. (C) The linear
relationship between the FL intensity and the concentration of kana-
mycin A (the calibration curve and fitted equation are both given). (D)
The selectivity of the proposed method for kanamycin A compared to
six other common antibiotics. Error bars represent the standard
deviation in three individual experiments.
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A, which meant it was a possible candidate for future
applications.

Lastly, the applicability and reproducibility of the proposed
biosensor was further explored by testing some real milk
samples. The milk samples were spiked with a series of
concentrations of kanamycin A (0.10, 2.0, or 20.0 uM as the final
concentration) and then the recovery values were compared
with the added values. The analytical results are given in Table
S1 (ESIt). The recovery values ranged from 94% to 105% and the
relative standard deviation (RSD) for all samples after four
independent measurements were less than 7.6%. These results
indicate that this proposed sensor is reliable and is capable of
detecting kanamycin in water derived samples. It is also worth
noting that the required volume of milk for the test was as little
as 0.1 mL and the total assay time was less than 2 h for one
analyst using a standard protocol.

For kanamycin A detection, a number of methods have been
reported previously, including colorimetry,* high-performance
liquid chromatography (HPLC),*® capillary electrophoresis
(CE),** enzyme immunoassays (ELISA),**>* electrochemical
aptasensors* and immuno-sensors,*® fluorescent aptasensors,*®
surface plasmon resonance (SPR),*** nanozyme,* lumines-
cence,’ graphene biosensor’* and a microbiological multi-
residue system.”” The methods employed are often complex
(e.g, require uncommon and costly instruments), time
consuming (e.g., require intricate fabrication of electrodes or
preparation of nano-composites), requiring tedious sample pre-
treatment and hard to standardise (e.g., home-made materials
and antibodies). This proposed method has at least the
following advantages: it is label-free and all the chemicals
required are commercially available with low prices and thus it
is cost-effective and adaptable for practical uses, it only needs
miniaturised and inexpensive analytical devices which are
affordable for common analysts. The LOD of this sensor for
kanamycin A is 300 pM, making it a good platform for kana-
mycin A quantification. Also the LOD and detection range (1 nM
to 300 uM) of the current method is comparable to or better
than most reported ones, for almost all of the optical methods.
A brief comparison of this approach with others is listed in
Table 1 and a through comparison is listed in Table S2 (ESIt).
Some methods do have a lower LOD than this one, but they

This journal is © The Royal Society of Chemistry 2017
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Table1l A brief comparison of the current method with other reported
methods for kanamycin A detection

Detection method/ (LOD) limit of

instrument Linear range detection Ref.

UV-Vis 1-500 nM 1 nM 17

spectroscopy

HPLC — ~78 uM 18
(38 g mL ™)

FL 1 nM to 300 pM 300 pM This work

spectroscopy

CE ~43 to ~103 nM ~14 nM 19

ELISA ~0.4 to ~100 nM ~0.4 nM 20

Electrochemistry 10-150 nM 5.8 nM 23

SPR 20-800 nM 2 nM 26

Luminescence 0.2-150 pM 143 nM 28

usually have a lot narrower linear range for detection, which
discourages their use in actual applications. A low LOD value
does not necessarily mean that it will be a desirable biosensor,
because a good one has to integrate sensitivity, detection range,
cost-effectiveness, selectivity, simplicity and reproducibility for
real uses. This method balances all the previously mentioned
criteria.

4. Conclusions

The success of the current study not only allows the fabrication
of a novel biosensor for kanamycin A detection, but, more
importantly, it creates a new type of approach of employing ThT
for probing quadruplex DNA-ligand interactions. The greatest
part of this work is to highlight the usefulness of ThT in con-
structing an analyte induced displacement biosensor, and as far
as is known, this is the first time such a biosensor has been
used. Nucleic acids with specific structures and enzyme
interfaced oligonucleotides have been widely used in bio-
sensing and this work also expands the repertoire of biosen-
sors.**** To conclude, a displacement strategy has been
successfully developed, which is based on an intrinsic fluoro-
genic dye ThT in a label-free manner. Its use has been
demonstrated by the detection of kanamycin A, both sensitively
and selectively. This sensor is not only restricted to kanamycin A
detection, a number of analytes including small organic mole-
cules, oligonucleotides and proteins could potentially be
detected by using this suggested method, when in combination
with their respective G4 aptamers.
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