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Abstract We report on a fluorescent assay for oxytetracy-
cline (OTC) using a fluorescein-labeled long-chain aptamer
assembled onto reduced graphene oxide (rGO). The -7t
stacking interaction between aptamer and rGO causes the
fluorescence of the label to be almost completely quenched
via energy transfer so that the system has very low back-
ground fluorescence. The addition of OTC leads to the
formation of G-quadruplex OTC complexes and prevents
the adsorption of labeled aptamer on the surface of rGO. As
a result, fluorescence is restored, and this effect allows for a
quantitative assay of OTC over the 0.1-2 uM concentration
range and with a detection limit of 10 nM. This method is
simple, rapid, selective and sensitive. It may be applied to
other small molecule analytes by applying appropriate
aptamers.

Keywords Long-chain aptamer - Oxytetracycline -
Fluorescent assay - Graphene

Introduction

Oxytetracycline (OTC) is one of the most frequently used
tetracyclines (TCs) as antibiotic growth promoters supplied
with livestock feed [1]. The extensive use of TCs including
OTC in veterinary medicine has led them to be accumulated
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in food products or be released into the soil and natural
waters via animal metabolism, causing serious threats to
human and environmental health [2].

Researchers have been undertaking constant efforts to
detect tetracycline antibiotics in food products, pharmaceu-
tical preparations, and natural waters. The conventional
techniques that have been used so far are high performance
liquid chromatography (HPLC) [3], enzyme-linked immu-
nosorbent assays (ELISA) [4], surface-enhanced Raman
scattering (SERS) [5] and capillary electrophoresis [6],
which suffer from some limitations, such as long procedures
and analysis time, extensive equipment, low specificity and
the need of authentic samples as reference standards. Sev-
eral other novel analysis methods for detecting TCs, such as
amperometric detection methods [7] and antibody-based
colorimetric methods [8], were found neither specific nor
sensitive, resulting from the high structural similarity of
derivatives. To overcome the limitations of these available
techniques, considerable research efforts have been made to
propel the development of rapid, accurate, and economic
alternative recognition elements.

Aptamers, the artificial single-stranded DNA (ssDNA) or
RNA oligonucleotides, possess the ability to form defined
three-dimensional structure for specific target binding [9].
Owing to the high specific affinity to their target molecules
(small molecules, proteins, and even entire cells) [10],
aptamers, as promising alternative recognition elements to
antibodies, have received tremendous attention in biosensing
applications in recent years. Compared to antibodies,
aptamers have a number of unique features, such as chemical
synthesis and selection in-vitro through the systematic evolu-
tion of ligands by exponential enrichment (SELEX) process,
easy modification, high stability, and anti-degradation [11].
Recently, a single-stranded DNA aptamer (76-mer) has been
identified that can bind to OTC with high affinity and
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specificity among other TC derivatives [12]. Based on this
aptamer, several OTC aptasensors have been successfully
constructed in connection to electrochemical [13, 14], colori-
metric [15, 16], light scattering [17] and microcantilever [18]
methods. For instance, Kim et al. [13] developed an electro-
chemical aptasensor with desirable sensitivity on a gold inter-
digitated array electrode for the detection of OTC. However,
this method was laborious and not suitable for on-site detec-
tion, mainly ascribed to tedious immobilization steps of the
aptamers on an electrode and numerous wash steps. As an
alternative, Kim et al. [15, 16] designed a simple colorimetric
aptasensor using gold nanoparticles as signal reporters, and
the detection limit was 25 nM. Even though this colorimetric
sensing system should be an attractive transducer in terms of
its simplicity and high sensitivity, the method still had two of
the important limiting cases due to the inherent characteristics
of gold nanoparticles, which were (i) an unavoidable high
background signal and (ii) metallic nanoparticles’ instability
in biological complex or environmental samples. In this re-
spect, there is still an urgent need to search for new simple and
sensitive aptamer-based detection methods for OTC assay.
Graphene and its derivatives, two-dimensional carbon
nanosheets, have attracted wide research interest because
of their unique mechanical, electrical, thermal, and optical
properties [19, 20]. Owing to their peculiar electronic prop-
erties, the water-soluble graphene oxide (GO) and the sur-
face modified graphene have acted as the highly efficient
fluorescence quencher based on either electron transfer
mechanism or energy transfer mechanism [21, 22]. In addi-
tion, the large two-dimensional surface of graphene can bind
single-stranded DNA via hydrophobic and 7t-7t stacking in-
teractions between the ring structures in the nucleobases and
the hexagonal cells of graphene, but it hardly interacts with
rigid double-stranded DNA or aptamer-target complexes.
The differential binding of ssDNA and dsDNA/structured
DNA toward graphene has been used in various fluores-
cence assays [23, 24]. Combined the above features with
their excellent capabilities for conjugation of target mole-
cules, good biocompatibility, and low cytotoxicity [25],
graphene and its derivatives have been widely used in the
fluorescence sensing platforms for determination of DNA
[23], proteins [26, 27], and other small molecules [28]. It is
worth noting that in the previous reported graphene-based
fluorescent aptasensors, the lengths of the aptamers were
short (<40-mer) and the quenchers were GO or sodium
dodecylbenzene sulfonate (SDBS) dispersed graphene [23,
26-28]. To the best of our knowledge, the long-chain
aptamers have been rarely applied to graphene-based fluo-
rescent aptasensors. The reason may be that the long-chain
aptamers possess unique secondary structures, which de-
crease the exposure of nucleobases, and thus the structured
long-chain aptamers are adsorbed more slowly and bind less
compactly to the surface of graphene [29, 30]. However,

@ Springer

some targets need long-chain aptamers as recognition units
[31, 32]. Therefore it is meaningful to overcome the above
limitations and utilize long-chain aptamers as probes in the
graphene-based fluorescence sensing platforms.

Herein, we present a simple and sensitive fluorescent
assay for OTC based on regulation of the interaction be-
tween fluorescein-labeled long-chain aptamer (76-mer) and
reduced graphene oxide (rGO). rGO shows good water-
dispersibility and excellent quenching ability due to the
exist of more crystalline graphene regions on the sheet
compared with GO, which is contributed to the strong
adsorption of long-chain aptamer on rGO surface. Our strat-
egy utilizes the efficient quenching ability of rGO and the
different interaction intensity of aptamer, aptamer/OTC
complex with rGO which directly induces the fluorescence
intensity change. This homogeneous fluorescent assay pos-
sesses excellent sensitivity and a high signal-to-noise ratio,
thus laying a basis for its application in molecule recogni-
tion with long-chain aptamers.

Experimental
Reagents and chemicals

Oxytetracycline (OTC), tetracycline (TET), doxycycline
(DOX), and chlortetracycline (CTC) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China, http://
www.aladdin-reagent.com). Other reagents were analytical
grade and purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China, http://www.sinoreagent.com.cn).
The fluorescein amidite (FAM) labeled OTC aptamer (OTA)
with a sequence 5'-FAM-CGTACGGAATTCGCTAG-
CCGAGTTGAGCCGGGCGCGGTACGGGTACTGGTAT-
GTGTGGGGATCCGAGCTCCACGTG-3', was synthesized
by TaKaRa Biotechnology Co., Ltd. (Dalian, China, http://
www.takara.com.cn) and purified by HPLC. Phosphate buffer
solution (20 mM, pH=7.4) was prepared by mixing the stock
solution of Na,HPO, and NaH,PO,. Ultrapure water purified
by a Millipore water system (resistivity > 18.0 MQ cm ',
Laikie Instrument Co., Ltd., Shanghai, China, http://
www.okpure.com) was used throughout the experiments.

Characterization

Atomic force microscopy (AFM) measurements were car-
ried out on Agilent PicoPlus II. The AFM sample was
prepared by casting 5 uL of rGO dispersion on a freshly-
cleaved mica surface. Transmission electron microscopy
(TEM) images of rGO were measured by FEI Tecnai G2
Spirit. Fluorescence measurements were performed on a
Hitachi F-4500 spectrofluorimeter. All experiments were
carried out at room temperature. The fluorescence intensity
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was monitored by exciting the sample at 494 nm and mea- % M
suring the emission at 520 nm. The slits for excitation and 'S . \’/\O
emission were set at 5 nm and 10 nm respectively. The —
results were reported as mean values of triplicates. A}\l\[\ rGO
Preparation of rGO o

AN rGO
The GO sheets were prepared from graphite powder A
according to the modified Hummers method [33]. In detail, L)
1 g graphite powder was added into 23 mL concentrated GO
H,SO, with vigorous stirring at 0 °C, and then 3 g KMnOy4
was slowly added under the same condition. After that, the
mixing substance was sonicated for 6 h to obtain a dark VAVAVAVAN
green solution. Successively, 46 mL H,O was transferred

FAM OTC aptamer oTC

into the reaction system gradually. For 15 min, then this
reaction was terminated by 140 mL H,O and 10 mL H,0,
(30 %). Then the yellow resultant was separated by centri-
fugation, and the sediment was washed by HCI (5 %) and
ultrapure water in turn.

The rGO sheets were synthesized through an environment-
friendly hydrothermal route [34]. Briefly, 50 mL GO aqueous
solution (0.05 mg'mL ") was transferred into a Teflon-lined
autoclave and heated at 180 °C for 6 h. After autoclave
cooling to the room temperature, the black homogeneous
rGO solution was obtained. The obtained rGO sheets could
be readily dispersed in water because of the residual negative-
ly charged oxygen functional groups at the edges.

Detection of OTC

For quantitative assay of OTC, the working solution of
1 uM FAM-labeled OTA was prepared using 20 mM phos-
phate buffer. Twenty uL of 1 uM FAM-labeled OTA was
incubated at room temperature for 30 min after adding
50 uL appropriate concentrations of OTC in phosphate buffer
(100 mM NaCl, 3 mM MgCl,, 10 mM KCI, pH=7.4). Then
130 uL 0f 0.05 mg'mL "' rGO was added to the above solution.
The mixed solution was diluted with ultrapure water to 400 L
and shaken mildly for 30 min at room temperature. Finally, the
fluorescence intensity was measured at 518 nm with excitation
at 494 nm. Other structurally similar antibiotics such as tetra-
cycline (TET), chlorotetracycline (CTC) and doxycycline
(DOX) were also examined under the same procedure for
the specificity tests.

Results and discussions
The analytical mechanism of the method
Scheme 1 illustrates the sensing strategy for the detection of

OTC. In the absence of target molecules, FAM-modified
long-chain aptamer is adsorbed onto the surface of rGO

Scheme 1 Schematic illustration of this fluorescent assay for OTC
based on rGO and OTC binding aptamer

via hydrophobic and 7t-7t stacking interactions between the
ring structures in the nucleobases and the hexagonal cells of
rGO. The interactions induce them into fluorescence reso-
nance energy transfer (FRET) proximity, hence leading to
the fluorescence quenching of dyes by rGO. Upon the
addition of OTC, the high affinity between OTC and its
specific long-chain aptamer leads to the formation of well-
folded OTC-aptamer complex and then decreases the expo-
sure of nucleobases, which makes the dyes away from the
rGO surface, thus hindering the FRET process and produc-
ing a restoration of fluorescence.

Characterization of rGO

AFM was employed to characterize the morphology and
thickness of a graphene sheet. A typical AFM image showed
a high-quality single-layer graphene sheet with about 1 nm
thickness (Fig. Sla, Electronic Supplementary Material,
ESM). TEM was performed to confirm the formation of the
rGO sheets. As shown in Fig. S1b (ESM), the resultant rGO
was observed with occasional folds, crinkles, and rolled
edges, which was typical for sheets of rGO and similar to
the previous report [34], confirming the formation of rGO.

Optimization of assay conditions
Effect of salt and optimization of assay time

Since DNA was a polyanion, aptamer should be repelled by
the negatively charged GO through electrostatic repulsion.
Electrolytes were needed to screen the long-range electro-
static repulsion and bring aptamer close to the rGO surface
for binding [28]. The kinetic behaviors of FAM-labeled
aptamer and rGO were studied by monitoring the
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Fig. 1 FAM-labeled aptamer quenching kinetic behaviors. In (a), tGO
concentration = 40 ugemL™' without the addition of salt. In (b), rGO
concentration = 16 ugemL™' with 12.5 mM NaCl, 0.4 mM MgCI2. In (c),
GO concentration = 40 pg~mL"1 with 12.5 mM NaCl, 0.4 mM MgCI2.
The original fluorescence intensity of FAM-labeled aptamer (50 nM)
without rGO was 330 a.u.. Excitation: 494 nm, emission: 518 nm

fluorescence intensity as a function of time. As showed in
Fig. 1 (curve a), in the absence of salt, FAM-labeled aptamer
could not be completely quenched even upon the addition of
high concentrations of rGO (40 pg:-mL™"), the quenching
efficiency was ~75 %, confirming that the adsorption was
limited by the repulsive interaction. A significant quenching
effect (~90 %) was observed under a lower concentration of
rGO (16 ug'mL ") in the presence of salt (Fig. 1 (curve b)),
suggesting that the electrostatic repulsion could be shielded
by the effect of salt. Moreover, the process of adsorption
reached equilibrium in less than 30 min, indicating fast
adsorption kinetics. In addition, under the same concentra-
tion of salt, rGO captured long-chain aptamer more

70

Fluorescence intensity (a.u.)

OTC (uM)

Fig. 2 The effect of K* on the efficiency of the fluorescence recovery.
The white bars and the light grey bars represented the fluorescence
intensity of FAM-labeled aptamer/rGO system before and after incu-
bation with different concentrations of OTC in the phosphate buffer
without K*, respectively. The dark grey bars and the black bars
represented the fluorescence intensity of FAM-labeled aptamer/rGO
complex before and after incubation with different concentrations of
OTC in the phosphate buffer with 10 mM K, respectively. Excitation:
494 nm, emission: 518 nm

@ Springer

Wavelength (nm)

Fig. 3 Fluorescence spectra of FAM-labeled aptamer in the presence
of different concentrations of rGO, with concentrations of 0, 2.5, 5, 7.5,
10, 12.5, 15, 16, 17.5 ]ng°mL'1 from top to bottom. Inset: fluorescence
quenching efficiency versus concentration of rGO. Excitation: 494 nm,
emission: 518 nm

efficiently and rapidly than the universal quencher GO
(40 pgrmL™") (Fig. 1 (curve c)). This might result from the
structure of rGO where existed more crystalline graphene
regions that could bind to aptamer and less negatively
charged regions containing the anionic functionalization that
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Fig. 4 a Fluorescence emission spectra upon increasing the concen-
tration of OTC, with concentrations of 0, 0.1, 0.2, 0.5, 1, 1.2, 2 uM
from bottom to top. b Plot of the fluorescence intensity against the
concentration of OTC. Excitation: 494 nm, emission: 518 nm
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Table 1 Comparison of available aptamer-based methods for analysis of OTC

Method Materials Analytical ranges LODs Instruments Immobilization Ref
of aptamers
(Y/N)
Electrochemical  Gold interdigitated 1-100 nM 1 nM Electrochemical analyzer Y [13]
array electrode chip
Electrochemical ~ Gold electrode 10-600 ng'mL™" 9.8 ng'mL ™' (~20 nM) Electrochemical analyzer Y [14]
Colorimetric AuNPs 0.025-1 pM 25 nM UV/vis spectrophotometer N [15, 16]
Light scattering Polystyrene latex 10>-10* ppb 100 ppb (~200 nM) Microfluidic device and Y [17]
microspheres spectrometer
Cantilever surface Cantilever arrays 1-100 nM 0.2 nM Cantilever sensor platform Y [18]
stress
Fluorescence Graphene 0.1-2 uM 10 nM Spectrofluorimeter N This work

AuNPs Au nanoparticles, Y Yes, N No

repelled aptamer, which demonstrated that rGO was more
appropriate as the quencher of labeled long-chain aptamer
for establishing graphene-based fluorescent sensing platform.

Effect of potassium ion (K")

In this study, we reviewed the effect of K on fluorescence
restoration. As shown in Fig. 2, a distinct fluorescence inten-
sity change was observed after the addition of K™ in the
phosphate buffer when detecting OTC. The reason was that
this 76-mer size of OTC binding ssDNA aptamer was predict-
ed to form one G-quadruplex structure which showed high
affinity to OTC [11], and the G-quadruplex structure was
stabilized by the presence of K [35, 36]. This control exper-
iment indicated that K promoted the formation of G-
quadruplex OTC complexes, which not only enhanced the
space distance between rGO and dyes, but also increased the
space charge density around the aptamer resulting in stronger
G-quadruplex OTC complexes/rGO electrostatic repel inter-
actions [37], thus inducing a higher fluorescence restoration.

1.8-/}

W

oTC TET

V| &7

CTC DOX

Fig. 5 Fluorescence intensity changes (F/Fy) in the presence of OTC
(0.5 uM), TET (0.5 uM), CTC (0.5 pM) and DOX (0.5 uM), respectively.
Where F and F are the fluorescence intensity without and with OTC, TET,
CTC and DOX respectively. Excitation: 494 nm, emission: 518 nm

Optimization of rGO concentration

From Fig. 3, with the increase in the concentration of rGO,
the background fluorescence signal decreased gradually,
indicating that the fluorescence quenching effect was direct-
ly related to the 7t-7t stacking interaction between aptamer
and rGO and the energy or electron transfer from dyes to
rGO. Fluorescence quenching efficiency reached a plateau
(92.2 %) after the rGO concentration exceeded 16 ug'mL ™",
indicating the FAM-labeled aptamer was completely
absorbed onto the surface of rGO.

Therefore, 30 min reaction time, appropriate salt (Na”,
Mg®", K*) in the phosphate buffer and 16 ug'mL ' rGO
were selected for the following analytical purposes.

Fluorescent detection of OTC

Under the optimal experimental conditions, the relationship
between the OTC concentration and fluorescence enhance-
ment was investigated. Figure 4a showed the fluorescence
recovery in the presence of different concentrations of OTC.
As indicated in Fig. 4b, the intensity of rGO-based assay
increased with the increasing OTC concentration from
0.1 uM to 2 uM. The detection limit of 10 nM was estimated
based on 3&/slope criterion (6, standard deviation of the blank
samples). Table 1 summarized the analytical performance of
aptamer-based methods for the detection of OTC. Since the

Table 2 Recoveries of OTC from lake water samples (n=3)

Sample Standard value of  Found  Recovery = RSD
OTC (uM) ™M) (%) (%, n=3)
0.1 0.106 106 2.4

Lake water 0.2 0.195 97 0.6
0.5 0.549 109 1.0
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assay was carried out in homogeneous solution, it avoided the
need for time-consuming immobilization, coating and washing
steps in common heterogeneous assays, such as electrochem-
ical [13, 14], light scattering [17] and microcantilever [18]
methods. Furthermore, the sensitivity achieved in the present
sensing system was higher than colorimetric [15, 16] method
and some heterogeneous assays [14, 17]. Thus, this method
would provide a rapid and sensitive approach for quantitative
assay of OTC. Several reasons might explain the good analyt-
ical performance of this sensing platform. First, the ultrahigh
fluorescence quenching ability of rGO led to a high signal-to-
background ratio in comparison with aptamer-based colorimet-
ric method, and thus high sensitivity for target detection could
be achieved. Second, the formation of G-quadruplex OTC
complexes enhanced the distance between FAM-labeled signal
probe and the surface of rGO, inducing a higher fluorescence
restoration upon the addition of target molecules at rather low
concentrations. Third, the high affinity of the aptamer to its
target molecules (in nanomolar range [16]) would be beneficial
to detection of trace OTC. Furthermore, a relative standard
deviation of 1.9 % (n=5, 0.1 uM OTC) was obtained,
suggesting the good reproducibility of this method.

It was noteworthy that fluorescence intensity of FAM-
labeled aptamer/rGO reached a plateau after the OTC con-
centration exceeded 2 uM. The adsorption of OTC onto the
surface rGO via 7-7t interaction and cation-7t bonding [38]
might be the reason that responsible for not further improv-
ing the detection range.

Specificity of the method

To evaluate the specificity of this fluorescent assay, we inves-
tigated the effect of possible interferences which might inter-
fere with the determination of target analyte OTC, including
three structurally similar tetracycline derivatives (TET, CTC
and DOX). In a typical experiment, the rGO-based assay was
incubated with 0.5 uM OTC, 0.5 uM TET, 0.5 uM CTC and
0.5 uM DOX, respectively. As shown in Fig. 5, the relative
fluorescence Fy/F for OTC was 1.81, while it was 1.01 for
TET, 0.96 for CTC and 0.94 for DOX, where F and F are the
fluorescence intensity of the rGO FAM-aptamer solution with-
out and with OTC, CTC and DOX, respectively. It was clear
that the structurally similar tetracycline derivatives failed to
cause a dramatic fluorescence change. The good selectivity of
this method was attributed to the inherent specificity of
aptamer toward OTC [16].

Detection of OTC in lake water samples

In order to evaluate the feasibility of its potential in the real
aquatic environment, this fluorescent assay was applied to
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detect the OTC level in lake water (obtained from Xishan
Lake, Dalian, China) samples. Prior to the sample analysis,
lake water samples were pretreated using a 0.2 wm syringe
filter to exclude the matrix effect caused by particulate or
microbial cells. 200 puL of the lake water sample was mixed
with 70 uL of the phosphate buffer containing FAM-labeled
aptamer and incubated at room temperature for 30 min.
Then 130 pL of 0.05 mg'mL ™' rGO was added to the above
solution, which resulted in a solution with 16 ug'mL ™' rGO
and 50 nM FAM-labeled aptamer. It was found the OTC
content in the lake water was too low to be detected by this
method. Hence extra OTC was added into the assay. The
analytical results for the samples spiked with 0.1-0.5 pM of
standard OTC were given in Table 2, the recovery was in the
range of 97-109 %, which indicated that the developed
method could be preliminarily applied for the determination
of OTC in real samples (the results were calculated from the
standard calibration curve in Figure S2 (ESM)).

Conclusions

In conclusion, a simple, selective and sensitive homoge-
neous fluorescent assay for OTC based on the OTC binding
DNA aptamer and rGO is developed. We demonstrate for
the first time that long-chain fluorescein-labeled DNA
aptamer (76-mer) can be adapted to the sensitive and spe-
cific graphene-based fluorescent sensing platform by using
water-dispersible rGO as an ultra highly efficient quencher.
As to OTC, a sensitive detection limit of 10 nM is obtained
with high specificity. On the basis of the excellent perfor-
mance, this design can provide new insights for molecule
recognition or contamination detection when long-chain
aptamers is required as recognition units.
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