Colloids and Surfaces B: Biointerfaces 154 (2017) 27-32

Contents lists available at ScienceDirect

COLLOIDS AND
SURFACES B

Colloids and Surfaces B: Biointerfaces

=

journal homepage: www.elsevier.com/locate/colsurfb

Development of aflatoxin B; aptasensor based on wide-range
fluorescence detection using graphene oxide quencher

@ CrossMark

Minyoung Joo?, Seung Hoon Baek?, Seon Ah Cheon?, Hyang Sook Chun?®,
Sung-Wook Choi¢, Tae Jung Park**
a Department of Chemistry, Chung-Ang University, 84 Heukseok-ro, Dongjak-gu, Seoul 06974, Republic of Korea

b School of Food Science and Technology, Chung-Ang University, 4726 Seodong-daero, Anseong 17546, Gyeonggi-do, Republic of Korea
¢ Research Group of Food Safety, Korea Food Research Institute, 62 Anyangpangyo-ro, 1201beon-gil, Sungnam-si 13539, Gyeonggi-do, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 29 November 2016

Received in revised form 17 February 2017
Accepted 3 March 2017

Aflatoxin B; (AFB1) is a carcinogenic substance produced by fungi of genus Aspergillus, especially
Aspergillus flavus. Few nanograms of AFB; that permeated through the skin is sufficient to cause liver
cancer and stunted growth. In this study, a rapid aptamer-based assay for AFB; was developed using
the fluorescence quenching property of graphene oxide (GO) and a fluorescein amidite (FAM)-modified
aptamer specific to AFB;. The aptamer, modified with the fluorescence dye FAM on its 5-end, was used as
a probe. Once bound by AFB4, a conformational change of the aptamer was caused that led to its interac-
tion with the well-known fluorescence quencher GO, resulting in a decrease of the fluorescence intensity
of the system. In the absence of AFB+, the fluorescence intensity remained unchanged. The aptamer-based
AFB; assay process was conducted through 3 steps within 40 min. The aptamer was incubated with AFB,
before the addition of GO. The amount of AFB; present was measured by the change in fluorescence
intensity. The detection system was evaluated with standard solutions of AFB; of various concentrations.
The results showed that the fluorescence intensity decreased linearly as the concentration of AFB; grad-
ually increased. Although the assay was specific to AFBy, there was slight interference by other types of
aflatoxin. When the assay was applied to a real sample, the limit of detection was 4.5 ppb, which was
within the wide detection range of up to 300 ppb with good linearity. Thus, this biosensor is considered
to be competitive with the conventional detection methods in the field owing to its wide detection range
and assay rapidity.
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1. Introduction

Aflatoxin By (AFBq), one of the most common mycotoxins, is a
highly toxic substance produced by fungi such as Aspergillus flavus
[1]. It is classified as a Group 1 carcinogen by the International
Agency for Research on Cancer (IARC), and only few nanograms
are enough to cause liver cancer and stunted growth by permeation
through the skin [2]. The European Union established the maximum
permitted level of AFB; in nuts, dried fruits, cereals, and spices to
be 12 ppb, whereas that in infant foods was set at 0.1 ppb [3].

Chromatographic methods such as high-performance liquid
chromatography (HPLC) and gas chromatography have been gen-
erally used to quantify AFB; in foods [4]. Although these methods
provide reliable qualitative and quantitative results, they require

* Corresponding author.
E-mail address: tjpark@cau.ac.kr (T.J. Park).

http://dx.doi.org/10.1016/j.colsurfb.2017.03.010
0927-7765/© 2017 Elsevier B.V. All rights reserved.

well-trained professionals, high-cost instruments and materials,
and long times for analysis. Immunogenic detection methods such
as the enzyme-linked immunosorbent assay have shown high sen-
sitivity [5], but the stability, productibity, and high cost of the
antibodies limit the usability of the methods. To overcome such lim-
itations, numerous detection methods using other types of probes
instead of antibodies have been studied recently [6-9].

Aptamers are short sequences of DNA or RNA that specifically
bind to a variety of target molecules, ranging from small molecules
to proteins [10]. Aptamers are economical, and easily synthesized,
modified, and reproduced, and show good stability against ther-
mal stress [11,12]. Therefore, in many studies, aptamers have been
applied as probes for detecting numerous types of targets [13-17].
An aptamer that binds specifically to the AFB; molecule was used
as a probe in this study.

Graphene oxide (GO)is a single-layer, two-dimensional material
that possesses extraordinary electrical, thermal, and mechanical
properties, and has been used for a variety of applications such
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as sensors and nanocomposites [18]. It can be used as an excel-
lent anchor for biomolecules, owing to its large surface area (up to
2630m2/g) and unique sp? (sp?/sp3)-bonded network [19]. These
properties along, with its great fluorescence quenching ability,
prompted us to use GO as a platform for aptamers in this study.

Fluorescence sensors have many advantages, such as their low
cost, high sensitivity, simplicity, and rapidity. During the past
decade, numerous methods with high sensitivity based on fluores-
cence detection have been introduced, including DNA sequencing,
DNA fragment analysis, and a variety of fluorescence immunoas-
says. Fluorescence is more sensitive than absorption because of
the way it is measured. Absorbance is measured by comparing
the difference in intensities between the reference and the sam-
ple. On the other hand, fluorescence was measured directly from
the sample itself, which provides higher sensitivity and simplicity
[20]. Compared with other analytical methods such as HPLC and
mass spectrometry, the assay methods using direct measurement
of fluorescence from samples require only a simple device that can
be portable. Thus, sensitivity and portability, the most important
attributes of biosensors, can be satisfied by the fluorescence sensor.

In this study, we developed a simple and rapid biosensor for
AFB; based on the fluorescence-quenching ability of GO, and
using a fluorescein amidite (FAM)-labeled AFB;-specific aptamer
as the probe. As shown in Fig. 1, when the labeled aptamer
binds to an AFB; molecule, its conformation changes, allowing the
aptamer-AFB; complex to interact with GO, which then quenches
or decreases the fluorescence intensity. In the absence of AFBq,
there is no interaction of the probe with GO and the fluorescence
intensity therefore should remain unchanged.

2. Materials and methods
2.1. Materials and reagents

Potassium persulfate (K,S,0g), concentrated sulfuric acid (c-
H,S04), phosphorus pentoxide (P,0s5), permanganate (KMnOQy),
and AFB; were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Graphite powder was obtained from Kanto Chemical (Kanto, Japan).
Hydrochloric acid (HCl), 30% hydrazine solution (NH;NH,), and
hydrogen peroxide (H,0,) were purchased from Samchun Chemi-
cals (Seoul, Korea). The 0.1-pum filter papers were purchased from
Whatman GmbH (Dassel, Germany). Methanol, ethanol, and iso-
propanol were purchased from Merck KGaA (Darmstadt, Germany).
The FAM-modified AFB; aptamer (5'-FAM-AAA AAA AAA AGT TGG
GCA CGT GTT GTC TCT CTG TGT CTC GTG CCC TTC GCT AGG CCC
ACA-3’, PCT/CA2010/001292, 2010) was synthesized by Bioneer
(Daejeon, Korea). Ultrapure water was purchased from Welgene
(Gyeongsan, Korea). An AFBq, aflatoxin B, (AFB;), aflatoxin Gy
(AFG+),and aflatoxin G, (AFG, ) mixture was purchased from Romer
Labs (Union, MO, USA). The GO and solvents were diluted with
deionized (DI) water that had been purified with a Milli-Q system
(Millipore, Billerica, MA, USA). The T100 Thermal Cycler (Bio-Rad,
Hercules, CA, USA) was used for the incubation steps. The Synergy
H1 Multi-Mode Reader (BioTek Synergy H1, Winooski, VT, USA) was
used for measuring fluorescence intensity.

2.2. Preparation of graphene oxide

GO was synthesized from natural graphite powder using a
modified Hummers’ method [21,22]. In brief, 10 mL of concen-
trated sulfuric acid was added to a 250 mL round flask, and P05
(2g),K35,0g (2¢g), and graphite powder (2 g) were subsequently
added. The mixture was stirred at 85°C for 5h and then cooled to
room temperature, after which DI water (100 mL) was added slowly
into the flask. The mixture was stirred for 14 h to allow for com-

plete peroxidation of the graphite and was then filtered through
a 0.1-pm filter and dried at room temperature. The peroxidized
graphite was then added to chilled c-H;SO4 (100 mL), following
which KMnOy4 (10 g) was added slowly under stirring for 1 h. Then,
the solution was stirred vigorously at room temperature for 24 h.
DI (500 mL) water and 30% H,0, (20 mL) were then sequentially
added. In this step, the color of the solution changed from dark
brown to yellow. The GO solution was filtered and washed with
10wt% HCI (1L) and DI water to remove excess ions and other
impurities. Finally, the pure GO was dried at 60°C in a dry oven.

2.3. Optimization of aptamer concentration

To optimize the aptamer concentration, the GO concentration
was fixed as 20 wg mL~!, whereas that of the aptamer was differen-
tiated as 0.25, 0.3, 0.35, 0.4, and 0.45 M. After mixing the GO with
each aptamer concentration and incubating at 37 °C, respectively,
the fluorescence was measured every 5min with the multi-plate
reader. At the same time, the fluorescence of a control without
GO was measured for each concentration of aptamer to compare
the quenching efficiencies. The results were processed as follows:
Al=100% x (Fg-F1)/Fq (Fo = fluorescence intensity of aptamer only;
F; =fluorescence intensity of the aptamer with GO).

2.4. Optimization of solvent condition

To optimize the solvent condition, the final aptamer concentra-
tion was fixed as 0.45 .M. AFB; (15 ppb) was spiked onto rice seeds
and extracted with 50% (v/v) methanol, ethanol, or isopropanol. The
extracts (45.5 pL) were incubated with the aptamer (10 wM, 4.5 pL)
for 30 min at 45 °C. Then, GO (20 wg mL~1, 50 L) was added and the
mixture was incubated for 10 min at 37 °C. Finally, the fluorescence
intensities were measured with the multi-plate reader. Methanol
solutions at concentrations of 0%, 10%, 30%, 50%, and 70% (v/v) were
prepared and used to dissolve a standard solution of AFB; as well
as to extract AFB; from spiked rice seeds. The exactly same GO-
aptamer reaction process was then performed with the extracts
and standard solutions, and the results of the extract and standard
solution in the same concentration of methanol were compared.

2.5. Aptamer-mediated AFB; assay

The aptamer (10 uM, 4.5 pL) and AFB; (45.5 pL) were mixed and
incubated for 30 min at 45°C. GO (20 pgmL~!, 50 uL) was added
and the mixture was incubated for 10 min at 37 °C. Finally, the flu-
orescence intensity was evaluated three times with the multi-plate
reader.

2.6. Selectivity test

Four different aflatoxins (viz., AFB1, AFB,, AFGq, and AFG, ) were
examined to confirm the selectivity of the biosensor. AFB; and
AFG; were evaluated at the concentration of 200 ppb, whereas
the respective concentration of AFB, and AFG, was 50 ppb. The
procedure of the selectivity test was the same as the assay process.

2.7. Real sample test with rice seeds

Rice seeds were spiked with AFB; at the concentrations of 0, 5,
10, 15, 20, 30, 40, 50, 60, 200, and 300 ppb, respectively. AFB; was
first diluted in absolute ethanol and then spiked onto the rice seeds
by vortexing for 5 min. The spiked rice seeds were dried completely,
and AFB; on the rice seeds was then extracted with the optimized
concentration of methanol. The extracts were examined with the
assay procedure described in Section 2.5.
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Fig. 1. Schematic illustration of the AFB; detection principle using graphene oxide (GO) and a 5' FAM-modified aptamer.
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Fig. 2. Fluorescence emission spectra of the aptamer, the aptamer with GO, and the
aptamer with GO and AFB; in methanol (n=3).

3. Results and discussion
3.1. Examination of detection principle

The prepared GO showed a wide absorbance peak, as shown in
Fig. S1a (see Supporting Information). The strong absorption peak
at 230 nm and the shoulder peak at 300 nm corresponded to w-7*
transition of the C=C bonds and n-m* transition of the C=0 bonds of
GO, respectively [23]. The Raman spectrum of GO showed a signif-
icant D band and 2D band (Fig. S1b). These results proved that GO
was synthesized successfully. FAM showed maximum fluorescence
emission at 520 nm with excitation at 483 nm [24-26]. The results
implied that GO could absorb emitted energy from FAM because its
absorbance spectrum included that of FAM [27,28].

When the FAM-modified aptamer was mixed with GO only, the
fluorescence intensity decreased slightly, whereas addition of AFB;
caused a significant decrease in the fluorescence intensity (Fig. 2).

The secondary structure of the free aptamer was predicted to be
folded (Supplementary Fig. S2), thus preventing it from attaching
easily to GO (as long as the aptamer maintained its conformation)
and resulting in the retention of total fluorescence. On the con-
trary, the binding of an AFB; molecule to the aptamer caused a
conformational change of the latter into a secondary structure that
was likely unfolded [29]. This resulted in the easy interaction of the
aptamer-AFB; complex with GO, and a decrease in the total fluores-
cence intensity ensued as a result of GO absorbing the fluorescence
emitted from the FAM-modified aptamer.

3.2. Optimization of the assay condition

To determine the optimal aptamer concentration for the biosen-
sor, five different concentrations of aptamers were examined
(Fig. 3a). The change of fluorescence intensity after GO addition
kept increasing gradually with increasing aptamer concentration.
The fluorescence intensity was also measured every 5 min after GO
addition to determine the optimum incubation time for the assay.
As shown in Fig. 3b, there was not much difference in intensity
caused by GO after 10 min with 0.45 wM of aptamer. Therefore, the
optimum assay condition was fixed as incubation of 0.45 uM of
aptamer with GO for 10 min.

The solvent condition was another key parameter for the assay
results. Methanol has generally been used for extracting AFB; from
cereals. Thus, three different types of solvents (viz., methanol,
ethanol, and isopropanol) were evaluated to determine the proper
AFB; extraction condition for the assay. As shown in Fig. 4a, the flu-
orescence intensity decreased as concentration of AFB; in methanol
increased, whereas the signal increased with increasing concentra-
tion of AFB, in isopropanol. With a longer alkyl chain, the slope of
the plot increased from being negative to positive. The alkyl groups
of alcohols can affect the trend depending on the concentration
of aptamer. Finally, spiked rice seed extracts in different concen-
trations of methanol were compared to select a concentration of
methanol that showed the best extraction efficiency. The AFB; sam-
ples extracted from spiked rice seeds with 0%, 10%, 30%, 50%, and
70% (v/v) methanol were compared with the standard solutions of
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Fig. 3. Optimization of the aptamer concentration for the assay. (a) Plot of fluo-
rescence intensity against the aptamer concentration at various incubation times:
5min (-@-), 10 min (-O-), 15 min (-M-), and 20 min (-O-) (n=3). (b) Plot of fluores-
cence intensity against incubation time with 0.25 (-@®-), 0.3 (-O-), 0.35 (-W-), 0.4
(-O0-), and 0.45 (-a-) M of aptamer (n=3).

AFB, dissolved in the respective concentrations of methanol. As
shown in Fig. 4b, the sample extracted with 50% (v/v) methanol
approached 97% of the result from the standard solution in 50%
of methanol. The other extracts were differentiated around 10%
or more in recovery rate. Therefore, 50% (v/v) methanol was used
to extract AFB; in further assays. The optimized 3-step assay con-
ditions were finally as follows: extraction of AFB; with 50% (v/v)
methanol from rice seeds; incubation of the extract with 0.45 uM
of the aptamer for 30 min; and addition of GO to the AFB;-aptamer
complex for 10 min before fluorescence measurement.

3.3. Aptamer-based quantitative assay of AFB;

A quantitative assay of AFB; was performed under the opti-
mum conditions. Fig. 5a shows a standard curve of the fluorescence
intensities for different concentrations of AFB;. Increase in the con-
centration of AFB; induced more interactions between the aptamer
and GO, leading to a decrease in fluorescence intensity.

3.4. Selectivity test

AFB,, AFG1, and AFG, were selected to investigate the selectivity
of the assay, because interference from other toxins with a similar
structure would possibly appear. The mixture of AFB{, AFB,, AFG1,
and AFG, was assayed and the result was compared with that of
AFB; at the same concentration as that in the mixture. As shown in
Fig. 5b, although the mixture of aflatoxin showed decreased fluores-
cence relative to the blank, the decrease in fluorescence observed
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Fig. 4. Optimization of the extraction condition. (a) Changes of fluorescence inten-
sity of the aptamers in 50% methanol (-®-), ethanol (-a-), and isopropanol (-H-)
against the concentration of AFB; (n=3). (b) Comparison of fluorescence intensity
between the standard solution (M) of AFB; and the extract solution (&) from rice
seeds in correspondent concentrations of methanol (n=3).

for AFB; alone was greater, implying that there was possible inter-
ference from the other types of aflatoxin. Despite this, AFB; was
specifically detectable among the mixture.

3.5. Quantitative detection of AFB; on rice seeds

Based on the results from the quantitative assay of standard
solutions of AFBq, the applicability of the detection method was
verified with spiked samples. Rice seeds were chosen as a model
for cereals, in which AFB; is mostly detected. AFB; at a wide con-
centration range of 0-300 ppb was spiked on batches of ground
rice seeds. The seeds were then treated with the optimum extrac-
tion condition, and the extract was recovered for assay. As shown
in Fig. 6, the fluorescence decreased linearly with increasing con-
centration of spiked AFB;, and the entire set of results showed
high correlation between the wide concentration range of AFB;
and fluorescence intensity (R?=0.9096). The limit of detection of
the method was 4.5 ppb, which is about one-third of the accept-
able limit for AFB; in cereals (12 ppb according to European Union
regulation). The performance of the assay was also compared with
other currently available detection methods for AFB; (Table 1). Our
biosensor showed a significantly wide detection range in a rela-
tively short assay time. The result suggested the practicability of
the assay in the field.

4. Conclusion

In this study, a simple biosensor for AFB; was developed using
an aptamer and GO. The change of fluorescence against changing



M. Joo et al. / Colloids and Surfaces B: Biointerfaces 154 (2017) 27-32 31

Table 1

Comparison of the assay time and detection range of currently available methods for the detection of AFB;.
Method Assay time (min) Detection range(ppb) LOD(ppb) Reference
Immunochromatography assay 10 2.5-50 2.5 [30]
Electrochemical immunosensor 60 0.05-2 0.03 [31]
Real-time quantitative PCR 60 0.1-10 0.1 [32]
LC-ESI-MS/MS 7 0.02-20 0.007 [33]
Surface plasmon resonance biosensor 15 0.94-3.75 0.94 [34]
Aptasensor using GO quencher 40 4.5-300 4.5 This work

AFBy, aflatoxin By ; GO, graphene oxide; LC-ESI-MS/MS, liquid chromatography electrospray ionization-tandem mass spectrometry; LOD, limit of detection; PCR, polymerase

chain reaction.
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Fig. 5. (a) Standard curve of fluorescence intensities against the concentrations of
AFB4, performed under the optimum condition (n = 3). (b) Selectivity of the assay for

AFB; against other types of aflatoxins. AF Mix: AFB;, AFB,, AFG+, and AFG, (n=3).
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Fig. 6. Standard curve from rice seed extracts with different concentrations of AFB;
(n=3).

AFB; concentrations could be simply measured within 40 min. The
use of an aptamer provides economic and time-saving advantages.
Although the detection limit of the biosensor for a real sample was
low (4.5 ppb), the wide detection range 0f4.5-300 ppb has potential
for its applicability in various fields. Furthermore, the assay can be
improved for the practical sensor detection of other mycotoxins by
simply replacing the aptamer sequences.
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