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Abstract

Colorimetric detection has been widely applied in daily life. However, on the other
hand, the further development of colorimetric biosensors has been constrained by the
lack of multiple detection capabilities. In this work, we proposed a pH-resolved
colorimetric biosensor for the first time for the simultaneous detection of four targets,
including ochratoxin A (OTA), aflatoxins B1 (AFBI1), fumonisin Bl (FB1) and
microcystin-LR (MC-LR). With allochroic dyes as the signal indicators, pH value was
introduced as the new dimension to control the release of dyes. The concentrations of
four targets can be obtained in order by adjusting the pH of the solution. Meanwhile,
tedious and high-cost chemical modifications processes in the fabrications of
biosensors were also avoided by the combination of DNA-directed self-assembly of
graphene oxide and magnetic separation. This biosensor provided a simple, rapid,

accurate and low-cost strategy for multiple targets detection.
Keywords: Colorimetric biosensor; Mycotoxin; Aptamer; Food safety; Multiplex

detection
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Due to the advantages of low-cost, portability and easy-operation, colorimetric
detection has been widely applied in daily life for various kinds of targets detection,
such as DNA,1 proteins,2 cells,3 toxins,4 heavy metal jons>® . Compared with other
analytical methods such as mass spectrumy’ and chromatography,8 colorimetric
sensing does not require sophisticated instruments and the quantification of targets
can be achieved by naked eyes, making it suitable for point of care testing or field
testing. At present, most colorimetric sensors transform the detection events into
apparent color changes through two approaches. One way is to utilize enzymes® or

. . 110-12
enzyme-like materials

that can catalyze chemical reactions with color changes.
For example, horseradish peroxidase (HRP) could catalyze tetramethylbenzidine
(TMB) for the generation of blue color in the presence of hydrogen peroxide
(H,0,)."*'* Another approach is based on the surface plasmon resonance of noble

metal nanomaterials."> The presence of targets can induce the change of distances'®"’

1819 4f nanomaterials and cause the color variation.

or the dispersion status

Although many colorimetric biosensors have been designed according to above
two principles, the current design is mainly based on a single color change, which
seriously limits the multiplex detection application of colorimetric biosensors. Until
now, there are few reports about colorimetric biosensor that can achieve multiplex
detection.”” Erickson’s group used gold and silver nanoparticles together in one
solution,?' and two targets can respectively induce the aggregation of gold or silver
nanoparticles. The corresponding color changed at 520 nm and 404 nm can be seen
independently depending on the concentration of each target. Allochroic dyes can also
be used as the signal indicators for the multicolor detection.”” Therefore, the problem

of multiplex detection can be partially solved by using multiple signal indicators with

colors of different wavelengths. But the visible light area was a narrow band
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in the electromagnetic spectrum (around 400-700 nm), so the coexistence of
multi-colors would interfere with each other due to the spectra overlapping. On the
other hand, the recognition capability of human eyes can’t tell the ratios and
concentrations of different colors when more than three colors are mixed together.
Thus, this strategy is only feasible for two or three targets detection. Considering the
potential of further utilizing wavelengths to distinguish colors is limited, it’s natural to

1,22* as the control

figure out a new dimension, such as time or electric potentia
measure to make colors appear in order. In this situation, two signal indicators, even
have the same colors, can be applied for dual targets detection because they will be
separated in the new dimension.

Global contamination of food by mycotoxins has become a serious problem
because they cause diseases to humans, animals and corps, and cause economic losses
in human society.zs'26 Therefore, as a global issue, food safety is gaining more and
more attention. In this work, with four allochroic dyes as the signal indicators, the pH
value was introduced as the new dimension to overcome the mutual interference of
dyes and a pH-resolved colorimetric biosensor was developed for simultaneous
detection of ochratoxin A (OTA), aflatoxins B1 (AFB1), fumonisin B1 (FB1) and
microcystin-LR (MC-LR) . The concentrations of four targets can be obtained in order
by adjusting the pH of the solution. Meanwhile, tedious and high-cost chemical
modifications processes in the fabrications of biosensors were also avoided by the
combination of DNA-directed self-assembly of graphene oxide and magnetic

separation.””® This biosensor provided a novel strategy for multiple targets detection,

which is simple, rapid, accurate and low-cost.
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3
E@ GO ° allochroic dyes (PP MCCB TP MYV)

Annn assistant DNA probe 1 ~nnn assistant DNA probe 2

Fe;0,/GO
A OTA aptamer AFB1aptamer FB1aptamer MC-LR aptamer

Scheme 1. Working principle of the colorimetric visual detection of OTA, AFBI1, FB1, MC-LR.

DNA probe 1 and probe 2 are partially complementary strands to the aptamer and hybridize
simultaneously with the aptamer to form the GO assembly. The presence of targets would bind
with aptamer and cause the dissociation of the assembly. After the biorecognition and magnetic
separation, pH value was introduced as the new dimension to control the release order of dyes

from the graphene to quantify targets.

Experimental

Reagents and Chemicals

Phosphate, phenolphthalein (PP), methyl violet (MV), thymolphthalein (TP),
ferric chloride (FeCls), ferrous chloride (FeSO4 7H,0) were purchased from
Sinopharm Chemical Reagent Co. Ltd (China), Graphene oxide (GO) was purchased
from Nanjing XFNANO Materials Tech Co. and malachite green carbinol base
(MGCB) were purchased from Sigma-Aldrich. OTA, fumonisin B1 (FB1) and
aflatoxins B1 (AFB1) were purchased from Sigma-Aldrich. Microcystin-LR (MC-LR)
were obtained from J&K Chemical Ltd.(Shanghai). Semi-complementary OTA
aptamer (DNA| and DNA;) and OTA aptamer, Fluorescent dye labeled OTA aptamer
(FOTA aptamer), semi-complementary AFB1 aptamer (DNAj3; and DNA,4) and AFBI
aptamer, semi-complementary FB1 aptamer (DNAs and DNAg) and FB1 aptamer,
semi-complementary MC-LR aptamer (DNA7; and DNAg) and MC-LR aptamer were
obtained from Sangon Biotech Co., Ltd. (China) (Their sequences were shown in

Table S1). Formulating phosphate buffered saline (PBS, Na,HPO4-NaH,POy4, 0.1 M)
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in the laboratory; Doubly distilled water (18.2MQ) was used throughout the
experiment.
Apparatus

Atomic force microscopy (AFM) measurements were carried out using Bruker
Innova Microscope instrument. Transmission electron microscopy (TEM) were
performed on a JEOL 100 instrument (JEOL, Japan) at an accelerating voltage of 200
kV. Fluorescence spectra were recorded on a Hitachi F-4500 fluorescence
spectra-photometer (Tokyo, Japan). UV—vis absorption spectra were characterized by
spectrophotometer (UV-2450, Shimadzu, Japan). All the photos were taken with a

Sony digital camera.
Results and discussion

Experimental mechanism and verification

The principle of colorimetric biosensor for simultaneous detection of four targets
(OTA, AFBI, FBI and MC-LR) is shown in Scheme 1. The biosensor was composed
of two GO platforms,*® allochroic dyes and assistant DNA probe 1 absorbed GO
(dyes-probe 1-GO) and assistant DNA probe 2 absorbed Fe;04/GO (probe
2-Fe;04/G0).*°  Allochroic dyes include phenolphthalein (PP), malachite green
carbinol base (MGCB), thymolphthalein (TP) and methyl violet (MV) for four targets.
And assistant DNA probes are partially complementary strands to the aptamer, which
correspondingly changes for different targets and aptamers (Table S1). When the two
GO platforms were mixed with aptamer in solution, assistant DNA probe 1 and probe
2 hybridized simultaneously with the aptamer and then a GO assembly was formed.
The presence of targets would bind with aptamer and cause the dissociation of the
assembly. In the consequent magnetic separation, with the concentration of targets

increasing, more dyes-probe 1-GO would be left in the supernatant. Otherwise, they
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would assemble with the Fe;04/GO forming dye-GO-aptamer-Fe;04/GO by aptamer
binding and attracted into the precipitate by magnetic field. After the biorecognition
and magnetic separation, pH value was introduced as the new dimension to control
the release order of dyes from the graphene. When acidic water (AW) was added to
the supernatant, the MGCB and MV molecules absorbed on GO surfaces were
released because of the transformation from a neutral hydrophobic moiety to an
hydrophilic moiety. **The color of the supernatant changed to a mixture of green
(MGCB) and purple (MV). Due to the proportional relationship between the target
and the dye, the color intensities of MGCB and MV represent the concentrations of
AFBI1 and MC-LR, respectively. When basic water (BW) was added to the precipitate,
the PP and TP absorbed on GO surfaces were also released. The color of the
precipitate changed to a mixture of pink (PP) and blue (TP). Then the concentrations
of OTA and FB1 can be obtained respectively based on the inverse relationship

between OTA and PP or FB1 and TP.
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Figure 1. AFM images and height profiles of (A) bare GO, (B) probe 1-GO-OTA-aptamer-probe
2-GO on freshly cleaved mica. The height of the naked GO sheets is about 1.32 nm while the
formed DNA-mediated GO assembly possessed a thickness of 22.40 nm.

Atomic force microscopy (AFM) was applied to study the structure change during
these processes. The height of the naked GO sheets is about 1.32 nm (Figure 1A),
which confirms a monolayer state for graphene sheets.’' > As displayed in Figure S2,
in the absence of GO or Fe;04/GO, fluorescent OTA-aptamer (FOTA aptamer) shown
a strong fluorescence signal. However, when the GO or Fe;04/GO was added to the
FOTA aptamer PBS buffer, the fluorescence signal of FOTA aptamer was quenched as
a result of ssDNA/GO interaction. Upon mixing the probe 1-GO and probe 2-GO
complexes with OTA aptamer, on account of the hybridization of probe 1and probe 2
with OTA aptamer (as shown in AFM investigations (Figure 1B)), large aggregates
can be obtained. The height of slice extracted from the edge of layer from the typical
AFM image indicates that the DNA-mediated GO assembly possessed a thickness of
22.40 nm. Obviously, the height data of GO assembly were consistent with the
thickness of a multilayers of DNA decorated GO nanosheets.
Preparation and Characterization of GO-labeled Nanoparticles

The detailed preparations and characterizations of Fe;04/GO are provided in the
supporting information (Figure S1). After obtaining dyes- probe-GO, the
PP-probe-GO and MGCB- probe-GO complexes were selected as the examples to
illustrate the dye release process. In a basic or acidic environment, PP or MGCB
molecules can be effectively released from the GO surfaces and cause color changes
respectively. After adding AW (pH 3.0) and then centrifugation, the supernatant color
of MGCB-DNA;-GO changed from colorless to dark green. The reason for this
phenomenon is that MGCB is converted from a neutral hydrophobic moiety to a

cationic hydrophilic moiety” and released from the surface of GO. In the UV-vis
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spectrum, the color changes correspond to new absorption peaks at 316, 425 and 617
nm, respectively. (Figure S3). It is worth noting that when the order of adding AW
and centrifugation is exchanged, there is no color change, which demonstrates a

negligible leak of MGCB. In addition, we have optimized the concentration of MGCB,

and Figure S5A shows that the optimal MGCB concentration was 2 mM. Besides, a
pH of 12.0 for releasing the PP from the GO and the optimized concentration of PP
was 2.0 mM after referring to our previous work.”> We also demonstrated that MV can
be released from the surface of GO only at pH 3.0 (Figure S4), and the optimized

concentration of TP and MV were 1.5 mM and 2 mM, respectively (Figure S5B and

Q).
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Figure 2. The UV-vis absorption spectra responses of the supernatant solution after treating with
AW (pH=3.0) and the precipitate solution after treating with BW (pH=12.0) under the different
reaction temperature (A) and reaction time (B) with OTA and AFB1 at the concentration of 100 ng

mL". When the temperature was 37°C and the reaction time was 90 min, the
absorption intensity of the supernatant solution reached the maximal value and the

absorption intensity of the precipitate solution reached the minimal value.
The optimization of experimental conditions

In order to achieve high accuracy and sensitivity, it is very important to optimize
experimental variables involved in whole reaction process. First, the reaction

temperature used in the OTA and AFBI1 detection was investigated. As shown in
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Figure 2A, the UV-vis absorption intensity of the supernatant solution and the
precipitate solution were measured at different temperature. When the temperature
was 37°C, the maximal value of the UV-vis absorption intensity of the supernatant
solution and the minimal value of the UV-vis absorption intensity of the precipitate
solution were reached, and then was used as the optimal incubation temperature for
the OTA and AFBI1 detection. Second, the reaction time of target-aptamer binding was
assayed from 10 to 120 min. Figure 2B shows that the UV-vis absorption intensity of
the supernatant solution increased and the UV-vis absorption intensity of the
precipitate solution decreased at the early stage of the reaction until the time
increasing up to 90 min. Beyond the incubation time of 90 min, the absorption
intensity reach a plateau. This suggested that 90 min was enough for incubation and

the optional incubation time was 90 min in the following detection.
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Figure 3. (A) The picture and the absorption intensity of the precipitate solution after adding
different OTA concentrations (From a to i were 0, 5, 50, 100, 150, 200, 250, 300, 500 ng mL'l).
(B) The absorption intensity at 552 nm in (A) was plotted as a function of concentration of OTA.
The illustration shows the linearity measured at the OTA concentrations range of 5-250 ng mL™".
(C) The picture and the absorption intensity of the supernatant solution after adding different
AFBI1concentrations (From a to h were 0, 10, 50, 100, 150, 200, 250, 400 ng mL'l). (D) The
absorption intensity at 617 nm in (C) was plotted as a function of concentration of AFB1. The
illustration shows the linearity measured at the OTA concentrations range of 10-200 ng mL™".

Simultaneous detection of OTA and AFB1 based on colorimetric biosensor

According to the optimal condition, a rapid, simple, sensitive and feasible
colorimetric biosensor for simultaneous multiplex detection was developed. In order
to verify the detection performance, OTA and AFBI1 were selected as the examples.
Different concentrations of OTA and AFBI1 were added to the system containing
PP-GO-OTA aptamer-Fe;04/GO assembly and MGCB-GO-AFB1aptamer-Fe;04/GO
assembly. As expected, with different concentrations of targets, the color changed and
the absorption intensities of the precipitate solution and supernatant solution were
shown in Figure 3. The precipitate solution gradually turned from pink to colorless,
and as the amount of OTA increased, the intensity of the UV-vis absorption peak at
552 nm gradually decreased (Figure 3A). The supernatant solution gradually turned
from colorless to green, the green became more and more deep and the intensity of the
UV-vis absorption peak at 617 nm gradually increased with the increase of the amount
of AFB1 (Figure 3C). The visible color change could be easily distinguished by naked
eyes. Besides, Figure 3B showed a good linear relationship between the intensity of
the UV-vis absorption peak of precipitate solution and the concentration of OTA in
range of 5-250ng mL" and Figure 3D also showed the intensity of the UV-vis
absorption peak of the supernatant solution and the concentration of AFB1 had a good
linear relationship in range of 10-200 ng mL™. In addition, we have summarized the
current work and previous methods for the detection of OTA or AFB1 (Table S2).

From the reported data and our work in this paper, it can be determined that the
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proposed biosensor shows a wide range of linearity and its sensitivity is similar to
most other methods.
The selectivity of the colorimetric biosensor

Besides sensitivity, selectivity is another important factor in assessing the
performance of the colorimetric biosensor. In order to assess the selectivity of this
colorimetric biosensor, control experiments were performed by comparing the sensing
results of FB1, OTA, AFB1, AFB1+OTA and OTA+FB1+AFBI1. As shown in Figure
S6, when the concentration of FB1 was 200 ng mL™, the response singles obtained
from FB1 were neglectable.

OTA only affected the absorption peak at wavelength of 552 nm and AFB1 only
affected the absorption peak at the wavelength of 617 nm (the concentration of OTA
or AFBI was 100 ng mL™). At the same time, the mixture did not cause a change in
absorption compared with the target OTA or AFB1 alone. This result showed that the

biosensor had high selectivity.
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Figure 4. (A) The picture of supernatant after adding different concentrations of OTA and FB1.
(The FB1 concentration from a to ¢ were 0, 100, 200 ng/mL and the OTA concentration from d to
f were 0, 100, 200 ng mL™"). (B) is the three-dimensional histogram of the OTA and FBI
concentrations achieved by calculating the peak absorption at 552 nm (OTA) and 594 nm (FB1).
(C) The picture of supernatant after adding different concentrations of AFB1 and MC-LR. (The
AFB1 concentration from A to C were 0, 50, 100 ng/mL and the MC-LR concentration from D to
F were 0, 50, 100 ng mL'l). (D) is the three-dimensional histogram of the AFB1 and MC-LR
concentrations achieved by calculating the peak absorption at 617 nm (AFB1) nm and 570 nm
(MC-LR). (E)The UV-vis absorption intensity of the solution after adding different concentrations
of OTA and FB1 (pH=12.0), AFB1 and MC-LR (pH=3.0).

Simultaneous detection of four targets based on colorimetric biosensor

When the biosensor was applied for stimultaneous four targets (OTA, FBI,
AFB1 and MC-LR) detection. Another two dyes, MV and TP are necessary.
Following above principle, after the addition of OTA, AFBI1, FB1 and MC-LR, the
supernatant solution (acidic condition) and the precipitate solution (alkaline condition)
displayed different colors according to the proportion and concentrations of FB1 and
OTA (Figure 4A), AFB1 and MC-LR (Figure 4C). And the corresponding UV-vis
absorption spectra curves were shown in Figure 4E. It is easy for the naked eye to
detect four targets simultaneously and a more accurate result can be achieved by
analyzing the peak absorptions in Figure 4E. The concentrations of OTA and FB1 can
be calculated with peaks at 552 and 594 nm (Figure 4B) and the concentrations of
AFB1 and MC-LR were according to peaks at 570 and 617 nm (Figure 4D). The
results agree well with actual concentrations (Table S3).
Real sample analysis

The applicability of the proposed colorimetric biosensor for real sample analysis
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was investigated with non-contaminated peanut, the peanut sample was purchased
from the local supermarket. The concentrations of OTA and AFBI1 in peanut were
determined by the standard addition method.?” The peanut samples were spinked with
the mixture of OTA and AFBI and then detected with the proposed biosensor. The
results showed that the recovery rate was 97.82 to 104.29 % (n=3)and the RSD was
3.2-7.2 %, indicating that this biosensor can be applied for OTA and AFB1 detection

in actual samples and has a good application prospect in mycotoxin detection (Table

1.

Table 1 Results of OTA and AFB1 detection in peanuts (n=3).

Sample Added Found Recovery RSD
(mgmL’) (ngmL’) (%) (%)

OTA 5.0 5.1 102.0 5.6

1 AFBI1 10.0 10.3 103.0 3.2
OTA 50.0 49.4 98.8 4.8

AFBI 50.0 51.9 103.8 7.2

OTA 100.0 104.2 104.2 5.0

AFBI1 100.0 97.8 97.8 4.2

Conclusions

In summary, we successfully designed a novel colormetric biosensor for
simultaneous four targets detection, demostrating the feasibility of introducing a new
dimension to improve the multiplex detection applications of present colormetric
detection. With commercially available dyes as signal indicators, the concentrations of
targets can be easily obtained in order by adjusting the pH value, which controlled the

released of dyes from graphene. Meanwhile, the combination of DNA-directed
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self-assembly of graphene oxide and magnetic separation can avoid the complex and
expensive chemical modifications processes in the construction of biosensors. And
this biosensor showed a good sensitivity and selectivity in peanut samples. The
low-cost, universal and simple biosensor can also be used for other targets by using
corresponding probes, such as pesticides, illegal additives, heavy metals and so on,

which has a great potential for the development of colormetric detection.

Supporting information

The Supporting Information is available free of charge on the ACS Publications
website

Preparation of materials and sensors, characterization of nanomaterials, comparison of
the as-prepared methods with those reported in the literatures were provided in

supplementary materials.
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A colorimetric biosensor based on the DNA-mediated GO assembly was developed
for OTA, AFBI1, FB1, MC-LR detection. After the biorecognition and magnetic
separation, pH value was introduced as the new dimension to control the release order
of dyes from the graphene to quantify targets

ACS Paragon Plus Environment

Page 22 of 22



