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On-site visual discrimination of transgenic food by
water-soluble DNA-binding AlEgensT
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Development of affordable, simple and effective methods for rapid on-site identification of genetically
modified organisms (GMO) is of importance due to public concern for transgenic food. In this paper, a
visual discrimination method for transgenic food was developed based on a portable polymerase chain
reaction (PCR) instrument and water-soluble AIE luminogens (AlEgens). The transgenes were extracted
and amplified by the PCR device, further visualized by DNA-binding AlEgens 1,1,2,2-tetrakis[4-(2-bromo-
ethoxy)phenyl] ethene (TTAPE) with a label-free approach. The lighted-up emission could be distinctly
identified by the naked eye under a UV lamp or by a portable smartphone. The results showed that only
transgenes can be visually detected, which confirmed the specificity of the proposed method. Besides,
the whole PCR process was not affected by the addition of AlEgens. The portable system was
successfully applied and validated for on-site screening and identification of transgenic papaya, corn and
soybean samples. The proposed technique may serve as a general DNA fragment on-site visual
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Introduction

The debate on the use of genetically modified organisms (GMO)
in agriculture and the agro-industry is a public concern invol-
ving a combination of scientific, social, and political aspects.
There is as yet little unanimity among governments and legis-
lators regarding the foreseeable risks that GMO may pose to
human health and the environment."” Pressures from consumer
groups and public demands have led several countries to require
labeling for the presence of GM in foods. In many countries,
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discrimination platform for environmental and clinical applications.

vigorous supervision of genetically modified foods and other
related documents has been promulgated. For GMO inspection
and their environmental risk assessment, simple, effective and
inexpensive on-field tests for GM events and/or GM contents are
urgent to be developed. Various methodologies employed to
analyze and/or detect the presence of GMO in food products
have been reported, such as the polymerase chain reaction (PCR),?
enzyme linked immunosorbent assays (ELISA)," microarrays,’
"H NMR,’ mass spectrometry,” near infrared spectrometry (NIR),
etc.®® The detection methods for GMO presence in food are
versatile. However, most of them need to be performed in a
laboratory. The consequences of relying on the slow central
laboratory approach are that long time period is needed before
the lab results are made available. An ideal identification tech-
nique should be rapid, easy to use and most importantly,
suitable for on-site analysis.

PCR methods are the most common and generally accepted
detection methods for identifying the presence of GMO.'°
These methods generally need to amplify the transgene with
known sequences and compare the amplified fragment with
that of the corresponding reference gene to obtain reliable results.
The reported methods are sensitive, qualitative or quantitative,
specific and precise, but there are also some disadvantages
including high cost, difficulty to use, special needs, long duration,
and so on."" One solution was the application of an affordable,
rapid, and easy to use portable PCR device to perform rapid DNA
amplification.'® For identification of amplified products, agarose
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gel electrophoresis, which separates DNA fragments based on
their size differences, is generally used. Some new DNA detection
techniques with the advantages of high throughput, better speci-
ficity, and higher resolution have been developed in addition to
agarose gel electrophoresis. However, they require expensive
instruments with special software, such as a real-time PCR
machine, microarray scanner, and capillary electrophoresis appa-
ratus, etc. The visual detection of DNA amplification results is
much more convenient for on-site analysis."

A new class of fluorescent materials with aggregation-
induced emission (AIE) properties have been developed by
Tang’s group since 2001."* Opposite to the photophysical
phenomenon of aggregation caused quenching (ACQ) dyes,
AlEgens are almost non-emissive in the molecularly dissolved
state but emit intensely in the aggregated state due to the
restriction of intramolecular motions and prohibition of energy
dissipation via non-radiative decay channels. This unique
property made easy construction of light-up/turn-on bioprobes
possible by taking advantage of the AIE process. Under appro-
priate conditions, an AIE-based fluorescent probe luminesces
dimly with very low background noise. Once it is interacted
with target bioanalytes, the intramolecular motions of the
AlEgen are restricted, and the lighted-up fluorescence signal
can thereby be detected in a sensitive manner. Furthermore,
bioprobes based on AIEgens can visualize the organelles, cells,
bacteria, tissues, etc., with high contrast and superb spatial
resolution and without the need for washing.">>° However, to
the best of our knowledge, there have been few reports on GMO
detection based on AIEgens. A series of cationic TPE derivatives
with responsive ability to light up the negatively charged
nucleic acids with a complex 3D structure in solution have
been developed, which inspired us to develop a visual detection
approach for GMO detection. In this work, we developed an
“ALL in ONE” GMO visual discrimination system through the
combination of a portable device (PCR, centrifuge, spectro-
meter, etc.) and DNA light-up AlEgens (1,1,2,2-tetrakis[4-
(2-bromo-ethoxy)phenyl]ethene, TTAPE).”'>* It is called “ALL
in ONE” because all portable equipment could be packed in
one bag, and all transgenic food discrimination experiments
could be carried out on the field with the help of portable
power. It should be pointed out that it is the first attempt using
AIE materials for on-site GMO detection.

Results and discussion

Principles

As shown in Scheme 1, the “ALL in ONE” GMO visual discrimina-
tion system consists of a genomic extraction Kkit, detection Kkits,
portable power supply, portable centrifuge, portable PCR device,
portable spectrometer, portable storage dewar, portable computer,
and a mortar and pestle. TTAPE (the mass spectrometry results
could be found in Fig. S1, ESIt) showed the best performance
towards a guanine-rich DNA strand (e.g., G-quadruplex structure
formed by human telomeric DNA sequences) via electrostatic
attraction due to the perfect structural match. Therefore, it is
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Scheme 1 Scheme for visual discrimination of transgenic and non-transgenic
food using DNA-binding AlEgens and a brief introduction of the "ALL in
ONE" GMO portable detection system. The portable detection system
consisted of the following parts: genomic extraction and detection kit
(genomic extraction reagents, mini-column, PCR primers, AlEgens, etc.);
portable power supply; camera obscura (for visual detection); cuvette;
pipettes; ultraviolet flashlight (for visual detection); mortar and pestle (for
sample preparation); portable storage dewars (for sample preparation);
portable centrifuge (for sample preparation); portable PCR device (for
genomic sequence replication and amplification); portable spectrometer
(for wavelength detection); portable computer (for data acquiring and
analysis).

reasonable to anticipate that the direct visualization of trans-
genic food may be enabled by using TTAPE in combination with
the PCR. The whole experiment could be carried out in the
field. Firstly, the DNA was extracted from the samples. Different
from the non-transgenic samples, there are transgene sequences
in the genome of transgenic samples. The number of transgene
fragments is exponentially amplified in PCR cycles upon the
addition of the corresponding primer, which is further stained
with TTAPE. When TTAPE is electrostatically bound to a DNA
strand (G1), its intramolecular rotation is restricted, and a bright
emission can be activated.

Due to the large amounts of PCR products, the fluorescence
from the sample can be directly observed by the naked eye or
recorded by a smartphone. In contrast, the emission was very
low and could not be clearly visualized for the non-transgenic
sample. The UV-vis spectral changes of AIEgen before and after
aggregation were also measured and the results showed only
small changes (Fig. S2, ESIY).

As a proof of concept, the PL (photo-luminescence) intensities
of the transgenic and non-transgenic samples were obtained and
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Fig. 1 Detection of transgenic material based on PCR amplification and
TTAPE. (A) PL spectra of transgenic samples. (B) The maximum PL intensity
ratio of transgenic samples after and before the PCR (//lp); inset: visual
photos. (C) PL spectra of the non-transgenic sample. (D) The maximum PL
intensity ratio of non-transgenic samples after and before the PCR (//ly);
inset: visual photos obtained with a smartphone. The background was due
to the autofluorescence of the Eppendorf (EP) tube under UV irradiation,
not from AlEgens.

compared before and after the PCR, respectively. As shown in
Fig. 1A and B, for the transgenic sample, the PL intensity
increased about 2.5 times after the PCR. Hence visual discrimina-
tion can be clearly made. However, the PL intensity of the non-
transgenic sample showed only a small change after the PCR,
which could not be discriminated visually (Fig. 1C and D). The
results showed that the visual method was specific for transgenes.

Method optimization

The effect of the number of PCR cycles and TTAPE concen-
tration on the performance of our method was studied. It’s
known that the amount of DNA increases exponentially during
the PCR process.”® As a result, the emission was enhanced with
the increase in the amount of DNA combined with TTAPE.
Along with the increase in the number of PCR cycles (with 5
cycles as increments), the relative intensity increased (Fig. 2).
The emission intensity was also enhanced with the increase in
the amount of TTAPE. To make a compromise between analysis
time and final visual results, 500 uM TTAPE was taken as the
final concentration, and 25 PCR cycles were adopted. We have
conducted an interference experiment. The results showed that
the negatively charged compounds interfere little with detec-
tion. They can interact with positively charged TTAPE, but the
emission was low (Fig. S3, ESIT). The visual discrimination can
only be achieved with a large number of genes copies (long
chain DNA) produced after the PCR process. As shown in Fig. S4
(ESIY), the PL intensity increased sharply from 0 to 400 pM and
kept increasing between 400 pM to 1500 uM. The images taken
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Fig. 2 The relative intensity under different PCR cycles and different

concentrations of TTAPE. The results were obtained with the portable
spectrometer.

by the camera in the Gel Imaging System were consistent with
fluorescence measurement data (inset). Besides, the stability of
visual discrimination results under white light was also eval-
uated. It showed that the discrimination results can be stable
for longer than 48 h under white light (Fig. S5, ESIf). The
results confirmed that our proposed method is very stable for
real sample analysis. As one of the water-soluble DNA-binding
AlEgens, TTAPE showed high stability and shortened the
number of PCR cycles due to the typical aggregation induced
emission behaviors. Compared to existing DNA-binding dyes
with an ACQ effect, which could be used only in dilute solu-
tions, TTAPE showed better performance (Fig. S6, ESIT).

We further evaluated the influence of the addition of TTAPE
on the PCR process, which had little effect (Fig. S7, ESIt). It is
ascribed that the restriction induced emission of TTAPE was
driven by the electrostatic interaction between the positive
ammonium group in TTAPE and the negative phosphate back-
bones of DNA. In contrast, the PCR process might be eliminated
for the other nucleic acid dyes inserting themselves into the
spaces between the base pairs of the double helix.>® Therefore,
TTAPE showed much more potential in the real-time PCR process.

Method validation

To further evaluate the versatility of our method, two more
samples with different transgenic sequences were tested. As seen
in Fig. 3, the three kinds of transgenic samples can be visually
discriminated, which was validated by agarose gel electrophor-
esis. A DNA fragment of 369 bp was found in papaya, and a DNA
fragment of 333 bp for transgenes in corns and soybeans. The
proposed method showed great potential for in situ and on-site
discrimination of transgenic samples in comparison to conven-
tional agarose gel electrophoresis with the aid of a portable PCR
device. In addition, we have conducted a limit of detection assay
for contaminated seeds to define the limit of the lowest propor-
tion of GM contamination that this method could detect. As
shown in Fig. S8 (ESIt), even if only 0.01 wt% of the transgenic
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Fig. 3 The visual discrimination results by DNA-binding AlEgens (A, C and E) and results after agarose gel electrophoresis for transgenic and
non-transgenic papaya (A and B), corn (C and D) and soybean (E and F). “ +" represents three parallel transgenic samples, “—" represents three parallel
non-transgenic samples. The expected fragments for papaya, corn and soybean were 369 bp, 333 bp, and 333 bp respectively.

sample is mixed in the real sample, it could still be detected
using our proposed method.

Conclusions

A convenient on-site and visual discrimination method for
transgenic food was developed based on water-soluble DNA-
binding AlEgens. The results indicated that the visual method
was specific for transgenes. The discrimination can be stable as
long as 48 h under white light. With the aid of a small-scale,
portable PCR instrument, it’s convenient to apply this method for
rapid and on-site analysis. Given its simplicity, easy operation,
sensitivity, and cost effectiveness, this method can be extended to
diagnosis of genetic diseases and infection monitoring in rele-
vant studies. The ALL in ONE system could be further miniatur-
ized through the integration of the PCR device, spectrometer and
AlEgens to accomplish point-of-care detection of GMO. More
importantly, it should be pointed out that this is the first attempt
using AlEgens along with portable devices to develop an on-site
visual discrimination approach. It is a fact that the detection time
seemed to be a little long (~2 hours); however, we believe that
the detection time could be reduced by integration with a
microfluidic system in which the whole process can take place.
We are trying to develop more on-site visual discrimination
approaches based on AlEgens with various responsive abilities
and push AlIEgens to real analytical applications.

Experimental section
Materials and methods

Transgenic papayas were kindly provided by South China
Agricultural University. Transgenic corn and beans were kindly
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provided by Tianjin Centres for Disease Control and Prevention.
The EZ-10 Spin Column Plant Genomic DNA Purification Kit
(50 PREPS, No. B518261), Taq PCR Mix (2X, without dye, No.
B639293), 6X Glycerol Gel Loading Buffer II (with Xylene Cyanol,
BPB, Tris-HCl, EDTA) (No. B548314) and DNA Marker D
(250 PREPS, No. B600335) were purchased from Sangon Biotech
(Shanghai, China). The primers for Rep genes in transgenic
papaya are REP-F: 5'-CTTTGGTGCGGAAAAGTTGT-3’, REP-R:
5'-CCATAGCCCACAGTCGAATT-3';” the primers for CP4-epsps
in transgenic corn and transgenic soybean are MCPA4ES-F:
5'-ACGGTGAYCGTCTTCCMGTTAC-3’, mCP4ES-R: 5'-GAACAAG-
CARGGCMGCAACCA-3'>® They were also purchased from
Sangon Biotech (Shanghai, China). The PCR thermocycling pro-
cess was carried out in the field using a portable thermocycling
system (Leopard MINI PCR, Leopard scientific instruments Co.
Ltd, China). The fluorescence of the samples was measured
using a portable fluorescence measurement system (LIFS-405,
Guangzhou BiaoQi Optoelectronics Technology Development
Co., Ltd). The details of the portable detection system could be
found in Scheme 1.

Extraction of genomic DNA and PCR conditions

100 mg of the sample was ground in liquid nitrogen using a
mortar and pestle. DNA was extracted following the manufac-
turer’s specifications with minor modifications. Briefly, the buffer
PCB and B-mercaptoethanol were added and vibrated for 25 min,
then chloroform was added and the upper layer was transferred to
a clean centrifuge tube. Then buffer and ethanol were added and
transferred to the Ezup column. The column was washed twice
with wash solution, and TE buffer was finally added to centrifuge
the mixture for 2 min to obtain the final genomic DNA. The PCR
was performed with a portable thermocycling system. For the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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transgenes in papaya, all PCR procedures were performed in a
final volume of 30 pL with the following reagent concentrations:
genomic DNA 120 ng, primer mix of REP F and REP R (6 pL,
10 puM), Taq PCR Mix 15 pL. Thermal cycler conditions were as
follows: initial denaturation at 95 °C for 3 min; 25 cycles consisting
of dsDNA denaturation at 94 °C for 30 s; primer annealing at 57 °C
for 30 s; primer extension at 72 °C for 60 s; and final elongation at
72 °C for 7 min. For the transgenes in soybean and corn, PCR
procedures were performed in a final volume of 30 pL with the
following reagent concentrations: genomic DNA 120 ng, primer
mix of mCP4ES-F and mCP4ES-R (6 pL, 10 uM), Tag PCR Mix
15 pL. Thermal cycler conditions were as follows: initial denatura-
tion at 94 °C for 3 min; 25 cycles consisting of dsDNA denaturation
at 94 °C for 30 s; primer annealing at 62 °C for 30 s; primer
extension at 72 °C for 60 s; and final elongation at 72 °C for 5 min.
TTAPE at a concentration of 500 M was added following the PCR.

Agarose gel electrophoresis

PCR products were analyzed using agarose gel electrophoresis
(Beijing Liuyi biotechnology Co. Ltd, China). The gel was prepared
with 2.0% of agarose in Tris Borate EDTA (TBE). 100 uM of
ethidium bromide (EtBr) was used. The running conditions were
constant voltage at 100 V for 50 min in TBE. The image was taken
using a Tanon 1600/1600R Gel Imaging System (Shanghai, China).
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