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ABSTRACT: The detection and identification of genetically modified (GM) plants are challenging issues that have arisen from
the potential negative impacts of extensive cultivation of transgenic plants. The screening process is a long-term focus and needs
specific detection strategies. Surface plasmon resonance (SPR) has been used to detect a variety of biomolecules including
proteins and nucleic acids due to its ability to monitor specific intermolecular interactions. In the present study, two high-
throughput, label-free, and specific methods based on SPR technology were developed to detect transgenic Cry1Ac cotton
(Gossypium spp.) by separately targeting protein and DNA. In the protein-based detection system, monoclonal anti-Cry1Ac
antibodies were immobilized on the surface of a CM5 sensor chip. Conventional cotton samples were used to define the
detection threshold. Transgenic cotton was easily identified within 5 min per sample. For the DNA-based model, a 25-mer
biotinylated oligonucleotide probe was immobilized on an SA sensor chip. PCR products of Cry1Ac (230 bp) were used to
investigate the reaction conditions. The sensitivity of the constructed sensor chip was identified at concentrations as low as 0.1
nM based on its complementary base pairing.
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■ INTRODUCTION

Genetic modification (GM) technology, which involves the
integration of an exogenous gene into the genome of an
organism with consequent gene expression and access to new
traits or functions such as insect resistance or herbicide
tolerance, has been widely applied in crops. Insecticidal crystal
proteins (ICPs) encoded by the Cry1Ac gene have been
introduced into several crops for their high toxicity to
lepidopteran pests.1−3 However, the gradually increasing
cultivation of transgenic crops has raised concerns about the
environment. These concerns include gene flow, the enhance-
ment of insect resistance, and the decrease of natural
enemies.4−6 Therefore, the identification of genetically
modified organisms (GMO) has become of considerable
interest, and various methods for the detection of GMOs
have accordingly been developed.7−12

Strategies employed in testing for GMOs can be divided into
two categories. The first is based on detecting the exogenous
gene itself using techniques such as polymerase chain reaction
(PCR), Southern blotting, and DNA microarrays.13,14 Some
innovative methods based on PCR have been developed
recently.10,15,16 As a routine analytical method for GMO
detection, PCR is not only highly sensitive but also relatively
accurate and reliable. However, PCR methods have difficulties
in distinguishing similarly sized DNA fragments.
The second group of methods is based on detecting the

proteins expressed by the exogenous gene. These include
Western blotting, enzyme-linked immunosorbent assays
(ELISAs), and lateral flow strips.17 Western blotting is the
most accurate of these detection methods, and it can identify
the size of the protein expressed in the transgenic materials.18

ELISAs and lateral flow strips are the most widely used
techniques in GMO identification.18,19 The sandwich ELISA

format has been employed to detect novel proteins in GMOs
for its features of high sensitivity and specificity, which are
induced by enzymatic substrate reaction and antibody−antigen
interaction, separately. The lateral flow format, which is a
variation on ELISA, using strips rather than microtiter wells, is
rapid and simple and does not require the use of specialized
equipment. These characteristics make lateral flow strips
suitable as an initial screening method early in the food
chain.20 Another approach to GMO detection is surface
plasmon resonance (SPR), which is used extensively for
monitoring interactions between biomolecules.
SPR is accurate and fast, allowing high-throughput, real-time

results. In addition, no molecular labels are required, and SPR
can be used to detect both protein−protein and DNA−DNA
interactions.21,22 The feasibility of using SPR technology to
monitor DNA-based interactions has attracted considerable
attention in the GMO detection field.20,23−25 For example, SPR
technology coupled with asymmetric and multiplex PCR has
been developed to detect genetically modified Roundup Ready
soybean gene sequences and Bt-176 maize genomic sequen-
ces.23,24 Public reports of protein-based SPR technology being
used for GMO identification are, however, rare. This paper
describes a single technology, employing both protein- and
DNA-based strategies, to identify GMOs.
The specific recognition of antigen−antibody binding, using

a CM5 sensor chip coated with Cry1Ac monoclonal antibody,
was the basis of the protein-based component of the SPR
device. The DNA-based component made use of a biotinylated
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25-mer oligonucleotide probe, containing the conserved
sequence of the Cry1Ac gene, immobilized on the surface of
an SA sensor chip.

■ MATERIALS AND METHODS
Cotton Samples and DNA Isolation. Conventional cotton

DP5415 and transgenic Bt cotton variety Nucotn33B, which expresses
the Cry1Ac protein, were obtained from the Chinese Academy of
Agricultural Sciences. Genomic DNA was isolated from leaves of the
cotton using the Quick Plant Genomic DNA Kit (Nova Science Ltd.,
Los Angeles, CA, USA).
Synthetic Oligonucleotides. The nucleotide sequences of the

biotinylated oligonucleotides probe (Biot-Bt), complementary target
(Com-Bt), noncomplementary target (Non-Bt), and the PCR primers
(Invitrogen, Carlsbad, CA, USA) used in this research are provided in
Table 1.
Cry1Ac Clone and Vector Construction. To sequence the

Cry1Ac gene, genomic DNA of DP5415 and Nucotn33B were
amplified by high-fidelity PrimeSTAR HS DNA polymerase (TaKaRa,
Tokyo, Japan) using Bt-FW and Bt-RV primers (Table 1). The PCR
cycles were as follows: 13 cycles consisting of denaturation at 94 °C
for 30 s, first annealing at 60 °C for 30 s, final annealing at 48 °C for
30 s with a 1 °C decrease per cycle, and elongation at 72 °C for 90 s.
These were followed by 30 cycles consisting of denaturation at 94 °C
for 30 s, annealing at 48 °C for 30 s, and elongation at 72 °C for 90 s.
A 1780 bp specific DNA fragment, Cry1Ac, appeared only in the PCR
products of Nucotn33B. The Cry1Ac fragment was amplified by PCR
with the primers of Bt-FW and Bt-RV (Table 1) to introduce two
restriction endonuclease sites of XhoI at the 5′ end and HindIII at the
3′ end, respectively. This PCR fragment was cloned into the
prokaryotic expression vector pGEX-KG (Amersham, New York,
NY, USA) between XhoI and HindIII to generate pGEX-KG-Cry1Ac.
Protein Sample. The soluble and activated Cry1Ac proteins were

purified from the noninclusion bodies of the pGEX-KG-Cry1Ac
prokaryotic expression system, which was used to optimize the
conditions for protein-based SPR detection. The pGEX-KG-Cry1Ac
plasmid was transformed into the E. coli Transetta (DE3) host strain,
induced with 400 μM isopropyl β-D-1-thiogalactopyranoside (IPTG)
for 12 h at 16 °C. The negative control, which consisted of the same
conditions without IPTG, proceeded in parallel, was used to explore
whether the Cry1Ac protein could be induced in noninclusion bodies.
The Cry1Ac protein was expressed with a GST-tag and could therefore
be purified by affinity chromatography. The sample was purified
further by gel filtration in accordance with the instructions for the
GSTrap FF and Superdex 200 columns (GE Healthcare, New York,
NY, USA).
Crude protein extracts of cotton leaves for SPR analyses were

prepared by grinding the leaves with liquid nitrogen using a mortar
and pestle and extracting with PBST buffer (137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 0.05% (v/v) Tween 20, pH
7.4). Four times the volume of sample buffer was added, and the
extract mixture was shocked for 2 h at 4 °C. Only soluble samples were
analyzed.
DNA Sample. The synthetic oligonucleotide of complementary

target Com-Bt and noncomplementary target Non-Bt were used to
test the specificity of the constructed sensor chip, and the
concentration gradient of Com-Bt was used to define the sensitivity

of the sensor chip. DNA fragments for SPR detection were amplified
by Taq DNA polymerase (TaKaRa) using Short-BtFW and Short-
BtRV primers (Table 1). The 35 PCR cycles were as follows:
denaturation at 94 °C for 30 s, annealing at 54 °C for 30 s, and
elongation at 72 °C for 45 s. The PCR products were 230 bp and
degenerated for 5 min at 98 °C followed by 1 min of cooling on ice
prior to detection. The PCR products were purified using EasyPure
PCR Purification Kit (TRANS, Beijing, China) and quantified at 260
nm on the UV−vis spectrophotometer NanoDrop 1000 (Thermo
Scientific, Waltham, MA, USA).

Surface Plasmon Resonance. The detection of Cry1Ac cotton
by SPR was performed on a Biacore3000 (GE Healthcare). For
protein-based detection, the Cry1Ac monoclonal antibody (Fitzgerald,
Acton, MA, USA) was immobilized as a ligand on a CM5 sensor chip
(GE Healthcare) to a level of nearly 8000 resonance units (RU; 1 RU
corresponds to a change in surface concentration of about 1 pg/mm2).
The analyte solution was flowed over the sensor chip surface. The
response increased in the presence of the Cry1Ac protein. No
interaction signal was generated in the absence of Cry1Ac protein.
Results were obtained from a continuous flow of 30 μL/min with a
total sample volume of 60 μL. Phosphate-buffered saline (PBS; pH
7.4), containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2
mM KH2PO4, and 0.0005% (v/v) Tween 20, was used as the running
buffer. Ten microliters of 50 mM NaOH was required to regenerate
the sensor chip.

For DNA-based detection, 25-mer biotinylated Cry1Ac probe Biot-
Bt was immobilized as a ligand onto an SA sensor chip (GE
Healthcare). Responses were generated in the presence of
oligonucleotide or denatured DNA sequences complementary to
that of the Cry1Ac probe. Otherwise, no response was generated. The
results were obtained with a continuous flow of 5 μL/min over the
sensor chip with a total sample volume of 20 μL. PBM buffer (pH 7.4),
containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM
KH2PO4, 0.0005% (v/v) Tween 20, and 15 mM MgCl2, was used as
the running buffer. The regeneration buffer was the same as those
described above. Only 5 μL of regeneration buffer was required to
regenerate the chip.

Control blanks for each experiment were performed using the same
protocols on an empty flow cell. All experiments were conducted at 25
°C, and control blanks were subtracted from the corresponding
experimental data.

Western Blotting. Western blotting was used to identify the
Cry1Ac-GST fusion protein using a Cry1Ac monoclonal antibody
(Fitzgerald). For Western blot analysis, 5 μL aliquots of the protein
samples were boiled for 5 min, separated by 10% sodium dodecyl
sulfate−polyacrylamide gel electrophoresis (SDS-PAGE), and trans-
ferred to a PVDF membrane (Millipore, Billerica, MA, USA). The
blots were subsequently treated with 5% (w/v) skimmed milk in
TBST buffer (0.1% (v/v) Tween 20 in 50 mM Tris-HCl, pH 7.5, and
150 mM NaCl) overnight at 4 °C. Blots were washed three times with
TBST for 10 min, incubated with anti-Cry1Ac antibody (1:500
dilution) for 1 h, and washed following the same procedure described
above. The membrane was incubated with goat anti-mouse IgG
(1:4000 dilution) for 45 min and washed three times with TBST.

Lateral Flow Strip Detection. Cotton samples were ground and
diluted in SEB4 sample extraction buffer (Agdia, Elkhart, IN, USA) at
room temperature for lateral flow strip analyses. For best results, 20
times the volume of sample buffer was added. Soluble samples were

Table 1. PCR Primers and SPR Probe Used in This Study

primer/probe use sequence (5′−3′)
Bt-FW primer AACCTCGAGATGGACAACAACCCAAACATCAAC
Bt-RV primer ACCAAGCTTCGCTGAAATTCCTAACACCCACGAT
Biot-Bt probe AATCCTGGTCCTGAAATGACAGAAC
Short-BtFW primer AGGATTCTCCCACAGGTTGAGCCAC
Short-BtRV primer GTCTAACGAGGTCTCCACCAGTGAA
Com-Bt sample GTTCTGTCATTTCAGGACCAGGATT
Non-Bt sample GTTTCTGCTCAGCGAGTTCGTGCCA
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analyzed in accordance with the instructions for the Bt-Cry1Ab/1Ac
ImmunoStrip Test (Agdia).

■ RESULTS AND DISCUSSION

Cry1Ac Protein-Specific Expression, Purification, and
Identification. The pGEX-KG-Cry1Ac plasmid in Escherichia
coli Transetta (DE3) was induced with 400 μM IPTG for 12 h
at 16 °C. The negative control was the proteins extracted from
the E. coli Transetta (DE3) transformed with pGEX-KG-
Cry1Ac without IPTG induction. SDS-PAGE analyses showed
that the Cry1Ac protein was soluble in the noninclusion body
(Figure 1A). The Cry1Ac-GST protein was further purified by
affinity chromatography and gel filtration (Figure 1B). The
Western blot in Figure 1C shows the Cry1Ac-GST protein
target line.
Cry1Ac Protein-Based Detection by SPR. To test the

specificity of the constructed sensor chip and to optimize
regeneration conditions, purified Cry1Ac-GST protein was
used as a positive control; bovine serum albumin (BSA) was
used as a negative control. Figure 2A shows that the SPR
response increased nearly 1200 RU when the Cry1Ac-GST
protein was injected. In contrast, no signal was generated when
a BSA solution was flowed over the chip. This suggests that the
specificity of the sensor chip would be sufficient to detect
Cry1Ac protein in the test samples.
Crude proteins from Nucotn33B and DP5415 cotton leaves

were extracted and injected over the sensor chip surface. With
Nucotn33B protein, the sensor average response approached
397 ± 22.76 RU (n = 3) (Figure 2B, curve a). With wild-type
DP5415 protein, the average response approached 131 ± 18.98

RU (n = 3) (Figure 2B, curve b). The latter responses are due
either to sample contamination, nonspecific adsorption of
antibody, or a combination of both. A lateral flow strip was used
to detect whether the samples were contaminated. The test line
appeared with cotton Nucotn33B but not with cotton DP5415,
indicating that the samples were not cross-contaminated
(Figure 2C). Therefore, the SPR response measured with
conventional cotton was most likely due to nonspecific
adsorption, which is often a factor in immunoreactions
involving complex samples.26 The SPR sensor response to
solutions containing Cry1Ac was significantly greater than to
solutions without Cry1Ac. This indicates that the current,
protein-based SPR method could be used for detection of
Cry1Ac cotton when wild-type samples are used as a negative
control. Sample analysis was complete within 5 min per sample,
saving considerable time over traditional Western blotting.
Western blotting is the authoritative identification method for
proteins and is widely used in many biological fields. The CP4
EPSPS protein in soybeans and the Cry1Ab protein in maize
were detected using this method, although its time-consuming
nature limits its use for high-throughput GMO detection.18,26

Western blotting is therefore considered to be better suited for
research applications than for routine testing. ELISAs coupled
with lateral flow strips have been widely used to detect GMOs.
Separately, the two techniques offer high specificity and simple
operation.18,19 To detect the targeting protein in GMOs, the
most preferred immunoassay is a sandwich ELISA, which needs
two specific antibodies with high affinity per one analyte.12,27 It
is laborious and time-consuming to develop a successful ELISA
method for the detection of novel protein expressed in

Figure 1. Expression, purification, and identification of Cry1Ac-GST protein: (A) 10% SDS-PAGE of Cry1Ac-GST expressed in noninclusion body
(lane CK, induced without IPTG; lane +IPTG, induced with 400 μM IPTG); (B) 12% SDS-PAGE of Cry1Ac-GST purification (lane Cry1Ac,
purified Cry1Ac-GST; red arrow indicates Cry1Ac-GST); (C) Western blotting for identification of the Cry1Ac-GST protein (lane CK, induced
without IPTG; lane Cry1Ac, purified Cry1Ac-GST; red arrow indicates Cry1Ac-GST).

Figure 2. Protein-based detection: (A) positive and negative controls for evaluating the specificity of the constructed sensor chip (curve a, purified
Cry1Ac-GST protein, positive control; curve b, BSA protein, negative control); (B) SPR detection of two cotton varieties (curve a, Nucotn33B
cotton protein; curve b, DP5415 cotton protein); (C) lateral flow strip detection of cotton proteins (strip a, Nucotn33B cotton protein; strip b,
DP5415 cotton protein). The red line at the top of the assay is the control line used to ensure that the test functioned properly. The red line below is
the test line, appearing only in response to a positive result.
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transgenic crops. However, the SPR assay allows for the
sensitive detection of target analyte using only one antibody
with low or high affinity in a label-free environment.28−30 The
lateral flow strips method was adopted to detect Cry1Ac
protein in rice, which can provide a yes/no determination
within 5−10 min.19 However, commercially available lateral
flow strips are currently limited to a few biotechnology-derived
GM proteins. Compared with these two methods, the protein-
based SPR detection scheme described herein was more time-
saving in experimental operation and exhibited a wider range of
applications.
Cry1Ac DNA-Based Detection by SPR. Probe sequences

(Biot-Bt) and PCR primers (Short-BtFW and Short-BtRV)
were designed to contain a conserved Cry1Ac sequence. DNA
agarose gel electrophoresis showed that the conserved
sequences of PCR products appeared only in transgenic cotton
(Figure 3A). Therefore, the probe and primers were
appropriate for detection of the Cry1Ac gene.
On the basis of the strong affinity of the biotin−streptavidin

interaction, Biot-Bt probes were immobilized onto the surface
of the SA sensor chip. An interaction occurred upon injection
of 20 μL of 10 nM complementary target Com-Bt, eliciting a
response that approached 180 RU. The interaction was stable
with very little dissociation following injection of PBM buffer
(Figure 3B, curve a). No response was observed upon injection
of 20 μL of 10 nM noncomplementary target Non-Bt (Figure
3B, curve b). These results indicated that the constructed
sensor chip was specific for the target analyte. A concentration
gradient of complementary target Com-Bt (10, 1, 0.1, 0.01 nM)
was used to define the sensitivity of the sensor chip. The
response decreased with decreasing analyte concentration. At
0.1 nM, the response approached 8 RU (Figure 3C, curve c)
with no response at 0.01 nM (Figure 3C, curve d). Thus, the
sensitivity of the current DNA-based SPR sensor was 0.1 nM.

Plasmid pGEX-KG-Cry1Ac was used as the template, and
Short-BtFW and Short-BtRV were used as the primers to
amplify a 230 bp DNA fragment containing the Biot-Bt
sequence to optimize testing conditions for double-stranded
analytes. The PCR products were dissolved in PBM buffer prior
to injection. A PCR response was detected as the solution
flowed over the sensor chip (Figure 3D, curve a). However, the
response was unstable. At times, no response was observed
(Figure 3D, curve b), and in the dissociation stage there was an
abnormal increase followed by a decrease. This instability was
most likely due to the complex mixture of PCR products. When
purified PCR products were dissolved in deionized water, no
interaction was detected (Figure 3E, curve b). However, a
significant response was observed when the PCR products were
dissolved in PBM buffer (Figure 3E, curve a). Thus, the
condition of the reactions influenced the accuracy of DNA-
based SPR detection. Purified analyte dissolved in PBM buffer
was suitable for SPR detection. Unpurified samples could be
used as a screen prior to specific identification because most of
the results obtained with unpurified samples were credible.
Degenerated and purified PCR products of cotton DP5415

and Nucotn33B were detected separately using the optimized
testing conditions. The average response following injection of
20 μL of 5 ng/μL Nucotn33B PCR products approached 27.3
± 1.92 RU (n = 3) (Figure 3F, curve a). This indicated that the
constructed SA sensor chip and the process used for detection
were capable of identifying transgenic Cry1Ac cotton. DNA-
based SPR detection was based on PCR amplification and
hybridization of the target DNA strand to the probe strand on
the chip. In most PCR-based systems used for GMO detection,
target fragments are amplified until detected by a nonspecific
indicator.8,31,32 The specificity of the current SPR technology is
therefore greater than that of most PCR-based detectors.
Recently, other DNA-based sensors have been designed for

Figure 3. DNA-based detection: (A) 0.8% (w/v) agarose gel electrophoresis of PCR products (left lane, genome of conventional cotton DP5415;
right lane, genome of transgenic cotton Nucotn33B; Short-BtFW and Short-BtRV were used as primers); (B) positive and negative controls for
defining the specificity of the constructed SA sensor chip (curve a, complementary target Com-Bt used as positive control; curve b,
noncomplementary target Non-Bt as negative control); (C) determination of sensor chip detection limit (analyte concentrations were curve a, 10
nM; curve b, 1 nM; curve c, 0.1 nM; and curve d, 0.01 nM); (D) unpurified PCR products used for SPR detection (curves a and b, unpurified PCR
products containing a 230 bp fragment of Cry1Ac); (E) PCR products purified in different buffers (curve a, purified PCR products containing a 230
bp fragment of Cry1Ac dissolved in PBM buffer; curve b, purified PCR products containing a 230 bp fragment of Cry1Ac dissolved in deionized
water); (F) SPR detection of two purified cotton genomes dissolved in PBM buffer (curve a, Nucotn33B cotton; curve b, DP5415 cotton).
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GMO detection. For example, a surface-enhanced Raman
scattering (SERS)−barcoded nanosensor was used to detect
genetically modified rice with a detection limit of 0.1 pg/mL.16

However, the detection time was 1 h, whereas the time to
detect in the current SPR system was only 4 min. The SA
sensor chip with the immobilized Cry1Ac probe was stable
during detection.
In this study, an SPR device was fabricated and used to

identify Cry1Ac cotton on the basis of separate protein- and
DNA-based interactions. The results support the possibility of
SPR-based sensor technology to trace the novel protein and
transgenic DNA in complex materials. Although the current
cost of SPR assay is expensive and relatively inhibitive in GMO
detection, this technology can be rapidly established to detect
novel proteins and genes in new trangenic crops. While
producing data quickly with accuracy and sensitivity in real
time, SPR technology enables rapid and routine analysis of
antigen antibody interactions for antibody engineering, which
also helps to construct advanced ELISA for GMO detection.
Moreover, the development of SPR technology is ongoing at a
rapid pace. For example, a highly sensitive and rapid procedure
on an SPR sensor chip was optimized, which was based on the
covalent-orientated immobilization of antibody and demon-
strated to be more cost-effective than the conventional
procedure on a commercial CM5 sensor chip.33 Multiple
channels in each chip and in array-based formats are also
available, for example, the Biacore TM4000 using 4 × 5 array
fromats that enables high-throughput analysis.34 Besides, DNA
array combined with SPR imaging measurements was
developed to simultaneously detect transgenic DNA,35 which
enhanced accuracy for a single target or could expand the
detection range with the simultaneous detection of multiple
targets, thereby allowing high-throughput applications and
reducing the per-sample cost.
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