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Abstract

The problems of environmental security and the potential risks of human health
caused by transgenic crops have aroused numerous attention. Recent studies reveal
S5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) from Agrobacterium sp. strain
CP4 protein (CP4-EPSPS), which shows very high resistance to herbicide glyphosate,
is a typical biomarker of genetically modified (GM) crops. For this reason, it is highly
anticipated to devise a sensitive and convenient strategy to detect CP4-EPSPS protein
in crops. Herein, we reported a simple electrochemical immunosensor by coupling
nanobody, ordered mesoporous carbon (OMC), and thionine (Th). As a capture agent,
the nanobody was screened out from an immunized Bactrian camel, and exhibited
superior properties with respect to conventional antibody, such as higher stability and
stronger heat resistance. Moreover, OMC offered an effective platform with high
surface area, electrical conductivity and biocompatibility, which greatly facilitated the
assembling of redox probe Th, and further coupling of large amount of capture
nanobodies. As a result, the CP4-EPSPS protein could be determined with high
sensitivity and efficiency by differential pulse voltammetry (DPV) in a wide linear
range from 0.001 to 100 ngemL" with a low detection limit of 0.72 pgemL™, which
was more than 3 orders of magnitude lower than those of previously reported works.
As an example, the proposed electrochemical immunosensor was successfully applied
to spiked samples, demonstrating its great potentials in CP4-EPSPS screening and

detection.
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With the development of gene engineering, the use of genetically modified (GM)
crops becomes more and more Widespread.l’2 Although transgenic technology can
contribute to the increase of crop productivity and quality and depress the use of
pesticides, the environmental security problems and potential risks on human health
brought by transgenic crops are still controversial.” Since most of these GM crops
contain a gene called 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) from
Agrobacterium sp. strain CP4 (CP4-EPSPS), which shows very high resistance to
herbicide glyphosate (N-phosphonomethylglycine), the CP4-EPSPS can be regard as
a potential biomarker for GM crops screening.®” Thus, it is important to develop a
highly sensitive and specific strategy for the detection of CP4-EPSPS in agroproducts.
Recently, a few strategies have been developed for the determination of CP4-EPSPS
such as polymerase chain reaction (PCR),*'® loop-mediated isothermal
amplification,'’ liquid chromatography tandem mass spectrometry (LC-MS/MS),"
surface plasmon resonance (SPR),"”> ELISA and Western bolt.'*"> However, these
detections either are less sensitive and time-consuming, or require expensive
equipment or skilled operators. Therefore, it is still of great challenge to develop a
more facile and reliable strategy for CP4-EPSPS detection.

Among various alternatives, electrochemical immunosensor”> possesses numerous
advantages such as low detection limits, high sensitivity and specificity, cost
efficiency, ease of operation and compact instrumentation that is compatible with
portable devices, which have attracted burgeoning attention.'*' Moreover, of note,
ordered mesoporous carbon (OMC), a vital member of the carbon-based material
family, has been widely used in the biosensor due to its excellent thermal/mechanical
stability, good electrical conductivity, and biocompatibility.**® The porous feature of
OMC allows loading of large number of functional molecules and provides a
protective microenvironment for biomolecules to retain their stability and activity. In
addition, the straight and short mesochannels and the excellent electric conductivity
provide a highway for the electron transportation.”” Thus, in cooperation with Au

nanoparticles for a reliable bioconjugation, OMC could be an attractive support for

3
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biomolecules and probe molecules. On the other hand, nanobody (Nb), or sometimes
named as variable domain of the heavy chain (VHH), is the smallest antigen binding
fragment and naturally existing in the serum of camels.”® Compared with conventional
antibody, Nb has unique physical and chemical properties such as small molecular
size (~15 KDa), high thermal stability and solubility.”’>' Therefore, by combination
the merits of OMC and Nb along with electrochemical method may provide a highly
facile and reliable way to detect CP4-EPSPS protein.

Herein, we report an electrochemical immunosensor, where OMC was employed as
an effective sensing platform, Nb as capture antibody and Th as an electrochemical
probe, to detect CP4-EPSPS protein with high sensitivity and selectivity (Scheme 1).
The use of Nb-assisted electrochemical immunoassay based on OMC should have

broad application in the fields of food safety and clinical diagnosis.

GCE

3 Al AR )
\-—’ OMC-AuNPs

N
CP4-EPSPS

Scheme 1. General process for the Nb-based immunosensor fabrication.

Experimental Section

Materials and Reagents

CP4-EPSPS and other toxins were purchased from YouLong Bio. Co., Ltd. The anti
CP4-EPSPS Nb was obtained by immunizing a healthy Bactrian camel with
CP4-EPSPS-His antigen according to our previous report.> Bovine serum albumin
(BSA), Thionin acetate salt (Th), 1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide
(EDC), N-hydroxysuccinimide (NHS) and chloroauric acid (HAuCl,) were purchased

from Sigma-Aldrich (Shanghai, China). Mesoporous carbon (CMK-3) was obtained
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from XFNANO Materials Tech Co. (Nanjing, China). Potassium hexacyanoferrate (1)
(K5[Fe(CN)g]), trisodium citrate (Na;C¢Hs07) and potassium chloride (KCI) were
purchased from LingFeng Chemical Reagent Co., Ltd (Shanghai, China). Phosphate
buffer solution (PBS, 0.1 M, pH 7.4) used in this work was prepared using 0.1 M
Na,HPO412H,0, 0.1 M NaH,PO42H,0 and 0.1 M KCI. Ultrapure water was

obtained from Millipore water purification system (18.2 MQscm).

Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed
using a CHI 660E workstation (CHI, USA) at room temperature. All experiments
were carried out using a conventional three-electrode system. The modified electrode
was used as the working electrode, the counter electrode was a platinum wire and the
reference electrode was a Ag/AgCl (3 M KCl). The DPV measurements were
performed in N»-saturated PBS (0.1M, pH 7.4) with 50 ms pulse width, 50 mV pulse
amplitude, 0.5 s pulse period and a voltage range from 0 to -0.45 V. Transmission
electron microscope (TEM) images and high resolution transmission electron
microscope (HRTEM) images were obtained from a JEOL 2100 transmission electron
microscope. Scanning electron microscopy (SEM) images were obtained from a
ZEISS Ultra Plus scanning electron microscope. Brunauer—Emmett—Teller (BET)
surface area was calculated from 77 K N, adsorption-desorption isotherms by
NovaWin 1000e (Quantachrome, USA). UV-visible absorption spectra (UV-vis) were

recorded on a Caryl00 UV-vis spectrophotometer (Agilent, USA).

Preparation of AuNPs and OMC-AuNPs

Gold nanoparticles (AuNPs) were synthesized according to previous report.” Briefly,
100 mL of 0.01% (w/v) chloroauric acid (HAuCly) solution was heated to 95°C under
reflux, and then, 2.5 mL of 38.8 mM trisodium citrate (Na3CsHs07) was added to the
HAuCly solution while stirring. The mixture was heated for another 15 min. After that,
the solution was left to room temperature. The as-prepared AuNPs were mixed with
30 mg OMC and the mixture was then stirred for 4 h to form stable OMC-AuNPs

composite.**** Finally, the OMC-AuNPs composite was collected by using a 0.22-pum

5
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nylon membrane filter and dried in a vacuum for 1 h. The as-prepared OMC-AuNPs
was dispersed in N, N-dimethylformamide (DMF) to form a homogeneous suspension
with ultrasonic treatment for further use. The Th/OMC-AuNPs sample for UV-vis
measurement was prepared as follows. Briefly, 500 pL of as-prepared OMC-AuNPs
suspension (0.1 mg-mL'l) was mixed with 50 pL of the mixture solution of EDC (20
mgemL™") and NHS (10 mgemL™), and sonicated at room temperature for 2 h. Then
500 pL of Th (0.1 mgemL™) was added and the solution was sonicated for another 1 h.
After that, the above solution was centrifugated and the precipitation was redispersed
in 500 pL DMF for further UV-vis measurement. The concentration of Th and

OMC-AuNPs solution for the UV-vis measurement was 0.1 mgemL".

Electrochemical Immunosensor Fabrication

Prior to immunosensor fabrication, a bare glassy carbon electrode (GCE, d=3 mm)
was polished with 0.3 and 0.05 pm alumina slurries respectively, and washed by
ultrasonic cleaning in ethanol and ultrapure water. Then, GCE surface was coated
with 5 uL of the OMC-AuNPs nanocomposite suspension (0.5 mgemL™) and dried at
room temperature for 24 h. Next, the GCE was rinsed with water and 10 pL of the
mixture solution of EDC (20 mg°mL'1) and NHS (10 mg°mL'l) was added onto GCE
for 2 h as covalent binding agents to link the amino group on Nb with the carboxyl
group on AuNPs. Following rinsing with water, 10 pL of the mixture of Th (100
pgemL™) and Nb (10 pgemL™) in 0.1 M PBS was incubated on the surface of the
electrode at 4°C for 12 h. After rinsing, 10 puL 1% (w/v) of BSA solution was dropped
onto the GCE at room temperature for 30 min to block the non-specific binding sites.
The modified electrode was incubated with different concentrations of CP4-EPSPS
samples for 2 h at room temperature after washing. Finally, the resulting

immunosensor was washed with water and stored at 4°C for further use.

Preparation of Spiked Soybean Samples

The spiked samples were prepared by spiking CP4-EPSPS protein into nontransgenic
soybean samples. Briefly, 10 mL of the protein extraction solution (0.1 M PBS

containing 0.1% BSA and 0.05% Tween-20) was added into 1 g of the dried and

6
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homogenized soybean powder samples. After a gentle shaking at room temperature
for 2 h, the suspensions were centrifuged at 10000 g for 10 min. Then, the supernatant
was diluted 1000 folds by 0.1 M PBS and spiked with CP4-EPSPS with three
different concentrations (1, 10, and 100 ng°mL71 ). The mixed extracts were used for
sample analysis by the constructed electrochemical immunoassay, and each spiked
sample was analyzed with three sets of parallel control. The final concentration of
spiked samples was determined by the interpolation method according to the standard

calibration plot.

Results and Discussion

Synthesis and Characterization of OMC-AuNPs Nanocomposites

a) b)
——ThiGCE - —
-60 —_ omc-aunpsiacE i / -60 1
—— Th/OMC-AUNPS/GCE F :/\/
- =30+ O pential (V) = -30F
=. =,
: of— 5 o
5 g
30+ = a0t
60 - 60|
-0.4 -0.3 -0.2 -0.1 0.0 -0.4 -03 -0.2 -0.1 0.0

Potential (V) Potential (V)

Figure 1. a) CV curves of Th/GCE, OMC-AuNPs/GCE and Th/OMC-AuNPs/GCE
(AuNPs/OMC=2:5), and b) CV curves of Th/OMC-AuNPs/GCE with different ratios
of AuNPs to OMC in N,-saturated PBS (0.1 M, pH 7.4). Scan rate: 100 mVss '. The
inset in a) is the enlarged CV curve of Th/GCE.

For a reliable conjugation of OMC and Nb, AuNPs were immobilized on OMC as a
friendly connection between them. Briefly, OMC-AuNPs was prepared by stirring the
mixture of AuNPs and OMC at room temperature. Generally, the ratio of AuNPs and
OMC might greatly aftect the morphology and the electrochemical conductivity of the

nanocomposite. Although a low-concentration of AuNPs could decrease the
7
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conductivity of the nanocomposite, a high-concentration of AuNPs might result in the
aggregation or fusion of AuNPs, which will in turn lead to a decline in the electron
conductivity of the nanocomposite and lower the antibody loading. As a result, the
comparative study was carried out by synthesizing a series of OMC-AuNPs
nanocomposites with different ratios of AuNPs to OMC from 1:5 to 4:5.

Since the detectable signal was derived from the thionine (Th) assembled on the
OMC-AuNPs in the immunosensor, CV measurements were performed in PBS after
Th was further assembled with OMC-AuNPs, and the evaluation was based on the
peak current intensity of Th in the assembly. As a control, Th was assembled on the
surface of GCE directly by a covalent linking between the amino group on Th and the
carboxyl group on GCE, which was produced via an electrochemical oxidation of
GCE in 05 M H,SO4*° As shown in Figure 1la, both Th/GCE and
Th/OMC-AuNPs/GCE displayed a pair of redox peaks, while the OMC-AuNPs/GCE
did not show any redox wave, suggesting that the redox peaks could be ascribed to the
redox waves of Th on the electrode, and the redox property of Th was retained after
the assembly. It should be noted that the peak current for the Th/OMC-AuNPs/GCE
was much higher than that for Th/GCE, indicating that OMC-AuNPs nanocomposite
played an important role in both enhancing the surface area and improving the
electron transfer of Th on the electrode. As shown in Figure 1b, increasing the ratio of
AuNPs: OMC from 1:5 to 2:5 resulted in an increase of the peak current, while further
increasing the ratio made the peak current gradually decreased. Therefore, the
Th/OMC-AuNPs displayed the best electrochemical performance at a AuNPs: OMC

ratio of 2:5.
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Figure 2. TEM (a, b) and SEM (c, d) images of OMC-AuNPs nanocomposite with a
AuNPs: OMC ratio of 2:5 (a, c) and 4:5 (b, d); TEM image of AuNPs in the
OMC-AuNPs nanocomposite with a AuNPs: OMC ratio of 2:5 (e), and histogram of
the AuNPs particles size summarized according to the TEM images in a) and b),
respectively (f, g). The inset in e) is the high resolution image of AuNPs in the
OMC-AuNPs nanocomposite with a AuNPs: OMC ratio of 2:5.

To further get insight in the reason for effect of AuNPs/OMC ratio on the
electrochemical performance of the nanocomposite, the morphology of the
OMC-AuNPs with different AuNPs/OMC ratios were investigated. Figure 2 presented
the TEM and SEM images of OMC-AuNPs nanocomposite with AuNPs: OMC ratios
of 2:5 and 4:5, respectively. When the ratio was 2:5, AuNPs were uniformly decorated
on OMC (Figure 2a, 2c, 2e and 2f), with a size around at 13 nm. The lattice fringes
shown in the inset of Figure 2e were visible with a spacing of about 0.23 nm, which
was corresponding to the lattice spacing of the (111) planes of Au, indicating that
AuNPs on the surface of OMC remained the original structure. However, when the
ratio increased to 4:5, the diameter of AuNPs became much larger and became
aggregated or fused (Figure 2b and 2d), and the size distribution of AuNPs was not
uniform any more (Figure 2g). Thus, the poor electrochemical performance of the

Th/OMC-AuNPs/GCE with a AuNPs: OMC ratio of 4:5 could be ascribed to the
9
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aggregation of AuNPs on the surface of OMC.

a) b) c)
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Figure 3. Nitrogen adsorption-desorption isotherms of OMC-AuNPs nanocomposites
with AuNPs: OMC ratio of 2:5 (a) and 4:5 (b), respectively, and UV-vis absorption
spectra of Th, Th/OMC-AuNPs and OMC-AuNPs (c).

The surface area of OMC-AuNPs nanocomposites with different AuNPs: OMC ratios
were evaluated by Brunauer—Emmett—Teller (BET) analysis of nitrogen
adsorption-desorption isotherms (Figure 3a and 3b). It was found that the surface area
of OMC-AuNPs nanocomposite with a ratio of 2:5 was about 1125 m?sg”, while the
surface area for that with a ratio of 4:5 was about 766 mz'g'l. On one hand, the
increased ratio of AuNPs: OMC led to an aggregation or fusion of AuNPs, thus
resulting in a decreased surface area of the AuNPs. On the other hand, with increasing
AuNPs concentration in the nanocomposite, the amount of the mesoporous OMC
accordingly decreased, which made the total surface area reduced. Therefore,
OMC-AuNPs nanocomposite with a ratio of 2:5 can provide more surface active sites
and make electron transfer easier, which was consistent with the CV results and
morphology observation. Herein, the AuNPs: OMC ratio of 2:5 was selected for the
nanocomposite preparation in the following study.

The assembly of OMC-AuNPs and Th in solution was further characterized by
UV-vis spectra. As shown in Figure 3¢, both the Th and Th/OMC-AuNPs displayed
two characteristic adsorption peaks at ca. 568 nm and 600 nm, which can be ascribed
to the monomeric Th and the T-type dimer aggregate, respectively, indicating that the

36,37
=0

intrinsic properties of Th were preserved after the assembly with OMC-AuNPs. t

should be noted that the obvious baseline difference between the spectra of Th and
10
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those of OMC-AuNPs and Th/OMC-AuNPs could be ascribed to the scattering effect
of OMC. Interestingly, a red shift up to 11 nm of the n—n* transition of the C=N bond
for Th (from 600 nm to 611 nm) was observed after the assembly with OMC-AuNPs,
implying an electron transfer between OMC-AuNPs and Th, which would be highly

desirable for the electrochemical detection in the proposed immunosensor.

Thermal stability of Nb

Since thermal stability of Nb is critical for its real applications, the activity of Nb
was evaluated by ELISA after incubating at 37°C and 70°C for 0.5, 1 and 2 h,
respectively. As a control, the thermal stability of conventional monoclonal antibody
for CP4-EPSPS (mAb) was also detected with a similar way. As shown in Figure 4,
after being treated at 37°C, the Nb and mAb kept similar activity. However, the Nb
remained much higher activity than mAb after the treatment at 70°C, especially in an
elongated time. For instance, after be incubating at 70°C for 2 h, Nb still remained for
approximately 60% activity, while mAb lost almost all activity. Hence, the high
thermal stability of Nb will make it possible to be applied in more applications,
especially those requires high temperature, and are typically prohibited by the low

thermal stability of conventional antibodies.

a) b)
A100_37°C mm \b ,-\100'700(: mm Nb
= Bl mAb| e B mAb
2 80 2 80t
z =
s 60 & 60
] (9]
2 2
= 40 s 40t
Q L
(=4 &

20 20+

0 0.5 1 2 0 0.5 1 2
Treated time (h) Treated time (h)

Figure 4. Activity of Nb and mAD after incubating at 37 °C (a) and 70 °C (b) for 0.5 h,
1 hand?2 h.

1
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Fabrication of the Electrochemical Immunosensor

The fabrication process of the electrochemical immunosensor was monitored by
cyclic voltammetry (CV) measurements in 0.1 M PBS solution containing 2 mM
K;[Fe(CN)s]. As shown in Figure 5a, the CV of bare GCE showed a pair of clear
redox peaks with the anodic and cathodic peak potential difference of less than 85 mV,
demonstrating a reversible redox reaction process. After the modification of the
OMC-AuNPs onto GCE, the current intensity became more remarkable than that of
bare GCE, which could be ascribed to the enhanced electron transfer activity of
OMC-AuNPs. The redox peak currents decreased progressively after Th-Nb and BSA
were successively assembled on the surface of GCE, suggesting that the electron
transfer of Ks[Fe(CN)s] at the electrode surface was blocked by the proteins. With the
further incubation with CP4-EPSPS, the resistance of the CP4-EPSPS further
inhibited the electron transfer of K;[Fe(CN)s] at the electrode surface and decreased
current was obtained. All the above results confirmed that the electrochemical

immunosensor was successfully fabricated.

a) b) c)
0.6
120+ Ong-mL'1
0.5}
~ -1
= = 100 ng-mL 0.4+
E 5 ~ o2}
o S 40t g y =0.0754x +0.3628
0.1t RZ=0.9932
L L 1 1 ! 0 n I 1 1 n 00 L 1 Il 1 1 1
-0.1 0.0 0.1 02 03 04 05 04 -03 -02 -0.1 0.0 0.1 4 B3 2 <1 0 1 2 3
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Potential (V) Potential (V) Lg(C(ngmL")]

Figure 5. (a) CV curves of modified GCE in 0.1 M PBS solution containing 2 mM
K;3[Fe(CN)g] during each step of the immunosensor fabrication: (i) bare GCE, (ii)
OMC-AuNPs/GCE, (iii) Th-Nb/OMC-AuNPs/GCE, (iv)
BSA/Th-Nb/OMC-AuNPs/GCE, (v) CP4-EPSPS/BSA /Th-Nb/OMC-AuNPs/GCE. (b)
DPV curves of the immunosensor with different concentrations of CP4-EPSPS in
Ny-saturated PBS (0.1 M, pH 7.4). (c) Calibration curve for the CP4-EPSPS

1IMMmunosensor.
12
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Given the excellent redox behavior of Th/OMC-AuNPs as shown in Figure 1, the
modified Th probe was applied for the detection of CP4-EPSPS quantitatively and
sensitively by DPV technique. As shown in Figure 5b, without the addition of
CP4-EPSPS, an oxidation peak appeared at around -0.17 V in the DPV curve, which
was consistent with the results in Figure 1 and thus the oxidation peak could be
ascribed to the electrochemical oxidation of Th on the electrode. After the addition of
CP4-EPSPS and further increasing the concentration, the DPV peak currents
decreased gradually. The electrochemical oxidation/reduction process of Th involves
not only the electron transfer between Th and electrode, but also the charge transfer at
the electrolyte/electrode interface. Therefore, for the immunosensor in our work, the
electrochemical signal of Th not only depends on the amount of Th immobilized on
the electrode, but also relies on the resistance of the membrane on the electrode. Upon
the formation of immunocomplex, the membrane resistance increased, thus the
electrochemical oxidation/reduction current decreased accordingly. In light of the
electrochemical current reduction in the immunoreaction process, it could be deduced
that an electrochemical immunosensor can be developed for the detection of
CP4-EPSPS.***’ Figure 5¢ showed a calibration curve with a good linear relationship
between the current decrease ratios (Io-Ij)/Ip and logarithm values of CP4-EPSPS
concentrations in the range from 0.001 to 100 ngemL', where Iy and I; represented the
currents before and after the capture of different concentrations of CP4-EPSPS. The
regression equation could be denoted as (Io-1))/Ip= 0.0754LogC (ngemL™") + 0.3628
with a correlation coefficient of 0.9932. The limit of detection (LOD) was 0.72
pgemL™" based on the equation of LOD = 36/S (o is the standard deviation of blank
samples data and S is the slope of calibration curve), which was more than 3 orders of

magnitude lower than those of previously reported works (Table 1). ' *4!

Moreover,
the LOD was also much lower than that of the commercial test kit of CP4-EPSPS
(such as Quantiplate Kit CP4-EPSPS in corn & soy, USA, LOD = 1 mgemL™).*
Hence, the prepared immunosensor could be used for the detection of CP4-EPSPS

quantitatively and efficiently accordingly. The high sensitivity of the as-obtained
13
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immunosensor could be ascribed to the synergetic coupling of Nb and carbon
nanomaterials. On one hand, compared with conventional mAb, Nb had a more
comparable size (15 kDa) with that of CP4-EPSPS (~40 kDa). As a result, the capture
of CP4-EPSPS by Nb would lead to a more obvious signal change, i.e., higher
sensitivity, than that using conventional mAb. On the other hand, the OMC-AuNPs
with high surface area and electron mobility could offer sufficient electron
conductivity and active anchoring sites for assembling Nbs and the redox probe,
which was favor of improving the sensor sensitivity. Therefore, the immunosensor
presented here displayed much lower detection limit compared with those of other
previously reported studies, offering an alternative way for the determination of the

CP4-EPSPS level in food and agroproducts.

Table 1. Comparison of a few available methods for CP4-EPSPS detection.

Linear range LOD
Method Capture agent References
(ngemL™") (pg'mL™")
Electrochemical .
. Nb 0.001-100 0.72 This work
Immunosensor
SPR DNA 50-5%10° 5x10* 13
LC-MS/MS specific peptides  250-5 X 10* 1X10° 38
Fluorescent
) Nb 5-100 340 39
Immunosensor
Commercial test kit — — 1X10° 40

Specificity, stability, reproducibility and reliability of the

immunosensor

To investigate the specificity of the immunoassay, the immunosensor was incubated
with CrylAa, CrylB, and CrylF as interfering proteins. As shown in Figure 6a, the
current decrease ratios (Io-Ij)/Ip of CrylAa, Cryl1B, and CrylF were much lower than

that of CP4-EPSPS, indicating that the immunosensor presented high selectivity and

14
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specificity for CP4-EPSPS. The high specificity of the as-constructed immunosensor
further proved our speculation that the immunoreaction between CP4-EPSPS and Nb
immobilized on the electrode was the main reason for the reduction of
electrochemical current of Th. To investigate the stability of the immunosensor, the
prepared immunosensors were stored in 0.1 M PBS (pH = 7.4) at 4°C. As shown in
Figure 6b, the constructed immunosensors still kept 94%, 87.3% and 83.2% of initial
response for 10 ngemL" CP4-EPSPS after the storage in 0.1 M PBS of pH 7.4 at 4°C
for 1 day, 6 days and 14 days, respectively, which suggested that the constructed
immunosensor had a satisfactory stability. Furthermore, the reproducibility of the
immunosensor was evaluated by determining five immunosensors, respectively. The
variation coefficient was 4.2 % (n=5) at 10 ngemL’ CP4-EPSPS solution,

demonstrating a good reproducibility of the immunosensor.
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Figure 6. (a) The decrease ratio of DPV peak current of the immunosensor for
CrylAa, CrylB, CrylF, and CP4-EPSPS with a concentration of 100 ngemL" in PBS
solution. (b) The stability of the immunosensor for CP4-EPSPS (10 ngemL™)

detection after 1 day, 6 days, and 14 days.
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Table 2. Recovery tests of CP4-EPSPS from spiked nontransgenic soybean extract

samples.
Spiked CP4-EPSPS Found RSD (%)
Entry Recovery (%)
(ng°mL'1) (ng°mL'1) (n=3)
1 1 0.97 97 2.7
2 10 10.27 102.7 3.6
3 100 96.18 96.18 33

To further validate the reliability of this immunosensor, the recovery experiment was
performed by analyzing the CP4-EPSPS protein-spiked nontransgenic soybean extract
samples with three concentrations (1, 10, 100 ng°mL'1). As shown in Table 2, the
results displayed acceptable recoveries of the spiked samples between 96.18% and
102.7% with a relative standard deviation (RSD) less than 3.6%, indicating a good
accuracy of the electrochemical immunoassay for quantitative detection of

CP4-EPSPS based on the OMC-AuNPs nanocomposite and Nb.

Conclusions

In summary, a simple electrochemical immunoassay with high sensitivity and
efficiency was developed for the detection of CP4-EPSPS by coupling Nb, OMC and
Th. OMC not only had excellent conductivity and large surface area, but also
provided abundant binding sites by cooperating with AuNPs for the conjugation of Nb
and Th that were acted as capture agent and electrochemical probe, respectively. As a
result, the as-constructed immunosensor exhibited a wide linear range, high stability
and satisfactory reproducibility for CP4-EPSPS detection, and more strikingly, its
sensitivity was at least 3 orders of magnitude higher than those by other methods and
the commercial CP4-EPSPS kit. The convenient operation and ultrahigh sensitivity of
the proposed immunoassay method would open a new vista in the field of food safety

detection.
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