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A sandwich-type immunosensor composed of antigen—double target/probe DNA-coated gold nano-
particles (NPs) was developed for the measurement of fluorescence intensity and quantitative analysis
of single-stranded DNA based on the concentration of free glyphosate. The reaction between the
antigen—double DNA—gold NPs and immobilized antibody on the substrate was carried out for 2 h.
The results of the antigen—antibody reaction were measured on the basis of the fluorescence
intensity obtained from comparison with the free antigens at concentrations of 0.01—100 ug mL™"
for the detection of immobilized antigen—double DNA—gold NPs. For the quantitative analysis based
on the concentration of glyphosate(0.01—100 g mL™"), the immunosensor response also revealed
the same detection range of glyphosate using DNA detection.
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INTRODUCTION

Glyphosate is a postemergence nonselective herbicide that is
used to control a wide variety of weeds (7). Due to its relatively
low toxicity to mammals, glyphosate has become the most widely
used herbicide. However, its widespread application has created
problems regarding environmental contamination; therefore, its
detection in crops, vegetables, and fruits has become increasingly
important (2).

Rapid detection methods are required to control dangerous
pollutants in various environments such as agricultural systems
or groundwater. The analytical methods used for the detection of
general pesticides usually employ equipment that measures the
permissible level of pesticides; such methods include high-perfor-
mance liquid chromatography (HPLC) (3), thin-layer chromato-
graphy (TLC) (4), and gas chromatography—mass spectroscopy
(GC-MS) (). Liquid chromatography (LC) and gas chromatog-
raphy (GC) are widely used for this purpose due to their high
sensitivity of detection and accuracy. However, these detection
methods are very complex, time-consuming, and expensive and
require bulky instrumentation (6). As a result, immunoassay-
based detection techniques are being developed to detect toxic
chemicals in the environment.

In recent years, immunoassays developed for the detection of
toxic chemicals in environmental systems have been required to
be highly specific, exhibit high sensitivity, and enable selective
detection in a wide variety of fields, including drug delivery and
biodefense (7, §). Immunoassays such as those used in medical
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diagnostics, food inspection, and biomedical research (9, /0) have
been applied to detection methods to enable rapid or low-cost
detection, with the most useful techniques utilizing biomarkers to
enable portability and simplicity (// —20). Despite the many advances
in this field, the development of immunoassays is still in its early
stage and can be applied to many more fields (2/—24). A type of
biolable amplification assay was applied to the biodetection of
protein and DNA, and it was increased in sensitivity by poly-
merase chain reaction (PCR) (25—28). Other methods such as
chemiluminescent (29), fluorescent (30), eletrochemical (37, 32),
inductively coupled plasma mass spectrometric (ICPMS) (33,34),
atomic absorption spectrometric (35), electrochemilumines-
cent (36), micellar electrokinetic capillary chromatographic (37),
and liquid phase binding (38) immunoassays have also been used
to detect pollutants with high sensitivity. However, their detection
times are usually long, and the procedures are expensive. This
paper aimed to develop a novel immunosensor that could be used
for the rapid and inexpensive detection of glyphosate as well as
enhancement of sensitivity.

MATERIALS AND METHODS

Materials. Gold NPs (40 nm) were purchased from BB International
(USA). Synthetic oligonucleotides with the following base sequences were
purchased from Bionics (Korea): 5-CGC ATT CAG GAT TGC ATG
ATT GCC AAA AAA AAA A-NH»-3', amine-functionalized group DNA
(target); -CGC ATT CAG GAT TGC ATG ATT GCC AAA AAA
AAA A-3, nonfunctionalized group DNA (probe); 5-GGC AAT CAT
GCA ATC CTG AAT GCG AAA AAA AAA A-SH-3, thiol-functio-
nalized group DNA. Antigens of pesticide (glyphosate) and 3-amino-
propyltriethoxysilane (3-APTES) were purchased from Sigma-Aldrich

©2010 American Chemical Society
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Figure 1. Novel immunoassay containing glyphosate—double DNA—gold NPs based on competitive inhibition reaction. (A) Antigen method (glyphosate
immobilized onto double DNA—gold NP conjugate): (a) bare gold NPs; (b) double-probe/target DNAs; (c) double DNAs immobilized on gold NPs; (d)
glyphosate immobilized on double DNA—gold NP conjugate. (B) Modification of surface of glass substrate: (a) glass substrate; (b) formation of —OH group on
the glass substrate after UV treatment; (c) formation of —NH, group after silanization; (d) formation of —CHO group after reaction with glutaraldehyde; (e)
immobilization of glyphosate antibody by amide bond. (C) Analysis of single-probe DNAs obtained by the capture of glyphosate—double DNA—gold NPs
based on the competitive inhibition reaction: (a) glyphosate antibody on the glass substrate; (b) competitive inhibition reaction with the mixture solution
(glyphosate—double DNA—gold NP and free glyphosate); (c) separation of double DNA—gold NPs; (d) single-probe DNA analysis at 260 nm.

(USA). Glyphosate polyclonal antibodies (rabbit host) were purchased
from Abcam (USA) and Young In Frontier Co. (Korea). Glutaraldehyde
was obtained from Fluka (USA).

Preparation of Sandwich-Type Antigen—Double DNA—Gold
NPs. Double-target and probe DNAs were prepared using a single amine-
functionalized group DNA (target), a single nonfunctionalized group
DNA (probe), and a thiol-functionalized group DNA. Two microliters of
12.3 nM single amine-functionalized group DNA (target) solution and
2 uL of 12.3 nM single nonfunctionalized group DNA (probe) solution
were mixed with 2 uL of 12.3 nM single thiol-functionalized group DNA
by heating for 5 min at 95 °C in 96 uL of phosphate-buffered saline (PBS)
at pH 7.4. Sixty microliters of double-probe DNA solution was then mixed
with 30 uL of double-target DNA at a ratio of 2:1 for 1 min.

To modify gold NPs, 1 mL of gold NPs (0.01 wt %) was centrifuged for
20 min at 2000g and then washed in PBS buffer. The washed gold NPs were

then added to the DNA mixture solution and shaken for 60 min at 4 °C to
produce self-assembly monolayers.

For formation of antigen—double target/probe DNA—gold NPs, 90 uL
of 1 mM glyphosate in PBS buffer (pH 7.4) for the antigen was added to
induce DNA recombination with the gold NP solution. The mixture
solutions were then shaken for 2 h at 4 °C for immobilization. Finally, the
solutions were centrifuged at 2000g, after which they were thoroughly washed
in PBS solution to eliminate unimmobilized glyphosate (Figure 1A).

Preparation of Captured Antibody Dots onto Modified Glass
Substrate. Modified aldehyde groups on a glass substrate were prepared
by following standard methods (39). A glass substrate was cleaned by
soaking in 100 mL of H,O, (35%) at 25 °C for 2 h, followed by washing
with distilled water. A —OH group was introduced to the glass surface by
treatment with UV light (at 184 nm, intensity = 15—18 mW cm?) for
10 min, followed by drying at 120 °C for 2 h. Substrates were then treated
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with 10 mL of 3-APTES in 90 mL of acetone at 50 °C for 2 h to induce the
amino groups to adhere to the substrate. The slide was then washed with
distilled water and dried at 60 °C for 2 h. The substrates were modified with
400 mL of phosphate buffer (pH 7.0) by soaking the samples in 2.6 M
glutaraldehyde at 4 °C for 1 h and then at 20 °C for 1 h (Figure 1B).

To immobilize glyphosate antibody, the modified substrates were washed
with distilled water. Then, 0.3 uL of 1 mg mL™" glyphosate antibodies in
PBS buffer (pH 7.4) was immobilized on dots formed in the detection zone
of the substrate by the hand spot method at room temperature for 2 h
as detailed in ref 40. Finally, the substrates were washed in PBS solution
(pH 7.4).

Immunoassay for Detection of Fluorescence Intensity. For the
detection of fluorescence intensity, immobilized antigen on the surface of
the gold NPs was added to each of the 180 uL solutions containing free
glyphosate at concentrations ranging from 100 to 0.01 ug mL™". Mixture
solutions were prepared, wetted, and incubated at 25 °C for 2 h on the
antibody dots. After the reaction, the substrates were washed two times in
PBS buffer (pH 7.4) containing 0.3% (v/v) Tween 20. Washed substrates
were assessed by measuring the fluorescence intensity of immobilized gold
NPs through competitive immunoreactions.

Measurement for Detection of Single-Probe DNA. Different
amounts of gold NPs on the functional substrates were heated at 95 °C
for Sminin 1 mL of PBS (pH 7.4) after removal of the glass substrate. The
solutions containing single-probe DNAs were measured using a UV spec-
trophotometer (UV Mini-1240, Shimadzu, Japan) at 260 nm (Figure 1C).
Concentrations of the solutions were then calculated from a plot con-
structed using a calibration curve.

RESULTS AND DISCUSSION

Gold NP-Based Immunoassay of Glyphosate. Glyphosate was
subjected to immunoassay based on competitive immunoreac-
tions in which developed glyphosate—dsDNA—gold NP conju-
gates compete with free glyphosate in the sample for available
antibody binding sites on the substrate. Conjugated antigens of
glyphosate on the surface of gold NPs were immobilized on the
antibody dots by an antigen—antibody interaction, as amine-fun-
ctionalized groups were present in the target DNA and attached
to the aldehyde groups of glyphosate by imine reactions. To
investigate the detection of stable glyphosate—dsDNA—gold NP
conjugates, the fluorescence of glyphosate—dsDNA—gold NP
conjugates was compared to that of free glyphosate at concen-
tratoins ranging from 100 to 0.01 ug mL~" (Figure 2).

Figure 2A shows the calibration curve of the fluorescence of
glyphosate—dsDNA—gold NPs under optimum conditions. The
linear dependence of the concentration of free glyphosate yielded
a regression equation of intensity with a correlation coefficient of
0.95. When the concentrations of free glyphosate decreased to
0.01 ug mL™', the amount of immobilized free glyphosates on the
surface antibody dots likewise decreased. In the results, the amount
of immobilized antigen—double DNA—gold NPs on the surfaces
of the antibody dots was increased at the fluorescence intensity of
the first detection. Brighter fluorescent images were also observed
(Figure 2B). Therefore, gold NPs were immobilized through
competitive immunoreactions involving free glyphosates. Specif-
ically, the assay was composed of antibodies containing amine
functional groups that immobilized the aldehyde functional
group of the substrate (imine reaction). Both free glyphosates
and gold NPs competitively reacted with the immobilized anti-
bodies.

In addition, single-probe DNA was separated from DNA-
conjugated gold NPs on the surfaces of the antibody dots by
heating the substrate in PBS buffer (pH 7.4) solution. After removal
from the substrate, the concentrations of single-probe DNAs with
free glyphosate were measured using a UV spectrophotometer.
The optical density of the single-probe DNA that was separated
from double-probe DNA was measured to identify the amount of
free glyphosate bound to the gold particles. Therefore, an indirect
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Figure 2. Fluorescence intensity analysis: (A) calibration plot for the immu-
noassay on the glass substrate; (B) fluorescence images of immobilized
glyphosate—double DNA—gold NPs mixed with free glyphosate from 0.01
t0 100 g mL ™" on the glass substrate. The images shown were immobilized
by antigen—antibody reaction (1 s of exposure time and 200 of sensitivity).

detection method was used to measure the amount of single-
probe DNA instead of free glyphosates, which led to increased
sensitivity.

Two different types of double-target/probe DNAs were uti-
lized to immobilize and separate glyphosate antigen, followed by
quantitative analysis. One type was functionalized using single-
thiolated DNA and nonfunctionalized DNA (probe) having a
complementary sequence, whereas the other employed thiolated
DNA and amine-functionalized DNA (target). The process can
be reversed when the temperature is raised, which results in the
breaking of hydrogen bonds, that is, melting of the DNA double
helix. The complementary sequence of the DNA was designed so
that single-target and probe DNA were specifically bound at
65—67 °C, because the annealing temperature enhanced selec-
tivity. In addition, the repeated sequence of poly A was used as a
linker between the gold NPs and glyphosate antigen for the
reaction of antigen—double DNA—gold NPs. The binding activ-
ity of the mismatched sequences of the single-target DNA and
probe DNA was compared with that of a complementary
sequence containing thiol-functionalized group DNA. Two kinds
of double DNAs (target, probe) were induced to undergo DNA
recombination. The mixed solution with double-target DNA and
double-probe DNA was conjugated on the surface of the gold
NPs at a thiol-functionalized group. The antigen of glyphosate
was then immobilized using double-target DNAs. The term “DNA
recombination” indicates that DNA moved from a thiol-function-
alized DNA molecule to an amine-functionalized (target) or
nonfunctionalized (probe) DNA molecule. The thiol-function-
alized DNA molecule was complementary to the amine-function-
alized (target) and nonfunctionalized (probe) DNA molecules,
which mediated the antigen—antibody interaction for the first
detection and quantitative analysis for the second detection. The
double DNAs were made from two kinds of DNA (target DNA
and probe DNA) by recombination.

The use of gold NPs also contributed to the high sensitivity of
the immunoassay. The size of the gold NPs was approximately
40 nm (4/). Some advantages of using gold NPs are convenient
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Figure 3. Single-probe DNA analysis: (A) calibration curve describing the
optical density at various concentrations of single-probe DNA by UV
spectrometry at 260 nm; (B) glyphosate analyzed at concentrations
ranging from 0.01 to 100 «g mL ™" by the novel immunoassay.

preparation of desired sized NPs, high monodispersity in aqueous
phase, and ease of producing conjugates with biomolecules that
can function as detector reagents (42). Previous works have
shown that the high sensitivity offered by gold NPs is due to
dispersion, density, and a higher surface-to-volume ratio than
other metal particles (43, 44). Besides, gold NP-modified elec-
trode surfaces can be prepared by covalently binding gold NPs
with solid surfaces modified with surface functional groups
(—SH) of self-assembled monolayers (SAMs) (45—48). There-
fore, gold NPs were applied to the immunoassay to enable the
detection of free glyphosate at concentrations of 0.01 zg mL ™.

Sensitivity Enhancement of Glyphosate. Hand spotting was
utilized for the substrate. Uniformly sized antibody dots are
essential for fluorescence intensity and quantitative analysis.
However, the results of this study were confirmed on the basis
of the concentrations of free antigen and single probe DNA,
although nonidentical results could have resulted from mistakes
during spotting. A constant concentration of antibody dot affected
the analysis of fluorescence, whereas the size of antibodies
affected the quantitative analysis. The intensity of fluorescence
in the first detection decreased when free antigen and gold parti-
cles were immobilized in the presence of nonuniform concentra-
tions of antibody. Therefore, a PBS (pH 7.4) buffer solution was
utilized to make the concentrations of incubated antibody dots
uniform. Otherwise, the accuracy of the quantitative analysis for
the second detection decreased when the size of the dots was non-
uniform. After immobilization of antigen—double DNA—gold NPs
on the substrate, the single-probe DNAs were separated from
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double-probe DNAs on the surfaces of the gold NPs by heating
the substrate in PBS buffer solution. The amount of single-probe
DNAs was then measured through quantification of free glypho-
sate using a UV spectrophotometer at 260 nm. The mechanism of
the immunoassay using competitive immunoreactions was mediated
through the detection of free glyphosate during the time at which
the concentration of single-probe DNA increased. It seems
reasonable to conclude that the immunoassay was able to detect
pesticides at a concentration of 0.01 ug mL™" (Figure 3).

The detection limits of the previously developed analytical
methods were similar to those of the immunoassay that was
developed in this study; however, they required a longer time to
detect the pesticides. In addition, the novel immunoassay devel-
oped here can be applied to the detection of other pesticides and
target materials containing carboxyl groups.

In conclusion, a novel immunoassay containing pesticides—
dsDNA—gold NPs was developed on the basis of competitive
immunoreaction of antibodies. The method comprised capturing
glyphosate—dsDNA—gold NPs and then detecting single-probe
DNA to measure the level of free glyphosates (0.01—100 ug
mL™"). This immunoassay enabled detection of several pesticides
at concentrations as low as 0.01 ug mL~" within 2 h. The immu-
noassay described here can provide rapid sample analysis with
decreased laboratory costs and is applicable to other pesticides
containing carboxyl groups. Therefore, it is suggested that this
immunoassay be used as an immunosensor for the accurate detec-
tion of free antigen concentrations in the range of 0.01 zg mL™".
The primary advantage of this method is that it allows detection
of samples using high concentrations of single-probe DNAs. In
the same way, further experiments for the immunosensor char-
acterization of interest such as the food safety and disease diag-
nosis fields will make the best use of the assay.
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