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Abstract Single-stranded DNA (ssDNA) apta-

mers against four organophosphorus pesticides (pho-

rate, profenofos, isocarbophos and omethoate) were

simultaneously isolated from an immobilized random

ssDNA library by systematic evolution of ligands by

exponential enrichment (SELEX) technique. After 12

rounds of in vitro selection, five ssDNA aptamer

candidates were selected and their binding affinities

were identified by a novel method using a molecular

beacon. Two of the five ssDNA sequences, SS2-55 and

SS4-54, demonstrated higher affinities and specificities

to the four organophosphorus pesticides. They were

defined as broad-spectrum aptamers binding to four

different targets and their simulated secondary struc-

tures showed highly distinct features with typical stem

and loop structures. The dissociation constant of SS2-

55 and SS4-54 binding to the four organophosphorus

pesticides ranged from 0.8 to 2.5 lM. These aptamers

offered application potential in the analysis and/or

neutralization of the residues of the four organophos-

phorus pesticides.

Keywords DNA aptamer � Food safety monitoring

and analysis � Molecular beacon � Organophosphorus

pesticide � SELEX

Introduction

Aptamers are single-stranded DNA (ssDNA) or RNA

that can bind to various target molecules with high

affinity and specificity. They are emerging as a new

biosensor to be applied in analytical systems due to

their appealing characteristics such as, highly synthe-

sizable, easy to be structurally modified, highly

water-soluble, biocompatible, and reasonably stable

(Tombelli et al. 2005; Mascini 2008). Aptamers are

superior to antibodies because of their broader range of

application. They are able to bind not only to proteins

(Tang et al. 2007; Hasegawa et al. 2008; Tsukakoshi

et al. 2010) but also to other molecules, including metal

ions (Kawakami et al. 2000), and small molecules
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(Mann et al. 2005; Niazi et al. 2008; Cruz-Aguado and

Penner 2008; Kim et al. 2010; Mehta et al. 2011).

Organophosphorus pesticides, including phorate,

profenofos, isocarbophos and omethoateas, are

highly poisonous pesticides and are still used in some

agricultural practices. Any possible residues could

cause serious and permanent consequences to human

health in general and in children’s health in particular.

Therefore, there is an urgent need to develop reagents

that can detect and neutralize the residues of organo-

phosphorus pesticides. To the best of our knowledge,

there is no report that aptamers have been investigated

for this purpose. The primary aim of this paper is to

select aptamers that bind to organophosphorus pesti-

cides, and characterize their affinity and specificity.

Aptamers have been randomly selected from

sequence pools by using the systematic evolution of

ligands by exponential enrichment (SELEX) in vitro

(Tuerk and Gold 1990; Ellington and Szostak 1990).

Conventional SELEX process is limited to select

aptamers that bind to single targe molecules. The

secondary purpose of this study is to apply a modified

SELEX that can specifically select broad-spectrum

aptamers which can simultaneously bind to four orga-

nophosphorus pesticides from an immobilized random

ssDNA library. This technique would improve the

efficiency of aptamer selection.

Materials and methods

Materials

All the pesticides were purchased from Dr. Ehrensor-

fer GmbH. All the oligonucleotides were synthesized

by Generay, and purified by PAGE. ssDNA library

immobilization and ssDNA were prepared by using

Thermo-Pierce streptavidin agarose resins.

Immobilization of ssDNA library

A random ssDNA library (50-CCTGCCACGCTCCG

CAAGCTT-N10-CTGCAGCGATTCTTGATCG-N20-

TAAGCTTGCACCCGCATCGT-30) consisting of one

constant sequence in the middle and of primer binding

sequences at both ends was used. The constant

sequence was used to immobilize the ssDNA library

by a partly complementary sequence (B-B: 50-biotin-

TACCGCAAAAAAAAACAAGAATCGCTGCAG-30).

The primer binding sequences were hybridized by two

complementary sequences (P1: 5’-GCGGAGCGTGG

CAGG-30, P2: 50-ACGATGCGGGTGCCAAGCTT

A-30) while the ssDNA library was immobilized.

Before each round of selection, the ssDNA library,

B-B, P1 and P2 were denatured at 90�C for 3 min in the

selection buffer (300 mM NaCl, 50 mM KCl, 10 mM

MgCl2, 50 mM Tris/HCl, and pH 8.3) and annealed for

30 min at room temperature. This mixture was then

incubated with 200 ll streptavidin/agarose resins (pre-

washed five times with the selection buffer) in a

filtration column for 40 min at room temperature in

order to immobilize the ssDNA library.

Selection of ssDNA

In vitro selection was performed using a previously

reported method (Nutiu and Li 2005) with modifica-

tions. A mixture (200 ll) of organophosphorus pesti-

cides at 0.5 mM were added to the immobilized ssDNA

library filtration column, and incubated for 40 min.

Following centrifugation (600 9 g, 1 min, 4�C), the

ssDNAs in the eluted filtrate were amplified by PCR

with a biotin-50-labeled primer (P2-B: 50-biotin ACG

ATGCGGGTGCCAACTT-30) and an FAM-50-labeled

primer (F-P3: 50-FAM-CCTGCCACGCTCCGC-30).
The PCR products were incubated with 200 ll strep-

tavidin/agarose resins for 40 min at room temperature,

and the FAM-labeled sense strand was released by

addition of 0.1 M NaOH. The ssDNAs were precipi-

tated by ethanol and collected with glycogen for the

next round of selection. After 12 rounds of selection, the

selected ssDNAs were amplified with a non-modified

primer (P3: 50-CCTGCCACGCTCCGC-30) before

amplified DNAs were cloned and sequenced.

Binding affinity assay of ssDNA

A molecular beacon (50-FAM-CTGCACAAGAATC

GCTGCAG-DABCYL-30) was designed, which was

partly complementary with the middle constant nucle-

otides-sequence of the selected ssDNAs. A competi-

tive inhibition method (Fig. 1) was developed and

applied to the binding assay of the selected ssDNAs.

The selection buffer, or target molecules solution, and

the molecular beacon were mixed with the selected

ssDNAs. After the mixture had been incubated for

50 min at room temperature, its fluorescence intensity

was measured at excitation wavelength at 485 nm and
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emission wavelength at 535 nm. The inhibition ratios

were calculated by the following equation:

Rð%Þ ¼ C� T

C� B
� 100%

where R was the inhibition ratio, C was the fluorescence

intensity of the control group, T was the fluorescence

intensity of the target molecules group and B was the

fluorescence intensity of the molecular beacon. The

inhibition ratio indicated the affinity and specificity of

the selected ssDNAs.

Determination of dissociation constant (Kd)

An FAM-50-labeled sequence (F-P4: 50-FAM-CAA

GAATCGCTGCAG) that partly complementary

with the middle constant nucleotides-sequence of the

selected aptamers was used to calculate Kd. Apta-

mers at 200 nM were incubated with pesticides from

100 nM to 2 lM for 30 min at room temperature.

Then, F-P4 at 200 nM was added to the solution, and

incubated for 30 min. Those free aptamers, which did

not bind to the pesticides, would bind to the F-P4 at this

time. The unbound F-P4 was separated with a 10 kDa

filtration column. The concentrations of aptamer-

complexes and unbound pesticides were estimated by

the fluorescence intensity of unbound F-P4. The Kd

was calculated using the formula reported previously

(Wang et al. 2000):

B=F ¼ �1=Kd � Bþ B0=Kd

the binding ratio B/F, where B was the concentration

of aptamer-complex, and F was the concentration of

free pesticide. The value of Kd was determined by

Scatchard plot analysis.

Results

Selection of DNA aptamers

DNA aptamers binding to phorate, profenofos, benzo-

ate and omethoate were selected simultaneously from

an immobilized random ssDNA library consisting of

1014–1015 nucleotides. During each round of selection,

the ssDNAs binding to the organophosphorus pesti-

cides were eluted from the immobilized ssDNA

library, and enriched as the selection round progressed.

In the first round, the all eluted filtrate was amplified by

PCR to ensure the capacity of the ssDNA library. From

the second round, the ratio of fluorescence intensity of

the eluted solution to that of the second ssDNA library

was determined by the output/input ratio (Fig. 2). In

the second round, the output/input was *1.3%. This

ratio was positively correlated with the number of

selection rounds. At the twelfth selection round, the

output/input ratio was maximal at 41%.

Therefore, the eluted ssDNAs of the twelfth selec-

tion were amplified with non-modified primer and

cloned into a pUC-T simple vector by using a pUC-T

simple cloning kit. Twenty white colonies were

identified and picked. Fifteen positive colonies

with plasmids containing inserted ssDNA were

sequenced. Top five ssDNAs with highest homogene-

ity in sequence are shown in Table 1, and selected for

further characterization.

Fig. 1 Mechanism of competitive inhibition method. a Second-

ary structure of the molecular beacon was predicted to be a hairpin

structure. b The background fluorescence of the molecular

beacon was very low because of fluorescence resonance energy

transferring. The fluorescence intensity was increased when the

molecular beacon binds to the selected ssDNA, and inhibited

while organophosphorus pesticides competitively bind to

aptamers
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Characterization of the selected ssDNAs

To determine the affinity of the five selected ssDNAs,

binding assay was performed by the competitive

inhibition. The inhibition ratios of every pesticide are

shown in Fig. 3. Because the inhibition ratio was

positively correlated with the binding affinity of the

selected ssDNAs, SS2-55 and SS4-54 demonstrated

stronger binding affinity to the four organophosphorus

pesticides than did SS3-53, SS9-55 and SS13-55. In

binding to the four target molecules, SS2-55 and SS4-

54 displayed the highest activity in binding to isocar-

bophos with inhibition ratios of over 75%, and their

activity in binding to the other three target molecules

was also sufficiently high with the inhibition ratios of

above 39%. These results suggested that SS2-55 and

SS4-54 might be broad-spectrum aptamers.

The secondary structures of SS2-55 and SS4-54

aptamers were predicted by DNAMAN software, and

typical stem and loop motifs are shown in Fig. 4. The

design of binding domain of aptamers to their targets

was based on structural compatibility, aromatic rings

stacking, electrostatic and van der Waals interactions,

and hydrogen bonding, or from a combination of these

requirements (Stoltenburg et al. 2007). The structures

of most selected aptamers are typically assembled by

stems, loops, bulges, hairpins, triplexes, pseudoknots,

or quadruplexes. Therefore, loops 2-1, 2-2, 2-3, 2-4,

4-1, 4-2 and 4-3 are most likely active sites of the

two aptamers binding to the four organophosphorus

pesticides.

The specificities of SS2-55 and SS4-54 aptamers to

nine structurally similar pesticides of phorate, profe-

nofos, isocarbophos and omethoate, including imida-

cloprid, acetamiprid, chlorpyrifos, methamidophos,

dichlorvos, parathion, dimethoate, monocrotophos and

phoxim was also examined and the results are shown in

Fig. 5. The inhibition ratios of the nine pesticides were

below 15%, and SS2-55 and SS4-54 displayed weaker

affinities with the above nine pesticides. These results

suggested that the SS2-55 and SS4-54 aptamers could
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Fig. 2 Efficiency of each round of selection. From the second

round, the fluorescence intensity of the secondary library and the

eluted filtrate were measured on a black 96-well flat bottom

assay plate (Costar 3915) using Mithras microplate reader (LB

940; Berthold) at excitation wavelength 485 nm and emission

wavelength 535 nm. The selection efficiency was determined by

the ratio between fluorescence intensity of the eluted filtrate and

that in the solution of the second library

Table 1 Sequences of the selected ssDNAs

Aptamers ID Identical sequences Sequence (50 ? 30)

SS2-55 4 AAGCTTGCTTTATAGCCTGCAGCGATTCTTGATCGGAAAAGGCTGAGAGCTACGC

SS3-53 2 AAGCTTAATGATAACTGCAGCGATTCTTGATCGCTGGAACTTGAGCTTCGTAC

SS4-54 5 AAGCTTTTTTGACTGACTGCAGCGATTCTTGATCGCCACGGTCTGGAAAAAGAG

SS9-55 2 AAGCTTGGTGTACTCACTGCAGCGATTCTTGATCGGTGAGTTAGACAACATGCGC

SS13-55 2 AAGCTTAATTCGCGAGCTGCAGCGATTCTTGATCGAATGACGAAGTATTTATGCC

The underlined nucleotides-sequences were constant regions of the random ssDNA library with the primer binding regions excluded
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Fig. 3 Affinity of the selected ssDNAs. The four organophos-

phorus pesticides at final concentration of 500 lM and the

molecular beacon at final concentration of 125 nM were mixed

with the five selected ssDNAs at final concentration of 100 nM,

and incubated for 50 min at room temperature before inhibition

ratio was calculated
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bind to phorate, profenofos, isocarbophos and ome-

thoate with higher specificity.

Determination of Kd

The above results of binding affinity assay suggested

that SS2-55 and SS4-54 aptamers had greater affinity

to the four organophosphorus pesticides than that of

other three ssDNAs. Thus, the equilibrium Kd of SS2-

55 and SS4-54 aptamers to organophosphorus pesti-

cides were measured by a fluorescent-combining, equi-

librium filtration method. The Kd by Scatchard

plot analysis are shown in Table 2. The dissociation

constants of SS2-55 and SS4-54 binding to the four

organophosphorus pesticides ranged from 0.8 to

2.5 lM.

Discussion

In classical procedures of small molecules aptamers

selection, target molecules have been immobilized on

Sepharose or magnetic beads before being incubated

with the oligonucleotide library for binding. In reality,

most of the small molecule targets were not directly

immobilized on the matrix, and complicated chemical

modification was required to introduce an active group

Fig. 4 The secondary structures of SS2-55 and SS4-54 aptamers. The secondary structures were predicted by DNAMAN software, and

loops 2-1, 2-2, 2-3, 2-4, 4-1, 4-2 and 4-3 might be potential binding sites
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Fig. 5 Specificity of SS2-55 and SS4-54 aptamers. Imidaclo-

prid, acetamiprid, chlorpyrifos, methamidophos, dichlorvos, para-

thion, dimethoate, monocrotophos and phoxim at 500 lM and the

molecular beacon at 125 nM were mixed with SS2-55 and SS4-54

aptamers at 100 nM, and incubated for 50 min at room

temperature before the inhibition ratio was calculated

Table 2 The Kd of SS2-55 and SS4-54 aptamers to the four

organophosphorus pesticides

Aptamers

ID

Dissociation constant (Kd, lM)

Phorate Profenofos Isocarbophos Omethoate

SS2-55 1.11 1 0.83 2.5

SS4-54 1.43 1.25 0.9 2
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(Vianini et al. 2001; Niazi et al. 2008). Traditional

aptamer selection technique is also limited by its

capacity to single target molecule. In this report, we

have introduced a new method that selects broad-

spectrum aptamers from an immobilized random

ssDNA library consisting of 1014–1015 nucleotides

with the capacity of an individual aptamer binding

to four organophosphorus pesticides. This novel method

applies a molecular beacon to identify the selected

ssDNAs. During validation of this technique, we

selected SS2-55 and SS4-54 aptamers. They equipped

with a broad-spectrum to bind four organophosphorus

pesticides with high binding affinity and specificity.

The Kd for interaction between small molecule

targets and aptamers is usually calculated by the equi-

librium filtration method. The organophosphorus pes-

ticides were, however, intensively adsorbed by the

filtration column resulting in 60–80% of organophos-

phorus pesticides being unrecoverable. To overcome

this adsorption, we applied a fluorescent-combining,

equilibrium filtration method to indirectly estimated

Kd. Using this method, we have successfully obtained

the Kd of SS2-55 and SS4-54 aptamers.

In conclusion, this is the first report that two DNA

aptamers have been selected for potential application

in the analysis and/or neutralization of the residues of

the four organophosphorus pesticides.
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