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In this work, a simple gold nanoparticles (AuNPs) based colorimetric biosensor was developed for chlor-
pyrifos (Chl) detection using an aptamer as the capture probe. The Chl-aptamer with low dissociation
constant (Ky) of 58.59 + 6.08 nmol/L was selected by ssDNA library immobilized systematic evolution of
ligands by enrichment (SELEX). In the absence of Chl, the Chl-aptamer acted as the stabilizer for AuNPs in
salt solution. In the presence of Chl, the highly specific Chl-aptamer bound with Chl targets immediately,
thus a self-aggregation of AuNPs induced by salt was displayed. The fabricated colorimetric aptasensor
exhibited an excellent sensitivity for Chl detection with the LOD as low as 14.46 nmol/L. In addition, the
aptasensor was applied to test Chl in tap water, cucumber and cabbage samples, the excellent recoveries
with acceptable RSD values below 5% demonstrated that the method can be considered as a promising
tool for simple, rapid Chl detection.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chlorpyrifos (Chl), a typical organophosphorus pesticide, is
mainly used for industry, agricultural pest control and home pests
kill. The abuse of Chl could cause environmental pollution includ-
ing water contamination, soil degradation, accumulation in crops
and potential risk to animals [1-3]. Besides, exposure to Chl also
has great threat to human health, such as affecting male reproduc-
tion [4], neurotoxicity [5], nephrotoxicity [6], inducing the prolif-
eration of breast cancer cells [7,8] and acute toxicity [9]. Thus, the
toxicity of Chl to environment and humans lead to urgently exploit
sensitive, simple, low cost and on-site rapid methods for Chl anal-
ysis and detection, since the instrumental techniques (high per-
formance liquid chromatography [10,11], gas chromatography [12],
mass spectrometry [13], surface enhanced Raman scattering [14],
etc.) have the storages of bulky to carry, expensive cost, profes-
sional operators and complexity sample pre-treatment. Besides, the
solution of most pesticides are organic solvents, which would in-
terfere the detection results, thus limits the use of immunoassay
[15].
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To develop a method, a target recognition unit is required. Ap-
tamers, a class of single strand oligonucleic acids, are selected by
systematic evolution of ligands by exponential enrichment (SE-
LEX) [16-18], which possesses superior advantages over traditional
recognition molecules, because of their nontoxicity, high specificity,
high affinity, low cost and easier to synthesize and modify [19-22].
According to recent researches, highly specificity aptamers for di-
verse target substances (proteins [23], breast cancer [24], exsomes
[25], cells [26,27], ions [28,29], bacterial [30], pesticides [31,32],
etc.) have been screened. Hence, the aptamer based sensors (ap-
tasensors) have been widely reported [33,34]. However, the ap-
tasensors for small molecule targets meet more challenge because
of the small molecule size and low molecular weight, which is
difficult to capture [35]. Thus, there are relatively few reports on
small molecule aptasensors. Nevertheless, the researchers devoted
themselves to the study of easier sensors and high specificity ap-
tamer [36-38].

Gold nanoparticles (AuNPs), have many advantages in the field
of biochemical analysis because of their unique optical proper-
ties, high surface-to-volume ratio, high molar absorption coef-
ficient, biocompatibility, non-toxicity and easy to prepare [39-
41]. Among diverse AuNPs based biosensor systems, colorimetric
biosensing has been widely applied for their simplicity, low cost,
visible color changes, which can be considered as an alternative
for on-site detection [42-44]. The ssDNAs can bind to negatively
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Fig. 1. Schematic illustration of the fabricated colorimetric aptasensor for chlorpyri-
fos detection.

charged AuNPs through electrostatic force, thus serve as the stabi-
lizers of AuNPs [45], in the presence of targets, the formations of
ssDNA-targets would avoid adsorption from ssDNA to the surface
of AuNPs, hence, the bare AuNPs immediately aggregate at high
salt solution. Based on this mechanism, the AuNPs based colori-
metric aptasensor become more popular [46-48].

In this article, we developed a label-free AuNPs-based colori-
metric aptasensor for Chl detection, which is simple to operate
and stable in organic solvents or solution containing matrix comp-
nents. Fig. 1 is the schematic illustration for Chl detection. The
Chl-aptamer, which was selected using ssDNA library immobilized
SELEX [49], could stabilize the AuNPs in an optimal concentration
of salt solution. In the presence of Chl, the specific Chl-aptamer
will bound with Chl first, thus the exposure to certain salt solu-
tion could cause the AuNPs self-aggregate and a color change from
red to blue. Besides, the established colorimetric aptasensor was
used to detect tap water, cucumber and cabbage samples to vali-
date and evaluate the accuracy as well as practical application. The
tested results were quilt satisfied demonstrating the potential use
of the fabricated aptasensor to Chl capture and detection in aque-
ous solution and real samples.

All glasswares for preparation of AuNPs were dipped thoroughly
in aquaregia (3:1 (v/v) HNOs-HCl) for 24 h, then washed with
double distilled water and dried for use. AuNPs with a diameter
around 13.0 nm were synthesized by means of the classical citrate
reduction method [50] with a slightly improvement. Briefly, 25 mL
of HAuCl, (0.01% (w/v)), 0.8 mL of 1% (w/v) fresh trisodium citrate
were mixed thoroughly in the bottle. Subsequently, the bottle was
put into the oven at 100 °C for 2 h. Concentration of AuNPs was
calculated using the following formula C = A/(eb), where C is the
concentration of AuNPs, A is the UV-vis absorbance of AuNPs at
520 nm, ¢ equals to 2.7 x 108 L mol~! cm™!, is the extinction co-
efficients of 13.0 nm AuNPs, b is the thickness of the measurement
cuvette. To characterize the dispersion of AuNPs aqueous, UV-vis
spectra and transmission electron microscopy (TEM) images were
acquired.

To fabricate a Chl colorimetric aptasensor, 25 pL (1 pmol/L) of
Chl-aptamer, 100 pL (3.1 nmol/L) of AuNPs and Chl with differ-
ent concentrations were evenly mixed and incubated for 30 min
to let the target pesticide binding with aptamer completely. Later,
35 pL (500 mmol/L) of NaCl was added to above mixture and fur-
ther diluted with deionized water to 250 pL. After incubation for
15 min, the solutions were characterised by UV-vis spectrum, and
the absorbance wavelength was measured in 400-700 nm. The ab-
sorbances at 650 nm (Agsg) and 520 nm (As,g) were recorded. The
ratio of Agsg/Asyo was given. All the conditions were at room tem-
perature.

Then, a wide range of Chl concentration from 50 nmol/L to
10 pmol/L was used to test the sensitivity of the fabricated col-
orimetric aptasensor. The specificity of the aptasensor was deter-
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mined with different pesticides (dimethoate, dichlorphos, carbofu-
ran, malathion, profenofos), respectively. Besides, a mixture con-
taining all other pesticides as well as Chl was also tested. The con-
centration of Chl was 1 pmol/L, while the other pesticides were
10 pmol/L.

In order to validate and evaluate the accuracy as well as prac-
tical application of the constructed chlorpyrifos colorimetric ap-
tasensor, the cucumber, cabbage and tap water samples were
tested. Tap water was collected from our laboratory, and the cu-
cumber and cabbage were purchased from the local market. The
pre-treatment procedure details are as follows: tap water was fil-
tered with a 0.22 pm membrane (Millipore), then spiked with dif-
ferent concentrations of Chl. Cucumber and cabbage were washed,
dried at room temperature, then sprayed with various concentra-
tions of Chl and kept at room temperature for 12 h, later the sam-
pling stick evenly scraped the sample surface several times, and
solved by 1 mL deionized water.

According to our previous works [49], we selected a highly
binding Chl-aptamer. After eight selection rounds, a high enrich-
ment ssDNA pool for Chl was obtained, the retention rates of each
round were shown in Fig. S1 (Supporting information). We can see
that with the increase in screening pressure, the retention rate of
positive selection reaches 4.49% after the eighth round. The sec-
ondary structure of the selected Chl-aptamer was shown in Fig.
S2 (Supporting information), which is composed of stem-loop and
hairpin structures. The Ky curve of the Chl-aptamer was shown
in Fig. S3 (Supporting information), showing that the Chl-aptamer
has a low dissociation constant (K; = 58.59 + 6.08 nmol/L), which
means highly binding to Chl.

The experiment conditions are important for developing a sen-
sitive colorimetric aptasensor, such as the concentration of NaCl,
the incubation time between Chl and aptamer, and the incuba-
tion time of NaCl. As shown in Fig. S4A (Supporting informa-
tion), the concentrations of NaCl from 20 mmol/L to 100 mmol/L
were tested. The Agsg/Asyg value of AuNPs solution increased with
the increasing in NaCl concentration, while the Agsg/Asyg value of
AuNPs with aptamer solution almost keep the same during the
concentration of NaCl increasing to 70 mmol/L, which means the
proper concentration of NaCl could not aggregate the aptamer sta-
bilized AuNPs, but a higher concentration of NaCl could. Besides,
for the AuNPs in the system with or without aptamer, the dif-
ference of Agso/Asyg value reaches the maximum after incubating
with 70 mmol/L NaCl. Thus, we chose 70 mmol/L NaCl for further
study. In the incubation time optimization experiments, 1 pmol/L
Chl was used. From Fig. S4B (Supporting information), we can see
the Agsg/Asp0 value was increased with the increase in incubation
time first, then stabilized after incubating for 30 min, indicating
that the binding interaction between Chl and aptamer reached sat-
uration at 30 min. From Fig. S4C (Supporting information), we can
see the optimal incubation time of NaCl is 15 min.

AuNPs in different systems were characterized with UV-vis
spectrum and TEM images. As shown in Fig. 2A, we can see that
in the system of AuNPs in 70 mmol/L NaCl, the As,q hugely de-
creased and the Agsg increased (red line), meaning the aggrega-
tion of AuNPs. The Chl-aptamer with random coil structure can
be adsorbed on the surface of AuNPs by electrostatic interaction
thus can protect AuNPs from ion-induced aggregation and, there-
fore, AuNPs are more stable in salt solution [51]. Once the AuNPs
were incubated with aptamer (purple line), the proper concentra-
tion of NaCl could not make the AuNPs aggregate, which means
the Chl-aptamer could stabilize the AuNPs dispersion. In the pres-
ence of Chl, the strong interaction between Chl and aptamer could
make the conformation of aptamer change, and the formation of
aptamer-target complex could avoid the adsorption from aptamer
to the surface of AuNPs. Hence, the unprotected AuNPs would ag-
gregate in salt solution and the extinction peak was shifted to a
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Fig. 2. (A) UV-vis spectra of AuNPs in different systems. From up to down is AuNPs (black line), AuNPs+aptamer+NaCl (purple line), AuNPs + aptamer + Chl + NaCl (blue
line), AuNPs + NaCl (red line), respectively. TEM images of AuNPs in different systems. (B) AuNPs, (C) AuNPs + aptamer + NaCl, (D) AuNPs + aptamer + Chl + NaCl, (E)

AuNPs + NaCl. Scale bar: 100 nm.
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Fig. 3. (A) UV-vis spectra of different concentration of Chl (0, 50, 80, 100, 150, 200, 400, 600, 1000, 2000, 3000, 5000, 8000, 10,000 nmol/L); (B) Scatterplot of Agso/As20
value at different concentration of Chl; (C) The linear relationship between the Agso/Aszo value and low concentration of Chl (50-200 nmol/L); (D) The linear relationship

between the Agso/As20 value and high concentration of Chl (200-5000 nmol/L).

longer wavelength. Thus, a decrease of Asyy and an increase of
Agso Were observed, leading an increase in Agsg/Asyg (blue line). As
mentioned in the study of Sato and co-workers [52], this aggrega-
tion phenomenon is driven by the London-van der Waals attractive
force between AuNPs, when the repulsive interaction is greatly re-
duced by the formation of duplexes on their surface. The attractive
force works from a distance and leads to the aggregation. Mean-
while, Figs. 2B-E are the corresponding TEM images of each sys-
tems.

Subsequently, the label-free AuNPs based colorimetric aptasen-
sor was established for Chl standard solution (0-10 umol/L) analy-
sis. The UV-vis spectra were shown in Fig. 3A, we can see that with
the increase in Chl concentration, the Asyg value kept decreasing,
while the Agso value also kept increasing. The scatterplot of the
Ags0/Aszo values with different concentrations of Chl was shown
in Fig. 3B, it was shown that the Agsg/Asyg value increased signifi-
cantly at the concentration of Chl from 0 to 5 pmol/L, and slowed
down after the Chl concentration kept increasing to 10 pmol/L. It
is worth mentioning that there are two linear relationships be-
tween Agso/Asyo value and the concentration of Chl. At low concen-
tration range of Chl (ranging from 50 nmol/L to 200 nmol/L), the
linearization equation is y = 0.102 + 9.126 x 10~4C (R? = 0.996)
(Fig. 3C), while at high concentration range of Chl (ranging
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from 200 nmol/L to 5000 nmol/L), the linearization equation is
y = 0266 + 1124 x 1074C (R?* = 0.997) (Fig. 3D). The limit of
detection (LOD) is as low as 14.46 nmol/L, which is given by the
equation: LOD = 3 x Sg/b, where Sg is the standard deviation of
twenty independent blank samples and b is the sensitivity of the
calibration graph [29].

The specificity of the fabricated colorimetric aptasensor was
evaluated by comparing the Agso/Asyo value of solutions con-
taining 1 pmol/L chlorpyrifos with other pesticides at concentra-
tions 10 times higher, such as dimethoate, dichlorphos, carbofu-
ran, malathion, and profenofos. A water solution was used as the
blank. As shown in Fig. 4, the Agso/Asy¢ value showed the ability of
the current aptasensor to specifically detect chlorpyrifos even in a
mixture, while a negligible change of Agso/Asyo value in detecting
other pesticides. The result indicates this aptasensor could specifi-
cally detect chlorpyrifos among other pesticides.

The sample detection results were shown in Table 1. It was con-
firmed that the developed colorimetric aptasensor displays excel-
lent capability for the accurate detection of chlorpyrifos in tap wa-
ter, cucumber and cabbage samples. The excellent recovery values
with acceptable RSD values below 5% demonstrates that the pro-
posed aptasensor could be applied to detecet chlorpyrifos in real
samples.
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Fig. 4. The selectivity of the proposed colorimetric aptasensor, Blank means with-
out any pesticide; Mix means the solution contains 1 pmol/L Chl and 10 umol/L of
dimethoate, dichlorphos, carbofuran, malathion, profenofos, respectively.

Table 1
Determination of Chl in real samples.
Sample Added (nmol/L) Found ? (nmol/L) Recovery (%) RSD P (n = 5%)
Tap water 100.0 105.6 105.6 2.8
500.0 480.8 96.2 1.6
1000.0 1032.2 103.2 22
Cucumber 100.0 98.3 98.3 2.5
500.0 509.2 101.8 1.8
1000.0 988.7 98.9 23
Cabbage  100.0 103.6 103.6 3.2
500.0 490.5 98.1 2.7
1000.0 970.8 97.1 4.8

2 Mean values of three determinations.
b Standard deviation.

In summary, we fabricated a label-free AuNPs based colorimet-
ric aptasensor for sensitive detection of Chl. The Chl-aptamer was
obtained using ssDNA library immobilized streptavidin-magnetic
beads SELEX technique. The fabricated colorimetric aptasensor ex-
hibits excellent sensitivity for Chl detection with the limit of de-
tection as low as 14.46 nmol/L. Furthermore, the real samples de-
tection showed satisfying results with excellent recovery values
between 96.2% and 105.6% and acceptable RSD values below 5%,
demonstrating the developed aptasensor can serve as a promising
candidate for Chl detection in the area of biosensors, which also
showed a great potential in simple, cheap and rapid detection of
Chl.
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