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With increasing industrialization of food production, residues of organophosphorus pesticides (OPs) are more
frequently found in the environment including rivers, lakes and soils. Extended exposure to OPs, even at a level
below 1 nM, may lead to liver and central nervous system damages in humans and animals, while existing
detection methods are not sensitive enough to detect OPs at trace levels. We presented a simple-to-use aptasensor
to rapidly detect broad-spectrum OPs with high sensitivity. DNA aptamer was modified on the surface of a micro
interdigitated electrode chip, and AC electrokinetics was employed to accelerate the binding of OP molecules to
the aptamer probe. The sensing strategy directly measured the interfacial capacitance whose change rate was
adopted as a quantitative indicator of recognition events, with a sample to result detection time of 30 s. This
aptasensor had a wide linear range of (fM ~ nM), and the detection limit reached (0.24–1.67) fM for four highlytoxic OPs, with good specificity. It still showed good activity after being stored in non-refrigerated environment
for at least 14 days. This aptasensor as well as the detection method offer a promising solution for on-site and
real-time sensitive OP detection.

1. Introduction
Organophosphorus pesticides (OPs) refer to organic compound pes
ticides containing phosphorus, which are widely used in agriculture
(Yang et al., 2018; Marinov et al., 2011). Due to their low cost and high
efficiency to eradicate insect pests, OPs are adopted by farmers world
wide. There are many types of OPs for use with different crops and pests,
however, almost all of the OPs are acutely toxic to human body. With
extended exposure to OPs, even at a low dose, can cause chronic damage
�nchez-Santed et al., 2016). Over the years, the use of
to human health (Sa
OPs has seriously polluted ecological environment and ecosystems (Wu
et al., 2010), leaving extensive toxin residues in organisms, soil and
water. Since OP residues from water can directly enter food chain and
human activities, fast and sensitive detection of OPs in aqueous solutions
have attracted widespread attention.
In the past decade, a large number of biosensors were investigated to

realize detection of OPs. In an OP sensor, biochemical probe and signal
transducing method are two key components. Traditionally, the most
commonly adopted probes for OP recognition are enzymes, such as
acetyl cholinesterase (AChE) (Satnami et al., 2018) and butyryl
cholinesterase (BChE) (Pantazides et al., 2014). As for signal trans
ducing, existing strategies are mainly based on optical and electro
chemical methods.
For optical signal transducing, colorimetry, fluorescence and surfaceenhanced Raman scattering (SERS) are three common types of tech
niques. A colorimetric method to detect parathion was developed based
on hydrolysis reaction of AChE and gold nanoparticle dissolution (Wu
et al., 2017). Fluorescence is another popular optical method frequently
reported. A fluorescence sensor was presented recently, which was
based on quantum dots aerogel with AChE probe (Hu et al., 2019). For
SERS, chlorpyrifos detection was reported using gold nanopopcorn (Xu
et al., 2017). As for electrochemical strategy, voltammetry and
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amperometry are the most commonly used to find the analyte level. An
aptasensor based on graphite screen-printed electrodes was presented
(Selvolini et al., 2018) to use with differential pulse voltammetry. A
magnetic particle based amperometric AChE enzyme sensor was re
ported for chlorpyrifos oxon detection (Dominguez et al., 2015).
Another cyclic voltammetry-based determination of fenitrothion was
developed based on a polyzincon modified glassy carbon electrode
(Ensafi et al., 2017).
As a low-cost and easy-to-synthesize probe with high specificity,
DNA aptamers show distinct advantages in sensitive recognition of small
molecules (Benvidi et al., 2016, 2018; Mirzajani et al., 2017; Oueslati
et al., 2018). To realize a multi-target and ultratrace detection of OPs, an
aptasensor equally sensitive to four OPs was developed and character
ized. A special single-stranded DNA aptamer was adopted for simulta
neous recognition of four Ops, which was immobilized on interdigitated
microelectrodes (IDMEs) by self-assembly. When an alternating current
(AC) signal was applied to the IDME immersed in the analyte solution,
the solid-liquid interfacial capacitance was measured to indicate the OP
adsorption level. Due to AC electrokinetic enrichment, real-time detec
tion was achieved in 30 s with a low limit of detection (LOD, ~fM) and
wide linear range (fM ~ nM).

analyzer is employed to read the sensor’s interfacial capacitance.
When an IDME array is immersed into electrolytes, the solid-liquid
interface and bulk solution are electrically equivalent to a network of
capacitors and resistors (Wu, 2008; Zhang et al., 2018). AC signal
applied to the IDME accumulates net charge on the electrode surface.
Then a layer of counter-ion will be induced in the fluid near the elec
trode surface. These two charged layers form a so called electrical
double layer (EDL). In the equivalent circuit shown in Fig. 1(a), Rf
represents the bulk resistance of the fluid, and Cint is the solid-liquid
interfacial capacitance, which is sensitive to tiny variation at the inter
face (Li et al., 2014, 2019; Cheng et al., 2017).
As shown in Fig. 1(b), the aptamer is immobilized on the electrode
surface before detection. The dielectric layer on the electrode surface is
composed of the thicknesses of EDL and aptamer, so the initial interface
capacitance Cint is
Cint ¼ Dapt
εapt

A

(1)

EDL
þ DεEDL

where εapt and εEDL are permittivities of the aptamer and the sample
liquid, respectively. A is the effective surface area of the interfacial
capacitor. DEDL is the thickness of EDL, and Dapt is the thickness of the
aptamer layer. When AC signal is applied between adjacent electrodes,
the OP molecules are accelerated to the electrode and captured by the
aptamers. After the binding of OP with the aptamer, the dielectric layer
on the electrode surface increases, and Cbinding becomes

2. Sensing mechanism
2.1. Recognition of organophosphorus pesticides
A broad-spectrum DNA aptamer was adopted as the probe to
recognize OPs. Here the aptamer was initially selected using the sys
tematic evolution of ligands by exponential enrichment (SELEX) (Wang
et al., 2012). The aptamer demonstrated highly affinities and specific
ities to four highly-toxic OPs (profenofos, isocarbophos, omethoate and
phorate), of which the use was banned worldwide recently. The
sequence is 50 -AAGCTTGCTTTATAGCCTGCAGCGATTCTTGATCGG.
AAAAGGCTGAGAGCTACGC-30 , and the dissociation constants (Kds)
are 1, 0.83, 2.5 and 1.11 μM to profenofos, isocarbophos, omethoate and
phorate, respectively. According to Wang’s research, four loops in the
secondary structure of this aptamer are most likely active sites to
recognize and capture the four OP molecules. The binding is based on
the structural compatibility, electrostating attraction, hydrogen bonding
and their combinations between OPs and pyrimidine/purine on the
loops, and aromatic rings stacking may also play a role in the binding
between profenofos and the aptamer.

Cbinding ¼ Dapt
εapt

A

(2)

OP
EDL
þ DεEDL
þ DεOP

where εOP is the permittivity of OP molecule, and DOP is the thickness of
OP layer. A is the surface area of the interfacial capacitor after target
binding (assuming the surface area before and after binding is un
changed (Lin et al., 2017; Cheng et al., 2019).
To minimize the inconsistency from sensor to sensor, the normalized
capacitance ΔC=Cint was adopted as the sensor response parameter.
�
�
�
εOP
εOP
ΔC Cint ¼ ðCbinding Cint Þ Cint ¼ DOP ðDOP þ
Dapt þ
Þ
(3)

εapt

εEDL

Here, ΔC is the capacitance change in 1 min, and ΔC=Cint can directly
indicate the level of the bound molecules on the electrode surface,
suggesting the interfacial capacitance is a quantitative indicator. In the
later sections, ΔC=Cint per minute is expressed as dC/dt.

2.2. Interfacial capacitance sensing

2.3. AC electrokinetic enrichment

The schematic diagram of the test system as well as the equivalent
circuit of the electrode-electrolyte system is shown in Fig. 1(a). The
aptamer functionalized IDME works as the sensor, and an impedance

When an AC signal is applied to the IDME, nonuniform electric field
in solution causes directed motion of the liquid carrying target particles

Fig. 1. (a) Test system using IDME and its equivalent circuit. (b) Interface change of the electrode surface caused by OP binding.
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towards the electrode surface. This effect is known as AC electrokinetics
(ACEK) (Wu, 2008; Zhang et al., 2019). Normally, ACEK includes die
lectrophoresis (DEP), AC electrothermal (ACET) and AC electroosmosis
(ACEO) effects. DEP force is proportional to the particle volume (Cas
tellanos et al., 2003), which leads to a minor effect on OP molecules of
~0.1 nm, especially when the voltage is below 1 V. ACEO works at low
conductivity, and when the conductivity rises above 0.1 S/m, this effect
can be ignored (Wu, 2008; Urbanski et al., 2006). In this research, the
conductivity of 0.1 � PBS and the tap water diluted with PBS were
measured to be around 0.15 S/m, then it was unnecessary to consider
ACEO effect as well as DEP.
When there is an AC electric field in an electrode-electrolyte system,
Joule heating of the fluid takes place, and temperature gradient will be
generated from near the electrodes to the liquid bulk. Subsequently,
directional flow carrying target particles is induced, which is known as
ACET effect (Lian et al., 2007; Wu et al., 2007). One simplified form of
AECT force, FACET, is expressed to be (Cui et al., 2016)
FACET ¼ 0:011

εm σ m
k

πRE4rms

0.05 � PBS) was pipetted into the chamber. The sensor was incubated in
a humidor for 24 h. Then it was incubated in a humidor for 4 h after 15
μL of 6-MCH was added. In addition, the control group (dummy sensor)
was also prepared by similar steps excluding the aptamer immobiliza
tion procedure.
To investigate the aptamer immobilization on the IDME, SEM was
utilized to check the electrode surface before and after aptamer modi
fication, with the results shown in Fig. 2(a). As demonstrated in Fig. 2
(a), the aptamer immobilization tends to increase the surface roughness.
Furthermore, X-ray photoelectron spectroscopy (XPS) was performed to
check the elemental composition change caused by aptamer immobili
zation. Fig. 2(b) shows the XPS energy spectra from the IDME surface
before (top) and after (bottom) the incubation. According to the bottom
part of Fig. 2(b), the elemental composition of nitrogen (only from
aptamer), natrium (from PBS) and chlorine (from NaCl for adjusting the
pH of PBS) appeared after the incubation. The increase of intensity for
carbon also provides an evidence of successful aptamer coating. The
presence of phosphorus at the bare IDME could be residues of phos
phoric acid from aluminium electrodes etching during chip fabrication.
These characterization results verified the aptamer immobilization on
IDME surface.
To better characterize the IDME surface change before, after aptamer
immobilization and after blocking, impedance spectra were recorded
and plotted as Bode plots shown in Fig. S2. According to Fig. S2, the
changes in the impedance were consistent with successful surface
modification by aptamer and blocker. The aptamer concentration opti
mization was also performed by capacitance and impedance analysis.
More details are provided in Fig. S3 in the supplementary material.

(4)

where εm and σ m are the solution’s permittivity and conductivity,
respectively. k is the thermal conductivity of the solution. Erms is the
electronic field (root mean square), and R is half of the electrode gap.
AECT was considered to be the dominant effect in this research, as it was
demonstrated to be an effective way to manipulate small molecules.
3. Materials and methods
3.1. Biochemical reagents

3.3. Detection procedure

The 50 -amino modified aptamer against four OPs was ordered from
Sangon Biotech (Shanghai) Co., Ltd., modified with phosphoramidite
monomer. Phosphate buffer saline (10 � PBS) was purchased from
Biosharp Co., Ltd., and it was diluted with deionized (DI) water to 0.1 �
PBS and 0.05 � PBS for sample preparation. 6-Mercapto-1-hexanol (6MCH) was purchased from Aladdin Biotechnology Co., Ltd., and was
diluted to 1 mM with 0.05 � PBS. 6-MCH worked as a blocker to inhibit
nonspecific adsorption on the functionalized IDMEs.
The standards of isocarbophos (C11H16NO4PS), profenofos
(C11H15BrClO3PS), omethoate (C5H12NO4PS), phorate (C7H17O2PS3),
methamidophos (C2H8NO2PS), and bisphenol A (BPA, C15H16O2) were
purchased from Aladdin Biotechnology Co., Ltd. Quintozene (C6Cl5NO2)
and triazophos (C12H16N3O3PS) were purchased from J&K Scientific
Ltd. Unless otherwise state, the OP samples refer to the diluted standards
in this work. 40% profenofos emulsifiable concentrate (EC) (Brand
name: Taiyuan) was purchased from Qingdao Taiyuan technology Co.,
Ltd., China. Mixture of 20% isocarbophos and 10% triazophos EC
(Brandname: Wangqiubao) was purchased from Changshu Yinong
Agrochemical Co., Ltd., China.

12 μL of the analyte was dropped onto the functionalized sensor,
which was connected to a high-precision impedance analyzer (Tonghui,
TH2828A), and the capacitance was then measured under a certain AC
voltage and frequency for 30 s. The normalized capacitance change in 1
min (dC/dt [%/min]) as determined above was calculated to charac
terize the adsorbed OP level. For each data point, three sensors were
tested under the same condition to obtain the averaged response as well
as the standard deviation.
OP standards diluted in 0.1 � PBS were first tested. A series of
concentrations (fM ~ nM) as well as the blank control of 0.1 � PBS were
tested. To evaluate the sensors’ selectivity, the standards of non-target
OPs, a representative organochlorine pesticide and a representative
non-pesticide organic molecule with similar concentration ranges were
also tested, which were all diluted in 0.1 � PBS. Furthermore, com
parison of standard and actual EC sample was performed using profe
nofos as an example. Here the EC sample was fist 1:9 dissolved in
acetone, and then diluted with 0.1 � PBS to obtain the desired
concentrations.
For real sample detection, two diluted OPs in EC (40% profenofos EC;
mixture of 20% isocarbophos and 10% triazophos EC) were applied on
lettuce leaf surface and tested. The preparation procedure is as follows.
(1) 1:9 dissolve 40% profenofos EC in acetone, and 200-times dilute it
with 0.1 � PBS to get solution A (0.75 mM as commonly used concen
tration in practice). (2) Drop 10 μL of solution A onto a lettuce leaf, and
keep it moist for 12 h at 4 � C. (3) Cut and immerse the leaf in 990 μL of
0.1 � PBS, 2000 rpm centrifuge for 10 min, and take the supernate, i.e.
solution B (now the theoretical concentration is 7.5 μM). (4) 5,000,
50,000 and 500,000-times dilute solution B with 0.1 � PBS to obtain the
final samples for test. Equivalently, these three samples are 5 � 105, 5 �
106 and 5 � 107 times diluted from solution A. The procedure for iso
carbophos (mixture) EC is the same as that for profenofos EC.

3.2. IDME sensor preparation
The developed IDME sensor was based on a surface acoustic wave
(SAW) resonator chip (Epcos R 820, produced by TDK Co., Ltd.). After
removing the metal cap, the aluminum IDME on the ceramic substrate
was exposed as shown in Fig. S1(a) in the supplementary material. The
volume of the chamber around the IDME was about 15 μL, which was
used to hold the sample solution. Every electrode finger was about 0.5
mm in length and 2 μm in width, with the distance between adjacent
fingers of 1 μm. The scanning electron microscope (SEM) topography of
the IDME array is provided in Fig. S1(b) in the supplementary material.
Before functionalization, the IDME chip was immersed in acetone for
20 min, soaked in isopropyl alcohol for 5 min and rinsed with DI water
to perform a thorough cleaning. Then it was dried with an air gun and
placed in an ozone cleaner for 20 min to increase the hydrophilicity of
the electrode surface. After that, 12 μL of aptamer (2.5 μM, diluted in
3
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Fig. 2. (a) SEM images of electrode surfaces. (b) XPS energy spectrums at the electrode surfaces.

Fig. 3. Dose response from four OPs in 0.1 � PBS and 0.1xPBS background. The measurements were done with an AC signal of 30 kHz and the voltage of 500 mV. (a)
Dose response from isocarbophos together with the response from dummy sensors. (b) Dose response from profenofos. (c) Dose response from omethoate. (d) Dose
response from phorate.
4
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4. Results and discussion

this aptasensor was applied to detect these four OPs. The LODs are
calculated as 0.24 fM for profenofos, 1.67 fM for omethoate, and 0.34 fM
for phorate. All three LODs as well as the LOD for isocarbophos are of
ultra-low level and advantageous compared to other reported works,
demonstrating the high sensitivity of the developed sensor.
DNA aptamer is capable of long-term preservation without strict
storage requirements. Choosing ~10 pM as the test concentration for the
four target OPs freshly prepared, the sensors after storing for different
days were tested to investigate their long term stability. After 14 days’
storage at 20 � C, the sensors still retained about 80% of the initial
response, which indicated an acceptable shelf life. Although the
response decreased down to about 55% after 28 days’ storage, this
sensor could still be used as a qualitative indicator for OP detection. The
preservation result is shown in Fig. S6 in the supplementary material.

4.1. Test signal optimization
When the OP solution was tested, the interfacial capacitance was
continuously recorded during 30 s to form a transient curve, with a slope
indicating the capacitance change rate, i.e. dC/dt. Here, frequency and
voltage of stimulating AC signal were two key electrical parameters for
capacitance sensing. Referring to previous optimized frequency based
on similar SAW chips (Cui et al., 2015), 30 kHz was chosen to be the
working frequency in this research. Although higher voltage produces
larger response, excessively high voltage may cause saturation of ana
lyte adsorption and nonspecific adsorption from interference particles.
Varying the voltage between 300 mV and 600 mV, isocarbophos at 346
fM and BPA at 438 fM were tested using functionalized sensors, and the
same isocarbophos sample was also tested using dummy sensors. dC/dt
from isocarbophos using functionalized sensors was linear from 300 mV
to 500 mV, and changed nonlinearly when the voltage was risen to 600
mV. On the other hand, dC/dt from BPA using functionalized sensors
and isocarbophos response using dummy sensors became non-negligible
when the voltage was above 500 mV. Therefore, 500 mV was selected as
the optimized voltage ensuring sufficient response while inhibiting the
saturation and false positive response. More details are provided in
Fig. S4 of the supplementary material.

4.3. Selectivity
The specificity of the aptasensor was investigated by detecting iso
carbophos, methamidophos, triazophos, quintozene, and BPA, all of
which are within the concentration range of fM ~ nM. Isocarbophos
represents a target OP sample, methamidophos and triazophos are as
non-target OPs, quintozene is an organochlorine, and BPA is a nonpesticide organic molecule. The blank control of 0.1 � PBS was also
tested to provide a base line.
As shown in Fig. 4, methamidophos, triazophos, quintozene, and
BPA all show negligible responses similar to the blank control of 0.1 �
PBS within the full range even at high concentration up to ~1 nM. These
negative responses are even much smaller than that from target iso
carbophos at ~1 fM. Therefore, a good selectivity of this sensor is
demonstrated. Among the responses from all the negative controls, the
largest response including the standard deviation is from triazophos at
4.57 nM ( 2.90), which is equivalent to the response from isocarbophos
at 0.93 fM. As a result, the selectivity ratio of this aptasensor (4.57 nM/
0.93 fM) is calculated to be above 106:1.

4.2. Dose response
The response characteristics to four target OPs were investigated.
Isocarbophos (3.46 fM~34.6 nM), profenofos (2.68 fM~26.8 nM),
omethoate (4.69 fM~46.9 nM) and phorate (3.84 fM~38.4 nM) were
tested with tenfold increase from low to high concentration. The back
ground of all the samples was 0.1 � PBS. The response comparison of
four OP standards is provided in Fig. S5(a) in the supplementary ma
terial, where dC/dt decreases linearly with the increase of OP concen
tration until ~1 nM. Therefore, the linear range of this sensor is
determined to be (fM ~ nM). Taking isocarbophos as an example, the
typical normalized capacitance transient within 30 s is provided in
Fig. S5(b).
Dose responses from four OPs are shown in Fig. 3, where (a), (b), (c)
and (d) describe the responses (dC/dt) from isocarbophos, profenofos,
omethoate and phorate, respectively. The error bars indicate the stan
dard deviations obtained from three repeated tests. Fig. 3(a) also in
cludes the responses from the dummy sensors, verifying the aptamer’s
function and surface blocking.
According to Fig. 3, dC/dt from all four OPs decreases with
increasing OP concentration, which agrees with the theoretical predic
tion from Eq. (3), i.e. the capacitance change is negative. Therefore, the
experiment verified the signal transducing mechanism of interfacial
capacitance change. Moreover, dC/dt from four OPs trends to yield a
negative correlation with Kd, although the difference is slight. These
responses are plotted together for more clear comparison in Fig. S5(a),
demonstrating the affinity between the aptamer to different target OPs.
The dose responses are then curve fitted using least square method to
produce calibration curves. Taking isocarbophos as an example, the
calibration curve is expressed by y (%/min) ¼ 20.625–1.179 lg x (OP
concentration in mol/L), which shows a linear relation between
response and the logarithm of concentration. Its Pearson correlation
coefficient, R2, is 0.991, indicating a good fitting. The cut-off value of the
response is defined as three standard deviations from the response of
blank control, i.e. 2.44%/min. Plugging this value into the fitting
expression, the LOD of isocarbophos is found to be 0.38 fM. Following
the same data processing, the dose responses of three other OPs are
obtained, y ¼ 20.369–1.149 lg x for profenofos (R2 ¼ 0.998), y ¼
18.519–1.088 lg x for omethoate (R2 ¼ 0.995), and y ¼
20.025–1.137 lg x for phorate (R2 ¼ 0.995). As expected, these ex
pressions are almost the same, indicating the similar performance when

4.4. Practical detection of OPs in EC
The above experiments were performed using OP standards diluted
in 0.1 � PBS. While in practice, most OPs used on the farms are in
emulsifiable concentrate, with lower purity and conductivities. Taking
commonly used 40% profenofos EC as an example, the performance for
EC sample detection was investigated. The dilution step for this EC
sample is described in Section 3.3. The response from profenofos EC is

Fig. 4. Response from isocarbophos and that from five nonspecific molecules.
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shown in Fig. 5(a) together with the standard samples of the same
concentration. Because the solvents of EC and acetone are not electro
lytes, the profenofos EC samples have lower conductivities than the
standard samples, although they have been highly diluted with 0.1 �
PBS. In Fig. 5(a), the response from EC samples is (84.9% ~ 97.9%) of
that from standard samples in the linear range of (fM ~ nM). According
to Eq. (4), ACET effect is weaken in low conductivity environment, so
the smaller response from EC samples is reasonable. The EC samples also
yield a linear dose response, demonstrating the applicability of the
sensor for further practical application.
To emulate a real life detection scenario to demonstrate the practical
application of the sensor, two EC sampls were applied onto lettuce
leaves. One is 40% profenofos EC, and the other is the mixture of 20%
isocarbophos and 10% triazophos EC, where triazophos is a nonspecific
interference. Following the previous described steps, the final detection
results are shown in Fig. 5(b). In Fig. 5(b), the response from spiked OPs
is given at three dilution ratios of 1: 5 � 105, 1: 5 � 106 and 1: 5 � 107.
For profenofos, the calculated concentrations are 83.19%, 80.13% and
80.8 7% of the theoretical concentrations when the leave samples are 1:
5 � 105, 1: 5 � 106 and 1: 5 � 107 diluted. For isocarbophos, the re
covery ratios are 84.61%, 91.07% and 89.40%. Considering the lower
conductivity and analyte loss during the sample treatment, the response
is reasonable and can reflect the real concentration of target OPs. As
another conclusion, different dilution ratio has slight effect on the final
calculated concentration.

amplification steps (Liang et al., 2013; Li et al., 2018; Liu et al., 2018;
Wei et al., 2019). The pretreatment for increasing target analyte con
centration and reducing interferences should be an indispensable step
for practical use. Without it, the detection would probably fail for
real-world samples. As a result, the time from sample to result is a more
accurate parameter, which is defined as “turnaround time” in Table 1. In
this research, the sample pretreatment only needs dilution, and target
enrichment enhanced by ACET effect is integrated with detection pro
cess. Therefore, the turnaround time is approximately the detection time
of 30 s. The approaches listed in Table 1 all needed pretreatment such as
injection and incubation, which lasted at least several minutes.
Selectivity is another important parameter of sensors. A sensor’s
selectivity can be experimentally demonstrated by testing against nontarget analytes of similar structure or size. For OP detection, some
work used common ions as interferences when demonstrating the sen
sor’s selectivity (Ensafi et al., 2017; Wu et al., 2017). In this work,
non-target OPs and non-OP pesticides were also investigated to provide
evidence for specificity among structurally similar analytes. Moreover,
the selectivity ratio was defined in this work to quantify the selectivity
performance.
5. Conclusion
A broad-spectrum aptasensor specific to four high-toxic OPs was
developed based on a IDME chip. ACEK was integrated into the detec
tion signal to enrich the trace target molecules without extra pretreat
ment. Therefore, the turnaround time from sample to result was as short
as 30 s. This aptasensor achieved a LOD of (0.24–1.67) fM, and a wide
linear range of (fM ~ nM). Moreover, it showed an acceptable storability
essential to practical applications. Due to simple preparation without
complex materials and complicated sample treatment, this sensor pro
vides a low-cost and easy-to-operate approach to realize OP detection,
satisfying the requirements of a point-of-need assay. Although a back
ground buffer with relatively high conductivity is required, commonly
used buffer solution, tap water and natural water can meet this condi
tion easily. In conclusion, this aptasensor with its capacitive detection
method provides a competitive solution for detecting trace OP residues
in applications such as environment monitoring and food safety in
spection. Future work on miniaturization of the capacitance test system
would make field testing more convenient.

4.5. Discussion
The performance of a biosensor is typically characterized by LOD,
selectivity and turnaround (sample-to-result) time. To illustrate the
advantages of this sensor, some recent typical studies of OP detection are
summarized in Table 1, where LOD, linear range as well as response time
are directly compared.
According to Table 1, the main advantages of this aptasensor are
broad spectrum, low LOD and real-time response. The lowest LOD of
other reported assays is tens of fM in Lu et al.’ research, while the others
are much higher, even above μM level. In fact, the majority is above pM
including some not referenced here. As for broad spectrum detection,
only one report from Hu et al. achieved the detection of three OPs. Most
of them only demonstrated the sensitivity to one type of OPs.
Instead of detection time, turnaround time is adopted here as a figure
of merit. Sometimes, detection time is confused with the response time
or data record time of making a measurement. In fact, most reported
approaches involve some pretreatment steps or labelling and signal
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Fig. 5. (a) Response comparison of profenofos standard and profenofos EC samples. (b) Detection of profenofos and isocarbophos EC Spiked on lettuce leaves.
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Table 1
Recent development of OP detection techniques.
Device/detection method

OP species

Turnaround time

LOD

Linear range

Reference

Screen printed electrode/Amperometry

Chlorpyrifos oxon

About 10 min

0.3 nM

Not mentioned

Gold nanoparticle/Colorimetry

Parathion

At least 35 min

Not mentioned

Glassy carbon electrode/Cyclic voltammetry
Screen printed electrode/Cyclic voltammetry

Fenitrothion
Chlorpyrifos

Gold nanopopcorn/SERS
Carbon dots/Fluorescence

Chlorpyrifos
Chlorpyrifos

Graphite screen-printed electrodes/Differential pulse
voltammetry
Microfluidic arrays/Fluorescence

Profenofos

175 s
At least
14 min
Several minutes
Longer than 30
min
Tens of minutes

2.4 nM (0.7
ppb)
1.5 nM
0.14 nM(0.05
μg/L)
1 μM
8.6 nM (3 ng/
mL)
0.27 μM

Dominguez et al.
(2015)
Wu et al. (2017)

Longer than 15
min

0.38 pM

1 pM ~ 10 μM

Selvolini et al.
(2018)
Hu et al. (2019)

Longer than 15
min
30 s

0.037 pM

0.1 pM ~ 100 nM

Lu et al. (2019)

0.38 fM
0.24 fM
1.67 fM
0.34 fM

3.46
2.68
4.69
3.84

This work

Bimetallic nanowires network/Amperometry
IDME/Interfacial capacitance

Paraoxon
Parathion
Dichlorvos
Deltamethrin (NonOP)
Malathion
Isocarbophos
Profenofos
Omethoate
Phorate

interests or personal relationships that could have appeared to influence
the work reported in this paper.

5 nM ~ 8.6 mM
0.14 nM ~ 0.29 mM(0.05 ~
105 μg/L)
1.5–6.25 μM
29 nM ~ 2.9 μM(0.01–1.0 μg/
mL)
Not mentioned

fM ~
fM ~
fM ~
fM ~
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4.69 nM
3.84 nM

Ensafi et al. (2017)
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Lin et al. (2018)
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