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Abstract This study aimed to develop a label-free

fluorescent aptasensor for the detection of diazinon (DZN)

on a cyclic olefin copolymer (COC) substrate. The aptasensor

design was based on rolling circle amplification (RCA)

technology and the use of self-assembled copper nanoparticles

(CuNPs). A dual-function (DF) probe, capable of binding

to circular DNA and an aptamer, was designed and

immobilized on a COC-bottom 96-well plate. An aptamer

was used for selective recognition of DZN, and the specific

site of the aptamer that strongly reacted with DZN was

successfully identified using circular dichroism (CD)

analysis. In presence of DZN, the aptamer and DZN

formed a strong complex, thus providing an opportunity

for hybridization of the DF probe and circular DNA,

thereby initiating an RCA reaction. Repetitive poly

thymine (T) sequence with a length of 30-mer, generated in

the RCA reaction, served as a template for the synthesis of

fluorescent copper nanoparticles, emitting an orange

fluorescence signal (at approximately 620 nm) proportional

to the amount of RCA product, within 10 min under UV

irradiation. The CuNP fluorescence was imaged and

quantified using an image analysis software. A linear

correlation of the fluorescence signal was confirmed in the

DZN concentration range of 0.1-3 ppm, with a detection

limit of 0.15 ppm. Adoption of a label-free detection

method, utilizing RCA and fluorescent CuNPs on COC

substrates, reduced the need for complex equipment and

requirements for DZN analysis, thereby representing a

simple and rapid sensing method circumventing the

limitations of current complex and labor-intensive methods.

Keywords: diazinon, aptamer, rolling circle amplification,

copper nanoparticle, fluorescent sensor, cyclic olefin

copolymer

1. Introduction

Diazinon [O,O-diethyl O-(2-isopropyl-6-methylpyrimidin-

4-yl) thiophosphate] (DZN) is an organophosphate pesticide

(OP) that is widely used in agriculture and horticulture as

an insecticide [1]. It inhibits acetylcholinesterase activity in

the target organism, preventing neurotransmission [2].

Excess usage of DZN leads to increased residues in foods

and can be highly toxic when ingested, causing symptoms,

such as headache, nausea, vomiting, diarrhea, shortness of

breath, and loss of consciousness [3,4]. Children are

particularly vulnerable, since it affects the development of

their brain and nervous system [5]. Therefore, despite the

maximum residue limit of DZN being strictly established

by the European Union for various foods [6], development

of a simple and rapid method for determining the amount

of residual DZN in food and environmental samples

remains critical.

General quantification of OPs is conducted using chromato-
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graphic techniques coupled with various detectors, such as

high-performance liquid chromatography (HPLC) [7], thin

layer chromatography (TLC) [8], and gas chromatography-

mass spectrometry (GC-MS) [9]. Although these methods

provide sensitive and accurate results, they are labor-

intensive, time-consuming, and require complex sample

preparation procedures, expensive analytical equipment,

and skilled personnel. To overcome these challenges,

various biosensors have been developed to detect OPs [10-

13], among which, fluorescent sensors with easy manipulation

and high sensitivity have proven successful [14-16].

Recently, our research group has reported a fluorescence

resonance energy transfer-based fluorescent sensor, for the

detection of pesticide in real food sample, with very simple

and sensitive analytical properties [17].

Fluorescent copper nanoparticles (CuNPs), in particular,

can be synthesized simply and quickly using DNA with a

specific nucleotide sequence as a template, and can be

applicable in biosensors following a label-free detection

method based on the advantages of high efficiency, high

resistance to photobleaching, low biological toxicity, and

large Stokes shift (approximately 270 nm) [18]. The large

Stokes shift eliminates the spectral overlap between absorption

and emission and reduces interference, providing a strong

fluorescence signal with a high signal-to-noise ratio, which

is especially useful in multiple fluorescence applications,

since it can excite different phosphors in the same sample

[19]. DNA oligomers, which serve as the template for the

synthesis of copper nanoparticles (CuNPs), can be amplified

by rolling circle amplification (RCA) reactions under

isothermal conditions, and eventually applied to biosensors

[20,21]. The RCA method generates single-stranded DNA

(ssDNA) to replicate numerous desired sequences and has

been widely adopted as a strategy for signal amplification

in various biosensors [22,23]. To identify a ssDNA amplified

through RCA, sequence-specific labeling is performed [24-

26]. A new label-free strategy has also been developed for

CuNP synthesis, using thymine repeats as a template, and

has been shown to be applicable in the detection of target

DNA [27].

Unlike conventional chromatography-based methods for

chemical detection, biosensors are simple, rapid, and highly

efficient detection platforms. Chip-based sensors are popular

owing to their low reagent consumption, simple procedure,

multiple analyses, and high portability, and have been

successfully employed in numerous studies [28-30]. RCA

is an isothermal amplification, and is used for highly

sensitive detection, offering an advantage for application in

point-of-care testing (POCT) platforms [31-34]. Previously,

we had demonstrated the application of a portable RCA

chip for POCT of hazardous chemical analytes [35,36].

However, to use RCA technology in a probe-immobilized

chip and further extend it to the POCT platforms, it would

be necessary to select and use appropriate substrates that

are compatible with biochemical reactions (e.g. RCA),

have good durability, can be readily manufactured, exhibit

chemical resistance, and have optical transparency. Consi-

dering these requirements, the cyclic olefin copolymer

(COC) was proposed as a suitable material [37,38]. DNA

oligonucleotide probes are easily immobilized on the COC

surface through UV irradiation without surface modification

[39], making it well suited for the fabrication of a chip-

based biosensor [40-43].

In this study, a label-free fluorescence detection method,

combining isothermal amplification technology and CuNP

synthesis, was developed for the selective detection of

DZN on COC substrates. To this end, a dual-function (DF)

probe that can be readily immobilized on the non-modified

COC surface and can bind to the aptamer for DZN as well

as circular DNA for RCA reaction was elaborately designed.

In presence of DZN, DF probe bound to the circular DNA

and induced an RCA reaction, producing repetitive thymine.

CuNPs could be rapidly synthesized on the poly thymine

template, and a quantifiable fluorescence signal could be

imaged and subsequently analyzed. The conditions for

synthesizing CuNPs from RCA products were optimized

and various experimental conditions to maintain the optimal

environment for each reaction step were established.

Analytical utility of the proposed method was demonstrated

based on the linear calibration curve obtained using a

standard solution of DZN.

2. Materials and methods

2.1. Chemicals and reagents

Information regarding the chemicals and reagents used in

this study is listed in Table S1.

2.2. Circular dichroism spectroscopy for diazinon-

specific aptamer

To identify an optimal hybridization site on the diazinon

(DZN)-specific aptamer for a dual-function (DF) probe,

formational changes in the aptamer complex were analyzed

using a circular dichroism (CD) spectrometer (J-715, JASCO,

Tokyo, Japan). Four individual complementary DNAs

(cDNAs) were prepared for hybridization to the aptamer

(Table S2). Three types of test samples were prepared for

CD analysis (A, B, and C) in 1× binding buffer (BB). For

sample type A, solutions of the aptamer and cDNA were

mixed and the mixed sample was sequentially incubated at

88°C for 5 min, 30°C for 30 min, and subsequently cooled

to 25°C. For sample type B, DZN was added to sample A,

followed by incubation at 30°C for 30 min. For sample
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type C, the aptamer solution was mixed with the DZN

solution, incubated at 30°C for 30 min, and each cDNA

solution was added without further incubation. The final

concentrations of aptamer, cDNA, and DZN in all test

solutions for CD analysis were 0.5 μM, 1 μM, and 1 ppm,

respectively. CD spectra were obtained in the range of 220-

340 nm at a scanning speed of 100 nm/min.

2.3. Sequence optimization of dual-function probe

Two DF probes were tested to identify the spacer length

between the chip-binding site poly thymine (T)10-poly

cytosine (C)10 and the dual-function site of the DF probe.

The DF probe A, with a 9-mer spacer, and DF probe B,

with an 11-mer spacer, were dissolved in distilled water

(DW) to achieve various concentrations (0, 0.1, 0.5, 5, and

10 μM). Each DF probe solution (20 μL) was loaded onto

a COC-bottom 96-well plate and dried at 25°C for 16 h and

at 65°C for 30 min in a dry oven. Once the solutions were

completely dried, the COC-bottom 96-well plate was

exposed to 254 nm UV light with power of 3 mW/cm2 for

30 min in an XL-1000 UV Crosslinker (Spectronics

Corporation, Westbury, NY, USA) to immobilize the DF

probes on the COC surface, followed by a single wash with

0.1× standard saline citrate (SSC) buffer containing 0.1%

sodium dodecyl sulfate (SDS) for 10 min, and finally

rinsed four times with DW. 20 μL of 0.5 μM circular DNA

solution in hybridization buffer (Sigma) was added to the

wells and incubated at 30°C for 1 h, followed by similar

washes as mentioned above. Next, 30 μL of RCA solution

(1× buffer, 1 mM dNTP mixture, and 20 units of phi29

DNA polymerase) were added to the wells and incubated

at 30°C for 2 h and at 65°C for 10 min. Thereafter, 20 μL

of 5× SYBR Green II was added, and fluorescence intensity

at 522 nm measured, with excitation at 480 nm, using a

multi-mode microplate reader (SpectraMax i3x, Molecular

Devices, Sunnyvale, CA, USA) after incubation at 25°C

for 10 min.

2.4. UV-based immobilization of oligonucleotides on

COC substrate

DF probe B was fixed to the COC bottom of the 96-well

plate by modifying a previously reported method [39]. To

ensure immobilization of the DF probe on the COC

substrate, various concentrations (0, 0.5, 1, 5, 10, and

20 μM) of DF probe B, modified with cyanine (cy3) dye at

the 3’ end, were prepared in DW, and 20 μL of the same

loaded into each well. The samples were sequentially

dried, and UV irradiated for 30 min. Standard washes with

0.1% SDS in 0.1× SSC buffer and DW were conducted

next. The experiment was repeated five times, and

fluorescence intensity at 575 nm was measured, with

excitation at 530 nm, using a microplate reader.

2.5. Synthetic optimization and characterization of

DNA-templated CuNP

To optimize CuNP synthesis, the optimum reaction time

and concentrations of MOPS buffer, CuSO4 solution, and

sodium ascorbate (ASC) solution were individually tested.

Prior to this experiment, circular DNA template was

prepared for the RCA reaction [25] (Fig. S1). The 40 μL

RCA reaction mixture contained 400 nM DF probe B,

200 nM circular DNA, 1× RCA buffer, 1.25 mM dNTP

mixture, and 30 units of phi29 DNA polymerase. The RCA

reaction was performed at 30°C for 2 h and inactivated at

65°C for 10 min. First, to optimize the concentration of

MOPS buffer (10 mM MOPS, 150 mM NaCl, pH 7.6) for

CuNP synthesis, 40 μL of RCA product solution was

mixed with various concentrations of MOPS buffer (0, 1,

2, and 4×), 4 mM ASC, and 200 μM CuSO4, and incubated

at 25°C for 10 min. Subsequently, effects of ASC

concentration (0.5, 1, 2, 3, 4, and 5 mM), CuSO4 concent-

ration (200, 400, 600, 800, 1000, and 1200 μM), and

reaction time (from 0 to 2 h) were individually investigated.

Fluorescence spectrum of the final reaction solution, for

selecting the optimal concentrations of ASC and CuSO4,

was recorded with excitation at 350 nm, and fluorescence

intensity of the final reaction solution at 620 nm was

recorded for optimizing the CuNP synthesis time using a

microplate reader with excitation at 350 nm. 

Transmission electron microscopy (TEM) was performed

to evaluate the morphological properties of CuNPs

synthesized using the RCA product. Samples consisting of

400 nM DF probe B, 200 nM circular DNA, 1× RCA

buffer, and 1.25 mM dNTP mixture were prepared with or

without 30 units of phi29 DNA polymerase. The RCA

reaction was conducted at 30°C for 1.5 h and inactivated at

65°C for 10 min (in EP tube). To synthesize CuNP, the

RCA product solutions were mixed with 2 mM ASC,

0.5 mM CuSO4, and 1× MOPS buffer, and incubated for

5 min in the dark. The prepared samples were imaged

using TEM (Hitachi H-7650). 

2.6. RCA test on COC substrate

To confirm the possibility of integrating the DZN detection

method and COC substrate, fluorescence intensity of

CuNPs was tested based on the amount of RCA product

derived from the DF probe fixed to on the COC-bottom

96-well plate. First, 20 μM DF probe B was fixed to the

COC plate as described in the UV-based immobilization of

oligonucleotides on COC substrate section. Next, 20 μL of

circular DNA of varying concentrations (0-2 μM) in

hybridization buffer (Sigma) was added at 30°C for 1 h.

After washing the wells of the plate, 40 μL of RCA

solution containing 1× RCA buffer, 1 mM dNTP mixture,

and 30 units of phi29 DNA polymerase were added to each
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well, incubated at 30°C for 2 h, and inactivated at 65°C for

10 min. The synthesis of CuNPs was performed at 25°C

for 10 min by adding 4 mM ASC and 1 mM CuSO4 to the

RCA product solution, and fluorescence intensity at 620 nm

was measured by a microplate reader using excitation at

350 nm.

2.7. Linearity and selectivity test of the proposed

method of DZN detection on COC substrate

20 μL of 20 μM DF probe B solution was immobilized to

each well of the COC-bottom 96-well plate by UV irradiation.

Following this, 20 μL of 20 μM aptamer solution in

hybridization buffer was added and incubated at 34°C for

1 h with gentle shaking. Subsequently, DZN solutions of

various concentrations, dissolved in 1× BB, were added to

each well and incubated at 30°C for 1 h with gentle

shaking. For the hybridization reaction of free DF probe B

fixed on COC substrate with circular DNA, 20 μL of 2 μM

circular DNA solution dissolved in hybridization buffer

was added to each well and incubated at 30°C for 1 h with

gentle shaking. Subsequently, the RCA reaction was

performed at 30°C for 5 h after 40 μL of RCA solution was

added to each well, followed by incubation at 65°C for

10 min. To synthesize CuNPs using RCA product, 4 mM

ASC and 1 mM CuSO4 were added to each well and

incubated at 25°C for 10 min in the dark. The plate was

imaged using an Alliance Mini HD9 system (UVITEC,

USA) under UV irradiation conditions, and fluorescence of

the CuNPs was quantified using an image analysis software

(Nine-Alliance Q9). Standard washes were performed,

except for the CuNP synthesis reaction, in order to maintain

the optimal buffer conditions for each reaction step. Each

experiment was repeated thrice to generate a standard

curve. To evaluate selectivity of the proposed method,

4 ppm of four pesticides, including DZN, were prepared in

1× BB and assessed in the same way as described above

for the linearity test. Each experiment was repeated thrice.

3. Results and Discussion

3.1. Label-free aptasensor design for diazinon detection

on cyclic olefin copolymer substrate

The detection method developed for diazinon (DZN) on a

cyclic olefin copolymer (COC) substrate was designed by

combining a DZN-specific aptamer, rolling circle amplifi-

cation (RCA) technology, and self-assembled copper

nanoparticles (CuNPs). A schematic illustration of the

proposed detection method is shown in Fig. 1; a series of

reactions for DZN detection was performed on a COC

substrate, which allowed washing as well as performance

of each reaction under optimal buffer conditions. For this

purpose, a 96-well plate containing COC film on the bottom

was adopted as an analysis tool. Using this experimental

setup, integration of this method into compact detection

platforms, such as a DNA chip or microfluidic chip made

of COC, was evaluated. 

DF probes were immobilized onto the COC substrate

through UV irradiation [39]. As shown in Table S2, the DF

probe consisted of a poly thymine (T)10-poly cytosine

(C)10 site at the 5' end for UV immobilization, a spacer in

the middle, and a dual binding site (that can bind to the

DZN-specific aptamer or circular DNA) at the 3' end.

Functionally, the DF probe not only captures the aptamer,

but also acts as a primer for initiating the RCA reaction by

binding to circular DNA. Therefore, the DF probe fixed on

the bottom of the COC well plate can hybridize the

aptamer to form a partial double complex. If DZN is

Fig. 1. Schematic representation of the label-free fluorescence detection method, based on isothermal amplification technology, for
detecting diazinon on COC substrate.
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present in the assay sample, the DF probe becomes free as

the aptamer gets detached from the DF probe, forming a

strong complex with DZN. The free DF probe is

hybridized with circular DNA to initiate the RCA reaction

and produces ssDNA as RCA products, proportional to the

amount of DZN. The ssDNA has a repetitive sequence in

which the (T)30 sequence, complementary to circular

DNA, serves as a template for the synthesis of fluorescent

CuNPs [27]. The fluorescent CuNPs were synthesized

10 min after the addition of CuSO4 and sodium ascorbate

(ASC) without the requirement of an additional labeling

process, resulting in fluorescence emission at 620 nm,

proportional to the amount of DZN under UV light. 

3.2. Design and verification of a dual-function probe

The ability of a DF probe to bind to a circular DNA as well

as a DZN-specific aptamer plays an important role in our

detection strategy. Since the DF probe consists of cDNA

toward the aptamer, we identified the aptamer site that

sensitively and selectively reacts with DZN using CD

analysis. Four types of cDNA candidates that can bind to

different sites (sites 1-4) of the aptamer were synthesized

such that all cDNAs were 10-mer (Fig. 2A). 

A schematic diagram for the binding sites of cDNAs to

the aptamer are shown in Fig. 2A and the results of CD

analysis are shown in Fig. 2B. Type A samples contained

aptamer and each cDNA; type B had DZN added to the

type A sample; type C was a sample in which the aptamer

and DZN reacted first, and cDNA was added subsequently

without an additional hybridization reaction. Thus, sample

type A formed a duplex with the aptamer and cDNA, and

sample type C formed an aptamer-DZN complex. When

reactivity between the aptamer and DZN was low, the

spectrum of sample B was skewed toward that of sample

Fig. 2. Conformational changes in the aptamer following interaction with cDNA and diazinon. (A) Schematic diagram of the aptamer
(72-mer)-binding site of four cDNAs (①-④). (B) Circular dichroism (CD) spectra for the three sample combinations. Final concentration
of diazinon was 1 ppm.
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A, whereas when the reactivity was high, the spectrum of

sample B skewed toward that of sample C. Aptamer sites

1 and 2 were found to have a stronger tendency to bind

cDNA than DZN, since the corresponding spectral patterns

of sample types A and B were similar. In other words,

aptamer sites 1 and 2 had low reactivity for DZN. On the

other hand, aptamer sites 3 and 4 were highly reactive for

DZN, since types B and C exhibited similar spectral

patterns. In case of site 3, in particular, the distinct spectral

pattern difference between the aptamer-cDNA complex

(type A) and aptamer-DZN complex (type C) indicated a

large difference between the three-dimensional structures

of the two complexes. Therefore, among the four candidate

sites, site 3 was considered to be the most suitable for DF

probe design, and hence, was ultimately selected.

Another important factor to consider when designing a

DF probe is the spacer length. The spacer between the

chip-binding site and dual-function site of the DF probe

serves to reduce steric hindrance in hybridization reactions

with aptamer or circular DNA. Therefore, RCA efficiency

on the COC substrate was tested based on the DF probe

spacer length. DF probes A and B with spacer lengths of

9- and 11-mer, respectively, were immobilized on the

COC-bottom of the 96-well plate, followed by a hybridi-

zation reaction with the same amount of circular DNA, and

staining with SYBR green dye. As shown in Fig. S2, the

fluorescence intensity increased, in both cases, as the DF

probe concentration increased. Since the difference between

DF probes A and B was negligible, spacer length was

considered to not affect the immobilization efficiency

significantly. The results from 2 h RCA reaction under the

same conditions are shown in Fig. 3B. In case of DF probe

A with a 9-mer spacer, the RCA product gradually increased

in yield as the concentration of DF probe A increased from

0 to 0.5 μM; however, it decreased thereafter. In case of DF

probe B, with an 11-mer spacer, the RCA product consistently

increased as the DF probe B concentration increased from

0 to 10 μM. 

In addition, the RCA efficiency of DF probe B was

significantly higher than that of DF probe A (Fig. 3A),

suggesting that a spacer length ≥ 11-mer would be required

to immobilize the probe on the COC substrate, and to serve

as a primer for the RCA reaction without steric hindrance.

Therefore, an additional immobilization reaction on the

COC substrate was performed using the 11-mer DF probe

B conjugated with cyanine (cy3) dye at the 3' end. This

confirmed that the fluorescence intensity increased as the

DF probe B concentration increased (0-20 μM; Fig. 3C),

hence suggesting a proportional increase in the amount of

DF probe B immobilized on the COC substrate. Based on

Fig. 3. SYBR green (A) fluorescence image and (B) quantification for testing RCA efficiency on COC substrate based on spacer
sequence length of the DF probe. The excitation and emission wavelengths for fluorescence (FL) measurement of SYBR green dye were
480 and 522 nm, respectively. (C) Immobilization result for each concentration of DF probe B on COC-bottom 96-well plate (n = 5).
The excitation and emission wavelengths for fluorescence measurement of cy3 dye were 530 and 575 nm, respectively.
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the results, 20 µM was chosen as the optimal concentration

of DF probe for the fixation reaction.

3.3. Optimization and verification of CuNP synthesis

based on RCA product as a template

To optimize the synthesis of CuNPs using the RCA product

as a template, the optimal concentrations of MOPS buffer,

CuSO4 solution and ASC solution, and optimal CuNP

synthesis time were explored. Since the RCA product

contained RCA buffer and dNTPs, the CuNP synthesis

conditions were crucial. In case of MOPS buffer effect,

CuNP synthesis efficiency was the highest when DW was

used instead of MOPS buffer (Fig. 4A). When the MOPS

buffer concentration was fixed at 0×, the effect of ASC

concentration was tested from 0.5 to 5 mM; CuNP synthesis

efficiency was the highest at 4 mM (Fig. 4B). The effect of

CuSO4 concentration was investigated from 200 to 1,200 μM,

with MOPS buffer at 0× and ASC concentration at 4 mM;

the most efficient CuNP synthesis was observed at 1,000 μM

CuSO4 (Fig. 4C). 

Reaction time (from 0 to 120 min) was investigated

under the optimal conditions of the previous three factors.

As time progressed, the fluorescence of CuNPs gradually

decreased, and a plateau was confirmed from 10 to 20 min.

The optimal time for CuNP synthesis was determined as

10 min (Fig. 4D).

TEM was performed for analyzing the morphology of

CuNPs synthesized using the RCA product as a template.

Results confirmed that a 3-5 nm spherical CuNP was

synthesized from the sample that underwent RCA reaction

for 90 min (Fig. 5A, left). The result was consistent with

that reported in previous studies, where CuNPs had been

synthesized using (T)30 ssDNA as a template [44]. In the

negative sample, to which phi29 DNA polymerase had not

been added, the RCA reaction was not induced and CuNP

was not formed (Fig. 5A, right). To identify any correlation

between the fluorescence signal of CuNPs and the RCA

product, the DF probe was first immobilized on a COC-

Fig. 4. Optimization of CuNP synthesis using the RCA product as template. (A) MOPS concentration, (B) sodium ascorbate
concentration, (C) copper(II) sulfate concentration, and (D) reaction time. Excitation wavelength for all spectral results was 350 nm; for
reaction time emission wavelength of 620 nm was selected under 350 nm excitation conditions.
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bottom 96-well plate, and various concentrations of circular

DNA (from 0 to 2.0 μM) were added and hybridized,

followed by a subsequent 2 h RCA reaction. CuNP synthesis

was induced for 10 min in each well after the RCA reaction

was completed, and a fluorescence intensity was recorded

at 620 nm, with excitation at 350 nm. Fluorescence increased

as the concentration of circular DNA increased (Fig. 5B).

The experiment confirmed that an increase in the amount

of RCA product resulted in an increase in the amount of

(T)30 used as a template for CuNP synthesis, and finally,

in increased fluorescence of CuNPs.

3.4. Verification of the proposed method for detection

of diazinon

Sensitivity and selectivity toward target substances are key

factors for evaluating the performance of biosensors.

Performance of the proposed method for DZN detection

was evaluated under optimal conditions selected from

previous experiments. First, to evaluate the sensitivity of

the proposed method, seven samples containing different

DZN concentrations (0-5 ppm) in 1× BB were prepared

and tested in triplicate. To increase the applicability of this

detection method to resource-constrained field analysis, the

final fluorescence signal of the well plate was captured as

an image using the Alliance Mini HD9 system (UVITEC,

USA; Fig. 6A). 

As the concentration of DZN increased from 0 to 5 ppm,

the fluorescence intensity of CuNPs gradually increased, and

was visually identified; fluorescence intensity, however,

saturated after 3 ppm. To obtain a standard curve for the F-

F0 (ΔF) value versus DZN concentration, fluorescence

intensity of the captured image was quantified using the

image analysis software (Nine-Alliance Q9) of the Alliance

Mini HD9 system. F is the fluorescence intensity of the

sample in which DZN is present, and F0 is the fluorescence

intensity of the blank sample without DZN. The mean ΔF

values of CuNPs according to DZN concentration (0.1, 1,

2, 3, 4, and 5 ppm) were 8.26 ± 1.03, 23.14 ± 6.1, 45.68

± 5.87, 54.12 ± 3.67, 53.14 ± 3.52, and 53.89 ± 4.05,

respectively. The standard curve (Fig. 6B) indicated the

linearity from 0.1 to 3 ppm of DZN concentration. The

correlation equation was y = 16.49 x + 7.66 and the R2

value was determined to be 0.97. The limit of detection

(LOD) for DZN was calculated to be 0.15 ppm, using the

following formula: LOD = 3.3 × (SD/S), where SD and S

are the standard deviation of y-intercepts and slope of the

calibration curve, respectively (n = 3). 

In the case of other sensors developed previously, the

LOD values of the aptamer-based sensors are in the range of

0.01 × 10-3 - 6.7 × 10-3 ppm [45-49] and the enzyme-based

sensors are in the range of 0.06 × 10-3 - 170 × 10-3 ppm

[50-56], so that the average LOD value of the aptamer-

based sensors is 14 times lower than that of the enzyme-

Fig. 5. (A) TEM images of CuNPs synthesized using the RCA
product (left), and of negative control in which no RCA reaction
was induced (right). (B) A graph of the relationship between CuNP
fluorescence (FL) intensity at 620 nm versus the concentration of
circular DNA added for RCA reaction (n = 5). Length of the scale
bars is 100 nm. 

Fig. 6. DZN sample analysis using the proposed method. (A)
Fluorescence image from the COC-bottom 96-well plate. (B)
Standard curve for ΔF value (F-F0) versus DZN concentration
obtained based on image A (n = 3). Inset: linear relationship
between the ΔF value variations and the DZN concentration.
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based sensors. While the previously developed aptamer-

based sensor adopted a solution-based detection method,

the newly developed method has the potential to be

expanded to a detection platform capable of high-throughput

screening because it used an immobilized surface-based

detection method. Nevertheless, it is necessary to improve

the sensitivity of our sensor compared to the existing

sensors, and there is room for sensitivity improvement

because our sensor has the advantage of using an aptamer

that has a positive effect on detection sensitivity and

selectivity compared to enzymes.

Selectivity of the proposed method for the detection of

DZN was also evaluated. DZN, fenitrothion, abamectin,

and fipronil were prepared at a concentration of 4 ppm

each in 1× BB and tested thrice in the same manner as the

above sensitivity test (Fig. 7). Unlike other pesticide

samples, only the DZN sample showed high ΔF values.

The mean values of ΔF for fenitrothion, abamectin, fipronil,

and DZN were 13.19 ± 1.34, 7.21 ± 1.59, 15.87 ± 1.5, and

54.9 ± 4.18, respectively. The results confirmed that the

proposed detection method is selective to DZN detection.

4. Conclusion

In this study, we described a label-free fluorescent

aptasensor, based on RCA and self-assembled CuNPs, to

detect DZN on a COC substrate. A recent report featuring

the properties of DZN-specific aptamer [45] was referred

to while devising this detection strategy. The DF probe was

designed for efficient RCA reactions, enabling a series of

reactions to detect DZN on non-modified COC substrates.

A strong and selective aptamer-DZN complex induced an

RCA reaction on the COC substrate and produced an

ssDNA product with repetitive (T)30 sequence. The RCA

product could act as a template for fluorescent CuNP

synthesis and, within 10 min, was converted to a

fluorescence signal proportional to DZN concentration. For

quantitative DZN analysis, the fluorescence signal was

captured as a digital image and quantified using an image

analysis software. The DZN analysis method confirmed

linearity of the fluorescence signal of DZN (ranging from

0.1 to 3 ppm), and identified the detection limit as 0.15 ppm.

The current study provided a simple and selective DZN

detection strategy involving UV-based DNA probe

immobilization on a non-modified COC substrate, target-

specific aptamer, optimized DF probe, and self-assembled

CuNPs by isothermal RCA. This novel method for the

detection of DZN was found to be efficient, with minimized

use of expensive and complex equipment compared to

conventional chromatography-based methods, thus proving

to be an ideal detection strategy for chip-based biosensors

made of COC substrates while allowing for its further

exploitation for the simultaneous detection of multiple

targets.
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