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A lanthanide-based ratiometric fluorescent
biosensor for the enzyme-free detection of
organophosphorus pesticidest

Tianlin Wang® and Yaging Liu & *2®

Organophosphorus pesticides (OPs) residues have caused great concern as they cause great harm to public
health. Herein, a ratiometric fluorescent sensing system was developed for the OPs detection with the
merits of enzyme-free, simple operation, short-time and sensitivity. The change in the fluorescence
signal in the sensing system was provided by guanine-rich DNA (G-DNA) and silver nanoparticles
(AgNPs) with terbium ion (Tb*") and dured. Tb®" coordinated with the G-DNA to form a DNA-Tb
complex to emit green fluorescence, which can be significantly enhanced by AgNPs based on the
mechanism of metal enhanced fluorescence. Dured embedded into the G-DNA emits red fluorescence
as the built-in fluorescence signal. After adding OPs into the DNA-Tb—-dured—AgNPs sensing system,
the fluorescence of Tb*" quenched, while the fluorescence of dured remained unchanged. The OPs
detection is implemented enzyme-free or label-free and has the advantage of high sensitivity and
reliability. The limit of detection reaches as low as 0.034 pg L% and good recoveries are obtained for
the OPs detection in tap water and apple. Moreover, the developed sensing system is simple in
preparation and low cost, exhibiting an efficient platform to meet the requirement for in situ application

rsc.li/methods

1. Introduction

Organophosphorus pesticides (OPs) are widely used throughout
the world and play an important role in improving the crop yield
and reducing harvest losses due to their highly efficient insec-
ticidal, bactericidal and herbicidal activities."* However, the
wide use of OPs leads to their accumulation in soil, water, and
agricultural products since OPs are difficult to be degraded. OPs
even at low level cause great harm to human health and can
result in numerous diseases such as Parkinson's disease,
endocrine disruption, memory loss, proximal muscle weakness
and anorexia.>® According to the report of the World Health
Organization, about one million OPs poisoning accidents occur
annually.” Hence, the sensitive detection of OPs with high
reliability is urgently required.

Diverse strategies have been developed to determine OPs,
including enzyme-linked immunosorbent assay," liquid
chromatography-mass spectrometry,” gas chromatography-
mass  spectrometry,” and  high-performance liquid
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chromatography.™ These methods have advantages in terms of
sensitivity and selectivity, while suffer from limitations such as
requirement of expensive equipment, complicated and time-
consuming procedures and the requirement of professionals.
Thus, it is highly desirable to develop assays for convenient,
low-cost, and rapid detection of OPs. In recent decades,
considerable attention has been focused on constructing
biosensors based on fluorescent,*™*¢ colorimetric,"”* electro-
chemical,*** and surface-enhanced Raman assays.”*** It is
worth noting that most of the developed biosensors for OP
detection are based on inhibiting the enzyme activity of
acetylcholinesterase (AChE), which hinders their further appli-
cation in in situ detection due to the high cost and critical
requirement for reservation. Moreover, the developed assays
usually rely on single signal channel that is readily interfered by
the environment, excitation light source, instrument deviation
and so on, which may result in false-positive or false-negative
results.” Ratiometric sensing platform has self-calibration
function and is considered as an effective solution for mini-
mizing the interference and improving the analytical
accuracy.”**

Among the developed strategies, fluorescent assay is
considered as a powerful way due to its advantages of sensi-
tivity, non-invasive detection and possibility for remote opera-
tion.”®** Considering the high cost and complex operation of
fluorophore labeling, it is necessary to construct enzyme-free
and label-free biosensors. Lanthanide-doped nanomaterials
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are considered as excellent building blocks for biosensors due
to their unique luminescence properties including narrow
emission bandwidths, multiple emission bands, long lumi-
nescence lifetimes, and large Stokes/anti-Stokes.>***> Terbiu-
m(m) (Tb*"), one of the lanthanide ions, exhibits fluorescence
when coordinated with guanine-rich single-strand oligonucle-
otides (DNA-Tb) in that the energy is transferred from the DNA
to Tb*®* once exposed under ultraviolet light.*®* Upon further
coordination with silver nanoparticles (AgNPs), the fluores-
cence of the resultant DNA-Tb-AgNPs is significantly
augmented based on the metal-enhanced fluorescence mecha-
nism.**** To construct a ratiometric fluorescent sensing system,
dured with red fluorescence emission is used as an internal
reference signal probe to integrate with DNA-Tb-AgNPs. In the
presence of OPs, the lanthanide could be coordinated with the
OPs, which results in the quenching of lanthanide fluores-
cence.**3® Moreover, the fluorescence of dured cannot be
influenced. Thus, it is expected that the constructed sensing
system could be realized for the ratiometric detection of OPs,
which presents advantages of simple, fast, high sensitivity and
low cost.

2. Materials and methods

2.1 Materials and instruments

The used DNA strands were synthesized by Sangon Biotech Co.,
Ltd (Shanghai, China) (Table S1 in ESIf). Terbium nitrate
hexahydrate (Tb(NOj);-6H,0, 99.99%), methyl parathion,
omethoate, phosmet, dichlorvos, dursban and phorate were
purchased from Aladdin Reagent Co. Ltd (Shanghai, China).
Dured, PVP-K30 and glycerol were bought from Solabo Tech-
nology Co., Ltd (Beijing, China). Metal salts, ammonium
hydroxide (30%), ascorbic acid and methanol were purchased
from Kermel Reagent Co. Ltd (Tianjin, China). All the chemicals
were of analytical grade. The water used was purified by Milli-
pore Milli-Q (18 MQ cm).

DNA concentrations were obtained according to the
absorption values at 260 nm on a UV-2450 spectrophotometer
(Shimadzu, Japan). The fluorescence spectra of Th*" and dured
were recorded on an F-7000 fluorescence spectrometer (Hitachi,
Japan). The morphology of AgNPs was characterized by a JEM-
3010 transmission electron microscope (TEM) (Hitachi, Japan).

2.2 Preparation of AgNPs

The synthesis of AgNPs was based on a previous report with
slight modification.®® A glycerol-water mixture (40 vol% glyc-
erol, 50 mL) was stirred in a 100 mL flask and heated up to
95 °C. Silver nitrate (9 mg) and sodium citrate (3%, 1.0 mL) were
then added into the mixture, which was stirred for 1 h at 95 °C.
After that, the colloid was stored at 4 °C. Water (138 mL), glyc-
erol (23 mL) and PVP (0.58 g) were stirred in a 250 mL flask at
room temperature. The colloid (14.4 mL) was added and then
kept at room temperature for 20 s. Furthermore, a 0.29 mL
diamine silver complex (20 mg silver nitrate in 1.0 mL water
plus 220 mL ammonium hydroxide 30%) and ascorbic acid (9.2
mg) were added into the reaction system. After 1 h, the obtained
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AgNPs were stabilized with 6 g PVP and then washed with water
for three times.

2.3 Preparation of the sensing system for OPs detection

The detection system was constructed by mixing Tb**, DNA,
dured, and AgNPs in Tris-HCI buffer (pH = 7.5, 10 mM). The
final concentrations of Tb>*, DNA, dured, and AgNPs were 0.2
uM, 5.0 uM, 3.0 pM and 15 pM, respectively. For the detection of
OPs, OPs with different concentrations were added into the
system. Here, parathion methyl was used as a model sample.
After incubating for 10 min, the fluorescence response of Tb**
and dured were recorded on a fluorescence spectrometer. The
fluorescence intensity ratio of Tb** at 545 nm (Frp,) to dured (Fp)
at 680 nm (Fp,/Fp) was used as the readout signal.

2.4 Determination of OPs in real samples

OPs detection in a fruit sample followed the previous report
with apple as the real sample.* The apples were chopped into
pieces and then crushed into homogenates. The obtained
homogenates were dissolved into 20 mL of buffer solution and
stirred for 10 min. The apple juice was then filtered with
a membrane to get rid of the insoluble matrixes. For the OPs
detection in tap water, the tap water was centrifuged at
14 000 rpm for 10 min and then filtered with a nitrocellulose
membrane (0.22 pm). OPs with different concentrations were
then spiked into the samples. The fluorescence response was
recorded after being incubated with the sensing system for
10 min.

3. Results and discussion

3.1 Fluorescence response of dured-DNA-Tb to OPs

With the fluorescence of DNA-Tb and dured-DNA as the
detection signal and reference signal, respectively, a novel
enzyme-free ratiometric sensor for the detection of OPs was
developed, as shown in Fig. 1A. The detection strategy was
validated by implementing the fluorescence experiments shown
in Fig. 1B. No obvious fluorescence was monitored from the
single-strand DNA (Fig. 1B(a)) and dured (Fig. 1B(b)). Dured
embedded in the DNA forming dured-DNA complex emits red
fluorescence with a characteristic peak at 680 nm (Fig. 1B(c)).
The mixture of DNA and Tb®" shows slight green fluorescence
with two main characteristic peaks at 490 nm and 545 nm,
respectively (Fig. 1B(d)). The integrated dured-DNA-Tb complex
has the characteristic peaks originated from both dured and
Tb>" (Fig. 1B(e)). After introducing AgNPs, the fluorescence of
Tb*" in the resultant DNA-Tb-dured-AgNPs system is greatly
enhanced due to the metal fluorescence enhancement effect of
AgNPs, while the fluorescence of dured changes slightly
(Fig. 1B(f)). When OPs were added into the DNA-Tb-dured-
AgNPs sensing system, the coordination between OPs and Tb*"
prevents the energy transfer from DNA to Tb*' % thus
quenching the fluorescence of Tb*". However, the added OPs
have slight influence on the fluorescence of dured (Fig. 1B(g)).
With the fluorescence intensity ratio of Tb®* at 545 nm (Fy) to
dured (Fp) at 680 nm (Fpp/Fp) as the readout signal, it was
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Fig. 1 (A) Schematic of the ratiometric fluorescence sensor of DNA-Tb—dured—AgNPs for organophosphorus pesticides (OPs) detection. (B)
Fluorescence spectra of numerous systems: (a) DNA, (b) dured, (c) dured—DNA, (d) DNA-Tb, (e) DNA-Tb—dured, (f) DNA-Tb—dured—AgNPs, (g)

DNA-Tb—-dured—AgNPs + OPs.

further found that Fr,/F, decreases with the increase in
concentration of OPs (see Fig. S1 in ESIT). The results validate
the possibility of DNA-Tb-dured-AgNPs as a ratiometric fluo-
rescent biosensor for the detection of OPs.

3.2 Optimization of experimental conditions

The sensitivity of the proposed biosensor is related to numerous
factors, such as the DNA sequence, pH of the buffer solution,
concentration of dured, the particle size and concentration of

30 40 70 100
Partical size (nm)

AgNPs, and incubation time of OPs. Thus, the optimal condi-
tions were explored for the determination of OPs. According to
the previous report, the amount and position of guanine in DNA
effects the fluorescence enhancement of Tb*".** Here, nine
single-strand DNAs with different sequences were used to
sensitize the Tb®" emitted fluorescence (Fr). After adding
AgNPs, an enhanced fluorescence (F'rp,) was monitored. A
maximum ratio of F'pp /Frp at 545 nm was obtained from the
DNA named as 20 GT (Fig. 2A). Moreover, the DNAs with

.
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Fig. 2 (A) The effect of DNA with different base sequences on the fluorescence intensity of To®* and dured. (B) The effect of the dured
concentration on the fluorescence intensity of dured. (C) The effect of AGNPs with different particle sizes on the fluorescence of Tb**. (D) The
effect of the concentration of AgNPs on the fluorescence intensity of Tb>*.
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different sequence have no obvious effects on the fluorescence
response of dured. Thus, DNA with the 20 GT sequence was
used for the construction of the sensing platform. In this case,
the concentration of dured was further evaluated by monitoring
the fluorescence intensity of dured at 680 nm, which increases
and reaches a plateau once the concentration of dured is over 3
uM (Fig. 2B). Thus, the concentration of dured was fixed at 3 pM
for the following experiments. In the developed sensing
strategy, AgNPs plays critical function, which was used as the
mediator to augment the fluorescence of Tb**. As illustrated in
Fig. 2C, a maximum ratio of Fop /Frp is obtained when the AgNP
particle size is 40 nm (transmission electron micrograph of the
AgNPs is shown in Fig. S2 in ESIf), where F'r, is the fluores-
cence intensity at 545 nm after adding AgNPs. Moreover, the
Fp /Frp increases with the increase in the concentration of the
AgNPs from 2 pM to 15 pM (Fig. 2D). With further increase in
concentration, however, the fluorescence intensity of Tb**
decreases, which might be ascribed to the internal filtration
effect of AgNPs.”> Thus, the concentration of AgNPs was fixed at
15 pM for the following experiments.

According to the above results, the sensing system of DNA-
Tb-dured-AgNPs was constructed. Subsequently, the influence
of buffer pH of the OPs in the sensing system was further
evaluated with Fp,/Fp as the readout. As illustrated in Fig. 3A,
the value of Fry,/Fp, increases with an increase in pH from 5.0 to

s 6 7 8 9 10 0 H 10 15 20
pH Time/min

Fig. 3 (A) The effect of the buffer solution with different pH values on
the fluorescence ratio of Fr,/Fp. (B) The effect of different incubation
times of OPs in the sensing system on Frp/Fp.
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8.0 and then decreases when the pH is over 8.0. Thus, pH 8.0
was used in the following measurements. As illustrated in
Fig. 3B, the addition of OPs results in the decrease of Fry/Fp,
which quickly reaches minimum when the sensing system is
exposed into the OPs environment for 10 min. Thus, 10 min was
set as the optimal incubation time.

3.3 Sensitive detection of OPs

Before the detection of OPs, the stability of the detection system
was evaluated with Fry,/Fp, as the readout. As shown in Fig. S3,
the value of Fp,/Fp changed slightly even when the time was
extended to 120 min in the environment, indicating excellent
stability. Then, the detection sensitivity and linear detection
range of the DNA-Tb-dured-AgNPs towards OPs were deter-
mined, under the optimal conditions. As illustrated in Fig. 44,
with the increase in the concentration of OPs, the fluorescence
response of Tb** was decreased and the fluorescence response
of dured was essentially unchanged. The fluorescence intensity
ratio of Tb®" at 545 nm (Fyp,) to dured (Fp) at 680 nm (Fry/Fp) was
used as the readout signal. The Fp,/Fp displays two linear
relationships with the OPs concentration ranging from 0.03 pg
L 'to 5 pg L™" and from 10 pug L™ to 160 ug L' with good
correlation coefficient of 0.992 and 0.995, respectively (Fig. 4B
and C). The limit of detection (LOD) was found at 0.034 pg L "
by calculating three times of the signal-to-noise ratio.
Compared to the previous reports about the detection of OPs
(Table S2 in ESIt), the enzyme-free and label-free sensing
system presents advantages of simple operation, short-time and
sensitive detection, showing a great potential application in
actual detection. This strategy also can be applied for other OPs
detection such as omethoate, phosmet, dichlorvos, dursban
and phorate (Fig. S4 in ESI{).

3.4 The anti-interference capability of the sensing system

Anti-interference capability is a key factor in evaluating the
performance of a sensor. To evaluate the specificity of the DNA-
Tb-dured-AgNPs sensing system for the OPs detection, the
influence of some potential interferences in food samples was

A . B c,
0 pg/L
49 7.24 4+
a a R2=(0.995
E;cﬁ- & 3
[y &
6.0 4 24
5‘.‘ b T T L l i
0 2 4 6 0 45 90 135 180
»/nm Cop, (ng-L™") Cops (ng-L1)

Fig. 4 (A) The fluorescence spectra of Tb** and dured as a function of OPs with different concentrations (0.01, 0.02, 0.03 0.1, 0.5, 1.0, 3.0, 5.0,
10, 20, 30, 40, 60, 80, 100, 120, 140, 160, 200 pg L™Y). The linear relationship between the Fr,/Fp and OP concentrations within the range of

0.03-5.0 ug L* (B) and 10-160 g L (C).
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Fig. 5 Effects of other interfering substances on the fluorescence
ratio (Fro/Fp) after being added into the DNA-Tb—dured—-AgNPs
sensing system (OPs: 100 pug L™ K*, Na*t, Ca®*, Mg®*, Fe®*, Cl~, ClO™,
527, PO4>7, glucose, hydrazine and HCHO: 3 pmol L™3).

explored, including K, Na¥, Ca®>", Mg?*, Fe**, AI*", Hg*", As>,
Cl, clo™, s*7, PO,*", glucose, hydrazine and formaldehyde
(HCHO). As shown in Fig. 5, different from the effects of OPs,
the potential interferences have negligible effects on the fluo-
rescence response of the sensing system. The results validate
that the developed biosensing system has excellent anti-
interference capability.

3.5 Detection of OPs in real samples

Here, tape water and apple were used as real samples to evaluate
the practical feasibility of the developed sensing system. No OPs
was found in the pretreated samples. The standard addition
method was then used to explore the practicability of the DNA-
Tb-dured-AgNPs sensing system for the detection of OPs. As
illustrated in Table 1, the spiked OPs in tap water can be
measured with good recovery (from 97.0 to 102.0%) and

Table1 Determination of OPs in tap water

Detected Recovery
Sample Spiked (ug L")  (ugL™h) (%) RSD (%)
Tap water 0 0 — —
1.0 0.97 £ 0.03 97.0 3.1
50 48.77 £ 0.53 97.5 1.1
100 105.31 £+ 1.41 102.0 1.3
Table 2 Determination of OPs in apple
Detected Recovery
Sample  Spiked (ngkg™")  (ugkg ™) (%) RSD (%)
Apple 0 0 — —
1.0 1.06 £+ 0.03 106.0 2.8
50 48.94 £ 0.59 97.9 1.2
100 103.97 +1.94 103.9 1.9

This journal is © The Royal Society of Chemistry 2021
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acceptable relative standard deviation (RSD <3.1%). From Table
2, it can be seen that the spiked OPs in apple can be measured
with good recovery (from 97.9 to 106.0%) and acceptable rela-
tive standard deviation (RSD <2.8%). The results validate that
the developed sensing strategy has good performance for the
detection of OPs in real samples.

4. Conclusion

A ratiometric fluorescence sensing system of DNA-Tb-dured-
AgNPs for the sensitive detection of OPs has been successfully
developed. The LOD reaches as low as 0.034 ug L. The ratio-
metric sensing system has great advantages that make it great
potential application. First, the sensing system is prepared by
mixing the required chemical materials, and the preparation
procedure is quite simple. Second, the sensing system is
enzyme-free and label free, and the cost is quite low. Further-
more, the sensing system can resist the potential interference
and has nice recovery for the detection of OPs in real samples.
Last but not least, the developed sensing system may be
explored as a general approach for the detection of OPs.
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