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Abstract

A rapid and convenient fluorescence glyphosate (GLYP) biosensor was developed based on DNA-templated copper nano-
particles (DNA-CuNPs). In the absence of GLYP, the DNA-CuNPs were formed through the reduction of Cu®* by vitamin
C (Vc). The DNA-CuNPs emitted intense fluorescence at 615 nm when being excited at 340 nm. In the presence of GLYP,
GLYP can strongly chelate with Cu** by the phosphate and carboxyl groups to decrease the amount of free Cu>*. Due to the
lack of free Cu?>*, DNA-CuNPs cannot be formed, which caused the fluorescence to decrease. The whole detection process
of this proposed GLYP biosensor can be completed within 14 min. Titration experiments showed that this biosensor had a
linear relationship for GLYP in the range 1 to 18 uM with a limit of detection (LOD) of 0.47 pM. This biosensor showed
obvious selectivity among other pesticides, even between GLYP and organophosphorus pesticides. This biosensor performed

well for GLYP detection in real samples with recoveries of 88.0-104.0%.
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Introduction

GLYP, a commonly used herbicide, can effectively and
quickly remove weeds in the field. About 825,000 tons of
GLYP was used worldwide in 2014 [1]. With the expan-
sion of planting area, this number is expected to reach about
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100 million tons in 2023 [2]. In China, the consumption of
GLYP shows a rising trend as paraquat (another herbicide) is
banned [3]. With the use of GLYP, many GLYP residues are
found in soil and agricultural products. Unfortunately, GLYP
can cause a variety of diseases and harm people’s health.
For example, it can lead to the growth delay of children [4],
kidney damage [5], liver swelling, and steatohepatitis [6].
The maximum residue of GLYP was defined 0.7 pg mL™!
(4.14 pM) in drink water by the U.S. Environmental Pro-
tection Agency (EPA) [7]. Therefore, it was necessary to
develop a convenient and accurate analytical method for
detecting GLYP.

Up to now, many methods and techniques have been
designed to detect GLYP [8]. Traditional methods were
mainly instrumental analysis, such as high-performance
liquid chromatography (HPLC) [9] and gas chromatog-
raphy (GC) [10]. These methods can achieve high sensi-
tivity and reliability. However, they required a compli-
cated derivatization process, because GLYP itself had no
chromophores. Recently, a number of detection methods
have been developed to overcome the above problems.
These methods included immunoassay [11], enzymatic
inhibition approaches [12], electrochemical sensors [13],
metal-organic framework methods [14], and small chemi-
cal molecule methods [15, 16]. However, these methods
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suffered from difficult preparation of antibodies, complicated
material synthesis, and long detection time. Therefore, a fast,
simple, and convenient method is now highly advantageous.

In recent years, DNA-templated copper nanoparticles
(DNA-CuNPs) have attracted great research interest as an
excellent fluorescence material [17]. The DNA-CulNPs were
first synthesized with double-stranded DNA (dsDNA) as
templates by Mokhir group [18]. Then, the single-stranded
poly T DNA was employed to synthesize poly T-CuNPs by
Qing et al. [19]. Subsequently, dSDNA-CuNPs with ds(AT)
n as template which had a better fluorescence efficiency
were found by Wang group and Ouyang group [20, 21].
The mechanism of DNA-CuNPs formation was that DNA
can promote the reduction of Cu?* and accumulate Cu(0)
clusters to localize on the major groove of DNA [21]. Com-
pared with other fluorescence nanomaterials, DNA-CuNPs
exhibited many advantages including mild synthetic condi-
tion, cheap material, simple and rapid preparation, excellent
photo stability, large Stokes shift, and low biological toxicity
[17, 22]. With these advantages, DNA-CuNPs as a label-
free reporter were widely used in the detection of targets
such as Cu®* [23], ALP [24], and ATP [25]. However, to
the best of our knowledge, DNA-CuNPs have not been used
for the detection of GLYP. Inspired by the advantages of
DNA-CuNPs, a fast, simple GLYP biosensor was designed
in this work.

Materials and methods
Chemicals and materials

GLYP, vitamin C (Vc), glycine (GLY), and CuCl, were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Bei-
jing, China; www.sinoreagent.com). Glufsinate (GLUF),
aminomethylphylphonic (AMPA), temephos (TEM), dichlo-
rvos (DDV), methamidophos (MDP), phoxim (PHO), car-
bendazim (CBZ), difenoconazole (DIF), jinggangmycin
(JGM), thiamethoxam (TMX), uniconazole thiophanate-
methy (TM), uniconazole (UN), oryzalin (OZ), triflura-
lin (TFL), and acetamiprid (ACE) were purchased from
Yancheng Limin Agrochemical Co., Ltd (Yancheng, China;
www.chinapesticides.com). The oligonucleotide DNA puri-
fied by PAGE was obtained from Shanghai Sangon Biologi-
cal Engineering Technology & Services Co., Ltd (Shang-
hai, China; www.sangon.com). The DNA sequences was
5'- (AT);, -3’ from Ouyang’s report which was described as
polyAT-templated CuNCs showing higher fluorescence [21].
All reagents in this experiment were of analytical grade or
above. All aqueous solutions were prepared with ultrapure
water (18.2 MQ cm) which was obtained from a Milli-Q
water purification system.
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Fluorescence intensity analysis

All fluorescence measurements were performed on Spec-
traMax iD3 Multi-Mode Micropate Reader (USA). The
instrument settings were as follows: Agx =340 nm, Agy
from 550 to 700 nm. DNA-CuNPs were synthesized by
simply mixing DNA, Cu?*, and Vc. Firstly, 500 nM DNA
and 35 uM Cu** were added into 10 mM 3-(N-morpholino)
propane sulfonic acid (MOPS) buffer (pH 7.6) containing
150 mM NaCl. Then, 2 mM Vc was added to reduce Cu3*.
After the mixture was incubated for 4 min at room tempera-
ture, the DNA-CuNPs formed and the fluorescence of DNA-
CuNPs were measured in a microplate reader.

For GLYP titration experiment, the different concentra-
tions (0, 1, 3, 5, 7, 10, 12, 15, 18, 21, 24, 27, 30 uM) of
GLYP and 35 uM Cu?* were mixed first to react 10 min at
room temperature. Then, 500 nM DNA and 2 mM Vc were
added and incubated for 4 min. Lastly, the fluorescence was
measured. The changes of fluorescence intensity were cal-
culated by (F/F;) X 100%. F and F,, were the fluorescence
intensity in the presence and absence of GLYP, respectively.

The selectivity for GLYP was checked by compar-
ing GLYP and other interferential substances under the
same concentration (18 pM). The interferential substances
included GLUF, AMPA, TEM, DDV, MDP, PHO, GLY,
CBZ, DIF, JGM, TMX, TM, UN, OZ, TFL, and ACE.
The interference experiments were studied by comparing
the F/F, values before and after the addition of GLYP to
the pesticide mixture containing other OPPs or other pes-
ticides. The procedure was similar with the GLYP titration
experiment.

Ultraviolet and visible (UV-Vis) absorption

The UV-Vis absorption assay was performed on Model
UHS5300 Spectrophtometer Reader (Japan). The UV-Vis
absorption between 260 and 500 nm was set for different
treatment samples. The treatment conditions included (a)
DNA + Cu** +GLYP + Vc; (b) DNA +Cu®* +Vc; (c)
DNA + GLYP+ Vc; (d) DNA 4+ Cu?>* +GLYP; and (e)
Cu”* + GLYP + Vc. The concentrations of DNA, Cu?*,
GLYP, and Vc were 500 nM, 35 pM, 50 pM, and 2 mM,
respectively.

Detection of GLYP in real samples

The agricultural products (rice, maize, and wheat) were pur-
chased from a local farm product market in Jingzhou, Hubei
province, China. Samples were pretreated according to the
reported literature [26]. Initially, each food sample (1 g,
rice, maize, or wheat) was mixed with 20 mL water. Then,
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Scheme 1 The principle of
the proposed GLYP biosensor
based on DNA-CuNPs

X0

DNA

10 mL of dichloromethane was added and the mixture was
sonicated for 15 min. Centrifugation followed for 10 min at
4500 rpm and the supernatant was collected. Subsequently,
the supernatant was filtered by gauze. Then, the filtrate was
evaporated to 2 mL left. Finally, different concentrations of
GLYP (0-30 pM) were added to these samples, and GLYP
was detected by the proposed method.

The water samples were collected in the campus pond of
Yangtze University, rice field of Jingzhou City, and Yangtze
River Jingzhou Section. Subsequently, the water samples
were simply filtered by gauze to remove large particulate
impurities. Then, the water samples were treated by adding
different concentrations of GLYP (0-30 pM). Meanwhile,
water samples without adding GLYP were used as control.

Results and discussion
The principle of the proposed GLYP biosensor

The principle of the proposed GLYP biosensor is illustrated
in Scheme 1. The ds(AT);, Cu?*, and Vc are employed
to synthesize DNA-CuNPs. In this synthesis system, Vc
is used as a reducing agent to reduce Cu** to Cu(0). The
dsDNA as a scaffold can template the formation of fluo-
rescent CuNPs through promoting reduction of Cu®** and
accumulating Cu(0) clusters to localize on the major groove
of DNA [17, 21]. GLYP, containing functional groups of
carboxyl (-COOH), imino (-NH-), and phosphonyl (-PO;H,),
can strongly chelate with Cu®** to decrease the amount of
free Cu®* [27-29]. Due to lack of free Cu®*, the formation
of DNA-CuNPs is prevented. Thus, in the absence of GLYP,
the DNA-CuNPs can be formed to emit intense fluorescence.

Cu?t

.. A

® ¥ ¥ »

Ve GLYP Cu-GLYP CuNPs

In the presence of GLYP, the DNA-CuNPs cannot be formed
due to the chelation of GLYP and Cu?*. As a result, the fluo-
rescence decreases with the addition of GLYP.

The feasibility of the proposed GLYP biosensor

The feasibility of the proposed GLYP biosensor was carried
under different treatment conditions. The results are shown
in Fig. 1A. Only mixing DNA, Cu**, and Vc, the fluores-
cence can be observed that suggested the DNA-CuNPs are
formed (curve b in Fig. 1A). When any one of the three com-
ponents (DNA, Cu?*, or Ve) is removed, the fluorescence
disappeared, which indicates that the DNA-CuNPs cannot
be formed (curves c, d, and e in Fig. 1A). The fluorescence
is completely disappeared when the GLYP is added, even
DNA, Cu®*, and Vc all exist (curve a in Fig. 1A). Mean-
while, the corresponding fluorescence photographs are
recorded under UV irradiation. Only when DNA, Cu2+, and
Vc are present, a bright image can be observed (inset in
Fig. 1A). This result implies that the proposed GLYP biosen-
sor can be used to detect GLYP.

The UV-Vis absorption was used to further confirm the
feasibility. When the DNA, Cu?*, and Vc are mixed, a strong
UV-Vis absorption can be observed at 350 nm due to the
formation of DNA-CulNPs (curve b in Fig. 1B). When GLYP
is added, the intensity of UV—Vis absorption decreases sig-
nificantly (curve a in Fig. 1B). This result suggests that some
of the DNA-CuNPs are destroyed. In the absence of DNA,
Cu?*, or Vg, almost no UV-Vis absorption is observed,
which suggests no DNA-CuNPs are formed. The above
results further verify the feasibility of the proposed GLYP
biosensor.
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Fig. 1 A Fluorescence
spectra and (B) UV-Vis
absorption under different
treatment conditions. (a)
DNA +Cu?* +GLYP+ Vc;
(b) DNA +Cu** +Vg; (¢)
DNA +GLYP+ Vc; (d)
DNA +Cu>* +GLYP; (e)
Cu** +GLYP+ Vc. The
concentrations of DNA, Cu?*,
GLYP, and Vc were 500 nM,

u.) B>

5 2.0x10°
1.5x10°
1.0x10°

5.0x10°

Fluorescence intensity (a

35 pM, 50 pM, and 2 mM,
respectively. Inset of (A): the

e
)

corresponding fluorescence

photographs (Agx =360 nm).

(C) TEM images of DNA- C
CuNPs. (D) The particle size

distribution diagram

Meanwhile, the result of fluorescence spectra and
UV-Vis absorption also indirectly testifies the formation of
DNA-CuNPs. Subsequently, transmission electron micros-
copy (TEM) is used to characterize the DNA-CuNPs as
direct evidence (Fig. 1C). Dynamic light scattering (DLS)
shows that the average diameter of DNA-CuNPs is about
12 nm which is consistent with the reported results (Fig. 1D)
[30, 31].

Optimization of detection conditions

The concentration of Cu?" was optimized by observing the
fluorescence change of DNA-CuNPs under different Cu*
concentrations (Figure S1 A). Then, 35 pM Cu?* was cho-
sen as an optimal concentration with the maximum fluores-
cence intensity. The concentration of Vc was optimized by
Ve titration experiment. The results show that the fluores-
cence intensity stops rising and reaches a plateau when Vc
increases to 2 mM (Figure S1 B). Thus, 2 mM Vc is used for
the followed experiments.

For the detection time, the proposed GLYP biosensor can
be distributed in two parts. One part is the reaction between
GLYP and Cu?*, and the other part is the formation of DNA-
CuNPs. The results suggest that the DNA-CuNPs form very
quickly in just 4 min (Figure S1 C) and GLYP reacts with
Cu** in 10 min (Figure S1 D). Thus, the whole detection
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process of this proposed GLYP biosensor can complete
within 14 min.

Sensitivity of the proposed GLYP biosensor

The sensitivity was researched by GLYP titration experi-
ment. As shown in Fig. 2A, when the GLYP concentration
is only 1 uM, the peak fluorescence signal at 615 nm had
shown a significant change (from 2.75x 10% to 2.61 x 10).
As the GLYP concentration reaches 30 uM, the fluorescence
is completely quenched. For quantitative analysis, the fluo-
rescence peak value at 615 nm is studied. In the range of 0
to 30 uM, the calibration curve between GLYP concentra-
tions and fluorescence changes fits a dose—response curve
(Fig. 2B). The fluorescence changes show a linear relation-
ship in the GLYP concentration range of 1 to 18 uM. The
linear equation is ¥=103.28 —4.56 X (R*>=0.998), where Y
and X represent the fluorescence changes and GLYP con-
centrations (inset of Fig. 2B). The limit of detection (LOD)
is estimated to be 0.47 uM based on three times standard
deviation of blank samples. This LOD is lower than the
maximum residue of GLYP (4.14 uM) in drink water defined
by EPA [7]. Thus, the proposed GLYP biosensor has the
potential to detect actual samples.

Subsequently, the proposed GLYP biosensor is com-
pared with the reported methods (Table 1). The detec-
tion limit of this biosensor is better than or comparable
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Fig.2 A Fluorescence spectra in different concentrations of GLYP.
(B) The changes of fluorescence intensity at 615 nm under differ-
ent GLYP concentrations. F' and F, were the fluorescence intensity
at 615 nm in the presence and absence of GLYP, respectively. Inset:

Table 1 An overview on reported methods for the determination of GLYP

0 5 10 15 20 25 30
GLYP (uM)

fluorescence intensity and the concentration of GLYP showed a linear
relationship between 1 and 18 pM range. The error bar represented
the relative standard deviation of three repeated measurements

Materials used Material preparation Linearity (uM) Detection limit ~ Detection time (min) References
(uM)
MoS, nanosheets Need 2.36-11.8 0.51 30 [32]
Carbon dots Need 0.02-2 0.6 Not found [33]
Au-Pt NPs Need 0.06-5920 0.03 70 [34]
N-SiQD Need 0.59-5.92 0.043 6 [28]
Carbon dots Need 0.18-59 0.09 24 [35]
NaGdF4:Yb,Er (UCNPs) Need 0.29-739.3 0.05 60 [29]
NaGdF4:Yb,Er (UCNPs) Need 29.6-739.3 5.9 60 [29]
Cu*t No need 2-200 1.0 25 [36]
HPLC Need 29.5-591.5 0.39 Not found [37]
HPLC Need 0.029-2.96 0.059 Not found [9]
DNA-CuNPs No need 1-18 0.47 14 This work

with the values obtained by other methods. Because this
biosensor is carried out during the synthesis of DNA-
CuNPs, it does not require preparation of nanomaterials
in advance. Compared with other methods, the detection
time of this biosensor is relatively short, which is a big
remarkable highlight. Besides, the proposed biosensor
has also been compared with the gold standard method
(HPLC). In sensitivity, our method has no advantage over
HPLC. However, HPLC requires a complicated deri-
vatization process, because GLYP itself has no chromo-
phores. Thus, our method is relatively simple.

Selectivity and interference of the proposed GLYP
biosensor

Selectivity and interference were evaluated as important
indicators of detection methods. Firstly, seven common
organophosphorus pesticides (OPPs) (GLUF, AMPA, TEM,
DDV, MDP, PHO, and GLYP) and GLY (analog of GLYP)
were employed to observe the response of the proposed bio-
sensor. The structural formulas of these OPPs are showed in
Figure S2. The results show that only GLYP causes a dra-
matic fluorescence change whereas other OPPs are at blank

@ Springer
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Fig.3 The selectivity and inter- A B
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levels (Fig. 3A). The interference of other OPPs is studied by
comparing the F/F values before and after the addition of
GLYP to mixture 1 containing other OPPs. The results show
that the mixture of other OPPs still does not cause fluores-
cence changes. However, when GLYP is added, the signifi-
cant fluorescence changes are observed again (Fig. 3A). Sub-
sequently, the selectivity and interference of other pesticides
for this biosensor were also studied. In this experiment, nine
common other pesticides including CBZ, DIF, JGM, TMX,
TM, UN, OZ, TFL, and ACE were employed. The struc-
tural formulas of these pesticides are showed in Figure S3.
The results show that there is an almost 100% fluorescence
quenching for GLYP and little change in other pesticides
(Fig. 3B). The interference experiments also show that
other pesticides do not interfere with the GLYP detection
by comparing the F/F,, values before and after the addition
of GLYP to mixture 2 containing other pesticides (Fig. 3B).
Besides, inorganic phosphates such as phosphate, hydrogen
phosphate, and pyrophosphate have been employed to study
the selectivity of this biosensor. The results show that inor-
ganic phosphates do not affect the detection of glyphosate
(Figure S4). These results suggest that the proposed GLYP
biosensor has good selectivity for GLYP.

The reason of high selectivity is that GLYP and DNA
(contained many phosphate groups) compete to bind Cu?*.
The GLYP and Cu®" can form stronger coordination com-
pounds by three functional groups of carboxyl (-COOH),
imino (-NH-), and phosphonyl (-PO;H,) with a high stabil-
ity constant (Ig K=11.92) [27, 38]. The molecular structure
of GLYP-Cu?* is showed in Figure S5. In the absence of
carboxyl (-COOH) or imino (-NH-), the stability constant
of GLYP decreases substantially by comparing the stability
constants of glyphosate with its analogs (Table S1). Mean-
while, the stability constant of GLYP is much greater than
that of inorganic phosphates (Table S1). Besides, the coor-
dination ability of ppGpp-Cu** whuch is stronger than that
of pyrophosphate and phosphate and the coordination abil-
ity which is related to the number of phosphate have been
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reported [39]. Because DNA has a lot of phosphate groups,
DNA has very high coordination ability for Cu** which is
stronger than that of inorganic phosphates. The high affin-
ity of DNA ensures that other organophosphorus pesticides
cannot compete with Cu** to destroy DNA-CuNPs. Thus,
the interference of other organophosphorus pesticides is
avoided.

Detection of GLYP in real samples

In order to study the reliability and potential application of
the proposed GLYP biosensor, the GLYP in agricultural
products and water samples were measured. For agricultural
products, rice, maize, and wheat were chosen as representa-
tives. Firstly, standard curves were established by means of
standard addition. The linear equations of rice, maize, and
wheat are Y=103.0—6.25 X (R>=0.993), Y=100.62 — 4.66
X (R>=0.992), and Y=106.88 —6.73 X (R?=0.986), respec-
tively (Figure S6, S7, and S8). Then, the spiked samples

Table2 Recovery test of the proposed GLYP biosensor in agricul-
tural products

Samples  Added Found (uM) Recovery (%) CV (%)
GLYP Mean=+SD (n=5)
(M)
Rice 0 Not determinable — — -
5 4.8+0.4 96.0 8.3
10 10.4+0.9 104.0 8.6
15 142+14 94.6 9.8
Maize 0 Not determinable — — -
44+03 88.0 6.8
10 10.2+0.8 102.0 7.8
15 149+1.2 99.3 8.1
Wheat 0 Not determinable  — -
5 4.5+04 90.0 8.9
10 8.9+0.7 89.0 7.9
15 145+14 96.7 9.7
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were measured. The results show that the recovery rates are
in the range of 88.0-104.0% and the coefficient of variation
is less than 15% (Table 2). For water samples, the linear
equation in Fig. 2 is used. By calculating the GLYP concen-
trations in water samples, the recovery rates are from 92.2
to 107.9% (Table S2). And the coefficients of variation are
all less than 15%. These results suggest our new method
has potential application value for detecting GLYP in real
samples.

Conclusion

A rapid and convenient GLYP biosensor was developed
based on DNA-CuNPs and the coordination of GLYP and
Cu>*. This biosensor was carried out during the synthesis of
DNA-CuNPs. It did not require preparation of nanomateri-
als in advance. Most of the other methods were performed
after the nanoparticles were synthesized [39]. Compared
with other methods, the detection time of this biosensor was
relatively short. Because the principle of this biosensor was
that the GLYP and DNA (contained many phosphate groups)
compete to bind Cu?*, the high coordination ability of DNA
for Cu®* guaranteed the high selectivity of this biosensor.
This biosensor also performed well for GLYP detection in
agricultural products and water samples which suggested
this biosensor had great potential applications for detecting
GLYP in practical samples. The idea of using the reaction
between raw material of nanoparticles and target to achieve
the purpose of detection provided a new way for the develop-
ment of detection methods. In this biosensor, DNA-CuNPs
were used as signal reporter with an excitation wavelength of
340 nm and an emission wavelength of 615 nm which cannot
be visible to the naked eye. Thus, this method required a flu-
orescence detector. The development of visible biosensor to
achieve in situ detection will be a future research direction.
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