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ABSTRACT: One simple, sensitive detection method for pesticide
prothioconazole based on citrate-capped gold nanoparticles
(AuNPs) in one step at room temperature was presented in this
study. Prothioconazole could be easily linked onto the AuNPs
through a Au−S covalent bond, and AuNPs undergo aggregation via
hydrogen bonds formed among prothioconazole molecules. As a
result, the color of AuNP solution changes from wine red to royal
purple, which could be monitored by naked eyes and UV−vis
spectra. This label-free visual detection method could determine
prothioconazole with concentrations ranging from 1.33 to 19.99 μg/
L with a detection limit of 0.38 μg/L (S/N = 3). This method was
convenient and free of complex equipment and successfully applied
to prothioconazole determination in rice ﬁeld water where it gave
satisfactory recoveries.
KEYWORDS: gold nanoparticles, prothioconazole, colorimetric detection, hydrogen bonds

1. INTRODUCTION
Prothioconazole is a new systemic triazolinthione pesticide
that has been widely used in the growth of crops such as beans
and cereals.1−3 It was ﬁrst developed by Bayer Crop Science
and started to be sold in the market from 2004.4 As pesticides
are mostly toxic and bioaccumulative, their entrance into the
environment may be a threat to human health.5,6 Hence, the
development of pesticide monitoring methods is of utmost
importance. Recently, Shi and Li reported one method using
high-performance liquid chromatography coupled for prothioconazole detection, and the detection limit of prothioconazole
was 0.05 mg/kg.7 Lin et al. used liquid chromatography−
tandem mass spectrometry for detection, providing the limit of
detection at 0.6 μg/L for soil and 0.52 μg/L for straw.8
Nevertheless, these methods require professional instrumentation and time-consuming steps and cannot be used in situ. It is
desirable to construct an easy operation and low-cost
technique for detecting prothioconazole.
Gold nanoparticles (AuNPs) have become a useful
colorimetric probe for detection of small molecules, including
melamine,9−11 heavy metals,12−14 and antibiotic.15,16 Features
that make the AuNP-based colorimetric method particularly
outstanding are its supreme optical performance, especially
their distance-induced optical change and high extinction
coeﬃcients,17,18 leading to observable color change from wine
red to royal purple because of its dispersion and aggregation
state, which was caused by strong interactions between AuNPs
or its surface molecules and the target analyte.19,20 The AuNP© 2020 American Chemical Society

based colorimetric detection method has advantages of
minimal response time and distinct color changes that can
be seen with naked eyes, exhibiting great potential in on-site
monitoring and detection.21,22
Herein, a simple and convenient one-step AuNP-based
colorimetric method for pesticide prothioconazole detection
was proposed based on hydrogen bonding between prothioconazole molecules. The formation of Au−S bonds between
prothioconazole and AuNPs and hydrogen bonds among
prothioconazole molecules made it able to induce obvious
aggregation of citrate-capped AuNPs, accompanying a
distinguishable visual color change with a remarkable
absorption peak variation. Moreover, the reaction is labelfree with no use of any additive surface coating, promising for
highly sensitive and quickly rapid detection of prothioconazole
in practical applications. Compared to current methods, this
work ﬁrst reported the colorimetric detection method for
prothioconazole based on citrate-capped AuNPs.
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2. EXPERIMENTAL SECTION
2.1. Chemicals. Chloroauric acid tetrahydrate (HAuCl4·4H2O)
and trisodium citrate dihydrate (C6H5Na3O7·2H2O) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (www.sinoreagent.com).
Prothioconazole and other pesticides used in selectivity experiment
were provided by Dr. Ehrenstorfer GmbH. The pH value was adjusted
with sodium bicarbonate (NaHCO3) and sodium hydroxide (NaOH),
both obtained from Beijing Chemical Reagent Company (www.
beijingchemworks.com). Potassium ferricyanide ([K3Fe(CN)6]) and
sodium chloride (NaCl) were also obtained from Beijing Chemical
Reagent Company. All chemicals were of analytical reagent grade, and
Milli-Q-puriﬁed distilled water was used throughout the experiments.
2.2. Instruments. UV−vis spectra were recorded using a
SpectraMax i3x Multi-Mode Detection Platform of Molecular
Devices. Fluorescence experiments were performed using a HITACHI
F-4500 ﬂuorescence spectrophotometer. The morphology of synthesized AuNPs was determined using an H-7650 transmission electron
microscope. The photographs were taken by a DSC-W150 camera.
2.3. Preparation of AuNP Probe. AuNPs were synthesized using
the previously reported classical citrate reduction method.23 The
details are shown in the Supporting Information.
2.4. Detection of Prothioconazole. The detection process was
described as follows: 100 μL of AuNP solution was added into a 1.5
mL centrifuge tube, and then 100 μL of buﬀer solution was
sequentially added to the solution to adjust the pH value of the
solution. Then, 50 μL of the prothioconazole standard solution with
varying concentrations was pipetted into the above solution. The
mixed solution was incubated for 1 min and then the absorption
spectra of the solution were recorded using a UV−vis spectra device.
At the same time, the color changes of the solution were also recorded
by a camera.
The calibration curve resulted from prothioconazole was
established according to the absorbance diﬀerence value of diﬀerent
solutions and a blank solution at 523 nm (ΔA523).

Figure 1. Schematic illustration of prothioconazole molecules induced
colorimetric response of AuNPs.

intuitively show this aggregation eﬀect of the prothioconazole
molecule (Figure 2B).
It was speculated that prothioconazole molecules via their
speciﬁc sulfur group were attached to AuNPs through a strong
Au−S bonding interaction. A further ﬂuorescence experiment
was carried out to verify this hypothesis, and details are listed
in the Supporting Information. Based on the facts mentioned
above, this label-free one-step colorimetric method for
detection of prothioconazole was developed.
3.2. Optimization of Experimental Conditions. The
pH of the media always aﬀects the hydrogen bond formation
among molecules, so the pH eﬀect was investigated by
adjusting the pH using a sodium bicarbonate and sodium
hydroxide (NaHCO3−NaOH) buﬀer solution. Meanwhile, the
eﬀect of incubation time was also studied because a rapid
response was desirable at room temperature. By monitoring
the absorbance variation of shoulder peak at 523 nm
(compared with the blank AuNP solution), when AuNPs
were fully aggregated, the inﬂuence of two conditions was
examined. The more the AuNPs aggregate, the larger the
absorbance peak variation would be observed. With the
decrease of pH below 9.0 or an increase of pH above 13.0,
AuNPs tended to aggregate together, owing to the direct
exposure of bald particles in an acidic or alkaline solution. The
range of 9.0−13.0 was chosen for the experiment. As illustrated
in Figure 3, the peak variation compared with the blank AuNP
solution at diﬀerent pH values increased with time, exhibiting a
rather rapid reaction speed. The largest absorbance variation,
namely, the largest aggregation state, was shown at pH 10 and
1 min with the most distinct color change. In order to obtain
an evident experimental phenomenon with a short incubation
time, 1 min and a pH value of 10 were chosen for the following
experiments.
Meanwhile, for further achieving the high sensitivity, the
eﬀect of the amount of sodium chloride (NaCl) was also
investigated, as shown in Figure S3; however, higher
concentration of NaCl would induce AuNP aggregation.
NaCl (0.15 mol/L) was chosen for further use in the
experiment. Besides, enough prothioconazole molecules are
required to cover the surface of AuNPs, so the additive
proportion of AuNPs and prothioconazole solution was also
studied (Figure S4). It was found that the most suitable
proportion would be 2:1.

3. RESULTS AND DISCUSSION
3.1. Mechanism of the Sensing System. Prothioconazole is a new triazolinthione fungicide. Based on the structure
of prothioconazole molecules, the possible mechanism of this
colorimetric detection method may be that, as a sulfurcontaining compound, prothioconazole could be easily
modiﬁed onto the surface of AuNPs through the Au−S
bond. At the same time, prothioconazole also has a number of
hydroxyl and imino groups and nitrogen atoms in its triazole
ring to form hydrogen bonding among the prothioconazole
molecules. The hydrogen bonding between the hydroxyl group
of prothioconazole and the nitrogen atom or imino group in its
triazole ring leads to aggregation of AgNPs, resulting in
dramatic color changes from wine red to royal purple, which
can be monitored by naked eyes and UV−vis spectra. The
prothioconazole could be linked onto the surface of AuNPs,
and it could induce the obvious aggregation of particles via
hydrogen bonds formed among prothioconazole molecules.
The principle of the sensor is shown in Figure 1.
Given the speciﬁc chemical structure of prothioconazole
molecules, the hydrogen bonds formed between the nitrogen
atom from the ring and hydrogen atom from the hydroxyl
group, or hydrogen atom from the imino group and oxygen
atom from the hydroxyl group, shortening the distance of
AuNPs and leading to the subsequent aggregation. The red
dispersed AuNP solution owned a strong absorption band at
523 nm, and a new absorption band at a longer wavelength
could be observed after addition of prothioconazole, which
induced that the color of the solution was dramatically
changed (Figure 2A), suggesting the variation of aggregation
state. Transmission electron microscopy (TEM) images could
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Figure 2. (A) Absorbance spectra of (a) AuNPs and (b) AuNP solution in the presence of 1 mg/L prothioconazole solution and (B) TEM images
of (a) AuNPs and (b) AuNP solution in the presence of 1 mg/L prothioconazole solution.

Figure 3. Absorbance variation of 523 nm under diﬀerent pH values and incubation times.

Figure 4. UV−vis spectra of AuNPs containing diﬀerent concentrations of prothioconazole solution [(a) 0, (b) 1.33, (c) 3.33, (d) 6.67, (e) 9.99,
(f).13.33, (g) 19.99, (h) 33.33 μg/L, (i) 0.13, (j) 1.33, (k) 3.33, (l) l.6.67, (m) 13.33, (n) 39.99, (o) 53.32, and (p) 66.65 mg/L; the inset portions
indicate the corresponding photographic images and linear dependence].
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Table 1. Comparison of Diﬀerent Methods for Detection of Prothioconazole
methods

Linear range (μg/L)

LOD (μg/L)

detection time (min)

need for complex pretreatment process

refs

HPLC−UVD
LC−MS/MS
LC−MS/MS
colorimetry

50−5000
10−5000
5−5000
1.33−19.99

50
0.6
1
0.38

30
3
5
1

yes
yes
yes
no

7
8
24
this study

Figure 5. (A) Absorbance variation of AuNPs in the presence of diﬀerent pesticides (0.13 mg/L) and (B) photographic images of AuNPs in the
presence of diﬀerent pesticides (0.13 mg/L).

for the detection of prothioconazole compared to other
methods.
3.4. Selectivity Analysis of Prothioconazole. Another
10 pesticides and 1 usual amino acid, L-cysteine, were chosen
to assess the ability of selectivity for this colorimetric method
through comparison and measurement of their UV−vis
response. Pesticides included its desulfuration metabolite
prothioconazole-desthio25 as well as thiodicarb,26 another
known pesticide with thio group. For better comparison
results, the concentrations of all pesticides used were kept the
same. The addition of prothioconazole brought remarkable
aggregation of AuNPs, exhibiting a dramatic change of
shoulder peak and solution color, while other pesticide
compounds, including prothioconazole-desthio, ﬂuxapyroxad,
ﬂuazinam, azoxystrobin, metconazole, pyraclostrobine, methoxone, diﬂubenzuron and cyazofamid, thiodicarb, as well as
L-cysteine, displayed slight changes in absorbance (Figure 5A)
and color (Figure 5B). Special attention needs to be paid for
thiodicarb and L-cysteine, both of which contain the thio
group, and slight color and absorbance changes indicated good
selectivity of this method even with interference of compounds
with similar functional groups. The results demonstrated that
AuNPs selectively recognized prothioconazole. This was
probably caused by the speciﬁc chemical groups and steric
conﬁguration of prothioconazole, which was quite diﬀerent
from those of other pesticides (as shown in Figure 6);
therefore, the aggregation of AuNPs could be easily observed,
which was induced by prothioconazole through a hydrogen
bonding interaction.
3.5. Application in Rice Field Water Samples. For
assessing the practicability of this visual sensing system,
recovery experiments to detect prothioconazole concentration
in rice ﬁeld water samples were carried out. A series of
prothioconazole standard solutions were added into the water
samples and centrifuged; the upper layer was then detected
with citrate-capped AuNPs. As presented in Table 2, the

As described above, the best experimental conditions were
found: (a) an incubation time of 1 min; (b) a pH value of 10,
adjusted by buﬀer solution; (c) a NaCl concentration of 0.15
mol/L; and (d) a proportion of 2:1 for AuNPs and
prothioconazole solution.
3.3. Colorimetric Detection of Prothioconazole. For
examining the sensitivity of this assay, the prothioconazole
samples with diﬀerent concentrations were introduced to the
sensing system under optimal experimental conditions. Figure
4 showed the color change and UV−vis absorbance spectra.
With the increasing amount of prothioconazole, the peak at
around 523 nm decreased constantly while a shoulder peak at
600−650 nm increased contrarily; it can be obviously observed
that the color of the solution changed from wine red to royal
purple and to gray (as the inset photographic images in Figure
4). For quantitative analysis of prothioconazole concentration,
linearity was acquired between ΔA523 (compared with the
blank AuNP solution) and prothioconazole concentration in
the range from 1.33 to 19.99 μg/L (as the inset linear
dependence in Figure 4), and the correlation coeﬃcient is
0.99. The signal-to-noise (S/N) ratio is determined through
comparing the measured signals ΔA523 between the samples
with known low concentrations of analyte and the blank
samples. The limit of detection (LOD) is deﬁned as the
concentration of prothioconazole when the signal-to-noise
ratio is 3. According to the above results, the LOD of
prothioconazole was 0.38 μg/L (S/N = 3).
Compared with the previous report about prothioconazole
determination by a chromatographic instrument such as
HPLC−UVD and LC−MS/MS,7,8,24 which required a rather
longer detection time and a complex pretreatment process, this
colorimetric method exhibits higher sensitivity with lower
detection limit and is easy to operate and convenient, greatly
simpliﬁes the costly preparation process, and saves a lot of
detection time. Table 1 implies that this method was promising
2808
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Figure 6. Chemical structure of the tested compounds.

zole and AuNPs and hydrogen bonds among prothioconazole
molecules, and the color of solution changes from wine red to
royal purple, which can be distinguished by the UV−vis spectra
and naked eyes. This developed optical method obtained a
linearity range of 1.33−19.99 μg/L and an LOD of 0.38 μg/L.
It was also successfully applied to rice ﬁeld water samples with
satisfactory recovery results. It showed the potential
applications for detection of prothioconazole on-site using
this rapid and economic method.

Table 2. Analytical Results of Rice Field Water Samples
recovery (%)
spiked level
(μg/L)

1

2

3

average recovery
(%)

RSD
(%)

0.13
1.30
6.50
13.33

99.8
92.8
99.6
84.1

99.4
97.1
99.4
83.5

99.2
100.9
99.1
83.1

99.4
96.9
99.4
83.6

0.3
4.2
0.2
0.6

■

recovery experiments were carried out at four spiked levels.
The average recoveries were among 83.6−99.4% with
acceptable relative standard deviations, indicating that the
colorimetric method has a potential in detecting prothioconazole concentration with high accuracy.
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4. CONCLUSIONS
A rapid, sensitive, and high selective detection method for
detection of prothioconazole based on citrate-capped AuNPs
was proposed. The result showed that the presence of
prothioconazole directly induced obvious aggregation of
AuNPs through Au−S covalent bonds between prothiocona2809
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