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A new colorimetric sensor based on citrate-stabilized AuNPs was proposed for the rapid pesticide residue
detection of both terbuthylazine (TBA) and dimethoate (DMT) with ultra-sensitivities and high selectivi-
ties. The detection mechanisms have been verified via FT-IR, UV-vis spectra, Zeta Potential, TEM and DLS.
Under the optimized experimental conditions, 30 kinds of potential environmental pollutants have no
interference on the TBA or DMT detection indicating the high selectivities of our AuNP-based colorimetric
sensor. The limit of detections (LODs) of TBA and DMT by eye vision are respectively 0.3 wM and 20 nM,
and those based on calculation (3d/S) are 0.02 wM and 6.2 nM, respectively. The minimum detectable
concentrations of TBA or DMT are much lower than the maximum residue limit (MRL) regulated by
the governments of EU and China. The linear relationships of the UV-vis spectrometry demonstrate
that our AuNP-based colorimetric sensor can be used for the quantitative analysis of TBA in the range of
0.1-0.9 M, and DMT in the range of 1-40 nM. Finally, our AuNP-based colorimetric sensor is also verified

Dimethoate

to have a good practical applicability for TBA or DMT detection in the real environmental samples.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In the process of agricultural production, herbicides and insec-
ticides are two special agricultural chemicals, and have been
widely used to ensure the harvest [1-3]. Terbuthylazine (TBA) is
a widely used pre- and post- bud herbicide, which is mainly used
for the removal of broad-leaved weeds and annual weeds [4,5].
Dimethoate (DMT) is a member of the most common organic phos-
phorus insecticides (i.e. a group of broad-spectrum insecticidal
agents). The DMT is widely used for treatment of plant diseases and
insect pests [6,7]|. However, TBA and DMT are the primary source of
environmental pollution and food toxicity. They bring some nega-
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tive effects to the safety and health of the people, and the situation
continues to deteriorate [8,9]. In 2015, the European Union (EU)
listed 74 pesticides (including the TBA and DMT) that have chronic
toxicity to humans. The maximum residue limits (MRL) of TBA
and DMT in water or food have been respectively regulated to
0.05 mg/kgand 0.02 mg/kg (i.e.0.22 wM for TBA and 87 nM for DMT)
by the governments of EU and China (GB2763-2014) [10-12].

To ensure the food safety and protect the health of con-
sumers, there have been lots of efforts to develop various strategies
for the detection and quantification of TBA and DMT in envi-
ronmental samples, such as gas chromatography (GC) [13-15],
high performance liquid chromatography (HPLC) [16,17], fluores-
cence spectrometry [18,19] and other related technologies [20-22].
Although these methods have high sensitivity, many of them are
complicated and time-consuming, require bulky instrumentation,
and have to be performed by highly trained technicians. Moreover,
these big instruments cannot be used on site for detection of real
environmental samples.

Recently, noble metal-based nanomaterials have emerged as
powerful tools for simple and rapid pesticide residue detection
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with high sensitivity and specificity, such as quinalphos insecticide,
malathion and glyphosate [23-25]. However, there is little research
reported on rapid pesticide residue detection of DMT based on the
noble metal-based nanomaterials. Lang et al. developed a sensi-
tive amperometric acetylcholinesterase biosensor based on gold
nanorods (AuNRs) for the detection of DMT. This method is highly
sensitive and the limit of detection (LOD) is 3.9 nM. However, the
synthesis of the biosensor is cumbersome and the storage requires
a high criterion (in dark and dry place at 0°C) [26]. Dar et al.
explored a colorimetric chemo-sensor based on gold nanoparticles
(AuNPs), and obtained a linear relationship between the fluores-
cence intensity and DMT concentration, which could be used for the
quantitative analysis of DMT. The LOD is 16.4 wM. But this method
is based on fluorescence spectrometry, and cannot be used for on-
site detection of real environmental samples [27]. Lodha’s group
proposed a facile strategy for preparing highly stable p-sulphonato-
calix resorcinarene modified silver nanoprobe in aqueous media
for DMT detection. Although the sensitivity is high with the LOD
of 80nM, only 6 kinds of pesticides were used as the interfering
substances to clarify the specificity [28].

In addition, to the best of our knowledge, noble metal-based
colorimetric nanosensor has not yet been reported for the rapid
pesticide residue detection of TBA. Furthermore, it is rarely
reported that one noble metal-based nanosensor could be used for
colorimetric detection of two environmental pollutants.

In this study, we developed a new colorimetric sensor based
on citrate-stabilized AuNPs, which could be used for the rapid
pesticide residue detection of both TBA and DMT with ultra-
sensitivities and high selectivities. The schematic illustration is
shown in Scheme 1.

The TBA detection is based on an aggregation mechanism
(Scheme 1a). NaOH only play a role in regulating the pH of the
detection solution for better recognition of TBA. Moreover, citrate-
stabilized AuNP dispersions are stable incubated with NaOH (20 L,
1.0 M). After addition of a mixture of NaOH (20 L, 1.0M) and
TBA (100 pL,>0.02 wM) into our AuNP-based colorimetric sensor
(0.88 mL, Cay =0.25 mM), the ionic interaction between the strong
positive charge of TBA and negative charge of citrate on the surface
of AuNPs results in the AuNPs’ aggregation. However, the AuNPs
of the colorimetric sensor are well-dispersed after addition of the
same amount of NaOH without TBA, which are used as the control
for the TBA detection. The aggregation of AuNPs leads to obvious
red shift of the UV-vis spectrum and clear color change of the
colorimetric sensor from red to blue. Based on this aggregation
mechanism, the pesticide residue of TBA could be rapidly detected
by visualizing the color change of the sensor or measuring the
UV-vis spectrum. Our AuNP-based sensor has an ultra-sensitivity
and a high selectivity for the TBA detection because the extinction
coefficient of AuNPs is high and the positive charge of TBA is very
strong compared with other pesticides and normal substances in
real environmental samples.

On the contrary, the DMT detection is built on an anti-
aggregation mechanism (Scheme 1a). Because DMT belongs to acid
pesticide that is easily hydrolyzed in a strong alkaline environ-
ment, NaOH is used to hydrolyze the DMT to realize the detection.
After mixing of NaOH (40 pL, 1.0M) and DMT (100 p.L, >6.2 nM),
the DMT is hydrolyzed quickly and the hydrolysis product is
negatively charged (Scheme 1b). Therefore, after addition of a mix-
ture of NaOH and DMT into our AuNP-based colorimetric sensor
(0.88 mL, C4,, =0.25 mM), the AuNPs of the colorimetric sensor are
well-dispersed under stabilization of the DMT hydrolysis product
with strong negative charges. In addition, the AuNPs of the col-
orimetric sensor are aggregated after addition of same amount of
NaOH without DMT due to the high ionic strength, which are used
as the control for the DMT detection. The anti-aggregation of AuNPs
leads to obvious blue shift of the UV-vis spectrum and clear color

change of the colorimetric sensor from grey to red. Based on this
anti-aggregation mechanism, the pesticide residue of DMT can also
be rapidly detected by visualizing the color change of the sensor or
measuring the UV-vis spectrum. Our AuNP-based sensor also has
an ultra-sensitivity and a high selectivity for the DMT detection
because of the high extinction coefficient of AuNPs and the specific
reaction of DMT at strong alkaline conditions.

The applicability of our AuNP-based colorimetric sensor is also
verified by detection of TBA and DMT in real environmental sam-
ples.

2. Experimental
2.1. Materials and instrumentation

Gold(Ill) chloride trihydrate (HAuCls-3H,0), sodium citrate
dihydrate (Na3Ct-2H,0), HCI, HNO3 and NaOH were obtained from
Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). Atrazine
and glyphosate were obtained from J&K Scientific Ltd. (Beijing,
China). Melamine iprodione, dipterex, regent, indoxacarb, fenobu-
carb, pretilachlor, isoprocarb, pymetrozine were purchased from
Aladdin-Reagent Co.,Ltd. (Shanghai, China). MCPA-Na was obtained
from Sigma-Aldrich (Shanghai, China). Chemicals of analytical
reagent grade were used without further purification and all solu-
tions were prepared with Milli-Q water.

Transmission electron microscopy (TEM) images were obtained
on a JEOL 2100 microscope operated at 200kV. Dynamic light
scattering (DLS) and Zeta potential measurements were made on
a Zetasizer instrumentation (Nano ZS, Malvern Instruments Ltd).
Fourier transform infrared (FT-IR) spectroscopy was recorded on a
Nicolet 6700 spectrophotometer (Thermo Scientific, USA). UV-vis
spectra were obtained on an ultraviolet and visible spectropho-
tometer (T10CS, PERSEE, China).

2.2. Preparation of the citrate-stabilized AuNPs

The citrate-stabilized AuNPs with an average diameter of
16 nm were prepared according to previously published protocols
[29-31]. Typically, 5.0 mL of HAuCl, aqueous solution (5.0 mM) was
added to 92.5 mL of Milli-Q water in a round-bottom flask. The solu-
tion was then heated to be boiling under vigorous magnetic stirring.
After that, 2.0 mL of Na3Ct solution (10 mg/mL) was charged, which
results in a solution color change from pale yellow to deep red.
After this color change, the heating was stopped immediately. The
obtained AuNP dispersion was cooled down at room temperature
and kept in the refrigerator (4 °C) until use.

2.3. Rapid colorimetric detection of TBA and DMT

For the rapid colorimetric detection of TBA, 100 wL of TBA
aqueous solutions with various concentrations (0.1 5.0 wM) were
first mixed with various volume of NaOH (1.0 M). The mixture
was then added into the above obtained AuNP-based colorimetric
sensor (0.88 mL, Cy, =0.25 mM). The mixtures were kept at room
temperature for 1.0 30 min before the colorimetry observation or
spectrometry measurement. Addition of the same amount of NaOH
without TBA into the AuNP-based sensor was used as the control
of TBA detection.

For rapid colorimetric detection of DMT, 100 L of DMT aque-
ous solutions with different concentrations (15000nM) were
first mixed with different volume of NaOH (1.0M). Then, the
mixture was added into the AuNP-based colorimetric sensor
(0.86 mL, Cy, =0.25mM). The mixtures were kept at room tem-
perature for 1.030min before the colorimetry observation or
spectrometry detection. Addition of the same amount of NaOH
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Scheme 1. (a): Schematic illustration of the mechanisms of the AuNP-based colorimetric sensor for rapid pesticide residue detection of terbuthylazine (TBA) and dimethoate

(DMT); (b): Reaction equation of the DMT at alkaline conditions.

without DMT into the AuNP-based sensor was used as the control
of DMT detection.

2.4. Detection of real environmental samples

Our AuNP-based colorimetric sensor was also applied for the
rapid detection of TBA or DMT in real environmental samples
including the tap water (collected through our institutional facil-
ity), green tea and apple juice. These samples were first filtered
using syringe filters with 0.22 wm of membrane to remove the
insoluble substance. Standard solutions of TBA (0.1 2.5 wM) or DMT
(10500 nM) were then added into the purified real environmen-
tal samples. After that, the TBA and DMT in these samples were
detected using the AuNP-based colorimetric sensor based on the
above protocols.

3. Results and discussion

3.1. Detection mechanism of TBA by the AuNP-based colorimetric
sensor

The detection mechanism of TBA by our AuNP-based colorimet-
ric sensor as shown in Scheme 1 was verified via FT-IR, UV-vis
spectra, Zeta Potential, TEM and DLS.

The AuNP-based colorimetric sensor (i.e. citrate-stabilized
AuNPs) was synthesized by the reduction of HAuCl4 with sodium
citrate. During the synthesis process, the sodium citrate can also

be capped onto the surface of the AuNPs, which is verified by the
negative Zeta potential (-34.4mV, Table S1).

In the FT-IR spectra of our AuNP-based colorimetric sensor incu-
bated with NaOH (control) or NaOH plus TBA (Fig. S1), the strong
peak at 1731 cm~! confirms the presence of —COOH groups, which
further indicates that the sodium citrate encircles the AuNPs as a
stabilizer. In addition, the TBA is a typical triazine herbicide and
contains lots of amino groups, which is easy to generate positive
charges [32-34]. The strong peaks at 1613cm~! and 1585 cm™!
respectively confirm the presence of C=N and NH groups of TBA
in the sample of AuNP-based colorimetric sensor incubated with
NaOH plus TBA. This result demonstrates that the TBA is absorbed
onto the surface of AuNPs because the samples are washed using
Milli-Q water before FT-IR measurements.

Fig. 1a shows the photographic image and UV-vis spectra of the
citrate-stabilized AuNP dispersions (0.88 mL, C4;, =0.25 mM) incu-
bated with 20 L of NaOH (1.0 M) plus 100 pL of H,O (control), or
with 20 WL of NaOH (1.0 M) plus 100 L of TBA (1.0 wM). It is found
that the AuNP dispersion of the control is wine red and its UV-vis
spectrum has a specific peak at 520 nm, which indicates that the
AuNPs of the control sample are stable. That's because the electro-
static repulsion is strong at —35.3 mV of Zeta potential (Table S1).
However, after incubation with the mixture of NaOH (20 nL, 1.0 M)
and TBA (100 L, 1.0 M) for 5.0 min, the color of the AuNP disper-
sion changes from red to blue. In addition, the UV-vis absorption
peak at 520 nm decreases and a new absorption peak at 650 nm
emerges. These results suggest that the TBA leads to aggregation of
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Fig. 1. (a): Photographic image and UV-vis spectra of the citrate-stabilized AuNP dispersions (0.88 mL, C4, =0.25 mM) incubated with 20 wL of NaOH (1.0 M) plus 100 n.L of
H, O (control), or with 20 L of NaOH (1.0 M) plus 100 pL of TBA (1.0 wM); (b): Photographic image and UV-vis spectra of AuNP dispersions (0.86 mL, Cs, =0.25 mM) incubated
with 40 pL of NaOH (1.0 M) plus 100 L of H,0 (control), or with 40 L of NaOH (1.0 M) plus 100 wL of DMT (0.2 wM).

the AuNPs via decreasing the electrostatic repulsion, which is weak
at 5.4 mV of Zeta potential (Table S1).

This aggregation mechanism for TBA detection is further veri-
fied by TEM images (Fig. 2a and b) and DLS size distributions (Fig.
S3a). We can see the AuNPs of the control sample are well dis-
persed and the hydrodynamic size is ~16 nm. However, the AuNPs
after incubation with the mixture of NaOH (20 pL, 1.0 M) and TBA
(100 L, 1.0 M) aggregate significantly and the hydrodynamic size
increases to ~172 nm.

3.2. Detection mechanism of DMT by the AuNP-based
colorimetric sensor

The detection mechanism of DMT by our AuNP-based colorimet-
ric sensor as shown in Scheme 1 was also verified via FT-IR, UV-vis
spectra, Zeta Potential, TEM and DLS.

Fig. S2 shows the FT-IR spectra of the citrate-stabilized AuNPs
(0.86 mL, Cyy, =0.25 mM) incubated with 40 L of NaOH (1.0 M) plus
100 wL of H,0 (control) or incubated with a mixture of NaOH
(40 L, 1.0 M) and DMT (100 L, 10 wM). Most of functional groups
including —COOH are not observable for the control sample (Fig.
S2a) due to the serious aggregation of the AuNPs. In addition, it was
reported that the DMT can be hydrolyzed at strong alkali conditions
resulting from breakage of P—O—C group [35-37]. The hydrolysis
reaction is illustrated in Scheme 1b. The emerging of a peak at
2107 cm~! (i.e. C—0..-H group) in our FT-IR spectrum (Fig. S2b)
confirms this reaction.

Fig. 1b shows the corresponding photographic image and
UV-vis spectra of the AuNPs (0.86 mL, C4;, =0.25 mM) incubated
with 40 wL of NaOH (1.0 M) plus 100 pL of H,0 (control) or incu-
bated with a mixture of NaOH (40 pL, 1.0M) and DMT (100 L,
0.2 wM). It can be seen that the color of the control sample is grey
and the UV-vis spectrum at visible region is dampened because the
AuNPs aggregated severely due to the low electrostatic repulsion
at high ionic strength (Zeta potential ~3.3 mV, Table S1). How-
ever, after incubation of the mixture of NaOH and DMT, the AuNP
dispersion color remains red and the UV-vis spectrum at 525 nm
exhibited an obvious absorption peak. That’s because the hydrol-
ysis product of DMT absorbed the surface of AuNPs significantly
increase the electrostatic repulsion (Zeta potential ~35.8 mV, Table
S1) resulting anti-aggregation of the AuNPs.

This anti-aggregation mechanism for DMT detection is further
verified by TEM images (Fig. 2c and d) and DLS size distributions
(Fig. S3b). It is found that the AuNPs of the control sample aggre-
gate severely and the hydrodynamic size is ~246 nm. However, the
AuNPs after incubation with the mixture of NaOH (40 L, 1.0 M) and
DMT (100 L, 0.2 wM) are well dispersed and the hydrodynamic
size is around 16 nm.

3.3. Optimization of experimental conditions

Based on the above-verified two mechanisms, our AuNP-based
colorimetric sensor is promising for rapid pesticide residue detec-
tion of both TBA and DMT. The system color changes immediately
when the detection object (TBA or DMT) is added to the system.
But the detection sensitivities and specificities of the AuNPs-based
colorimetric probe could be greatly influenced by the process of
aggregation or anti-aggregation. In order to enhance that, we opti-
mized the experimental conditions for TBA and DMT detection
including the volume of NaOH (1.0 M) and the incubation time of
AuNPs with TBA or DMT according to the sensing effect.

As shown in Fig. S4a, when the volume of NaOH (1.0 M) is in
the range of 1028 L, the color of the control sample is red. How-
ever, the color changes to grey when the NaOH volume is increased
to 36 L. This result indicates that the AuNPs are unstable and
become aggregated at the high amount of NaOH. In addition, when
the volume of NaOH ranges from 10 to 28 pL, the color of our
AuNP-based sensors with the addition of NaOH and TBA gradu-
ally changes from purple or blue. The colorimetric sensing effect
seems to be best when the NaOH volume is 20 wL, which is also
confirmed by the UV-vis absorption plot of A/Ag (Ag represents
the UV-vis absorbance of the AuNP-based sensor at 650 nm in the
control group, and A is the absorbance of the AuNP-based sensor
at 650 nm after addition of TBA). Therefore, the volume of NaOH
(1.0M) is optimized to be 20 L for detection of TBA using our
AuNP-based sensor.

Fig. S4b shows the influence of the incubation time (after addi-
tion of NaOH and TBA into the AuNP-based sensor) on the detection
effect of TBA using our AuNP-based sensor. It is found that the A/Ag
is almost maximum at 5.0 min of incubation time, which indicates
that 5.0 min is enough to reach the reaction equilibrium. Therefore,
to obtain the maximum response to TBA, 5.0 min is chosen as an
optimal incubation time for the following experiments.
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(a) o

Fig. 2. TEM images of the citrate-stabilized AuNPs at different conditions. (a): AuNPs (0.88 mL, C4, =0.25 mM) incubated (5 min) with 20 L of NaOH (1.0 M) plus 100 p.L of
H, O (control); (b): AuNPs (0.88 mL, Ca, =0.25 mM) incubated with 20 L of NaOH (1.0 M) plus 100 p.L of TBA (1.0 uM); (c): AuNPs (0.86 mL, G4, =0.25 mM) incubated (10 min)
with 40 pL of NaOH (1.0 M) plus 100 L of H,O (control); (d): AuNPs (0.86 mL, C4, =0.25 mM) incubated with 40 L of NaOH (1.0 M) plus 100 pL of DMT (0.2 wM).

Subsequently, the influence of the NaOH (1.0 M) volume and
incubation time (after addition of NaOH and DMT into the AuNP-
based sensor) on the detection effect of DMT using our AuNP-based
sensor was further investigated (Fig. S5). When the volume of
NaOH (1.0 M) is 20 p.L, the color of the control sample is red. How-
ever, the color changes to grey when the NaOH volume is in the
range 3060 pL (Fig. S5a). This result indicates that NaOH volume
should be higher than 30 p.L for DMT detection based on the anti-
aggregation mechanism. In addition, when the volume of NaOH
ranges from 3060 pL, the color of our AuNP-based sensors with
the addition of NaOH and DMT is red, and gradually changes to
darker. The colorimetric sensing effect looks like best when the
NaOH volume is 40 wL, which is further confirmed by the UV-vis
absorption plot of A/Ag (Ag represents the UV-vis absorbance of
the AuNP-based sensor at 525 nm in the control group, and A is the
absorbance of the AuNP-based sensor at 525 nm after addition of
DMT). Therefore, the volume of NaOH (1.0 M) is optimized to be
40 L for detection of DMT using our AuNP-based sensor.

Fig. S5b shows the influence of the incubation time (after
addition of NaOH and DMT into the AuNP-based sensor) on the
detection effect of DMT using our AuNP-based sensor. We can see
the A/Ag is almost maximum at 10 min of incubation time because
10 min is enough to achieve the reaction equilibrium. Therefore, to
obtain the maximum response to DMT, 10 min is chosen as one of
the optimized conditions for the subsequent studies.

3.4. Specificity of the AuNP-based colorimetric sensor for TBA or
DMT

The specificity of our AuNP-based colorimetric sensor was
evaluated for TBA or DMT compared with 30 kinds of potential

environmental pollutants including other pesticides or ions, such
as iprodione, dioxacarb, benzex, isoprocarb, chipton, pretilachlor,
sodium cyclamate, permethrin, trichlorphon, fenvalerate, chlor-
pyrifos, profenofos, indoxacarb, dichlorodiphenyltrichloroethane,
glufosinate-ammonium, glyphosate, deltamethrin, D-glucose,
aspartame, K*, Na*, Mg2*, BaZ*, CI-, NO3~, Ac™, CO32~, SO42~ and
PO43~. As shown in Fig. 3a, TBA can result in an obvious red shift
of the UV-vis absorption spectrum compared with the control.
However, other environmental pollutants have an influence on
the UV-vis absorption spectrum. In addition, color of the sensors
incubated with the environmental pollutants are all red, and
similar to that of the control. But that of the sensor incubated
with TBA is blue (Fig. 3b). These results demonstrate that these
potential environmental pollutants have no interference to TBA
detection using our AuNP-based colorimetric sensor.

Fig. 3c and Fig. 3d respectively show the UV-vis absorption
spectra and photographic images of the AuNP-based colorimetric
sensor (0.86 mL) incubated (10 min) with 40 pL of NaOH (1.0 M)
plus 100 p.L of DMT (0.2 wM), or plus 100 L of other substances
(1.0 M), or plus 100 L of H,0 (control). In the UV-vis spec-
tra of our sensors incubated with other substances, the UV-vis
spectrum at visible region is very weak because the AuNPs aggre-
gated severely due to the low electrostatic repulsion at high ionic
strength, which is very similar to that of the control sample. In addi-
tion, the color our sensors incubated with other substances is grey,
which is also very similar to that of the control sample. However,
after incubation of the mixture of NaOH and DMT, the sensor color
remains red and the UV-vis spectrum at visible region exhibited an
obvious increase. These results indicate that these potential envi-
ronmental pollutants have no interference to DMT detection using
our AuNP-based colorimetric sensor.
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Fig. 3. Selectivity of the AuNP-based colorimetric sensor for rapid detection of TBA and DMT compared with other substances. UV-vis absorption spectra (a) and photographic
images (b) of the AuNP-based colorimetric sensor (0.88 mL) incubated (5 min) with 20 wL of NaOH (1.0 M) plus 100 n.L of TBA (1.0 wM), or plus 100 L of other substances
(5.0 M), or plus 100 pL of H,0 (control); UV-vis absorption spectra (c) and photographic images (d) of the AuNP-based colorimetric sensor (0.86 mL) incubated (10 min)
with 40 pL of NaOH (1.0 M) plus 100 p.L of DMT(0.2 M), or plus 100 p.L of other substances (1.0 wM), or plus 100 L of H,O (control). a: Iprodione; b: Dioxacarb; c: Benzex;
d: Isoprocarb; e: Chipton; f: Pretilachlor; g: Sodium cyclamate; h: Permethrin; i: Trichlorphon; j: Dimethoate; k: Fenvalerate; 1: Chlorpyrifos; m: Profenofos; n: Indoxacarb;
o: Dichlorodiphenyltrichloroethane; p: Glufosinate-ammonium; q: Glyphosate; r: Terbuthylazine; s: Deltamethrin; t: D-glucose; u: Aspartame; v: K*; w: Na*; x: Mg?*; y:

Ba2*; z: CI7; A: NO3~; B: Ac™; C: CO327; D: SO4%7; E: PO43".

3.5. Sensitivity of the AuNP-based colorimetric sensor for TBA or
DMT

Under the above-mentioned optimized experimental condi-
tions, the colorimetry observation and UV-vis spectrometry are
used to evaluate the sensitivity of our AuNP-based colorimetric
sensor for rapid pesticide residue detection of TBA or DMT. The
photographic image of our sensors incubated with various concen-
tration of TBA or DMT is respectively shown in Fig. 4a and d. We can
see the color of the sensor gradually changes from wine red to blue
with increasing of TBA concentration from 0.2 to 1.0 wM. The limit
of detection (LOD) of TBA by the naked eyes is 0.3 wM, which is close
to the MRL of TBA regulated by the governments of EU and China
(0.22 wM) [10-12]. In addition, the color of the sensor gradually
changes from grey to red with increasing of the DMT concentration
from 6 to 400 nM, the LOD of DMT by eye vision is observed to be
20 nM, which is significantly lower than the MRL of DMT regulated
by the governments of EU and China (87 nM) [10-12].

Fig. 4b shows the UV-vis absorption spectra of our sensors
incubated with various concentrations of TBA (0.1 5.0 wM). With
increasing of TBA concentration from 0.1 to 5.0 M, the SPR band
emerged with a red shift, the absorption peak at 520 nm gradually
decreases, and the absorption peak at 650 nm increases gradually,
which indicates that more and more AuNPs aggregate. There-
fore, the variation of absorption peak intensity of AuNPs could be
employed in the quantitative analysis of TBA.

In addition, Fig. 4c shows plot of Agso/As20 as a function of TBA
concentration ranging from 0.1 to 5.0 WM. Agsp and Asyq are respec-

tively the absorbance of 650 and 520 nm in the UV-vis spectrum of
each sensor with addition of TBA. The inset of Fig. 4c shows a good
linear relationship (R2 =0.997) between Ags0/As20 and TBA concen-
trations in the range of 0.1 0.9 WM. This result demonstrates that our
AuNP-based colorimetric sensor can be used for the quantitative
analysis of TBA in the range of 0.1 0.9 M. The results suggest that
this probe can be used to detect TBA with a theoretical detection
limit of 0.02 M when a signal-to-noise ratio is 3(3ad/S), which is not
only obviously lower than the MRL of TBA regulated by the govern-
ments of EU and China (0.22 wM), but also much lower than the LOD
values of other reported TBA probes based on metal nanomaterials
(Table S2) [10-12].

Fig. 4e shows the UV-vis absorption spectra of our sensors
incubated with various concentrations of DMT (15000 nM). With
increasing of DMT concentration from 1 to 5000 nM, the absorp-
tion peak at 525 nm increases gradually, which indicates that less
and less AuNPs aggregate. Moreover, Fig. 4f shows plot of As,5/Asso
versus DMT concentrations ranging from 1 to 5000 nM. Asy5 and
Aggo are respectively the absorbance of 525 and 680nm in the
UV-vis spectrum of each sensor with addition of DMT. The inset
of Fig. 4f shows a plot of As;5/Aggo versus DMT concentration rang-
ing from 1 to 40 nM. A good linear relationship (R% = 0.994) is found
between As,5/Aggo and DMT concentrations. This result indicates
that our AuNP-based colorimetric sensor can be used for the quan-
titative analysis of DMT in the range of 140 nM, and the LOD of DMT
calculated by 3¢/S method is 6.2 nM. It’s not only much lower than
the MRL of DMT regulated by the governments of EU and China
(87 nM) [10-12], but also much lower than the LOD values of other
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Fig. 4. Sensitivity of the AuNP-based colorimetric sensor for rapid detection of TBA and DMT. Photographic images (a) and UV-vis absorption spectra (b) of the AuNP-based
colorimetric sensors (0.88 mL) incubated (5 min) with 20 L of NaOH (1.0 M) plus 100 L of TBA, or plus 100 L of H>O (control). The TBA concentration range is 0.2 1.0 wM for
the colorimetry observation, but 0.1 5.0 wM for the UV-vis spectrometry. (c): Plot of Agso/As20 as a function of the TBA concentrations ranging from 0.1 to 5.0 wM. Photographic
images (d) and UV-vis absorption spectra (e) of the AuNP-based colorimetric sensors (0.86 mL) incubated (10 min) with 40 L of NaOH (1.0 M) plus 100 p.L of DMT, or plus
100 L of H,0 (control). The DMT concentration range is 6400 nM for the colorimetry observation, but 15000 nM for the UV-vis spectrometry. (f): Plot of Asys/Asgo as a

function of the DMT concentrations in the range of 1-5000 nM.

reported DMT probes based on noble metal nanomaterials (Table
S2)[26-28,38-40].

3.6. Detection of TBA or DMT in real environmental samples

To evaluate the practical applicability, our AuNP-based colori-
metric sensor is further applied for TBA or DMT detection in real
environmental samples (i.e. tap water, green tea or apple juice).
Because the real environmental samples have no TBA or DMT
contamination, they were spiked with standard solutions of TBA
(0.1-2.5 wM) or DMT (10-500nM). Fig. 5 shows the rapid colori-
metric detection of TBA or DMT with various concentrations in the
real liquid samples. In the group of TBA detection (Fig. 5a), the color
of the control samples is red, and the color of the sensors with var-
ious concentrations of TBA gradually changes from red to blue. The
LOD of TBA detection in the tap water, green tea or apple juice
are respectively observed to be 0.2, 0.4 and 0.1 .M because of the
visible color difference between the sensors with TBA and control
sample. Furthermore, in the group of DMT detection (Fig. 5b), the
color of the control samples is grey or grey red, and the color of
the sensors with various DMT concentrations gradually changes to
bright red. The LOD of DMT detection in the tap water, green tea
or apple juice are respectively observed to be 100, 50 and 100 nM
due to the obvious color difference between the sensors with DMT
and control sample. Similar LOD values of TBA or DMT in these

real environmental samples are also observed by the UV-vis spec-
trometry (Fig. S6). These results demonstrate that our AuNP-based
colorimetric sensor has a good practical applicability for TBA or
DMT detection in the real environmental samples.

Our AuNP-based colorimetric sensor can be used for detection
of TBA or DMT, but cannot be used for the detection of an envi-
ronmental sample that could contain both TBA and DMT. That’s
because both detections are based on different mechanisms, and
both detection protocols are also different. TBA detection is based
on aggregation mechanism, and 20 pL of NaOH (1.0 M) should be
added into 100 p.L of sample before mixing with our sensor. How-
ever, DMT detection is based on anti-aggregation mechanism, and
40 nLof NaOH (1.0 M) should be added into 100 L of sample before
mixing with our sensor.

4. Conclusions

In this study, we developed a new colorimetric sensor based on
citrate-stabilized AuNPs for the rapid pesticide residue detection
of both TBA and DMT with ultra-sensitivities and high selectivi-
ties. The TBA detection is based on an aggregation mechanism, and
the DMT detection is based on an anti-aggregation mechanism.
These mechanisms have been verified via FT-IR, UV-vis spectra,
Zeta Potential, TEM and DLS. Under the optimized experimental
conditions, 30 kinds of potential environmental pollutants have no
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Fig. 5. Rapid colorimetric detection of TBA (a) and DMT (b) with various concentrations in real environmental samples. (a): 0.88 mL of the AuNP-based colorimetric sensors
incubated (5 min) with 20 L of NaOH (1.0 M) plus 100 p.L of TBA (0.1 2.5 wM) in real liquid samples; (b): 0.86 mL of the AuNP-based colorimetric sensors incubated (10 min)
with 40 L of NaOH (1.0 M) plus 100 pL of DMT (10500 nM) in real liquid samples. The real liquid samples without TBA and DMT are used instead of that with TBA or DMT

as the controls.

interference on the TBA or DMT detection indicating the high selec-
tivities of our AuNP-based colorimetric sensor. The LOD of TBA is
0.3 M by the naked eyes, and 0.02 wM by calculation (3d/S), which
is obviously lower than the MRL of TBA regulated by the govern-
ments of EU and China (0.22 wM). The LOD of DMT is 20nM by
eye vision, and 6.2 nM by calculation (3g/S), which are both much
lower than the MRL of DMT regulated by the governments of EU
and China (87 nM). These low LODs indicate the ultra-sensitivities
of our AuNP-based colorimetric sensor. The linear relationships of
the UV-vis spectrometry demonstrate that our AuNP-based colori-
metric sensor can be used for the quantitative analysis of TBA in
the range of 0.1 0.9 wM, and DMT in the range of 1-40 nM. Finally,
our AuNP-based colorimetric sensor is also verified to have a good
practical applicability for TBA or DMT detection in the real environ-
mental samples.
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