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Abstract: Given the high toxicity and carcinogenic properties of pesticides, reducing pesticide
residues is crucial for mitigating water pollution and promoting sustainable development. In the
present study, a novel colorimetric method using gold nanoparticles (AuNPs) was designed for the
detection of target analytes. The Turkevich-Frens method was used to synthesize AuNPs, which were
then modified with sodium nitrite and L-cysteine for the detection of 1-naphthol and glyphosate,
respectively. Different assay conditions strongly influenced the detection performance of the modified
AuNPs, so the assay conditions were optimized for further investigation. In the presence of the target
analytes (1-naphthol and glyphosate) under the optimum assay conditions, the absorption peak at
520 nm shifted and a corresponding color change was observed. The limits of detection of 1-naphthol
and glyphosate were determined to be 0.15 and 0.27 ppm, respectively. In addition, the modified
AuNPs had high selectivity for the target analytes and did not exhibit interference in the presence of
other substances. This novel colorimetric method was then applied to detect the target analytes in
mineral water and tap water with acceptable results.

Keywords: gold nanoparticles; colorimetric; 1-naphthol; glyphosate

1. Introduction

With rapid population growth, modern agricultural technology has sufficed to supply
food for the human population. However, there have been many incidents related to
food safety during the food production process, such as the addition of illegal ingredients,
the presence of pesticide residues, contamination by heavy metals, and the generation
of toxins caused by long-term storage [1]. During the past few years, due to extensive
pesticide use, the resulting residues may have entered the food chain, posing a major
threat to the entire ecological environment [2]. Many diseases and cancers have been
confirmed to be related to pesticide exposure. Due to their high toxicity and carcinogenic
properties, the extensive use of pesticides in crops, soil, and water will bring significant
harm to consumers’ health [3]. To reduce residues in crops, the pesticides used in their
production must have the characteristics of high efficiency and low residue [4]. In the face
of increasingly severe water shortages and water pollution, reducing pesticide residues is
crucial for environmental protection and sustainable development. Therefore, developing
methods for effective and accurate pesticide detection in water and food is very important.
There are many traditional methods for pesticide detection, including high-performance
liquid chromatography (HPLC) [5], gas chromatography (GC) [6], electrochemistry [7],
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fluorescence spectrometry [8], and enzyme-linked immunosorbent assay (ELISA) [9]. Al-
though these methods have lower detection limits, they require expensive instruments and
well-trained operators, and involve long time frames for sample pretreatment, limiting
their applicability. In addition, these methods cannot be quickly deployed on-site to track
analytes. Thus, developing simple, convenient, and cost-effective detection methods for
practical applications is important.

The colorimetric method is the most attractive detection technique due to its ad-
vantages of simplicity, rapid response, low cost, high sensitivity, ease of visual identi-
fication, and on-site detection ability [10]. Noble metal nanoparticles, especially gold
nanoparticles (AuNPs), are often used in analytical chemistry, cancer diagnosis, drug
delivery, and detection investigations due to their unique electronic and optical proper-
ties [11,12]. Localized surface plasmon resonance (LSPR), an important optical phenomenon
of AuNPs for colorimetric sensing applications, can be generated by the interaction of
visible light of electromagnetic waves with free electrons on the surface of conductive
nanoparticles (NPs) [13,14].

1-Naphthol, the main metabolite of carbaryl, has an insecticidal effect on various
insects and is commonly used in farming and crop cultivation [15]. According to a previous
study, 1-naphthol has genotoxicity and reproductive and protein toxicity, thus posing
a threat to the ecosystem and to life and health [16,17]. Glyphosate is one of the most
commonly used chemical herbicides in the world to nonselectively kill weeds, and it is also
widely used in Taiwan. With the increasing use of glyphosate, there is concern regarding
potential health effects; many researchers have reported increased exposure to glyphosate
in the diet and the environment, as it has reached levels that can indeed be detected
in foods [18,19], drinking water [20], and the urine of humans and animals [21]. Many
studies have examined the impact of glyphosate on human health [22], and glyphosate
was declared “probably carcinogenic” by the International Agency for Research on Cancer
(IARC) of the World Health Organization (WHO) in 2015 [23].

The purpose of this paper is to develop a simple, convenient, and accurate method
for detecting 1-naphthol and glyphosate. AuNPs were prepared by the sodium citrate
reduction method and then modified by sodium nitrite (NaNO;) solution and L-cysteine
solution to detect concentrations of 1-naphthol and glyphosate, respectively. The modified
AuNPs were characterized by UV-Vis absorption spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, and transmission electron microscopy (TEM). Finally, sensitivity,
selectivity, and real sample analyses were carried out for 1-naphthol and glyphosate with
modified AuNPs.

2. Materials and Methods
2.1. Materials

Acetylcholinesterase (AChE), acetylthiocholine chloride (ATChCL; purity > 99%), tetra-
chloroauric acid (HAuCly; purity > 99.99%), glufosinate-ammonium (Gla; purity > 98%),
and glyphosate (Gly) without further purification and were obtained from Sigma-Aldrich
(St. Louis, MO, USA). 2-Naphthol (purity > 99%), iron(Ill) chloride (purity > 98%),
iron(Il) chloride tetrahydrate (purity > 99%), oxalic acid (purity > 98%), sodium chloride
(NaNOy; purity > 99.5%), sodium nitrite (purity > 98.5%), nickel(II) chloride hexahy-
drate (purity > 97%), tin(IV) chloride pentahydrate (purity > 98%), and sodium perchlo-
rate (purity > 99%) were purchased from Acros Organics (Geel, Belgium). L-Cysteine
(purity > 98%), 1-naphthol (purity > 99%), copper(Il) chloride (purity > 98%), and zinc
chloride (purity > 98%) were purchased from Alfa Aesar (Ward Hill, MA, USA). Acetic
acid (purity > 99.7%), sodium carbonate (purity > 99.5%), nitric acid (purity > 68%),
sodium hydroxide (purity > 97%), potassium acetate (purity > 97%), orthophosphoric
acid (purity > 85.6%), 2-(4-morpholino)-ethane sulfonic acid (MES; purity > 98%), and
tris(hydroxymethyl) aminomethane (purity > 98%) were obtained from Fisher Chemical
(Hampton, NH, USA). Chromium(III) chloride hexahydrate (purity > 99%) without further
purification was obtained from Avantor (Radnor, PA, USA). Sodium citrate (purity > 99%)
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was purchased from Macron Fine Chemicals (Center Valley, PA, USA). All chemicals were
of analytical grade and were not further purified before use.

2.2. Synthesis and Modification of AuNPs

A variety of synthetic methods has been reported in the literature for the preparation
of nanoparticles [1,15,24]. In this experiment, the Turkevich-Frens method [25] was used
to synthesize gold nanoparticles. First, glass bottles were washed with aqua regia, then
washed with deionized water and dried for further use. A 50 mL tetrachloroauric acid
(HAuCly) solution at a concentration of 1 x 1073 M was prepared and heated to boiling in
a water bath while stirring. Then, 10 mL and 5 mL sodium citrate solutions (38.8 mM) were
slowly added to the boiling solution. The solution was stirred in a water bath for 10 min
until the color changed from light yellow to wine red. Then, the heating system was turned
off and the solution was continuously stirred until it cooled to room temperature. Finally,
the solution was stored in the refrigerator at 4 °C until further use.

The synthesized gold nanoparticle solution was modified by sodium nitrite solution
and L-cysteine for the detection of 1-naphthol and glyphosate, respectively [26]. For this
process, 0.1 M sodium nitrite solution (4 mL) was slowly added to the gold nanoparticle
solution (60 mL) and stirred continuously at room temperature. After 4 h, the modification
was complete and NaNO,@AuNPs had been produced. Another sample of the synthesized
gold nanoparticle solution (55 mL) was mixed with 2.75 mL of L-cysteine (3 x 107> M)
and stirred for 2.5 h to produce Cys@AuNPs. The concentrations of NaNO,@AuNPs
and Cys@AulNPs were calculated to be 1.9 nM and 2.0 nM, respectively, according to the
Beer-Lambert law [27].

2.3. Detection of 1-Naphthol and Glyphosate
2.3.1. Colorimetric Detection of 1-Naphthol

The preparation of NaNO,@AuNPs for colorimetric detection of 1-naphthol was
carried out first. Various concentrations of 1-naphthol solution (0.25-100 ppm) were
prepared for the detection study. Then, 200 uL. NaNO,@AuNPs and 30 pL. MES buffer
(0.5 M) were added to 1.5 mL centrifuge tubes with 60 uL of different concentrations
of 1-naphthol solution. After being mixed well, each mixture was incubated at room
temperature for 55 min. A UV-Vis spectrophotometer (Thermo Scientific, Braunschweig,
Germany) was used to detect the absorption spectra of samples, and the calibration curve
for 1-naphthol was obtained according to the absorbance ratio Ag39/Aspg. All experiments
in this study were conducted at least 3 times to improve the accuracy of the data.

2.3.2. Colorimetric Detection of Glyphosate

The glyphosate detection concept is referenced from the report of Li et al. [26], with
modification. Various concentrations of glyphosate solution (0.01-50 ppm) were prepared
for the detection study, in which 70 uL of glyphosate solution and 10 uL of AChE with
activity of 50 mU/mL were added to 1.5 mL centrifuge tubes. Subsequently, 100 uL of ATCh
at a concentration of 10 uM was added to each tube, and the tubes were incubated at 37 °C
for 15 min. UV-Vis absorption spectra were recorded for each sample, and the absorbance
ratio Ag19/Aspyg was used as the index of enzyme inhibition. The calibration curve of
Ag10/ Aspg values versus glyphosate concentrations was established. All experiments in
this study were conducted at least 3 times to improve the accuracy of the data.

2.4. Application to Real Water Samples

Different contents of analytes were added to the samples of tap water and mineral
water. Tap water was obtained from the laboratory of the National Taipei University of
Technology, and marine ionized alkaline water was purchased from the local convenience
store. The water samples were filtered with a 0.45 um syringe filter (PureTech™-25 mm
Syringe Filter) to remove any impurities. Then, the water samples were spiked with various
concentrations of analyte and analyzed according to the procedures described in Section 2.3.
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3. Results and Discussion
3.1. Characterization of Modified AuNPs

The modified AuNPs were characterized by UV-Vis absorption spectroscopy, trans-
mission electron microscopy (TEM), and Fourier transform infrared (FTIR) spectroscopy.
Figure 1 shows the absorption spectra of NaNO,@AuNPs and NaNO,@AuNPs with the
addition of 50 ppm 1-naphthol (1-Naph). A unique sharp peak at 520 nm (Figure 1A)
was observed when 1-naphthol was not present in the NaNO,@AuNP solution due to the
resonance of the surface plasma, indicating that the NaNO,@AuNPs were well dispersed.
For NaNO,@AuNPs with the addition of 1-naphthol, the absorbance intensity at approx-
imately 520 nm decreased and redshifted, and the absorption spectrum became broader
(Figure 1A). Since sodium nitrite was modified on the surface of AuNPs by a covalent bond
(Au-N) to form NaNO,@AuNPs, the presence of 1-naphthol resulted in aggregation due to
changes in surface properties such as donor-acceptor forces, — forces, and van der Waals
forces [28]; these changes led to a color change from bright red to purple.
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Figure 1. UV-Vis absorption spectra of (A) NaNO,@AuNPs and (B) Cys@AuNPs.

L-cysteine was modified on the surface of AuNPs by Au-S covalent bonds to form
Cys@AuNDPs. As shown in Figure 1B, the Cys@AuNP solution had a typical peak at 520 nm.
The addition of AChE, ATCh, and glyphosate (Gly) solution had no obvious effects on
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the absorption spectra of Cys@AuNPs. Both AChE and ATCh were added to Cys@AuNP
solution; the AChE catalyzed the hydrolysis of ATCh to produce thiocholine (TCh), which
is positively charged. However, in the case of AChE, both ATCh and glyphosate were
present in the Cys@AuNP solution, and the presence of glyphosate may have inhibited
the activity of AChE to reduce the formation of TCh, resulting in anti-aggregation. The
formation of TCh is preferred for the substitution of L-cysteine and easy bonding with the
surface of AuNPs, leading to a color change [26]. Additionally, the absorbance at 520 nm
was decreased and a new absorption peak was generated at 510 nm.

TEM was used to observe the morphology of modified AuNPs and further determine
the average particle size, nearly 150 nanoparticles. The NaNO,@AuNPs were spherical,
of uniform size, and evenly dispersed, as shown in Figure 2A. After the addition of
1-naphthol, the gold nanoparticles aggregated and appeared as clusters (Figure 2B). The
particle size analysis results indicate a narrow particle size distribution of NaNO,@AuNPs,
and the average particle size was 14.46 nm (Figure 2C). Figure 3 shows TEM images
of the Cys@AuNPs with added deionized water (blank), AChE, ATCh, and glyphosate
solution. When ATCh was not hydrolyzed by AChE to produce TCh, the gold nanoparticles
were well dispersed, as shown in Figure 3A-C,F. When AChE and ATCh were present in
the Cys@AuNP solution, TCh was produced, leading to AuNP aggregation (Figure 3D).
However, as shown in Figure 3E, TCh production was inhibited by glyphosate, resulting in
an anti-aggregation phenomenon. The particle size distribution was mostly in the range of
14-16 nm, with an average size of 15.38 nm (Figure 3G). The results of TEM analysis are
consistent with the observation and discussion of UV-Vis absorption spectra.
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Figure 2. TEM images of (A) NaNO,@AuNPs and (B) NaNO,@AuNPs with the addition of 50 ppm
1-naphthol, and (C) size distribution of NaNO,@AuNPs.
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Figure 3. TEM images of (A) blank, (B) Cys@AuNPs with «addition of 50 mU/mL AChE,
(C) Cys@AuNPs with addition of 10 uM ATCh, (D) Cys@AuNPs with addition of 50 mU/mL AChE
and 10 pM ATCh, (E) Cys@AuNPs with addition of 50 ppm glyphosate, 50 mU/mL AChE, and

10 uM ATCh, (F) Cys@AuNPs with addition of 50 ppm glyphosate, and (G) size distribution of
Cys@AuNDPs.

Figure 4 shows the FTIR analysis of modified AuNPs. A sharp C=0O stretching vibra-
tion peak at 1635 cm ! and a strong broad ~OH vibration peak at 3320 cm~! were attributed
to sodium citrate, which was observed in the original AuNPs [29]. The appearance of ad-
sorption peaks was attributed to sodium nitrite (N-O stretching vibrations at 1241 and
1934 cm™ 1), and the adsorption peaks (C=O and ~OH) were slightly shifted compared
to the AuNP spectrum, indicating that AuNP modification was successful. Similarly, the
adsorption peaks of Cys@AuNPs were attributed to L-cysteine (N-H stretching vibrations
at 1510 and 2952 cm ! and S-H stretching vibration at 2428 cm 1) [30,31]. Therefore, these
results confirm that L-cysteine was bound to the surface of AuNPs.
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Figure 4. FTIR spectra of modified AuNPs.

3.2. Optimization of Assay Conditions

Different assay conditions strongly influenced the detection performance of modified
AuNPs. Therefore, it was necessary to optimize the assay conditions for further investi-
gation. As shown in Figure 5A, various concentrations of NaNO; were added at a fixed
volume ratio (AuNPs:NaNO, = 15:1), and the UV-Vis absorbance at 520 nm changed ac-
cordingly. When NaNO, concentrations over 0.3 M were added, the AuNPs self-aggregated
due to the presence of sodium ions. However, when lower NaNO; concentrations (<0.05 M)
were added to the AuNP solution, the number of NO, groups that attached to the surface
of AuNPs was insufficient for the detection of 1-naphthol. Thus, 0.1 M NaNO; was selected
as the concentration for further study. Figure 5B shows the effect of different incubation
times on the performance of the colorimetric assay. The absorbance at 520 nm increased
with increasing incubation time. After 4 h of incubation, the absorbance did not change
obviously, meaning that sufficient NO, bound to the surface of AuNPs. Therefore, an
incubation time of 4 h was selected. The purpose of using an MES buffer is to reduce the
detection time since it can accelerate the ion exchange between AuNPs and 1-naphthol. In
Figure 5C, it can be seen that the absorption ratio increased as the volume of MES bulffer
increased over 1 h of reaction time. When the volume of added 0.5 M MES buffer was
higher than 30 uL, the absorption ratio approached a constant, implying that the reaction
time between NaNO,@AuNPs and 1-naphthol could be shortened and this was the best
assay condition. To obtain the most time-efficient detection, various reaction times versus
absorption ratios were observed, as shown in Figure 5D. The absorption ratio increased
significantly with increasing time. After 55 min of reaction, the absorption ratio did not
change obviously, indicating that the reaction between NaNO,@AuNPs and 1-naphthol
was complete.
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Figure 5. Optimization of NaNO,@AuNP assay conditions: (A) NaNO; concentration; (B) NaNO,
incubation time; (C) added amount of MES buffer; and (D) reaction time.

The glyphosate detection performance of Cys@AuNPs was influenced by the pH
and concentration of ATCh and the concentration of AChE. As shown in Figure 6A, the
absorbance at 520 nm with ATCh at pH 8-9 did not change obviously. The optimum
pH of AChE activity was determined to be 8.0, according to a report by Sigma-Aldrich.
Therefore, Tris buffer with a pH of 8.0 was selected to prepare the ATCh solutions. Positively
charged ATCh and negatively charged AuNPs have electrostatic attraction and result in
self-aggregation of the AuNPs. The concentration of ATCh was optimized to between 10
and 200 uM. Figure 6B shows the absorbance changes over time for different concentrations
of ATCh. When the concentration of ATCh was greater than 15 pM, the absorbance
value decreased with increasing time and concentration. A concentration of 10 uM barely
affected the AuNPs and was very stable. Thus, 10 pM ATCh was selected as the optimal
concentration for the following experiments. To demonstrate the influence of AChE activity,
Figure 6C shows the absorbance variation of AuNPs after the addition of ATCh (10 uM,
Tris buffer with pH 8.0) and various concentrations of AChE (0-50 mU/mL). The higher
the AChE concentration, the faster the hydrolysis rate and the shorter the reaction time.
Therefore, high sensitivity could be obtained by using 50 mU/mL AChE within 55 min for
glyphosate detection.
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3.3. Sensitivity of Modified AuNPs

NaNO,@AuNPs were formed to detect the presence of 1-naphthol aggregating when
the surface properties change, which leads to a color change from bright red to purple. To
test the detection performance of NaNO,@AuNPs, different concentrations of 1-naphthol
were added separately into AuNP solutions under the optimal conditions described in
Section 3.2. Figure 7 shows the UV-Vis spectra and color changes of various concentrations
of 1-naphthol. The absorption peak at 520 nm decreased as the 1-naphthol concentration
increased, and the corresponding absorption spectra gradually shifted. This suggests
that 1-naphthol leads to aggregation of NaNO,@AuNPs by increasing the electrostatic
attraction [32]. Moreover, 1-naphthol concentrations in the ranges of 0.75 to 3.5 ppm and
4 to 7 ppm showed a good linear correlation with the absorption ratio Agzo/Aspg. The limit
of detection (LOD) was calculated using the linear part of the calibration curve. LOD values
are given as mean + SD (n = 3) [3,33]. The correlation coefficient of the linear calibration
curves was close to 1.0, and the LOD was 0.15 ppm.

10 - L
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é ppm :;ﬁ 09 y-0.48447+0.03701x
|—2ppm 3
0.8 —3 ppm ‘f 08 "
—— 4 ppm '45=°, -~ T ¥
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Figure 7. UV-Vis absorption spectra of NaNO,@AuNPs with different concentrations of 1-naphthol.

Different concentrations of glyphosate were used under the optimal conditions de-
scribed in Section 3.2 to evaluate the detection performance of Cys@AuNPs. The UV-Vis
spectra and color changes are shown in Figure 8. The absorption peak at 520 nm increased
with increasing glyphosate concentration, while the peak at 610 nm decreased. It can also
be seen that relationship between absorption ratio Ag19/Aspg and glyphosate concentration
is linear in the range of 1 to 23 ppm. The correlation coefficient of the calibration curve is
0.9985, and the LOD is 0.27 ppm. These results indicate that the colorimetric method used
to detect 1-naphthol and glyphosate is highly sensitive and feasible.

The target analyte detection ability of modified AuNPs was compared with that of
other methods reported in the literature, as shown in Table 1. Although the LOD values
in this study are not the lowest compared to the other methods, the colorimetric method
of analyte detection using modified AuNPs is simple, rapid, inexpensive, and sensitive.
Therefore, this novel detection method can be considered as an alternative for the analysis
of 1-naphthol and glyphosate in water samples.
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Figure 8. UV-Vis absorption spectra of Cys@AuNPs with different concentrations of glyphosate.

Table 1. Comparison of LOD of analytes with values from the literature.

Analyte Methods Linear Range (ppm) LOD (ppm) Ref.
1-Naphthol HPLC-FLD 0.003-0.36 1.50 x 1073 [34]
FLD 0.007-1.0 0.89 x 1073 [35]
CZE 0.1-0.5 0.24 x 1073 [36]
HPLC-UV 0.75 x 1073-0.15 0.61 x 1073 [37]
UHPLC 0.002-10.0 0.33 x 1073 [38]
HPLC-UV 0.01-5.0 0.9 x 1073 [39]

Colorimetry 0.75-9.0 150 x 103 This study
Glyphosate Coulometry 0.1-34.0 0.1 [40]
ECD 1.7-152.2 0.17 [41]
Spectrophotometry 0.5-10.0 0.21 [42]
UHPLC-MS/MS 6 x 1074-0.01 2.0 x 1074 [43]
PESI-MS/MS 1.56-400.0 0.2 [44]
FLD 0.03-2.0 0.01 [45]

Colorimetry 1.0-23.0 0.27 This study

3.4. Selectivity and Anti-Interference of Modified AuNPs

The selectivity and anti-interference characteristics were investigated for target an-
alyte detection by colorimetric assay. Some metal ions (N i2*,Sn**, Na*, and K*), anions
(CO327,NO3~, C,04%7, ClO4~, and CH3COO ™), and analogs (2-naphthol and glufosinate—
ammonium) were investigated, and the results are shown in Figures 9 and 10. As shown in
Figure 9, the absorbance ratio for the analytes (1-naphthol and glyphosate) was obviously
different from the other substances. The results indicate that both NaNO,@AuNPs and
Cys@AuNPs are highly selective for the detection of analytes. The experimental results
of the anti-interference tests are shown in Figure 10. No significant interference by other
potential analyte substances was observed during analyte detection.
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Figure 9. Absorption ratio profiles of AuNPs with the addition of 50 ppm of (A) NaNO,@AuNPs
and (B) Cys@AuNDPs.

This novel method was then applied for the detection of analytes in real water sam-
ples, including tap water taken from the laboratory of the National Taipei University of
Technology and mineral water purchased at the local convenience store. The results are
summarized in Table 2. The recovery of 1-naphthol and glyphosate in the real water samples
was in satisfactory ranges of 98.50-102.26% and 100.03-101.11%, respectively. The relative
standard deviation (RSD) was in the acceptable range of 0.63—4.21%. These experimental
results indicate that the novel detection method has practical application potential.
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Figure 10. Absorption ratio profiles of AuNPs in the presence of 50 ppm analyte and 50 ppm of
(A) NaNO,@AuNPs and (B) Cys@AulNPs.

Table 2. Recovery of analytes in water samples.

Samples Analyte Added (ppm) Found (ppm)  Recovery (%) RSD (%)
Tap water 1-Naphthol 1.5 1.48 +0.08 98.50 0.97
6 6.14 +0.25 102.26 421
Mineral water 1.5 1.53 £ 0.05 102.17 2.96
6 593 £+ 0.14 98.83 2.34
Tap water Glyphosate 6 6.07 = 0.07 101.11 1.20
12 12.04 £0.21 100.37 1.76
Mineral water 6 6.03 £0.10 100.53 1.71

12 12.00 £ 0.08 100.03 0.63
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4. Conclusions

In this study, the Turkevich—Frens method was used to synthesize gold nanoparticles,
which were then modified with sodium nitrite and L-cysteine for the detection of 1-naphthol
and glyphosate, respectively. In the presence of these two target analytes, the absorption
peak at 520 nm shifted and a corresponding color change was observed. The limits of
detection of 1-naphthol and glyphosate were 0.15 ppm and 0.27 ppm, respectively. Both
NaNO,@AuNPs and Cys@AulNPs exhibited high selectivity for the target analytes, and
other potential analytes did not interfere with their detection. Finally, this novel method
was applied to detect analytes in tap water and mineral water, and the recovery was
satisfactory with an acceptable relative standard deviation. These results indicate that
the colorimetric method used to detect 1-naphthol and glyphosate is highly sensitive and
feasible and has practical application potential.
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