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A B S T R A C T

Unreasonable or illegal utilization of pesticides may lead to pollution of agricultural products, especially with 
some persistent but effective pesticides. Hence, there is an urgent need to develop sensitive and rapid methods 
for pesticide detection to ensure the safety of agricultural products. Herein, a dual-mode ratiometric sensing 
system utilizing two gold nanoclusters (G/R–AuNCs) was designed and constructed for paraquat (PQ) detection, 
a typical, highly toxic, widely used pesticide. Initially, a ratiometric fluorescent method was developed based on 
green-emitting (Em~530 nm) and red-emitting (Em~655 nm) gold nanoclusters. Relying on the electrostatic 
interaction between G-AuNCs and PQ, G-AuNCs were quenched as a sensing unit. R–AuNCs with chemical 
inertness and excellent stability to PQ served as correction signals. The selective and sensitive detection of PQ 
was successfully achieved with a satisfactory linear relationship within the range of 5–500 μg/L, and the limit of 
detection (LOD) was as low as 1.68 μg/L (6.5 nM). Furthermore, PQ can be detected through visual analysis 
based on smart mobile devices. As the concentration increased, a more noticeable color change occurred, pro
ducing a significant shift from yellow to red under 365 nm UV light, resulting in a striking visual effect. This 
research not only showcases the practical benefits of the dual-mode analytical method but also drives forward the 
application of ratiometric probes.

1. Introduction

Pesticide residues are an important issue affecting the safety of 
agricultural products. The irrational or illegal use of pesticides can lead 
to soil acidification and sclerosis, while pesticide residues in the soil can 
seep into surface water or groundwater. This ultimately causes a variety 
of problems, such as contamination of water sources, endangering 
aquatic organisms, affecting the food chain of water bodies, and jeop
ardizing ecosystems, and human health [1–4]. Some banned pesticides 
are still detected in agricultural products due to soil residues or 
improper use and management [1,5]. Reports indicate that nearly 200, 
000 people are poisoned by pesticide-contaminated food each year, 

accounting for approximately one-third of all food poisoning cases. 
Pesticides are also responsible for about 60 % of cancer-causing factors. 
Moreover, nearly 90 % of pesticides make their way into the body 
through the food chain, atmosphere, and drinking water [6–8].

Paraquat (PQ), a broad-spectrum and highly toxic (toxicological 
class I), positively charged bipyridilium herbicide (C12H14N2)2+), is 
currently banned for use in various agricultural processes [9]. PQ 
poisoning is extremely lethal due to its inherent toxicity, mainly causing 
multi-organ failure and pulmonary fibrosis, with no effective treatment 
available [10,11]. PQ residues in agricultural products are strictly 
regulated in many countries, usually in the range of 40–400 nM [12–14]. 
Therefore, to develop a convenient, sensitive, and rapid strategy for the 
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detection of PQ in agricultural products is essential. Various methods 
including high-performance liquid chromatography [15,16], colori
metric analysis [17,18], surface-enhanced Raman spectroscopy 
[19–21], electrochemical analysis [14,22], host-guest recognition-based 
fluorescence analysis [23,24], chemiluminescence [25,26], and apta
sensors [27,28], have been established for PQ detection. Among them, 
fluorescence analysis is highly sensitive and selective, capable of 
detecting targets at extremely low concentrations [29,30]. The dual 
nature of the cationic and conjugated π-systems of PQ makes it a good 
electron acceptor or a potential anionic dye quencher [31]. The high 
applicability of PQ detection using a quenching-based method with a 
synthetic anionic fluorescent probe has been demonstrated [32]. The 
integration of fluorescence and other techniques, known as the 
dual-mode method, provides substantial benefits in accurately assessing 
trace targets both quantitatively and qualitatively [33–35]. Currently, 
there is a scarcity of dual-mode ratiometric methods for detecting PQ.

In this study, a ratiometric fluorescent probe with green- and red- 
emitting gold nanoclusters (G/R–AuNCs) was designed for PQ detec
tion at first (Scheme 1). The dual-emitting ratiometric sensing system 
was constructed by direct mixing without chemical coupling, which has 
built-in corrections to eliminate unavoidable environmental in
terferences. As a response signal, G-AuNCs showed sensitive green 
fluorescence quenching due to electrostatic attraction, while R–AuNCs 
act as a reference signal. Drawing on the noticeable color disparities 
between two probes visible to the naked eye under UV light, we then 
formulated a visual analytical method. With the integration of the 
fluorescence and visualization, this dual-mode ratiometric sensing sys
tem was successfully applied for detecting PQ residues in several real 
plant samples.

2. Experiments

2.1. Chemicals

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4⋅3H2O, ≥99.9 
%), bovine serum albumin (BSA, ≥98.0 %) and L-arginine were obtained 
from Shanghai Aladdin Biochemical Technology Co., Ltd. 6-aza-2-thio
thymine (ATT), tetramethylammonium bromide, 1-hexadec ylpyridin- 
1-ium chloride, β-diphosphopyridine nucleotide, and choline chloride 
were obtained from Shanghai Titan Scientific Co., Ltd. Paraquat 
dichloride, carbendazim, dimethoate, parathion methyl, chlorpyifos, 
diquat dibromide were supplied by Dr. Ehrenstorfer GmbH (Germany). 
All reagents were used directly without further purification unless 
otherwise stated.

2.2. Instruments

Transmission electron microscopy (TEM) images were obtained 
using Talos F200S transmission electron microscopy (Thermo Fisher 
Scientific, USA) at an acceleration of 200 kV to obtain size and 
morphological characteristics. The UV–Vis absorption and fluorescence 
spectra were collected by a DR 6000 UV–Vis spectrophotometer (HACH, 
USA) and a FluoroMax-4 fluorescence spectrometer (HORIBA Scientific, 
USA), respectively. The fluorescent lifetime data were collected with a 
FLS980 Combined Time Resolved & Steady State Photoluminescence 
Spectrometer (Edinburgh Instruments, UK). Zeta potential analysis was 
performed by a Zetasizer Nano ZSP (Malvern Panalytical, UK). ZF-8N 
UV-viewing cabinet was also used in the visual analysis section 
(Shanghai Jiapeng, China). The ultrapure water utilized was sourced 
from a Milli-Q water purification system (Merck Millipore, USA).

Scheme 1. Schematic of the gold nanoclusters-based dual-mode ratiometric sensing system for selective and sensitive detection of PQ.
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2.3. Preparation of G-AuNCs and R–AuNCs

All glassware needs to be processed with Aqua Regia for at least 24 h 
before use. G-AuNCs were synthesized based on steps from previous 
reported studies with slight modifications [36,37]. Briefly, 5 mL 80 mM 
ATT containing 200 mM NaOH was added to a 5 mL 29.5 mM HAuCl4 
solution (10 mg/mL). The mixed solution was stirred continuously for 1 
h at room temperature in the dark. The ATT-AuNCs were obtained by 
ultrafiltration, and the volume was reconstituted to 10 mL. The 
ATT-AuNCs were carefully stored at 4 ◦C in a dark environment to 
ensure their quality and effectiveness when used. Add 2 mL of 40 mM 
L-arginine to 18 mL of the prepared ATT-AuNC solution and let the 
mixture react at 37 ◦C for 24 h. The G-AuNCs were purified using ul
trafiltration and then reconstituted to a volume of 20 mL. Then, they can 
be stored at 4 ◦C in a dark environment for up to 6 months.

R–AuNCs were synthesized using previous studies reported with 
simple adjustments [38,39]. The solution was preheated to 37 ◦C. Then, 
5 mL of 10 mM HAuCl4 solution was added to 5 mL of 50 mg/mL BSA 
solution, and vigorously stirred for 5 min. A 0.5 mL NaOH solution with 
a concentration of 1 M was added to the mixture. The reaction was then 
allowed to proceed for 12 h at 37 ◦C while being vigorously stirred. The 
synthesized R–AuNCs were obtained by ultrafiltration and then recon
stituted to 10 mL.

2.4. Fluorescence detection for PQ

For the fluorescence detection of PQ, 1.0 μL of G-AuNCs and 50.0 μL 
of R–AuNCs were dispersed in 99.0 μL of ultrapure water to obtain the 
G/R–AuNCs probe solution. Following this, 50.0 μL of PQ standard so
lution (0, 2.5, 5, 10, 50, 75, 100, 200, 300, 400 and 500 μg/L) was 
introduced, and the mixture was carefully blended. Photoluminescence 
spectra of G/R–AuNCs were recorded to examined the analytical per
formance. The calibration curve was plotted between the fluorescence 
intensity ratio (I655/I529) and the PQ concentration. The sensing sys
tem’s selectivity was assessed by testing it with various interferents, 
including K+, Na+, Mg2+, Ca2+, Ba2+, Ni2+, Fe3+, NH4

+, tetramethy
lammonium bromide, 1-hexadec ylpyridin-1-ium chloride, β-diphos
phopyridine nucleotide, choline chloride, diquat dibromide, methyl 
paraoxon, naled, dichlorvos, dimethoate, parathion methyl, chlorpyifos, 
and carbendazim. The excitation wavelength of the PQ probe was set at 
470 nm, and the fluorescence emission intensity was collected in the 
range of 485~720 nm.

2.5. Procedure of visual detection

The visual inspection process was identical to the fluorescence in
spection process described above, except that the various solutions were 
added in 5-fold amounts to bring their total volume to 1000 μL. Sample 
images were captured by a VIVO X90Pro+ smartphone (the ISO value 
was 400, f/1.75, and the shutter speed was 0.3 s). The photos were taken 
under a 365 nm UV lamp inside a dark box. Relying on the smartphone 
APP (Color Recognizer V8.101, Xiamen Xiyi Technology Co., Ltd.), the 
intensities on the red channel to green channel ratio (R/G) of the sample 
at 365 nm were read to calculate the calibration curve.

2.6. Real sample analysis

Two plant samples (Notoginseng Radix et Rhizoma and Ginseng 
Radix et Rhizoma) were selected to verify the feasibility of this method, 
which were supplied by a pharmacy in Guangzhou, China. Pre- 
processing procedures for samples were developed based on previous 
work [28,40]. The sample was chopped into small uniform pieces. 2 g of 
the sample was extracted with 10 mL of 25 % ethanol solution in a 15 mL 
centrifuge tube followed by sonication for 10 min at room temperature. 
The solution was centrifuged at 3500×g for 10 min to ensure complete 
removal of insoluble materials. Subsequently, 8 mL of the supernatant 

was taken, evaporated to dryness, and redissolved in 1 mL of 25 % 
ethanol solution for analysis. 500 mL of water samples were taken from 
campus lakes and laboratory faucets, respectively, and the samples were 
filtered through a 0.22 μm microporous filter membrane to remove solid 
impurities. We spiked known concentrations of PQ into samples 
following the aforementioned procedures to conduct a recovery study.

3. Results and discussions

3.1. Characterization of G-AuNCs and R–AuNCs

As provided in Scheme 1, AuNCs with intense green and red emission 
were prepared using ATT/Arginine and BSA. The preparation methods 
for R–AuNCs are well established, and the ratio of ATT to arginine was 
optimized to make it suitable for PQ sensing. As the ratio of added 
arginine increased, the fluorescence intensity of ATT-AuNCs was 
significantly enhanced (Fig. S1A–C). Subsequently, employing a target 
concentration of 10 μg/L PQ, the findings demonstrated that an ATT to 
Arg ratio of 9:1 in the probe yielded the most effective detection results, 
accompanied by the lowest standard deviation (Fig. S1D). Finally, the 
9:1 ratio was selected as the optimal preparation method for G-AuNCs.

To investigate the optical performance of AuNCs, fluorescent and 
UV–Vis absorption spectra were obtained, and the results are shown in 
Fig. 1. The aqueous solutions of G-AuNCs and R–AuNCs were observed 
to be light yellow (Fig. 1A) and brown (Fig. 1D), respectively. They 
emitted strong green (Fig. 1G) and red (Fig. 1H) fluorescence under 365 
nm UV lamp (Fig. S2), which proved that the two prepared AuNCs had 
excellent fluorescence behavior, as confirmed by the fluorescence life
time decay curves (Fig. 1I). The prepared G-AuNCs and R–AuNCs both 
showed the expected strong fluorescence with maximum emission 
wavelengths of ~530 nm and ~655 nm, respectively. TEM images 
showed that the sizes of G-AuNCs and R–AuNCs were 1~3 nm (Fig. 1C 
and F), respectively. The lattice spacing of both AuNCs is ~0.2 nm, 
which corresponds to the crystal plane of gold [41]. In addition, the 
results of zeta potential analysis of G/R–AuNCs (Fig. S3) also indicate 
that G-AuNCs and R–AuNCs synergistically keep the performance of PQ 
probes.

3.2. Constructing the G/R–AuNCs sensing system

In the sensing strategy for detecting PQ in this study, a mixture of 
two AuNCs (G- and R-) in specific ratios enables the realization of 
fluorescent detection of PQ in water, which works as shown in Scheme 1. 
The presence of abundant carboxyl groups on the surface of G-AuNCs 
makes it highly susceptible to electrostatic interactions with PQ, which 
is quenched as a PQ response signal. R–AuNCs were used as correction 
signals due to their chemical inertness to PQ, while the green fluores
cence of G-AuNCs was significantly reduced in the presence of PQ 
(Fig. 2A and B). These remarkable features allow us to fabricate PQ 
sensing platforms by simply mixing two AuNCs.

Typically, ratiometric fluorescent probes produce stronger visually 
perceived color changes than single-emission probes [42,43]. This study 
employs a dual-mode sensing strategy, combining fluorescence and vi
sual detection, for the sensing of PQ. From the perspective of fluores
cence, the concentration/volume of R–AuNCs has a slight effect on the 
detection of PQ, as it serves as an auxiliary internal reference signal. For 
visual detection, the ratio of the two AuNCs is more important, as it 
needs to ensure that the probe shows a clear color change in response to 
PQ concentration under 365 nm UV light. To maximize the visual 
sensing performance of the dual-emission sensing platform, the ratio of 
G-AuNCs to R–AuNCs was optimized. Based on the reaction of G/R 
AuNCs to the PQ as shown in Fig. S4, a ratio of 1:50 was selected to 
guarantee a noticeable color change from yellow to red, which improves 
the visual detection of PQ. The 3D excitation-emission maps of G-AuNCs 
(Fig. 2C and Fig. S5A) and R–AuNCs (Fig. 2C and Fig. S5B) were 
collected, and the maximum emission wavelengths of the two AuNCs did 
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Fig. 1. Optical and morphological characterizations of AuNCs. Photographs of G-AuNCs (A) and R–AuNCs (D). TEM image and corresponding lateral size distribution 
of G-AuNCs (B–C) and R–AuNCs (E–F). UV–vis absorption spectra (purple line), and emission spectra (green line and red line) of G-AuNCs (G) and R–AuNCs (H). 
Insets are photos of the two AuNCs solution under a UV lamp (365 nm). Time-resolved fluorescence spectra of AuNCs (I). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. The fluorescence spectra of G-AuNCs, R–AuNCs, and G/R–AuNCs (A). Fluorescence spectra under different conditions (B): (a) G-AuNCs, (b) G-AuNCs + PQ, 
(c) R–AuNCs, (d) R–AuNCs + PQ, (e) G/R–AuNCs, (f) G/R–AuNCs + PQ, and (g) PQ. The 3D excitation/emission spectra of G-AuNCs (C) and R–AuNCs (D).
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not change with the shift of the excitation wavelengths, so 470 nm was 
chosen as the excitation wavelength of the G/R–AuNCs for the subse
quent experiments.

G/R–AuNCs present favorable stability, which is important for 
establishing a reliable sensing platform. Both G-AuNCs and R–AuNCs are 
dissolved and stabilized in water, while PQ is a bipyridinium cationic 
salt ((C12H14N2)2+). Therefore, the detection of PQ will be faster and 
more sensitive in a solution with higher water content. As a result, it is 
adequate to use only water as the detection system. G/R–AuNCs 
responded rapidly to PQ, with a rapid decrease in fluorescence intensity 
within 30 s, followed by stabilization (Fig. S6).

3.3. Mechanisms of PQ sensing

Interactions between PQ and the probes were studied using a com
bination of zeta potential analysis, UV–Vis spectroscopy, and fluores
cence spectroscopy. Additionally, these techniques were employed to 
explore the potential sensing mechanisms involved. The addition of PQ 
had no significant effect on the fluorescence intensity of R–AuNC, 
indicating that it is not related to R–AuNC (Fig. 2B). And the introduc
tion of PQ did not result in the aggregation of G-AuNCs. The average 
potential value of G/R–AuNCs increased from − 45.6 mV to − 42.47 mV 
when PQ was added (Fig. S7). Fluorescence quenching of G-AuNCs may 
be mediated by electrostatic interactions. PQ belongs to a bipyridinium 
cationic salt [44]. Several recent studies have reportedly utilized nega
tively charged molecules to monitor paraquat [9,31,32]. In this study, 
G/R–AuNCs were also negatively charged (Fig. S7). Time-resolved 
fluorescence lifetime data further confirmed this static quenching 
mechanism (Fig. S8), which indicates that no FRET process is involved 
[45,46].

The possible involvement of PET has also been explored, taking into 
account the unique structure of PQ. Amino groups play a vital role by 
donating electrons to electron-deficient molecules, resulting in the cre
ation of stable Meissenheimer complexes [43,47,48]. The primary 
amino group in arginine acts as an electron donor in the presence of PQ, 
which acts as a strong electron acceptor. As shown in Fig. S9, adding PQ 
did not cause any new absorption peaks to appear, indicating that no 
new complexes were formed in the detection system. This suggests that 
PET effects are not involved in the process either.

3.4. Fluorescent and ratiometric sensing of PQ based on dual-emitting 
sensing system

Fluorescence intensity measurements were collected after the addi
tion of different concentrations of PQ to verify the utility of this ratio
metric sensing system. As the concentration of PQ is raised from 2.5 μg/L 
to 500 μg/L, the fluorescence intensity of the G/R–AuNCs (529 nm) 
gradually decreased, while the emission at 655 nm basically remained 
stable (Fig. 3A and B). Thus, a ratiometric method was developed for 
detecting PQ with good linear correlation in the concentration range of 
5–500 μg/L. The calibration curve equation was y = 4.31×10− 4x +
0.0805 with a correlation coefficient of 0.9968 and adjusted R-squared 
(R2

adj) of 0.9928 (Fig. 3C). The LOD for PQ was calculated to be 1.68 μg/L 
(6.5 nM) by using the 3σ rule [49], which was much lower than the 
residue limits of PQ (<0.2 mg/kg) in agricultural products stipulated by 
the National Food Safety Standard - Maximum residue limits for pesti
cides in food. Notably, this work demonstrates superior performance 
compared to most previous methods, while also reducing the analysis 
time (Table S1). This analytical strategy also achieves satisfactory re
sults (PQ: 5–500 μg/L) using other work platforms (Fig. S10). 

Fig. 3. (A) Fluorescence spectra of the dual-emitting ratiometric probe with PQ added (0 → 500 μg/L) and its fluorescence intensity (B) at 529 nm and 655 nm, 
respectively. (C) Linear calibration curve of fluorescence intensity ratio (I655/I529) with added PQ concentration (5, 10, 50, 75, 100, 200, 300, 400 and 500 μg/L). (D) 
Picture of G/R–AuNCs probe under 365 nm UV lamp after adding PQ.
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Meanwhile, the G/R–AuNCs probes exhibit a ratiometric fluorescence 
response to PQ, leading to a noticeable shift in emission color from 
yellow to red, readily observable to the naked eye under 365 nm UV 
lamp (Fig. 3D). This unique characteristic enables practical on-site 
detection of PQ using the present G/R–AuNCs probes.

3.5. Visual and ratiometric sensing of PQ

We collected the color changes resulting from the interaction of PQ 
with the probe under UV light using a smartphone (Fig. 4A). With 
increasing PQ concentration, the color change became more obvious 
thus creating a vision shock. As the concentration increased (10 → 500 
μg/L), the probe produced a significant change from yellow to red under 
365 nm excitation (Fig. 4B). In addition, based on the analysis of the red 
channel/green channel ratio (R/G) extracted from the RGB results 
(Fig. 4C), a linear relationship was obtained for PQ in the concentration 
range of 10–500 μg/L with a correlation coefficient of 0.9941 and 
adjusted R-squared (R2

adj) of 0.9863. In conclusion, the proposed 
smartphone-assisted colorimetric method also showed satisfactory per
formance in the colorimetric analysis of PQ.

3.6. Selectivity

The selectivity was investigated by collecting the fluorescence 
spectra of various interferents, including multiple quaternary ammo
nium salts, pesticides, and ions, in response to G/R–AuNCs (Fig. S11). 
We first investigated the effect of high concentrations (500 μg/L) of 
quaternary ammonium salts on the dual-mode probe. The results 
showed that other quaternary ammonium salts did not affect the per
formance of the probe (Fig. S12). Interestingly, both diquat and para
quat (PQ) have a bipyridine structure, but the probe’s response to PQ 

was much higher than to diquat. Employing the Coulombic force be
tween positive and negative charges to design fluorescent probes is a 
promising strategy. By carefully designing the ligands or functional 
groups on the surface of the gold core, it is possible to achieve sensing for 
specific targets [50–52]. The detection performance of G/R–AuNCs for 
pesticides is shown in Fig. 5A. The presence of other pesticides resulted 
in weaker fluorescence changes, suggesting that G-AuNCs has a specific 
recognition ability for PQ. Similarly, the effects from the added ion in
terferences were negligible except PQ itself (Fig. 5B). These results 
suggest that the G/R–AuNCs probe system can achieve selective ratio
metric sensing of PQ, providing a promising monitoring strategy for 
assessing the safety and quality of paraquat-contaminated agricultural 
products.

3.7. Practicability

We spiked PQ into two samples of economically important agricul
tural products (e.g., Notoginseng Radix et Rhizoma and Ginseng Radix et 
Rhizoma) and analyzed the recovery rates. Local lake water and tap 
water samples were also detected. The results are shown in Fig. 6. The 
recoveries of the actual samples analyzed based on fluorescence spectra 
were 90 %–110 %, which were in line with the requirements of the 
Chinese Pharmacopoeia (2020) for the detection of pesticide residues (70 
%–120 %), demonstrating that the ratiometric fluorescent probe can 
reliably and effectively detect PQ in practical situations. Visual analytics 
likewise presents notable application potential.

4. Conclusions

In this work, we have utilized two gold-nanocluster probes for the 
dual-mode ratiometric sensing of paraquat. By utilizing R–AuNCs as the 

Fig. 4. A smartphone recognizes the RGB values of probe (A). Color change of the probe when different concentrations of PQ were added under 365 nm UV lamp (B). 
Relationship between probe R/G values and PQ concentration (C). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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internal standard, the fabricated sensor demonstrates swift response 
time, broad linear range, and exceptional selectivity. Based on various 
characterizations, static quenching is unequivocally revealed as the 
intrinsic mechanism for the fluorescence analysis of PQ. Through 
innovative design and careful optimization, the system effectively pro
duced a distinct color change from yellow to red. Subsequently, a 
smartphone-assisted ratiometric method was successfully explored for 
detecting PQ, showcasing excellent visualization capabilities. To sum 
up, this research showcases the efficacy of the dual-mode method as an 
innovative approach for conducting on-site analysis. It also highlights 
the significant potential for the practical implementation of smart 
device-assisted platforms.
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