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A B S T R A C T   

The monitoring of ziram levels is of vital importance due to its widespread application in agriculture and the 
possible risks it poses to human health and the ecosystem. This work proposes an innovative approach for the 
highly sensitive and selective sensing of ziram, a widely used dithiocarbamate fungicide, through the formation 
of copper dimethyldithiocarbamate Cu)DDC)2 assisted dual quenching of red and blue emission carbon dots (R/ 
NCDs and B/NSCDs). When ziram is added to a system containing copper-bound B/NSCDs and R/NCDs, the 
displacement of ziram zinc ions by copper ions leads to the formation of a yellow-colored Cu)DDC)2 complex. 
This complex induces significant quenching of the fluorescence emissions from both types of carbon dots, 
consequently enhancing the sensitivity of the detection method. Comprehensive characterization of the R/NCDs 
and B/NSCDs was conducted using various spectroscopic and morphological techniques to elucidate their 
structural and optical properties. The quenching mechanism was confirmed through different spectroscopic 
techniques, including fluorescence lifetime measurements, UV–vis spectroscopy, and Stern-Volmer analysis. The 
proposed method demonstrated high sensitivity across a wide concentration ranging from 20 to 1000 ng mL− 1, 
making it suitable for trace-level detection of ziram. Moreover, the method exhibited excellent selectivity and 
recovery when applied to real samples, such as apples, grains, and water matrices. The combination of high 
sensitivity, selectivity, and applicability to diverse sample matrices makes this carbon dot-based dual quenching 
method a promising approach for fast and accurate detection of ziram in various environmental and agricultural 
applications.   

1. Introduction 

Ziram, also known as zinc dimethyldithiocarbamate, is an organo
sulfur compound widely used as a fungicide [1]. Ziram is widely 
employed as a broad-spectrum fungicide in agricultural applications to 
manage fungal diseases in a diverse range of crops, vegetables, and 
ornamental plants [2]. It is particularly effective against a wide range of 
fungal pathogens, including downy mildews, rusts, and blights. Addi
tionally, ziram is used as an accelerator in rubber industry, where it 
facilitates the vulcanization process and improves the physical proper
ties of rubber products [3]. Despite its extensive use, residues of ziram 

and its degradation byproducts have the potential to present risks to 
both human well-being and ecological balance [4]. Ziram has been 
categorized as a probable carcinogenic substance for humans by the 
United States Environmental Protection Agency (EPA), and it has been 
linked to several detrimental health impacts, such as impairments in 
developmental processes, neurotoxic effects, and disruptions in repro
ductive functions [5,6]. Exposure to ziram can occur through occupa
tional settings, dietary sources, or environmental contamination [7]. 
Ziram has been detected in soil, water bodies (surface water, ground
water, and sediments), air, and even in food products treated with ziram 
[8]. One notable property of ziram is its ability to complex with metal 
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ions, particularly those of a soft nature, such as copper, lead, and mer
cury [9]. This complexation can occur through the interaction of the 
dithiocarbamate moieties in ziram with the metal ions, forming stable 
metal-dithiocarbamate complexes [10,11]. The detection of ziram resi
dues holds significant importance for safeguarding societal health. 

Previous analytical techniques employed for ziram detection, such as 
gas chromatography (GC) [12], UV–Vis spectrophotometric analysis 
[13], and FT-IR spectroscopic analysis [14], primarily depend on the 
application of large-scale and intricate analytical instrumentation. 
While these methods offer high sensitivity for ziram detection, they 
often involve complex analytical procedures. Typically, these methods 
require an initial acid hydrolysis step to convert ziram into carbon di
sulfide (CS2), followed by instrument-based detection. A different 
method encompasses extracting, concentrating, and then detecting 
compounds through liquid chromatography [15]. Although this method 
can directly detect ziram, it often needs derivatization due to the com
pound’s instability [16]. Other techniques, such as flame atomic ab
sorption analysis [17], voltammetry [18], and inductively coupled 
plasma-mass spectroscopy [19], can also be employed for ziram 
sensing. But, these methods are susceptible to interference from sub
stances containing zinc, as they primarily rely on indirectly analyzing 
the zinc content present in ziram. 

Photochemical techniques have demonstrated successful imple
mentation in the analysis of residual traces of organophosphorus and 
carbamate-based pesticides, utilizing different enzymes as the basis for 
detection [20]. However, the potent indiscriminate chelating charac
teristics of ziram pose significant challenges for the application of op
tical enzyme-based chemosensors in its detection. To address this 
limitation, researchers have investigated alternative photometric 
method utilizing gold nanoparticles for the analysis of pesticide residues 
[21]. While these approaches have garnered significant attention, the 
extent of gold nanoparticle aggregation, which induces alterations in the 
optical characteristics, may cause inaccuracies in the detection of ziram 
concentrations. Copper nanoparticles have also been investigated as 
fluorometric probes for the sensing of pesticide residues [22]. Never
theless, the practical applicability of these nanoparticles is severely 
limited due to their inherent instability. Given the limitations of existing 
photochemical methods and the need for accurate and reliable ziram 
detection, there is a pressing demand for the development of new 
fluorometric probes that exhibit high selectivity and sensitivity [23–25]. 

Despite the advancements in analytical techniques for ziram detec
tion, there remains a need for a simple, cost-effective, and highly se
lective method that can address the limitations of existing approaches. 
The proposed method in this work addresses these challenges by 
employing a novel dual quenching strategy involving red and blue 
emission carbon dots, which exhibits high sensitivity and selectivity for 
ziram detection without the need for complex instrumentation or sample 
pretreatment, making it a promising alternative to conventional 
techniques. 

Carbon dots (CDs) are a class of fluorescent, quasi-spherical nano
particles typically ranging from 2 to 10 nm in size, consisting of a 
carbon-based core and surface functional groups [26,27]. They offer 
excellent optical properties, including tunable fluorescence emission, 
high photostability, and broad excitation spectra, making them 
appealing for numerous applications such as bioimaging and biosensing, 
[28–32]. CDs exhibit low toxicity, good biocompatibility, and excellent 
water solubility, suitable for biological and environmental applications 
[33]. CDs serve as fluorescent probes for detecting biomolecules [33], 
pesticides [34,35], fungicides [36], herbicides [37,38], and ions. CDs 
can be prepared through top-down methods involving the breakdown of 
larger carbon-based materials or bottom-up methods synthesizing them 
from small molecular precursors through pyrolysis, hydrothermal 
treatment, or microwave-assisted synthesis, with the choice of synthesis 
method and precursor materials significantly influencing their proper
ties and performance [39,40]. 

The novelty of this work lies in the innovative strategy of leveraging 

the dual fluorescence quenching response of nitrogen-doped red emis
sive carbon dots (R/NCDs) and blue emissive nitrogen and sulfur-doped 
carbon dots@copper (B/NSCDs@Cu) for the highly sensitive and se
lective ratiometric sensing of ziram. This approach is based on the 
unique optical characteristics of carbon dots and their ability to undergo 
efficient quenching by the copper dimethyldithiocarbamate (CuDDC)2 
complex formed upon the displacement of zinc ions from ziram. The 
proposed method utilizes a ratiometric strategy based on measuring the 
difference between the quenched signals from R/NCDs and B/ 
NSCDs@Cu, then dividing it against the corresponding difference in the 
blank readings. The implementation of a dual quenching response is 
pivotal in enabling this ratiometric approach. By monitoring the 
quenching of two distinct carbon dot emissions, the method can account 
for potential variations in individual signal intensities caused by factors 
such as instrument fluctuations or sample matrix effects. The ratiometric 
signal, derived from the normalized difference between the quenched 
emissions, becomes less susceptible to these external influences, thereby 
enhancing the quantitative accuracy and reproducibility of the detection 
method. Moreover, the dual quenching response provides an additional 
layer of selectivity, as the quenching patterns observed for R/NCDs and 
B/NSCDs@Cu can be tailored to the specific analyte of interest, mini
mizing potential interferences from other species. This selectivity, 
combined with the robustness of the ratiometric approach, contributes 
to the overall reliability and practical applicability of the proposed 
approach in environmental and agriculture applications. Although most 
traditional ratiometric probes rely on one invariant fluorophore and 
another with a changing response or two fluorophores with opposite 
changes, the term “ratiometric” has been used in several previous 
studies for dual quenching systems similar to our approach. In these 
systems, the ratio of the quenched fluorescence intensities from two 
different fluorophores is utilized for sensing [41–43]. 

2. Experimental 

2.1. Materials and reagents 

Semicarbazide, sulfosalicylic acid, O-phenylenediamine (OPD), eth
ylenediamine, and copper sulphate were obtained from El-Nasr Phar
maceutical Chemicals Co., Cairo, Egypt. Hydrochloric acid (HCl), boric 
acid (H3BO3), acetic acid (CH3COOH), phosphoric acid (H3PO4), and 
sodium hydroxide (NaOH) were procured from alpha chemika Co., 
India. Insecticides and fungicides standards, including ziram (>99.0 %), 
chlorothalonil (98 %), fipronil (≥98 %), captan (98 %), chlorpyrifos (99 
%), myclobutanil (98 %), molosultap (98 %), azoxystrobin (97 %), fol
pet (>98.0 %), parathion (>98.0 %), metalaxyl (99 %), and imidaclo
prid (98.5 %) were procured from Sigma Aldrich (Steinheim, Germany). 
We used the chemicals as they came, without further purification. For all 
experiments, Milli-Q double-distilled water (DDW) with a resistivity of 
18.2 MΩ.cm was used. 

2.2. Instrumentation 

Instrumentation can be found in the Supplementary Data file. 

2.3. Synthesis of R/NCDs and B/NSCDs 

The preparation of R/NCDs and B/NSCDs followed previously re
ported procedures with some modifications [44]. The preparation of the 
R/NCDs fluorescent nanoparticles was conducted through a hydro
thermal approach, utilizing semicarbazide and o-phenylenediamine 
(OPD) as precursor materials. In the initial step, a specific quantity of 
semicarbazide (0.5 g) and OPD (1.0 g) were suspended in 50 mL of DDW 
to form a homogeneous mixture. The resulting mixture was subse
quently moved to a hydrothermal autoclave with a Teflon lining, where 
the heating of the samples was maintained at 180 ◦C for an extended 
time frame of 6 h. Once the heating was finished, the autoclave was left 
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to cool until it reached room temperature. The resulting solution un
derwent centrifugation at a rotational speed of 8000 rpm for 20 min to 
separate the solid and liquid phases. Following this, the supernatant 
underwent careful filtration utilizing a 0.22 μm syringe filter. The 
filtered solution then underwent a dialysis process, where it was 
enclosed in a 1000 Da dialysis bag and dialyzed against water for 24 h. 
Finally, the dialyzed solution was subjected to a freeze-drying process. 
This powdered material was then kept at a temperature of 4 ◦C. 

The synthesis of B/NSCDs was accomplished via a hydrothermal 
strategy, employing sulfosalicylic acid and ethylenediamine as the pre
cursor materials. In the initial step, specific quantities of sulfosalicylic 
acid (0.2 g) and ethylenediamine (0.2 mL) were suspended in 50 mL of 
DDW to form a homogeneous solution. This suspension was then placed 
in a Teflon-lined hydrothermal autoclave and exposed to an elevated 
temperature of 180 ◦C for six hours. Following the completion of the 
heating, the autoclave was allowed to cool down naturally until it 
reached room temperature. The resulting dispersion was subjected to 
centrifugation at a rotational speed of 8000 rpm for 10 min. The su
pernatant obtained after centrifugation was carefully filtered through a 
0.22 μm syringe filter. The filtered solution underwent a dialysis pro
cess, wherein it was moved to a 1000 Da dialysis bag and dialyzed 
against water for a period of 24 h. Lastly, the dialyzed solution was 
subjected to a lyophilization (freeze-drying) process. This powdered 
product was then kept at a temperature of 4 ◦C. 

Briefly, for both R/NCDs and B/NSCDs, the synthesis involved mix
ing precursors in DDW, autoclaving at 180 ◦C, followed by cooling, 
centrifugation, filtration, dialysis, and freeze-drying. The R/NCDs used 
semicarbazide and OPD as precursors, while B/NSCDs were synthesized 
from sulfosalicylic acid and ethylenediamine. Final products were sub
sequently stored at 4 ◦C. 

2.4. Quantum yield of the prepared CDs 

For quantum yield calculations, refer to the Supplementary Data file. 

2.5. Determination of ziram 

To determine ziram concentration utilizing the developed method, 
1.0 mL of B/NSCDs stock solution (0.05 mg mL− 1), 1.0 mL of Cu2+ stock 
solution (100.0 µg mL− 1), and 1.0 mL of R/NCDs stock solution (0.1 mg 
mL− 1) were added to a 10.0 mL volumetric flask. Following that, 1.0 mL 
of different concentrations of ziram were transferred and left to stand for 
1.0 min. A blank solution was prepared by adding 1.0 mL of DDW 
instead of ziram. For each flask, the desired volume was achieved by 
topping up with a buffer solution (B.R.) maintained at a pH of 7.0. The 
photoluminescence spectra were obtained by exciting the samples at a 
wavelength of 280 nm, and the photoluminescence intensities were 
measured at 400 nm and 610 nm, which correspond to the respective 
emission peaks of B/NSCDs and R/NCDs. 

2.6. Determination of ziram in water samples, apple and wheat grains 

Water samples from various sources, including tap water and river 
water, were gathered from the city of Assiut, Egypt. Water samples first 
underwent a two-step pretreatment process. Initially, filtration was 
carried out utilizing a cellulose membrane filter, with a pore size of 0.45 
μm. This was followed by an ion exchange treatment to remove potential 
interfering metal ions, particularly copper, which may affect the accu
racy of the determination procedures. 

The determination of ziram in apple fruits entailed an extraction 
procedure following the procedures suggested by Luo et al [45]. The 
apple fruits underwent peeling, cutting into smaller pieces, and ho
mogenization at a speed of 12,000 rpm. Subsequently, varying con
centrations of ziram were deliberately introduced into the homogenized 
fruit samples. To extract ziram, A quantity of 5.0 g of the sample, spiked 
with ziram, was combined with 5.0 ml of a solution comprising 50 % 
acetonitrile and 50 % water, along with 2.0 g of sodium acetate trihy
drate. This mixture was vigorously shaken for 1.5 min to facilitate 
extraction. After shaking, the mixtures underwent centrifugation at 
12,000 rpm for a duration of 4 min, after which the supernatant fraction 

Fig. 1. XRD pattern of (A) B/NSCDs and (B) R/NCDs and FT-IR spectra of R/NCDs (C) and (D) B/NSCDs.  
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was collected. To mitigate potential interferences from food components 
such as organic acids, sugar, and pectin, a transfer of 3 mL of the 
collected supernatant was conducted into a separate test tube with a 
capacity of 10 mL. Subsequently, 0.45 g of adsorbents (specifically, 
octadecylsilane silica/primary-secondary amine adsorbent or PSA/C18) 
was added to the test tube and mixed thoroughly. This mixture under
went centrifugation again at 12,000 rpm, and the final supernatant was 
collected in a separate test tube. The resulting supernatant was subjected 
to filtration using 0.20 μm nylon filters, and the filtered solution was 
then analyzed using the designed method for ziram detection. 

Wheat grain samples were prepared by accurately weighing 
approximately 10.0 g of finely ground wheat grains. Subsequently, the 
grains were subjected to spraying with aqueous suspensions containing 
different amounts of ziram. After spraying, the treated samples were left 
to dry under direct sunlight for one hour, followed by additional drying 
in the shade for 24 h to evaporate any excess moisture. The dried wheat 
samples were soaked in 50.0 mL of a 0.1 M NaOH solution and were left 
standing for a duration of 10 min. The mixture was then spun in a 
centrifuge at 2000 rpm for five minutes. After filtering aliquots of the 
solutions, their pH was brought to neutral by the addition of 0.1 M HCl 
[46]. Finally, the neutralized aliquots were analyzed following the 
general procedure outlined for the analytical method. 

3. Results and discussion 

3.1. Characterization of CDs 

TEM imaging was used to investigate the morphology and particle 
size of B/NSCDs and R/NCDs (Fig. S1A and B). The TEM images 
revealed that both types of carbon dots exhibited a spherical shape and 
relatively uniform size distribution. The insets of the respective TEM 

images indicated that the average diameters were approximately 3.5 nm 
for B/NSCDs and 3.0 nm for R/NCDs. Further characterization was 
performed using XRD analysis. The XRD patterns displayed distinct 
broad peaks for both B/NSCDs and R/NCDs, indicating that these carbon 
dots primarily consist of an amorphous core structure. XRD patterns 
exhibited peaks associated with the (002) plane of the graphitic struc
ture, which were centered at approximately 20.7◦ for B/NSCDs and 
20.2◦ for R/NCDs (Fig. 1A and B) [28]. 

FT-IR spectra revealed important details regarding the functional 
groups found on the surfaces of R/NCDs and B/NSCDs. For R/NCDs 
(Fig. 1C), the split broad peak at 3445 cm− 1 and 3053 cm− 1 was 
attributed to the vibrational stretching of O-H and N-H bonds, respec
tively [29]. The peaks at 1609 cm− 1 and 1160 cm− 1 were attributed to 
the stretching oscillations of C = N and C-N bonds, respectively, while 
the band at 1038 cm− 1 corresponded to the stretching modes of C-O 
bonds [27]. Additionally, the signal at 833 cm− 1 was associated with the 
bending oscillation of N-H group, and the peaks at 679 cm− 1 and 595 
cm− 1 were ascribed to the bending oscillations of C-H bonds. On the 
other hand, the FT-IR spectrum of B/NSCDs (Fig. 1D) revealed different 
functionalities on its surface. The forked broad peaks at 3130 cm− 1 and 
3028 cm− 1 were linked to the oscillational stretching of OH and NH 
groups, respectively, while the small signal at 2803 cm− 1 reflected the 
stretching oscillations of C-H groups. The sharp band at 1738 cm− 1 was 
corresponding to the vibrational stretching of carbonyl groups, and the 
peaks at 1487 and 1403 cm− 1 were assigned to the stretching modes of 
C = N and C-N groups, respectively [32,47]. Additionally, the small peak 
at 1204 cm− 1 was related to the vibrational stretching of C-O bonds, and 
the signal at 1083 cm− 1 was related to the stretching oscillations of S =
O bonds [28]. The sharp band at 736 cm− 1 was associated with the 
vibrational bending of N-H bond, while the signal at 601 cm− 1 was 
ascribed to the bending oscillations of C-H bond. XPS was utilized to 

Fig. 2. (A) UV–visible absorption, excitation, and emission spectra of R/NCDs, (B) Emission spectrum of R/NCDs under excitation from 250 to 300 nm, (C) 
UV–visible absorption, excitation, and fluorescence spectra of B/NSCDs, (D) Emission spectrum of B/NSCDs under excitation from 250 to 340 nm. 
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investigate the elemental composition of both B-NS@CDs and R- 
N@CDs. XPS spectroscopic examination showed that R-N@CDs were 
composed of C, N, and O atoms (Fig. S1C), while B-NS@CDs contained 
C, N, O, and S atoms (Fig. S1D) [32]. 

3.2. Spectroscopic properties of CDs 

The spectroscopic properties of R/NCDs and B/NSCDs were inves
tigated using ultraviolet–visible spectroscopy and fluorescence spec
troscopic measurement. For R/NCDs, the UV–Vis absorption spectrum 
(Fig. 2A) displayed a shoulder peak at 224 nm, related to π to π* tran
sition, and an intense peak at 278 nm, indicating n to π* transition [32]. 
Moreover, a wide absorption peak centered at 416 nm suggests that 
there are prolonged conjugated frameworks or the development of more 
extensive aromatic regions within the carbon nanodots. The fluores
cence emission spectrum of R/NCDs displayed a maximum emission 
band at 610 nm after excitation at 280 nm (Fig. 2A). It’s worth noting 
that the emission at 610 nm remained consistent, regardless of the 
excitation wavelengths used within the range of 250 to 300 nm. This 
observation suggests the existence of a single emissive state or a narrow 
distribution of emissive sites within the carbon dots [48]. Regarding B/ 
NSCDs, the UV–visible absorption spectrum (Fig. 2C) has a small peak at 
235 nm, related to π-π* transition, and an intense absorption band at 
297 nm, reflective of n-π* transition of carbonyl group, imine group, or 
the exitance of heteroatom-containing aromatic moieties [31]. The 
fluorescence emission spectrum of B/NSCDs displayed a maximum 
fluorescence peak at 400 nm after excitation at 300 nm, confirming 
successful energy transfer and radiative recombination process within 
the carbon dots [31]. As with the R/NCDs, the B/NSCDs showed an 
emission at 400 nm that was unaffected by changes in excitation 
wavelengths from 250 to 340 nm (Fig. 2D). The quantum yield of R/ 
NCDs is 12 %, while the quantum yield of B/NSCDs is 16 %. 

3.3. Fluorescence stability of CDs 

The fluorescence durability of both B/NSCDs and R/NCDs was 
examined across various pH levels, ionic strengths, and durations of UV 
light exposure. The effect of pH on the fluorescence intensity was 
examined within the interval from 2.0 to 10.0 (Fig. S2A and B). The 
maximum fluorescence intensity for both types of carbon dots was 
observed around pH 7.0. However, a decline in photoluminescence in
tensity was identified in highly acidic environments. This change in 
fluorescence with pH can be linked to either the protonation or depro
tonation of functional groups on the carbon dots’ surfaces [49], which 
can influence their electronic structure and fluorescence capabilities. 
The impact of ionic strength on the stability of fluorescence was assessed 
by varying NaCl concentrations from 0.01 to 3.0 M (Fig. S2C and D). 
Notably, even with increased ionic strength, the photoluminescence 
intensity for both B/NSCDs and R/NCDs was stable, indicating their 
resilience in solutions of differing ionic strengths. Furthermore, the 
study evaluated the photostability of the carbon dots by subjecting them 
to prolonged UV irradiation for a duration of up to 5.0 h (Fig. S2E and 
F). Despite prolonged exposure to UV irradiation, both B/NSCDs and R/ 
NCDs showed no significant decrease in fluorescence intensity, 
demonstrating their remarkable photostability. These results suggest 
that the synthesized B/NSCDs and R/NCDs possess remarkable fluores
cence stability under varying conditions, making them promising for 
potential use in various fields. 

3.4. Optimization of reaction conditions 

The optimization of experimental parameters for the fluorescence- 
based detection of ziram was conducted by employing a ratiometric 
approach. This approach involved measuring the ratio between the 
difference in the quenched fluorescence intensities of both R/NCDs and 
B/NSCDs upon exposure to ziram, divided by the corresponding 

difference in their blank readings. Different reaction times were evalu
ated, ranging from 0.5 to 10.0 min. It became clear that a reaction time 
of 1.0 min was sufficient to achieve the highest response (Fig. S3A). The 
influence of pH was examined across a range of pH values from 2.0 to 8.0 
(Fig. S3B). The optimum response was observed at pH 7.0. The choice of 
pH 7.0 as the optimum pH was related to the solubility and complexa
tion behavior of the metal ions involved. At pH values higher than 8, 
Cu2+ tend to precipitate as insoluble copper hydroxide species. There
fore, the investigation of pH was limited to a maximum value of pH 8 to 
avoid precipitation of Cu2+. Therefore, highly alkaline conditions may 
hinder the formation of soluble copper complexes with ziram. 
Conversely, highly acidic media may weaken the complexation of Cu2+

with ziram. Therefore, to maintain the solubility and favorable 
complexation of Cu2+ with ziram while minimizing the risk of precipi
tation, an optimal pH value around pH 7.0 is typically chosen. The 
amount of Cu2+ was optimized within a concentration range of 1.0 to 
100.0 µg mL− 1 (Fig. S3C), considering two factors: achieving slight 
fluorescence quenching for B/NSCDs and the formation of a yellow color 
complex that leads to significant quenching for both B/NSCDs and R/ 

Fig. 3. (A) Fluorescence emission spectra of R/NCDs and B/NSCDs@Cu with 
different amounts of ziram. (B) Linear relationship of ΔF/ΔF0 versus ziram 
amounts ranged from 20.0 to 1000.0 ng mL− 1. All tests were carried out in 
triplicate, and the error bars show the standard deviation of these triple 
measurements. 
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NCDs. Among the tested concentrations, it was found that 10.0 µg mL− 1 

resulted in significant fluorescence quenching for both peaks upon 
addition of ziram while causing slight quenching before the addition of 
ziram. Although a lower response was noticed for B/NSCDs at an exci
tation wavelength of 280 nm, this wavelength was still chosen for both 
R/NCDs and B/NSCDs. The decision was based on the fact that it was the 
only suitable wavelength that resulted in sufficient emission for both 

types of CDs. 

3.5. Ratiometric detection of ziram 

The performance of the B/NSCDs@Cu (400 nm) and R/NCDs (610 
nm) ratiometric fluorescence system for the detection of ziram was 
evaluated by measuring the ratio between the difference (ΔF) in the 
quenched fluorescence intensities of R/NCDs and B/NSCDs@Cu upon 
exposure to ziram, divided by the corresponding difference in their 
blank readings (ΔF0), at different concentrations of ziram under optimal 
conditions. The fluorescence intensity ratio ΔF

ΔF0 
is calculated using the 

formula ΔF = F610 − F400 where F610 is the fluorescence intensity of R/ 
NCDs after exposure to ziram, and F400 is the fluorescence intensity B/ 
NSCDs@Cu after exposure to ziram. Similarly, ΔF0 is defined as F0 

(610)–F0(400), where F0(610) and F0(400) are the fluorescence intensities of 
R/NCDs and B/NSCDs@Cu without ziram, respectively. As depicted in 
Fig. 3A, upon increasing the ziram concentration, the fluorescence in
tensity of B/NSCDs@Cu at 400 nm and R/NCDs at 610 nm decreased. 
Consequently, the fluorescence intensity ratio (ΔF/ΔF0) gradually 
increased as the ziram concentration increased. A linear relationship 
was noted in the concentration range of 20.0 –1000.0ng mL− 1 (Fig. 3B), 
with the corresponding linear regression equation: ΔF/ΔF0 = 0.0005 
[ziram] + 0.0003 (R2 = 0.9935). To determine the limit of detection 
(LOD) for ziram, the following formula was employed: 3σ/k, where σ 
represents the standard deviation, and k denotes the slope of the 
regression equation obtained from the calibration curve. The LOD for 
ziram was found to be as low as 6.22 ng mL− 1, indicating the high 
sensitivity of the proposed method. A comparison between the proposed 

Table 1 
Comparison of the proposed fluorescent system with other reported methods for 
the quantitation of ziram.  

Method Linear range 
(μg mL− 1) 

LOD 
(μg 
mL− 1) 

Matrix Ref. 

(Fluorometric) 
CdSe/ZnS QDs 

1.53 ×
10− 5–1.22 ×
10− 2 

6.12 ×
10− 6 

Tomato and rice [50] 

(Fluorometric) 
Red CDs 

0.0–5.0 0.55 Tap and lake 
water 

[25] 

(Fluorometric) 
CsPbBr3 QDs 

0.1–50 0.086 Apple and 
cherry tomato 

[51] 

SERS 0.01–100.0 0.01 Apple juice [52] 
SERS 0.1–10.0 0.015 Apple and pear 

fruits 
[53] 

Flame-AAS 0.08–1.6 0.145 Fog-water 
samples 

[8] 

Spectrophotometric 
(SCN--rhodamine 
6G) 

0.05–1.0 ———— Water, potato, 
cabbage and 
wheat grains 

[54] 

B/NSCDs@Cu and R/ 
NCDs 

0.02–1.0 0.006 Apple, grains, 
and water 

This 
work  

Fig. 4. (A) Fluorescence spectral overlay of R/NCDs and B/NSCDs before and after addition of ziram (10.0 μg mL− 1), (B) Fluorescence spectral overlay of R/NCDs 
and B/NSCDs before and after addition of Cu2+ (10.0 μg mL− 1), (C) The overlay of the excitation and fluorescence spectra of B/NSCDs, along with the absorption 
spectra overlay of ziram and Cu(DDC)2 and (D) The overlay of the excitation and fluorescence spectra of R/NCDs, along with the absorption spectra overlay of ziram 
and Cu(DDC)2. 
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method and previously reported fluorometric methods for ziram quan
titation is presented in Table 1. The proposed dual quenching method 
offers high sensitivity and a wide linear range for ziram detection, 
comparable to or better than many reported techniques. It provides 
advantages like simplicity, cost-effectiveness, and avoidance of potential 
toxicity concerns. While fluorometric methods using other CDs generally 
offer good sensitivity, they may face challenges related to complex 
synthesis. Traditional techniques like Flame-AAS, Spectrophotometry, 
and SERS can suffer from interferences, higher detection limits, or 
complex sample preparation. The proposed method’s dual quenching 
strategy presents a promising approach, combining high sensitivity and 
selectivity with potential for portable device development. 

3.6. Mechanism of detection of ziram 

Upon the addition of ziram to the B/NSCDs@Cu and R/NCDs system, 
the fluorescence of R/NCDs and B/NSCDs@Cu is quenched. To acquire a 
comprehensive understanding of the fluorescence quenching mecha
nism, a series of experiments were conducted. Addition of ziram (10.0 μg 
mL− 1) can quench the fluorescence of B/NSCDs slightly and have 
moderate quenching effect on R/NCDs which affect sensitivity of 
determination as shown on Fig. 4A. To overcome this sensitivity prob
lem, Cu2+ are added to the system to form the B/NSCDs@Cu. Addition of 
Cu2+ to this system causes fluorescence quenching of B/NSCDs but has 
no effect on R/NCDs as shown in Fig. 4B. The possible reason that B/ 
NSCDs respond to addition of Cu2+ is that B/NSCDs exhibit a negative 
surface charge due to presence of carboxylate, hydroxyl, and sulfonyl 
groups. These surface characteristics enhance the complexation ability 
with Cu2+. The quenching of B/NSCDs by copper ions does not pose any 
issues in our determination because the B/NSCDs@Cu system is regar
ded as a unified fluorescence system, regardless of the initial fluores
cence intensity. Upon addition of ziram to this dual emission system, 
bright yellow color appears of copper dimethyldithiocarbamate (Cu 
(DDC)₂). The yellow color produced led to an increased degree of 
spectral overlap of the produced complex with the excitation and 
emission spectra of B/NSCDs (Fig. 4C). Furthermore, the spectral 
overlap became even more significant with the excitation spectrum of R/ 
NCDs (Fig. 4D). The formation of yellow color may be attributed to the 
displacement of Zn2+ from ziram by Cu2+ and the strong binding ability 
of dimethyldithiocarbamate to Cu2+ more than Zn2+ [55,56]. The 
dithiocarbamate moiety in ziram has a high affinity for Cu2+, resulting 
in the formation of a stable copper-dimethyl dithiocarbamate complex. 
Consequently, the Cu2+ initially bound to the B/NSCDs are displaced, 
leading to significant fluorescence quenching due to yellow color 
formation. 

Fluorescence lifetime experiments were performed to better under
stand the quenching mechanisms responsible for the observed phe
nomena [57–60]. For the B/NSCDs@Cu system, the overlap in spectra 
between the absorption of Cu(DDC)₂ and the excitation and emission 
spectra of B/NSCDs could potentially arise from either an inner filter 
effect (IFE) or Förster resonance energy transfer (FRET). To distinguish 
between these two mechanisms, the fluorescence decay time of B/ 
NSCDs@Cu was measured in the absence and presence of Cu(DDC)₂. No 
change in the fluorescence lifetime was detected (Fig. S4A), supporting 
the occurrence of an IFE rather than FRET. In the case of R/NCDs, the 
spectral overlap occurred only between the absorption spectrum of Cu 
(DDC)₂ and the excitation spectrum of R/NCDs, suggesting the possi
bility of an IFE. To confirm this, fluorescence lifetime measurements 
were conducted for the R/NCDs system. Again, no change in the fluo
rescence lifetime was identified in the presence of Cu(DDC)₂ (Fig. S4B), 
confirming the occurrence of an IFE. In addition to the inner filter effect, 
static quenching also plays a role in the fluorescence quenching process 
in the B/NSCDs@Cu and R/NCDs systems upon ziram addition. This was 
proven by employing the Stern-Volmer equation: F0/F = 1 +

KSV[ziram], where [ziram] is the ziram concentration, and F0 and F are 
the fluorescence intensities without and with ziram, respectively. The 

quenching constant (KSV) decreased with increasing temperature 
(Fig. S4C and D), suggesting that the static quenching, involving the 
formation of non-fluorescent ground-state complexes between the car
bon dots and ziram, is favored at lower temperatures. 

3.7. Selectivity 

The selectivity of the B/NSCDs@Cu and R/NCDs fluorescence system 
toward ziram detection was investigated by evaluating its response to 
various fungicides and insecticides commonly used in agriculture. The 
selection of these specific compounds was based on their widespread use 
and potential co-occurrence with ziram due to common application in 
agricultural environments. The fungicides and insecticides evaluated 
included fipronil, chlorpyrifos, monosultap, parathion, imidacloprid 
(insecticides), and chlorothalonil, captan, myclobutanil, azoxystrobin, 
folpet, and metalaxyl (fungicides). These compounds exhibit a diverse 
range of chemical properties and mechanisms of action, making them 

Fig. 5. The effect of different (A) fungicides and insecticides on the difference 
of fluorescence intensity ratio (ΔF/ΔF0) of B/NSCDs@Cu and R/NCDs system, 
and (B) metal ions on (ΔF/ΔF0) of B/NSCDs@Cu and R/NCDs system. 
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suitable for assessing the specificity of the ziram reported detection 
method in various matrices such as water, and foodstuffs. As shown in 
Fig. 5A, the change in fluorescence ratio (ΔF/ΔF0) induced by ziram was 
remarkably higher than that of the investigated fungicides and in
secticides at concentrations up to 10.0 μg mL− 1. The observed results 
align with the proposed detection mechanism, which can be elucidated 
by the specific interactions occurring between the Cu2+ ions associated 
with the B/NSCDs@Cu system and the dithiocarbamate functional 
groups present in the ziram molecule. Additionally, the selectivity of the 
proposed method was evaluated by studying the effect of common metal 
cations present in real sample matrices such as apples, grains, and water. 
As depicted in Fig. 5B, these metal cations showed negligible influence 
on the fluorescence response, indicating that the proposed method ex
hibits excellent selectivity for ziram detection, even in the presence of 
potentially interfering metal ions found in the studied matrices. There
fore, the B/NSCDs@Cu and R/NCDs fluorescence system demonstrated 
excellent selectivity toward ziram, with minimal interference from other 
fungicides, insecticides, and common metal cations, making it a poten
tial method for the specific detection and analysis of ziram in various 
agricultural matrices. 

3.8. Applications 

The proposed ratiometric fluorescence method based on B/ 
NSCDs@Cu and R/NCDs was applied to determine the presence of ziram 
in various matrices, including tap water, river water, wheat grains, and 
apple samples. To evaluate the method’s performance, known amounts 
of ziram were spiked into these sample matrices. The samples were 
initially confirmed to be free of ziram and other studied fungicides. The 
recovery of ziram from the fortified samples was determined by 
comparing the measured concentrations to the known spiked amounts. 
The results of these determinations are presented in Table 2. The re
coveries obtained for ziram in the different sample matrices were 
excellent, ranging from 97.60 % to 102.25 %. These values indicate the 
high accuracy and reliability of the proposed approach for the quanti
tative determination of ziram in various environmental and food sam
ples. To establish the baseline concentrations, untreated samples were 
analyzed as references. The results confirmed the absence of ziram in the 
unspiked samples, further validating the accuracy of the method. 

Matching results from other sensitive fluorometric methods suggest 
that the newly developed sensing platform ensures reliable accuracy and 
precision for the quantitative determination of ziram in diverse samples 
[50]. 

4. Conclusions 

In conclusion, this work presents a highly sensitive and selective 
method for the detection of the fungicide ziram by exploiting the dual 
fluorescence quenching of R/NCDs and B/NSCDs@Cu induced by the 
formation of copper dimethyldithiocarbamate Cu(DDC)2. The displace
ment of zinc ions from ziram by copper ions bound to the carbon dots 
results in the generation of the yellow-colored complex, which acts as an 
efficient quencher of the carbon dot emissions. The proposed method 
exhibited remarkable sensitivity across a wide concentration range, 
enabling trace-level detection of ziram. Additionally, the excellent 
selectivity and high recovery rates achieved when the method was 
applied to real samples, such as apples, grains, and water matrices, 
highlight its potential for practical applications in environmental 
monitoring and food safety assessments. The combination of high 
sensitivity, selectivity, and applicability to diverse sample matrices 
makes this carbon dot-based dual quenching approach a promising tool 
for the rapid and accurate detection of ziram. Moreover, the simplicity 
and cost-effectiveness of the method, along with the unique optical 
properties and biocompatibility of carbon dots, open up opportunities 
for further development and adaptation to other analyte detection sce
narios. The key advantages of the carbon dot-based dual quenching 
approach include wide concentration range, trace-level detection, and 
excellent performance in real samples. However, the synthesis 
complexity and multiple components involved pose challenges. Future 
research could simplify carbon dot synthesis, develop multiplexed 
sensing platforms, and integrate portable devices for on-site monitoring. 
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Table 2 
Recovery of ziram from treated water, apple and wheat grains samples by the proposed method and reported method (n = 3).  

Samples Added 
(ng mL− 1) 

Proposed method Reported method [50] 

Found 
(ng mL− 1) 

Recovery (%) 
± RSD (%) 

Found 
(ng mL− 1) 

Recovery (%) 
± RSD (%) 

Tap water 0 Not detected ———————————— Not detected ———————————— 
20 19.52 97.60 ± 1.25 20.12 100.60 ± 2.11 
100 98.35 98.35 ± 2.34 99.65 99.65 ± 1.99  

River water 0 Not detected ———————————— Not detected ———————————— 
20 19.87 99.35 ± 1.98 19.96 99.80 ± 2.05 
100 100.22 100.22 ± 2.98 99.03 99.03 ± 2.66  

Wheat grain 0 Not detected ———————————— Not detected ———————————— 
20 20.35 101.75 ± 2.78 19.75 98.75 ± 2.38 
100 99.25 99.25 ± 2.33 98.47 98.47 ± 2.98  

Apple 0 Not detected ———————————— Not detected ———————————— 
20 20.45 102.25 ± 2.45 20.02 101.00 ± 2.29 
100 98.56 98.56 ± 2.47 99.61 99.61 ± 1.71  
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the work reported in this paper. 
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