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1. Introduction
In the food industry, frequently used synthetic dyes have become alternatives to natural dyes with their low cost, 
impressive stability, and color integrity [1,2]. Sunset yellow (SY), disodium 6-hydroxy-5-[(4-sulfophenyl) azo]-2-
naphtalenesulfononate, which is one of the synthetic dyes and contains the azo group, is used in beverages, sugars, 
pharmaceuticals, and cosmetics [1–3]. High intake of SY causes various harmful effects such as suppression of the immune 
system, cancer, hyperactivity, liver damage and allergies and is banned in Finland and Norway for these reasons [1,4]. 
The acceptable daily intake of SY is 4 mg/kg according to the European Food Safety Authority (EFSA) [1]. Therefore, it is 
very important to develop easy, fast, low-cost, reproducible, and compatible with green chemistry analysis methods for 
the determination of SY.  Various analytical methods have been used for the determination of SY, such as electrochemical 
methods [1–3], high-performance liquid chromatography (HPLC) [5], spectrophotometry [6], capillary electrophoresis 
[7], and ELISA [8]. However, these applications may have several disadvantages such as long analysis times, the need for 
specialized personnel, using of expensive equipment, long sample preparation procedures, and not being suitable for green 
chemistry [9].

Metal nanoclusters, consisting of a few to hundreds of atoms, have unique properties with their ultrasmall size. Metal 
nanoclusters have properties similar to molecules, such as HOMO-LUMO transition, magnetism, spectrochemical, and 
redox properties [9–10]. The most well-known metal nanoclusters are copper nanoclusters (CuNCs), silver nanoclusters 
(AgNCs), and gold nanoclusters (AuNCs), etc. When comparing CuNCs, AgNCs, and AuNCs, copper nanoclusters are 
more economical than others [10]. Metal nanoclusters have several advantages including, good photoluminescence, low 
toxicity, biocompatibility, water solubility, high Stokes shift, high photostability, and catalytic properties, therefore, metal 
nanoclusters can be an alternative to fluorescent dyes, quantum dots, fluorescent proteins, and organic fluorophores [9–11]. 
Metal nanoclusters have been used in various fields such as pharmaceutical analysis [10], food analysis [9], bioimaging [12], 
ions sensing [12], and catalysis [13]. There are various synthesis methods for metal nanoclusters such as microwave [14], 
sonochemical [15], UV light [16], one-step hydrothermal [9], and electrochemical [17]. HSA [18], BSA [10], amino acids 
such as cysteine [9], tryptophan [12], peptides such as glutathione [19], polymers such as PEI [20] have been used for the 
coating agents. In this study, CuNCs have been synthesized using copper salt and L-cysteine as inexpensive precursors, and 
an inexpensive, fast, simple, repeatable, green chemistry-friendly method has been developed for the determination of SY. 
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Various techniques have been used for the characterization of the synthesized CuNCs. These are UV-Vis spectrophotometer 
to obtain the absorbance spectrum of the synthesized CuNCs, spectrofluorimeter to measure excitation and emission 
wavelengths and fluorescence intensity, infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy XPS to elucidate 
how CuNCs bind to cysteine, transmission electron microscopy (TEM), zeta potential measurement and dynamic light 
scattering analyze (DLS) for size characterization. The developed fluorescence probe, whose optimum working parameters 
were determined, was used for the determination of SY in powder drink. The mechanism of fluorescence quenching events 
that occur as a result of interaction of CuNCs with SY is due to static quenching and inner filter effect.

2. Experimental 
2.1. Chemicals and materials
L-cysteine hydrochloride monohydrate, copper nitrate, glucose, sucrose, magnesium nitrate, phosphoric acid, ascorbic 
acid, and citric acid were obtained from Merck (Darmstadt, Germany). Sodium hydroxide, sodium chloride, potassium 
chloride, and calcium chloride were obtained from Sigma (Germany). Sunset Yellow was obtained from Roha Dye Chem. 
Pvt. Ltd. (Mumbai, India). Powder drinks were purchased from a supermarket in Ankara, Türkiye. All the other chemicals 
and solvents were of analytical grade. The stock solutions of SY (2.3 × 10–3 mol L–1) were prepared in deionized water 
and kept in the refrigerator. Acetate buffer (0.1 M pH 4.00 and 5.00), phosphate buffer (0.1 M pH 3.00, 6.00, 7.00, 8.00), 
and borate buffer (0.1 M pH 9.00 and 10.00) were prepared in deionized water. The pH was adjusted with 5 M sodium 
hydroxide. The deionized water was used for all experiments (18 MΩ.cm).
2.2. Instrumentation
XPS analyses were made by using PHI 5000 VersaProbe III multi-technique XPS (ULVAC-PHI, Japan). DLS and Zeta 
potential analysis were done on a Zetasizer Nano ZS Series, Malvern instrument. FEI Tecnai G2 Spirit Biotwin CTEM 
was used for TEM image. Perkin Elmer Spectrum 400 FTIR/FTNIR spectrometer was used for IR spectrum. To obtain 
absorbance spectra and fluorescence spectra, Specord 50 Plus (Analytic Jena, Germany) and Agilent Cary Eclipse 
spectrofluorometer were used, respectively. In fluorescence measurements, the excitation wavelength and slit width were 
375 nm and 10.0 nm, respectively. Mettler-Toledo GmbH pH meter was used for pH measurements. All experiments were 
performed at room temperature.
2.3. Synthesis of L-cysteine-coated copper nanoclusters
The synthesis of L-cysteine-coated copper nanoclusters was carried out according to the synthesis procedure in the 
literature [9]. Shortly, 5 mL of 0.4 M NaOH was taken in a beaker and 175 mg of L-cysteine was added. Then, 500 µL 1.00 
mM of CuNO3 solution was added to this mixture drop by drop. This mixture was stirred on a magnetic stirrer at room 
temperature for 30 min to dissolve all precursors. Then, the obtained solution was heated to 55 °C for 4 h.  The synthesized 
CuNCs were stored in the refrigerator at 4 °C.
2.4. Sample preparation 
The extraction procedure for SY in powder drinks samples is as follows: 30 mg of powder drinks were weighed precisely, 
dissolved with deionized water, and completed to 10 mL in the volumetric flask. It was centrifuged to remove the undissolved 
contents. Fifty µL of clear supernatant were used for further analysis. All experiments were repeated three times.
2.5. Interaction between SY and copper nanoclusters
The absorption spectra of SY depended on the media pH. Consequently, the effect of pH was identified in the range of 
3–10 by using acetate, phosphate, and borate buffer solutions. Maximum absorption intensity was obtained in pH 9 borate 
buffer. To understand the interaction between CuNCs and SY, 10 µL of CuNCs solution in 2 mL of borate buffer at pH 9.00 
was titrated by successive additions of SY. The excitation wavelength was chosen as 375 nm. The fluorescence intensity of 
CuNCs was quenched with increasing SY concentration. Obtained fluorescence spectra were recorded in the presence and 
absence of SY. The quenching of fluorescence intensity was recorded as F0/F. Measurements were made three times and the 
obtained values were used in the calculations.

In order to understand the selectivity of CuNCs to SY, the substances in powder drinks that are potential interferents, 
namely glucose, sucrose, citric acid, ascorbic acid, tartaric acid, and Na+, K+, Mg2+, Ca2+, Cl–, SO4

2– ions were examined. 
Substances expected to interference (0.39 mM) were prepared 30 times more concentrated than SY (0.013 mM). 

3. Results and discussion
3.1. Characterization of synthesized L-cysteine coated copper nanoclusters
The methods used for the structural and optical characterization of the synthesized CuNCs, were UV-Vis spectrophotometry, 
spectrofluorimetry, FT-IR, XPS, TEM, DLS, and zeta potential analysis. According to the TEM image, the shape of the 
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CuNCs was found to be spherical, with a size of about 3 nm and a uniform particle size distribution (Figure 1A). DLS 
analysis results showed that the dimension of CuNCs was 3.2 nm and this result was found to be compatible with the TEM 
image (Figure 1B). The increase in size resulting from DLS analysis is thought to be due to the hydrodynamic radius. The 
zeta potential analysis of synthesized CuNCs in its aqueous prepared solution at pH 9 has shown that the nanoclusters have 
a negative charge (–20.4 mV), and this protects the particles from aggregation. 

It was aimed to determine the surface groups of nanoclusters by taking the FT-IR spectra of L-cysteine and CuNCs 
separately. When the obtained IR spectra were compared, the band corresponding to the -SH stretching vibration in the 
range of 2550–2600 cm–1 disappeared. This result explains that the covalent bond formation between L-cysteine ​​and Cu 
atoms on the surface of NCs is due to sulfur atoms (Figure 1C) and that the surface of CuNCs is coated with L-cysteine. 

The XPS spectrum of synthesized nanoclusters defined that the CuNCs formed of Cu, S, N, C, and O elements. The 
five peaks belonging to mentioned elements are as follows; 162 eV (S 2p), 285 eV (C 1s), 398 eV (N 1s), 531 eV (O 1s), and 
932 eV (Cu 2p). The Cu2p spectrum showed two peaks at 952.2 and 932.2 eV indicating Cu 2p1/2 and 2p3/2, respectively, 
according well with Cu (0) state. In addition, the absence of a peak around 940 eV explains the lack of Cu2+ in the CuNCs 
and the conversion of all copper ions to metal nanoclusters (Figure 1D).

The absorption spectra of Cu(NO3)2, L-cysteine, and CuNCs are shown in Figure 2A. As can be seen from the figure, 
CuNCs had a weak absorption peak at 375 nm, while (CuNO3)2 and L-cysteines did not show a significant peak at 375 nm. 

Considering the absorption spectrum of the synthesized CuNCs, it is seen that the maximum peak is at 375 nm. 
When CuNCs were excited at 375 nm, it was seen that they produced strong blue emission at 470 nm (Figure 2B). When 
the fluorescence spectra of Cu(NO3)2, L-cysteine, and CuNCs are compared, it is seen that only CuNCs have a significant 
emission spectrum. The obtained results indicated the successful preparation of nanoclusters.

As a result, it is understood that the synthesized CuNCs can be used as a fluorescent probe.
3.2. Optimization of CuNCs synthesis conditions
In this study, L-cysteine ​​has been used as both a reducing and stabilizing agent and the synthesis conditions of CuNCs have 
been optimized. Reaction time, temperature, copper concentration, and L-cysteine ​​concentrations have been optimized 
(Figure 3). First, the amount of L-cysteine ​​has been optimized. L-cysteine ​​amounts of 125 mg, 150 mg, 175 mg, and 200 mg 
have been studied and it was decided that 175 mg of L-cysteine ​​was the optimum condition. Less than 175 mg of L-cysteine 
was insufficient for the reduction and stabilization of Cu2+. The experiment using 200 mg of cysteine has been eliminated 
because of the occurring precipitation (Figure 3A). For the optimization of the incubation times of CuNCs, measurements 
were taken at 0 min, 60 min, 120 min, 180 min, 240 min, and 300 min and maximum signal intensity was obtained at 240 
min (Figure 3B). The reason for the decrease in fluorescence intensity after 240 min is thought to be due to the aggregate of 
CuNCs. Indeed, experimental studies have shown that the color of the solution obtained at the end of this period becomes 
darker and precipitate formation occurs. In the last step of the optimization studies, experiments were carried out at room 
temperature, 35 °C, 45 °C, 55 °C, and 65 °C to examine the effect of temperature on CuNCs. It is thought that CuNCs 
are not formed at the desired level, since sufficient energy is not supplied at temperatures below 55 °C (Figure 3C). As a 
result, 175 mg L-cysteine ​​amount, 240 min incubation time, and 55 °C synthesis temperature were selected as optimized 
conditions.	
3.3. The experimental conditions selections
In the study, the change in the fluorescence signal of nanoclusters between pH 3–10 was examined. To examine the effect of 
pH on CuNCs and Sunset Yellow, pH 4.00, pH 5.00 acetate buffer, pH 3.00, pH 6.00, pH 7.00, pH 8.00 phosphate buffer, pH 
9.00, pH 10.00 borate buffer were prepared. There was an increase in the fluorescence signal up to pH 9, but the emission 
value decreased after this value. CuNCs gave the maximum fluorescence intensity in pH 9.00 buffer (Figure 3D). Due 
to L-cysteine, the surface of the nanoclusters has negatively charged in the acidic region. In this media, the fluorescence 
intensities were low because of the neutralization of the negatively charged CuNCs by protons. 

On the other hand, the highest fluorescence emission intensity was obtained at pH 9. This may be due to the change in 
surface charge of CuNCs depending on pH. Sunset yellow was found to be stable at all pHs. Therefore, pH 9 was chosen 
as the experimental condition. 

The reaction of CuNCs with SY between 0 and 30 min was examined and no significant change was after 1 min. 
Therefore, the reaction time was determined as 1 minute for this method to be developed and tested on different samples 
(Figure S1).
3.4. Selectivity of method
The purpose of this study is to determine the amount of SY in different types of powdered drinks. Therefore, to investigate 
the selectivity of the developed sensor, the effect of substances that may interfere in powder drinks such as sucrose, glucose, 
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Figure 1. A)  TEM image of CuNCs, B) Dynamic light scattering CuNCs, C) FT-IR of L-cysteine (blue line) and CuNCs (pink line) D) 
a- The survey XPS spectrum of CuNCs and b-XPS spectrum of Cu in CuNCs. 
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Figure 2. A) Absorption spectra of CuNCs (grey dash line), L-cysteine (black line) and Cu(NO3)2 
(grey line), SY (black dotted line), CuNCs-SY complex (black dash line) B) Excitation (black line), and 
emission (grey line) spectra of CuNC.
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Figure 3. Optimization studies of CuNCs. A) 
L-cysteine amount, B) time, C) temperature, D) pH. 
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ascorbic acid, citric acid, tartaric acid, and the effect of ions such as Na+, K+, Mg2+, Ca2+, Cl–, SO4
2– were investigated. The 

concentration of potentially interfering substances was prepared 30 times the concentration of SY. Then, the changes in 
the fluorescence intensity of CuNCs were investigated by using solutions of SY and other substances that might interfere. 
Even if the solutions of potentially interfering substances were prepared 30 times more concentrated, CuNCs and SY gave 
a high (F0–F)/F0 value (Table 1). In other words, the developed method is significantly selective for SY.
3.5. Fluorescence quenching mechanism
L-cysteine-coated CuNCs were chosen as fluorescent probes due to their high emission, high stability, low toxicity, and 
easy synthesis procedure. The surface of L-cysteine functionalized CuNCs have a carboxylic acid group. SY has sulfonic 
groups. Both the oxygen on the carboxylic acid and on the sulfonic acid group are electronegative, hence, a new complex 
may form between dye and nanoclusters due to interaction among of them.  As seen in Figure 4, the fluorescence emission 
of CuNCs quenches regularly against increasing SY concentration. The remarkable quenching of the fluorescence emission 
of CuNCs indicates significant interaction with SY. A blue shift was observed in the emission wavelength of CuNCs, 
indicating that the CuNCs changed in size.

Fluorescent quenching mechanism is of two types as dynamic (collisional) and static quenching. In the static system, 
the quencher and the fluorophore interact at the ground state to form a nonfluorescent complex, while in the dynamic 
quenching process, the molecules are in contact in the excited state and nonradiative relaxation happens. Static and 
dynamic quenching can be differentiated by half-life measurements of both mechanisms and their response to temperature 
and viscosity differences [21]. 

Another common quenching mechanism is the inner filter effect. For this mechanism to occur, the absorption spectrum 
of the quencher must overlap the excitation or emission spectrum of the donor. These mentioned mechanisms can occur 
simultaneously and competitively.

The quenching mechanisms can be defined Stern-Volmer equation, F0 /F = 1 + KSV [Q]. In this equation F0 and F are 
described as the fluorescence intensity of CuNCs alone and after the addition of SY, respectively. KSV and [Q] represent 
the Stern-Volmer quenching constant and SY concentration, respectively (Lakowicz, 2006). Ksv is calculated from the 
slope of the relationship between F0/F and [Q]. In this study, linearity (F0/F = 3.1 × 104 [Q] + 0.9703) was achieved in the 
concentration range of 1.4 × 10 –6 –31 × 10 –6 M with a regression coefficient of r2 = 0.9930 at 298 K. Obtained high linearity 
results explained that fluorescence quenching mechanism static and KSV was calculated to be 3.1 ´ 104 M –1 which means 
strong interaction between the molecules. 

In order to better evaluate the quenching mechanism, the temperature effect on the interaction between SY and CuNCs 
was studied. As seen in Table 2, Ksv values were calculated to be 4.9 × 104, 3.1 × 104, and 2.9 × 104 at 288, 298, 308 K, 
respectively. Ksv values decreased as the temperature increased, which indicated that the possible quenching mechanism 
between CuNCs and SY was static [22]. 

Using the equation log ((F0–F) / F) = log K + n log [Q], binding coefficient (K) and the number of binding sites (n) can 
be calculated. The K value indicates whether the intermolecular interaction is strong or weak, while the n value indicates 
how many points there is interaction. These values are determined from the intercept and slope values of the regression 
curve of log(F0 –F)/F versus log[Q], respectively. K and n values are found as 7.2 × 104 and 1.08, respectively, which means 
SY and CuNCs bind strongly and from a single site.

Sample Added (F0–F) / F ± SD
Sunset Yellow 0.013 mM 1.0 ± 8.8 × 10–3

Citric acid 0.39 mM 0.07 ± 0.03
Glucose 0.39 mM 0.10 ± 4.26 × 10–3

Sucrose 0.39 mM 0.04 ± 2.0 × 10–3

Tartaric acid 0.39 mM 0.052 ± 4.65 × 10–3

Sodium 0.39 mM 0.04 ± 5.55 × 10–3

Potassium 0.39 mM 0.05 ± 4.10 × 10–3

Magnesium 0.39 mM 0.04 ± 3.4 × 10–3

Calcium 0.39 mM 0.01 ± 4.20 × 10–3

Chloride 0.39 mM 0.04 ± 5.55 × 10–3

Sulfate 0.39 mM 0.04 ± 3.4 × 10–3

* Mean of the three experiments.

Table 1. Effect of various interfering substances.
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Figure 2A shows the overlapping of the absorption spectra of CuNCs and SY. In addition, there was a wide part of 
overlap between the emission and excitation band of CuNCs and the absorption peak of SY, which means the absorption 
of the excitation wavelength of CuNCs by SY/reabsorption of the NCs emission by SY. In accordance with Beer–Lambert 
Law, the molar absorption coefficient of SY was calculated as 4468.96, and 15786.2 at 375, and 470 nm wavelength 
respectively, which demonstrated that it was applicable to sensitive determination by IFE. According to these results, it can 
be said that the quenching mechanism is based on static and IFE. Considering the overlap of absorption spectra of dye 
and nanoclusters and the experimental data on the effect of temperature on quenching, it was thought that the quenching 
mechanism between SY and CuNCs may be a combination of static quenching and inner filter effect.
3.6. Fluorescence detection of SY by CuNCs
SY is used as a food dye, in candies, powder drinks, pharmaceuticals, and colorant in cosmetics. Its low cost and 
high stability make it more attractive and therefore more used. However, the use of high amounts has various harms, 
these are known as cancer, suppression of the immune system, and damage to various organs. For this reason, its 
use is prohibited in Finland and Norway. Therefore, the determination of SY becomes important. The interaction 
of SY with CuNCs causes quenching of fluorescence emission and decreasing of emission intensity depends on the 
concentration of the SY. This showed that the developed method is suitable to be used as a probe for the determination 
of SY in samples. 

The proposed fluorescent sensor was studied by adding different concentrations of SY by spectrometric titration 
method under optimum conditions. The emission fluorescence intensity of CuNCs was measured at 470 nm when 
excited at 375 nm. As shown in Figure 4, the emission intensity of the nanoparticles gradually decreased as a result of 
the interaction with the dye. The linearity of this developed nanosensor was obtained in the range of 0.65–14 μg.mL–1 
SY concentrations (Table 3). The R2 value was found to be 0.9926, so a good linear correlation was obtained between the 
SY concentration and the intensity. The linear regression equation ΔP = 0.0695 C + 0.97, where C is the concentration 
of SY (μg.mL–1), and ΔP is the fluorescence quenching intensity (F0/F). The limit of detection (LOD) and limit of 
quantification (LOQ) were calculated by using the 3s/m and 10s/m, where s is standard deviation and m is the slope of 
calibration graph, respectively [23], respectively. These values were found as 0.10 μg.mL–1 and 0.35 μg.mL–1, respectively 
(Table 3). Based on these results, it has been understood that the developed nanosensor is reliable, applicable and has 
enough sensitivity.

Temperature (K) Ksv n R2

288 4.9 × 104 0.97 0.9958
298 3.1 × 104 0.97 0.9930
308 2.9 × 104 1.05 0.9924

Table 2. Thermodynamic parameters of CuNCs-SY at three temperatures (288, 298, and 308 K).

Figure 4. Change in fluorescent emission of CuNCs with increasing 
SY concentration. SY concentration is 0.65–14 µg/mL in pH 9 borate 
buffer (The dotted line is CuNCs alone).
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The repeatability of the developed method was investigated by measuring the fluorescence intensity three times on 
the same day (intra-day precision) and three times on followed three different days (interday precision). The percentage 
relative standard deviation (RSD%) was found to be 0.20 for intra-days and 0.27 for interdays (Table 3). The fact that the 
percent relative standard deviation is extremely low indicates that the developed method is repeatable.

According to ICH guideline Q2(R2) on the validation of analytical procedures, accuracy is usually verified by one of 
the following studies; comparison with reference product, spiking study, and comparison with standard method [24]. 
Accuracy is reported here as the average percent recovery by assaying a known amount of standard analyte added to the 
sample. In order to test the accuracy and reproducibility of the developed method, the recovery values were calculated by 
adding the stock SY solution to four different powder drink samples. Recovery values were found to be within acceptable 
limits between 90.3% and 105.8%. SY amounts in powder drink samples were found between 10.6–15.6 g.kg–1 (Table 4).

The acceptable daily intake of SY is 4 mg/kg according to European Food Safety Authority (EFSA). Even if a healthy 
person finishes a pack in a day, it does not exceed EFSA limits. The developed method has sufficient sensitivity to determine 
the allowable amount limits. When the method we developed is compared with the literatures about the determination 
of SY with different techniques based on chromatographic electrochemical, and fluorometric techniques, which are very 
sensitive methods, it is seen that proposed method has a wide linear range, and low LOD and LOQ values (Table 5). 
In addition, the method has advantages such as simplicity, not requiring expert personnel, using basic equipment in 
laboratories, and being environmentally friendly.

Linearity range (μg.mL–1) 0.65–14
Slope 6.95 × 10–2

Intercept 0.97
Correlation coefficient 0.9926
SE of slope 3.6 × 10–3

SE of intercept 4.48 × 10–3

LOD (μg.mL−1) 0.10
LOQ (μg.mL−1) 0.35
Intra-day precision* (RSD%) 0.20
Inter-day precision* (RSD%) 0.27

SE is the standard error, and RSD is the relative standard deviation.
* Mean of the three experiments.

Table 3. Statistical evaluation of calibration data of SY using CuNCs as fluorescence probes.

Sample Sample value (g.kg–1) Added (µg.mL – 1) Found (µg.mL–1) ± SD RSD (%) Recovery (%)

Powder drink I 15.6 2.5 2.39 ± 9.15 x 10–3 0.38 95.9

5 5.04 ± 0.055 1.10 100.8 

10 10.58 ± 0.035 0.33 105.8

Powder drink II 12.1 2.5 2.34 ± 0.04   1.70 93.5

5 4.83 ± 0.03 0.62 96.66

10 10.15 ± 0.05 0.49 101.5

Powder drink III 9 2.5 2.26 ± 0.06 2.65 90.3

  5 4.63 ± 7 x 10–3 0.15 92.5

  10 10.26 ± 0.12 1.17 102.6

Powder drink IV 10.6 2.5 2.27 ± 5 x 10–3 0.22 90.8

  5 4.54 ± 7 x 10–3 0.15 90.8

  10 9.97 ± 0.112 1.12 99.7

* Mean of the three experiments.

Table 4. Results of powder drink samples and recovery analysis of SY.
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4. Conclusion
SY has undesirable harmful effects due to its use. Although cancer comes first among these effects, there are other unwanted 
effects such as suppression of the immune system and hyperactivity disorder. Due to these effects of SY, it is necessary to 
develop sensitive, reproducible, easy, and inexpensive methods.

A new, specific, and easy method was developed for the determination of SY in powder drinks using CuNCs as 
fluorescent probes. L-cysteine ​​was used as the reducing and stabilizing agent for the formation of CuNCs. L-cysteine ​​was 
shown to bind to the surface of CuNCs from the -SH group. In this method, there was quenching in the emission intensity 
of CuNCs, which was linear with increasing SY concentration. This linear reduction was tested between 0.65–14 μg.ml–1 
SY concentrations. The Stern-Volmer equation was used to explain the quenching mechanism and it was understood 
that the quenching mechanism was based on static and IFE (Inner filter effect). The LOD value of 0.1 μg.ml–1 indicates 
that it can compete with other studies in the literature. Compared to other methods, this method is simple, low-cost, fast, 
reproducible, sensitive, and environmentally friendly.
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Method Linear Range(µg.mL–1) LOD (µg.mL–1) Recovery  (%) Reference
RP-HPLC 0.75–10 0.25 – [25]
Electrochemical 8.6–122 2.6 80–120 [26]
Electrochemical 1.81–27.1 1.07 89–115 [27]
Electrochemical 0.5–1696 0.15 95.5–103.1 [28]
Chemiluminescence 0.15–11.0 0.1 95.45–104.62 [29]
Fluorescence 0.22–22.6 / 0.9–22.6 0.05 / 0.2 96.3–103.8 [30]
Fluorescence 0.11–27.14 0.09 99.8–103.6 [31]
This study 0.65–14 0.1 90.3–105.8 -

Table 5. Comparison of the method developed for SY with different techniques in the literature.
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Figure S1. Time optimization of CuNCs-SY interaction.


