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Abstract

:

The surfactant cetyltrimethylammonium bromide (CTAB) induces the aggregation of gold nanoclusters (GNCs), leading to the development of a proposed fluorometric technique for detecting thiocyanate (SCN−) ions based on an anti-aggregation mechanism. This approach is straightforward to execute, highly sensitive, and selective. A significant quenching effect occurs in fluorescence upon using the aggregation agent CTAB in GNCs synthesis, resulting in a transition from intense red fluorescence to dim red. The decrease in fluorescence intensity of GNCs in the presence of CTAB is caused by the mechanism of fluorescence quenching mediated by aggregation. As the levels of SCN− rise, the fluorescence of CTAB-GNCs increases; this may be detected using spectrofluorometry or by visually inspecting under UV irradiation. The recovery of red fluorescence of CTAB-GNCs in the presence of SCN− enables the precise and discerning identification of SCN− within the concentration range of 2.86–140 nM. The minimum detectable concentration of the SCN− ions was 1 nM. The selectivity of CTAB-GNCs towards SCN− ions was investigated compared to other ions, and it was demonstrated that CTAB-GNCs exhibit exceptional selectivity. Furthermore, we believe that CTAB-GNCs have novel possibilities as favorable sensor candidates for various industrial applications. Our detection technique was validated by analyzing SCN− ions in milk samples, which yielded promising results.
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1. Introduction


The thiocyanate ion (SCN−) is an important biomarker in the food industry to provide the safety of consumers. SCN− is used as a preservative material that is added to dairy products to prolong their shelf-life; it is an anti-bacterial agent. When the SCN− concentration in these highly nutritional products increases, it poses high health risks. The identification of SCN− is of utmost importance. It has been found that the natural concentration of SCN− in milk is around 40–67 μM, which is equivalent to 5–8.5 mg L−1 [1]. Abuse of SCN− potentiates the incurrence of developing hypothyroidism. It disrupts thyroid hormone synthesis by interfering with iodide uptake in the human body, resulting in goiters. Diminished amounts of iodide and decreased transport of iodide into the thyroid follicular cell will reduce the amount of thyroxine produced by the thyroid gland. High concentrations of thiocyanate also cause cardiac and neurologic toxicity, vertigo, nasal bleeding, unconsciousness, and even unconsciousness in extreme cases [2,3]. Notwithstanding, SCN− ions have an essential role in the biosynthesis of hypothiocyanite by a lactoperoxidase enzyme [4]. Thus, SCN− deficiency in the human body damages the host defense system [5,6]. Detection of the concentrations of SCN− ion has become of serious importance, and there is a need for a rapid and sensitive analytical protocol that can be applied to the health and safety of communities worldwide.



Several different methods of detection, including voltammetry [7], high-performance liquid chromatography (HPLC) [8], ion chromatography [9,10], capillary zone electrophoresis [11], flow injection analysis [12], colorimetry [13,14], and fluorescence approaches [15,16], are utilized. The detection of SCN− has been accomplished by using surface-enhanced Raman scattering (SERS) [17,18]. Although these techniques are extremely helpful for detecting SCN−, some of them need the use of complex instruments, processes that take a significant amount of time, the presence of trained personnel, and even chemicals that are either expensive or hazardous for the pretreatment of the sample [19]. Therefore, developing a SCN− sensor that has the features of simplicity, reliability, and sensitivity is urgently needed for an environmentally friendly method. Optical sensors have garnered greater attention due to their numerous benefits, including the ability to conduct on-site analysis and visualization; their simplicity and sensitivity; and the absence of skilled specialists [20,21,22,23,24].



Florescent nanosensor-based analytical detection has a wide application in different fields. In particular, gold nanoclusters (GNCs) have emerged as a very attractive possibility for use in chemical, medicinal, and biological applications. Due to their distinct advantages over other nanomaterials and conventional organic dyes, they have found extensive use as a nanoprobe for chemical sensing of different analytes [25,26,27,28,29,30]. Ultra-small GNCs, approximately 3 nm in size, have molecular-like characteristics referring to the extreme quantum boundary influence that initiates the continuous energy bands to split into discrete energy levels. Therefore, AuNCs possess common features, such as the HOMO-LUMO transition, photoluminescence (PL), lacking an SPR peak, electromagnetism, redox behavior, and molecular chirality [31,32]. Their characteristics include a high level of photoluminescence, a significant Stokes shift, chemical stability, easy synthesis, and non-toxicity. The fluorescence signals of these minuscule particles may be adjusted to different wavelengths within the visible to near-infrared range, depending on the nanocluster’s size and the atom number they contain [33,34]. The size depends on the reducing and protecting agent employed in the reduction process, which aids in achieving colloidal stability and inhibiting aggregation. Most ligand-stabilized gold nanoclusters have been utilized for sensing purposes and applications such as detecting certain metal ions or molecules. This is achieved by the targeted quenching of the intense fluorescence emitted by GNCs in the presence of these ions or molecules [35,36]. Aggregation of GNCs causes a change in the emission of the colloidal solution, decreasing the fluorescence. The size of the GNCs determines the emission change due to changes in the inter-particle distance between the atoms. Several optical sensors have been created based on their anti-aggregation to enhance selectivity and minimize false-positive signals [37,38]. This contrasts with the numerous sensors based on nanoparticle aggregation [39,40]. In systems designed to prevent the aggregation of GNCs, introducing an aggregation agent first causes the GNCs to aggregate by altering the spacing between their particles. However, because the target analyte has a great binding affinity to the aggregating agent, it will inhibit the gold nanoparticles’ aggregation. Recent investigations have shown that cetyltrimethylammonium bromide (CTAB), a cationic surfactant, possesses advantageous characteristics, such as a positive charge that can assemble and synthesize different types of nanoparticles [41,42].



In this article, a colorimetric technique that is both simple and extremely sensitive is suggested for the detection of SCN−. This strategy is based on the SCN−-prevented aggregation of CTAB-GNCs. A decrease in the fluorescence intensity due to the incorporation of CTAB into GNCs caused the aggregation of GNCs. In the meantime, the aggregation of CTAB-GNCs was halted in the presence of SCN− due to the competitive reaction between SCN− and the aggregation agent CTAB, as depicted in Scheme 1. By increasing the SCN− concentration, the naked eye can easily notice the red fluorescence turn-on under ultraviolet irradiation without using expensive and complex apparatuses.




2. Materials and Methods


2.1. Reagents and Materials


The surfactant cetyltrimethylammonium bromide (CTAB), Tetrachloroauric(III) acid trihydrate (HAuCl4·3H2O, 99%), and sodium thiocyanate were obtained from (Sigma-Aldrich, St. Louis, MO, USA). The Millipore (Milli-Q system, Burlington, MA, USA) was used to provide deionized (DI) water for all experiments. All the other chemicals were of analytical reagent grade and used as received without further purification. All aqueous stock solutions of analyte were prepared in water.




2.2. Instruments


A UV-visible spectrophotometer from the EvolutionTM 200 series (Thermo Fisher Scientific, Madison, WI, USA) was used to measure the absorption spectra with a quartz cell that was 1 cm in diameter. Using a quartz luminescence-free cell with a 1 cm path length and 5 nm band pass excitation and emission filters, the fluorescence spectra of BSA-GNCs were measured with a JASCO FP6300 spectrofluorometric connected to an effective temperature controller. (JEOL-100S, Tokyo, Japan), recorded high-resolution transmission electron microscopy (HRTEM) images of BSA-GNCs at 200 kV. Before HRTEM, the BSA-GNCs solutions were sonicated, dripped onto copper grids covered with carbon, and dried at ambient temperature. The Zeta sizer Nano ZS90 gear (Malvern Panalytical Ltd., Malvern, UK) was used to capture dynamic light scattering (DLS). A Perkin Elmer FT-IR spectrometer was used to measure the Fourier-transform infrared spectra. Utilizing monochromatic X-ray Al K-alpha radiation with a spot size of 30 µm and a pressure of 10−9 mbar, XPS was conducted on a K-ALPHA (Thermo Fisher Scientific, Waltham, MA, USA) with a full-spectrum pass energy of 200 eV and a narrow-spectrum energy of 50 eV.




2.3. Synthesis of CTAB-Gold Nanoclusters (CTAB-GNCs)


The CTAB-GNCs were synthesized using the reported method with some modifications [43]. The glassware used to synthesize GNCs was cleansed with Aqua Regia, rinsed with ethanol and ultrapure water, and left to dry in the open air. Under vigorous stirring, 5 mL of a 10 mM aqueous solution of HAuCl4 at 37 °C was added to a 5 mL aqueous solution of BSA at a concentration of 50 mg/mL. Subsequently, a 0.5 mL, 1 M NaOH solution was introduced to the preceding solution after a duration of 2 min, using the most current procedure [30]. The reaction was conducted with vigorous agitation at a temperature of 37 °C for a duration of 4 h. A total of 1 mL of CTAB (5 mg/mL) was added to the mixture, and the reaction lasted 20 h. The color transitioned from a light yellow to bale brown during this time. The produced CTAB-GNCs underwent dialysis in ultra-high-purity water, which was changed every 8 h for approximately 24 h. This process was carried out to eliminate all small-molecular contaminants and obtain the purified product. The solution of CTAB-GNCs obtained after dialysis was kept at a temperature of 4 °C for future use. The concentration of the generated CTAB-GNCs was 4.3 mM, assuming a complete reduction of all Au(III) ions during the nanocluster synthesis.




2.4. Synthesis of Gold Nanoclusters (GNCs)


For the preparation of GNCs, the same procedure was carried out but without adding CTAB, and the reaction proceeded to 24 h to compare their fluorescence.




2.5. Detection of SCN− Ions Using CTAB-GNCs


The prepared CTAB-GNCs were used for sensing SCN− ions. Using 100 µL of CTAB-GNCs in a phosphate buffer solution (pH 7.5, 10 mM), various volumes of 0.5 mM of SCN− were incubated for 1 min with the solutions. The solutions were examined using fluorescence spectroscopy (λexc/λem = 465/613 nm). Other species were tested with the same procedure, including cations, anions, and molecules, to study the selectivity and sensitivity of CTAB-GNCs to SCN−.




2.6. Real Sample Preparation


The standard protocol [44] treated liquid milk samples to eliminate the proteins. Two grams of milk product was added to 10.0 mL of acetonitrile and 3 mL of 30% trichloroacetic acid. The mixture was sonicated for 10 min and centrifuged at 6000 rpm for 20 min. The pH of the filtrate was adjusted to 7.5 using phosphate buffer. A total of 2 mL of the solution was mixed with 100 µL of CTAB-GNCs and spiked with SCN− at concentrations of 20, 60, 100, and 140 nM.





3. Results


3.1. Synthesis and Optical Properties of CTAB-GNCs


BSA is widely used for the synthesis of GNCs. It plays a crucial role in stabilizing GNCs and enhancing their fluorescence. The molecular chain of BSA in the presence of NaOH was used as a reducing and stabilizing agent for Au(III) ions, which were reduced to Au(0) by the tyrosine residue of BSA as the nanoclusters formed. The sensitized GNCs exhibit strong and bright-red fluorescence. They have been serving as chemical sensors in many fields and have different applications, even based on quenching approaches or enhancements of fluorescence in the presence of the analyte. The unique features include aqueous solubility, ultra-small size, high quantum yield with a large Stokes shift (150 nm), excellent photostability, and biocompatibility, prioritizing them to be a superior sensing material for SCN− detection. The synthetic GNCs showed absorbing characteristics and light-emitting at 276 and 616 nm (under excitation with 465 nm), respectively, as shown in Figure 1a,b after 24 h at 37 °C. The absence of surface plasmon resonance absorption by the BSA-GNCs solution suggests no gold nanoparticles were formed. Absorption at 276 nm, on the other hand, suggested that it had features characteristic of molecules.



CTAB is a cationic surfactant with a positively charged hydrophilic head and neutral hydrophobic tail. In the synthesis process, in the presence of CTAB, it can absorb the surface of GNCs to form a bilayer. It can readily bind to GNCs, causing aggregation. The aggregation effect of different cationic surfactants on the growth of GNCs was previously reported [45,46]. As the CTAB concentration increases, aggregation increases due to the increase in the GNC’s aggregation and size. In our work, CTAB was added to the GNCs during the synthesis process to ensure its adsorption on the direct growth of the GNCs. By comparing the fluorescence of CTAB-GNCs and GNCs prepared by the same procedure but without adding CTAB, quenching in fluorescence occurred due to aggregation-induced fluorescence quenching of GNCs with a very small blue shift (3 nm) (see Figure 2).




3.2. Studying the Optimal Concentration of CTAB


Different concentrations of CTAB were used as an aggregating agent in the synthesis of CTAB-GNCs to attain the optimal concentration. In total, 1, 2, 5, 7.5, and 10 mg/mL of CTAB were studied, where increasing the amount of CTAB to more than 5 mg/mL caused turbidity that increased with the increase in the CTAB concentrations and very low fluorescence to be obtained. Meanwhile, concentrations under 5 mg/mL had a weak significant quenching effect on GNCs fluorescence. As a result, 5 mg/mL was chosen as the optimal concentration of CTAB; see Figure 3a.



To study the stability of CTAB-GNCs’ fluorescence signal in solution with time, the fluorescence intensity of the CTAB-GNCs was measured at different intervals. Fluorescence is indicated by the letters Fo at 0 times, while it is indicated as F after different intervals. We have measured the F/Fo at various time intervals. Figure 3b shows that the fluorescence of CTAB-GNCs is stable over time. Additionally, a steady level of fluorescence was seen in the produced GNCs solution even after six months of dark storage, suggesting that the solution is stable over the long term. These probes are designed to be water-soluble fluorescent GNCs. Therefore, this approach would be an excellent choice for quick SCN− evaluation.




3.3. GNCS and CTAB-GNCs Characterization


Due to their unique size-dependent properties, investigating the aggregation of gold nanoclusters (GNCs) is an intriguing field of study with substantial ramifications across diverse scientific and technological domains. The potential applications of GNCs based on aggregation-caused quenching in biosensing, bioimaging, drug delivery, and therapy have been intensively studied. Aggregation-caused quenching is a fascinating phenomenon linked to GNCs, and it pertains to transforming molecules that are intensely luminescent states into non-emissive or weakly emissive when aggregating [47,48].



The BSA-stabilized nanoclusters GNCS and CTAB-GNCs were characterized using HRTEM to ensure that nanoclusters were successfully synthesized. The size of BSA-GNCs was recorded to be 1.4 nm, confirmed by the DLS and fluorescence measurements (see Figure 4), and no aggregation was observed. However, in the case of CTAB-GNCs, the transmission electron microscopy data demonstrated the aggregation process of GNCs in the presence of CTAB, which revealed that incorporating CTAB molecules results in the formation of larger clusters and the aggregation of GNCs (see Figure 4). This indicates the binding of CTAB to BSA, which induced aggregation of GNCs.



X-ray photoelectron spectroscopy (XPS) was employed to study the overall electronic structure of the CTAB-GNCs, including the surface and the oxidation state of Au (4f). Figure 5a shows two peaks centered at 83.9 eV and 87.5 eV corresponding to the electronic states of Au 4f7/2 and Au 4f5/2, respectively. The Au 4f7/2 spectrum (red curve) is deconvoluted into two peaks at 84.0 eV and 86.0 eV (purple and green curves), corresponding to the reduction of Au(III) into Au(0) and Au(I), respectively. However, Au(I) content was found to be less than Au (0) content [49]. Moreover, the Au 4f5/2 peak is deconvoluted into two peaks at 88.5 eV and 89.6 eV, corresponding to the existence of Au(0) and Au(I), respectively. The photoemission spectra of C(1s), N(1s), and O(1s) characterized that CTAB is bound to BSA-GNCs, as shown in Figure 5b.




3.4. SCN− Detection Mechanism Based on CTAB-GNCs


The aggregation of GNCs locks the luminescent properties due to their unique size-dependent properties, which renders them extraordinarily versatile for an extensive array of applications. The managed aggregation of GNCs is a cutting-edge technique in nanotechnology that holds great potential for future innovations, including developing sophisticated illumination systems and preventing cancer [50]. The capacity to control how they aggregate presents novel opportunities for developing materials with tailored optical and electronic characteristics, facilitating significant advancements in fundamental research and pragmatic implementations. Anti-aggregation-induced emission, a fascinating phenomenon linked to GNCs, pertains to transforming molecules that are otherwise non-emissive or weakly emissive into intensely luminescent states when aggregating eliminates by adding analyte. In brief, the luminescent properties of these nanoclusters are unlocked by the anti-aggregation of GNCs, which renders them extraordinarily versatile for an extensive array of applications [50].



CTAB-GNCs were chosen as promising candidates for use as nanoprobes to detect the SCN anion. This anion is known to have a high affinity for coordinating with Au atoms on the surface of GNCs, resulting in the departure of CTAB from the surface of GNCs. Eventually, CTAB tends to leave the GNCs’ surface and allow the nanoclusters to be dispersed again in the solution associated with restoring their fluorescence. Consequently, the fluorescence intensity of the GNCs increases; thus, the detection of SCN− could be realized. The extreme advantages of the fluorescence turn-on sensing mechanism concerning the turn-off mechanism are the low detection limit and the dark fluorescence background of the chemosensor [51]. These factors decrease the probability of a pseudo signal and increase both sensitivity and selectivity. Moreover, the visual sensing-based naked eyes would provide a strong tool with high sensitivity and selectivity towards the specified analyte.



Different experiments were carried out to study the optimal conditions of SCN− sensing. The CTAB-GNCs solution was studied at various pH levels in SCN-presence. The fluorescence of the CTAB-GNCs solution with the addition of 160 nM of SCN− and at different pH levels (adjusted by 10 mM phosphate buffer) is shown in Figure 6a. At pH 7.5, the fluorescence of GNCs solutions reached the maximum value. Therefore, 7.5 was chosen as the optimal pH for the other investigations. The fluorescence spectra of the CTAB-GNCs were further optimized with time. Figure 6b shows the time-dependent changes in the fluorescence of CTAB-GNCs solutions in the absence and presence of SCN−. The anti-aggregation of CTAB-GNCs is almost 90% completed within 60 s. Therefore, all the fluorescence measurements were performed after 60 s.



Upon the titrimetric fluorescence study of SCN− in the range of 0–200 nM to an aqueous solution of CTAB-GNCs in an adjusted phosphate buffer (10 mM, pH 7.5), it has been found that the fluorescence of CTAB-GNCs at 613 nm increased with the increase in the concentration of SCN−, as shown in Figure 7a. By further addition of SCN−, a continuous increase is observed in the fluorescence until no signal alterations on the gradual addition of SCN− at 200 nM. The enhancement of GNCs can be attributed to the anti-aggregation mechanism. Figure 7b illustrates the relationship between the fluorescence intensity of CTAB-GNCs at 613 nm and the various SCN concentrations in a 0–200 nM concentration range. The nanosensor limit of detection (LOD) was established to be 0.86 nM.



In analytical chemistry, the Limit of Detection (LOD) is an essential parameter denoting the minimum concentration of a substance that can be detected with dependability through an analytical procedure. The LOD is computed utilizing the equation LOD = 3σ/k, where σ represents the response’s standard deviation, and k denotes the slope of the calibration curve [52]. y = a + b*x, k = 0.11, δ = 38.09x 105, R2 = 0.993. The LOQ was calculated to be 2.86 nM. The formula utilized in this context is based on the notion that the LOD, or critical value, signifies when a quantified value diverges statistically from the empty measurement with a 95% confidence level. A factor of 3 guarantees that the LOD is adequately elevated above the noise level to enable dependable detection [53,54]. Particularly in fields where detecting low concentrations of analytes is frequently critical, such as food safety testing, clinical diagnostics, and environmental monitoring, this calculation is indispensable for ensuring the precision and dependability of analytical measurements.




3.5. Interference and Selectivity of CTAB-GNCs toward SCN−


The selectivity of detecting SCN− based on the fluorescence enhancement effect of CTAB-GNCs has been studied in the presence of the main relevant anions and cations. It was found that Cu2+ and Hg2+ ions have a significant quenching effect on the fluorescence of CTAB-GNCs, which is related to metallophilic interaction between Hg2+–Au+ in the existence of Hg2+ and intermolecular charge transfer in the case of Cu2+ [55]. However, no effect in the fluorescence was observed in the presence of other species, as shown in Figure 8, and only SCN− caused a significant enhancement in the fluorescence of CTAB-GNCs. We reason that as SCN− has a much higher negative charge density than other species, it has a stronger affinity towards Au atoms and Au(I) ions on GNCs’ surface and induces the anti-aggregation effect of the CTAB-GNCs. All these results illustrate the presented method for sensing SCN−, which exhibits excellent selectivity and can be applied in many applications.




3.6. Applications


This study aims to develop an optical chemosensor capable of detecting harmful SCN− ions efficiently to preserve the quality of food and the general population’s health. Milk samples were used to evaluate the availability of the assay and its application to confirm the usefulness of our technology in determining whether or not it is possible to identify SCN− levels in milk samples. After removing proteins from milk samples using the pretreatment method, the samples were combined with CTAB-GNCs to facilitate the fluorescence measurements. The milk samples were measured first without adding SCN− solutions; however, no fluorescence change was obtained, indicating the absence of SCN− in the milk samples. The same experiment was repeated after the samples were spiked with several SCN− concentrations (20, 60, 100, and 140 nM). The higher concentration of spiking SCN− was shown to increase the luminescence intensity of the CTAB-GNCs, as evaluated by the experiment. An overview of the findings may be found in Table 1. The results for recovery ranged from 98 to 107%. The findings demonstrate that the suggested detection approach, based on our optical nanosensor (CTAB-GNCs), has a considerable influence on the quantitative measurement of SCN− in practical applications that is reliable and appropriate.





4. Conclusions


We present the first SCN− nanosensor based on the red-emitting gold nanoclusters stabilized by BSA. The synthesized GNCs were modulated by CTAB, which quenches the red fluorescence based on a mechanism involving aggregation-induced fluorescence quenching. The resulting nanoclusters have excitation/emission at 465/613 nm. The red-emitting CTAB-GNCs were easily restored again by adding different SCN− concentrations into the solution that inhabits the aggregation caused by CTAB. The optimal conditions for the synthesis of clusters and the optimal condition for the sensing process of SCN− were also studied. The fluorescence “turn-on” enables a reliable sensitive SCN− detection in the 3.33–160 nM range. The synthesized GNCs have been used as fluorescence nanoprobes for low-level detection of SCNs in milk samples.
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Scheme 1. The CTAB-GNCs’ synthesis and their application for sensing SCN−. 
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Figure 1. (a) Fluorescence emission of as-prepared GNCs at 616 nm under excitation at 465 nm. (b) Absorption spectra of aqueous solutions of GNCs. 
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Figure 2. Fluorescence of GNCs and CTAB-GNCs under excitation at 465 nm. 
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Figure 3. (a) The effect of CTAB concentration on the emission of GNCs. (b) Recognition of the F/Fo of CTAB-GNCs over time. 
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Figure 4. (a,b) HRTEM images of the GNCs; (c) HRTEM images of the CTAB-GNCs; (d,e) DLS measurements and size distribution histograms of the GNCs. 
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Figure 5. (a) XPS spectra of Au 4f for CTAB-GNCs; (b) The whole XPS spectrum of CTAB-GNCs. 
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Figure 6. (a) The ratiometric intensities of CTAB-GNCs in the absence (synthesis process) and in the presence of SCN− (sensing process) versus the pH of the medium; (b) the relation between the fluorescence intensity versus time. 
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Figure 7. (a) Fluorescence intensity of CTAB-GNCs in the presence of different concentrations of SCN− (0–200 nM). (b) Relation between the fluorescence of CTAB-GNCs versus SCN− concentrations. 
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Figure 8. The fluorescence intensities of the GNCs alone (blue bar) and their intensities in the presence of SCN−, different cations, anions, and molecules (red bar). 
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Table 1. Detection of SCN− in milk samples using CTAB-GNCs (n = 3).
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Samples

	
Added SCN− (nM)

	
Found (nM)

	
RSD (%)

	
Recovery (%)






	
Liquid milk

	
20.0

	
21.2

	
3.6

	
106




	
60.0

	
64.2

	
3.1

	
107




	
100.0

	
103.2

	
2.2

	
103




	
140

	
137.3

	
1.7

	
98
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