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Abstract

:

Studies of metal nanocluster (M-NCs)-based sensors for specific analyte detection have achieved significant progress in recent decades. Ultra-small-size (<2 nm) M-NCs consist of several to a few hundred metal atoms and exhibit extraordinary physical and chemical properties. Similar to organic molecules, M-NCs display absorption and emission properties via electronic transitions between energy levels upon interaction with light. As such, researchers tend to apply M-NCs in diverse fields, such as in chemosensors, biological imaging, catalysis, and environmental and electronic devices. Chemo- and bio-sensory uses have been extensively explored with luminescent NCs of Au, Ag, Cu, and Pt as potential sensory materials. Luminescent bi-metallic NCs, such as Au-Ag, Au-Cu, Au-Pd, and Au-Pt have also been used as probes in chemosensory investigations. Both metallic and bi-metallic NCs have been utilized to detect various analytes, such as metal ions, anions, biomolecules, proteins, acidity or alkalinity of a solution (pH), and nucleic acids, at diverse detection ranges and limits. In this review, we have summarized the chemosensory applications of luminescent M-NCs and bi-metallic NCs.
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1. Introduction


Metal nanoclusters (M-NCs) have attracted the attention of the modern scientific community, because of their cost effective synthesis, biocompatibility, photostability, and wide applications [1,2,3,4,5]. M-NCs consist of few atoms (mostly between ten to hundred) of comparable sizes similar to the Fermi wavelength of electrons [6,7,8]. Hence, M-NCs can be considered as the missing link between single metal atoms and plasmonic metal nanoparticles [9]. In contrast to plasmonic nanoparticles, M-NCs have a size less than 2 nm [10,11] and do not exhibit any plasmonic characteristics. In addition, upon interaction with light, M-NCs display absorption and emission properties via electronic transitions between energy levels as in the case of organic molecules [12]. Therefore, in recent times, researchers have tended to apply M-NCs in various studies such as chemosensors, biological imaging, catalysis, as well as environmental and electronic devices. Chemo- and bio-sensory applications of luminescent M-NCs have attained most impressive progress [13,14,15].



Luminescent NCs of Au, Ag, Cu, and Pt have been successfully utilized as potential sensory materials [16,17,18,19,20,21,22,23]. Similar to organic fluorophores, carbon dots (CDs), and fluorescent quantum dots (QDs), luminescent M-NCs have been successfully applied in many sensor investigations because of their fluorescent nature, ultra-small size, and biocompatibility. Luminescent M-NCs have also been utilized in many in vivo/vitro biological imaging studies [24,25,26,27]. The stability of M-NCs has been improved using stabilizing agents.



The presence of templates on the surface of M-NCs can improve the stability and enhance sensing ability by providing a binding unit on the surface. For example, template-protected Au NCs have been previously reported as extended analytical tools for species detection [28]. These templates/stabilizers can also improve the luminescent property and biocompatibility of the clusters. Similar to Au NCs, other metal NCs (Ag, Cu, and Pt NCs) have displayed comparable fluorescent properties in the presence of various stabilizers [29,30,31]. Therefore, M-NCs are formed by reducing metal ions in the presence of appropriate reducing agents. Thiols, dendrimers, polymers, DNA oligonucleotides, peptides, and proteins have been commonly used to stabilize or improve the opto-electric properties of M-NCs [32].



Scholars have reported various applications of luminescent bi-metallic NCs. Bi-metallic NCs can be developed through different synthetic techniques, such as (1) galvanic replacement reaction, (2) anti-galvanic replacement reaction, (3) potential deposition, (4) thiol-etching of bi-metallic nanoparticles, and (5) re-organization of bi-metallic species [33]. To date, Au-Ag, Au-Cu, Au-Pd, and Au-Pt NCs have been utilized in various fields, such as catalysis, sensors, and bio-imaging. Overall, chemosensor applications of both M-NCs and bi-metallic NCs have attracted interest because of their cost-effective operation in biological and environmental samples.



Both metallic and bi-metallic NCs have been effectively applied to detect various analytes, such as metal ions, anions, biomolecules, proteins, pHs, and nucleic acids. Furthermore, metallic and bi-metallic NCs have also been reported as suitable candidates for bio-imaging. In this review, we summarize the chemosensory applications of luminescent M-NCs (M = Au, Ag, Cu, and Pt), as presented in Figure 1. In addition, we provide a brief note on the sensory applications of other M-NCs (such as Cd, Al, Pd, and Ir NCs) and bi-metallic NCs.




2. Optimization Requirements


The sensory and bio-imaging applications of M-NCs are dependent on the following requirements, which must be optimized before designing such probes.



	
Ligands: Suitable ligands must be selected to achieve enhanced fluorescence and tunable emissive colors, such as blue, green, red, orange, and yellow. Thiols, dendrimers, polymers, DNA-oligonucleotides, peptides, and proteins have been commonly used as ligands. Among them, ligands consisting of thiol groups have displayed outstanding results [34]. For example, Huang and Goswami’s reports [35,36] on Au NCs described the use of thiolated ligands for capping. In both studies, diverse emissive colors were observed by optimizing the ligand or its concentrations. Several NC specimens are presented in this paper with various ligands, which have been already explored in many sensor studies. Thus, selection of suitable ligands and optimization of their concentration play vital roles in the luminescent property of NCs.



	
Quantum Yield (Φ): The quantum yield (Φ) of the probe should be effectively tuned by optimizing the reaction conditions, functionalizing the appropriate ligands at affordable concentration, and selecting solvents for assay methods to maximize the application of luminescent M-NCs in analyte detection. For example, Aldeek and Deng et al. presented Au NCs with polyethylene glycol with zwitterion and L-arginine functionalization and revealed diverse quantum yields of 14% and 65% [37,38]. Prof. Mattoussi and Chowdhury’s research [39,40] on Ag NCs with diverse stabilizers demonstrated the enhancement of quantum yields. Lysozyme- and glutathione-stabilized Cu NCs have also been reported to have diverse quantum yields of 18% and 43%, respectively, for LED applications [41,42]. Fernández et al. presented lipoic-acid-capped Pt NCs with 47% quantum yields, which was due to the presence of a suitable stabilizer [43], thus confirming that an appropriate stabilizer affects the quantum yield or brightness of NCs.



	
Stability of NCs: Stability is an important property that must be optimized prior to performing assay studies. Researchers verify the stability of their probes by using suitable stabilizers, solvents, temperatures, and pH levels [44]. Taylor et al. theoretically proposed thermodynamic stability [45] for design of M-NC-based probes for sensory and bio-imaging studies.



	
Toxicity: The biological applications of M-NCs are attributed to toxicity optimization [46]. The probes must initially undergo MTT assay to authenticate their biocompatibility and intracellular permeability. Therefore, researchers have focused on developing less toxic M-NCs for drug delivery and imaging applications.







3. AuNCs in Sensor Studies


Among noble metal NCs, Au NCs seem more effective in biological and catalytic applications. Au NCs have been well utilized for detection of analytes, such as metal ions, anions, biomolecules, and DNA/RNA, and in in vitro/vivo cellular imaging of species. Here, we present a few examples of sensor applications. For metal ion sensors, Yang et al. developed lysine-stabilized Au NCs for detection of Cu2+ ions via fluorescence turn-off response (Figure 2). The results demonstrated that the method was highly sensitive, with a detection limit (LOD) of 0.8 × 10−12 mol∙L−1. In this study, the combination of Au NCs@Lys and Au NCs@BSA was utilized as a novel strategy for quantifying Cu2+ ions [47].



Using a similar approach, Deng et al. described biocompatible methionine-capped Au NCs (met-Au NCs) as a specific probe for detecting Cu2+ ions [48]. Cu2+ detection showed a linear range between 50 nM and 8 μM with a limit of 7.9 nM. The probe exhibited reversibility and improved selectivity among various metal ions and anions. These nanomolar LOD (limit of detection) with reversibility led to the development of such sensors in recent years. Metal-mediated Au NCs were further tuned to detect biomolecules via reversible fluorescent enhancement. For example, Wu et al. conveyed the “on−off−on” fluorescence recognition of Cu(II) and vitamin C [49]. Here, Au NCs were templated with bovine serum albumin (BSA) to visualize the near-infrared fluorescence with a quantum yield of ~6.0%; these templated Au NCs have been effectively applied in HeLa cellular imaging of Cu2+ and vitamin C. Upon their functionalization with different precursors, Au NCs can specifically detect diverse metal ions.



Liu et al. presented the utility of α-chymotrypsin A (CTRA—which is an important enzyme in medical research) functionalized Au NCs for fluorometric and colorimetric sensing of Hg2+ ions [50]. In this study, Au NCs were synthesized by a “green method” and transferred to a cellulose membrane by realizing the advantage of blotting technology. The results suggested that the method can be applied as an alternative analytical tool for Hg2+ detection in research on life sciences and pollution. Senthamizhan et al. demonstrated the real-time visual recognition of Hg2+ ions in water at ppt level by using Au NC-decorated polycaprolactone (PCL) nanofibers [51]. Several research groups have developed cost-effective precursors to obtain stable Au NCs for sensory studies. For instance, Prof. Li’s group developed Au NCs stabilized by chicken egg white (CEW) for detection of Hg2+ ions [52]. These CEW-Au NCs selectively detected Hg2+ in the presence of Cu2+ ions by EDTA masking approach. Citrate-stabilized stannous ions (Sn(II)-citrate) have been used as reducing and capping agents to obtain Au NCs for simultaneous detection of Cu2+ and Hg2+ ions [53]. In this system, Chen et al. stated that Au NCs acted as dual spectroscopic probes that utilized both fluorescence (FL) quenched by Cu2+ and resonance light scattering (RLS) enhanced by Hg2+ ions.



Apart from Cu2+ and Hg2+ sensors, Au NCs with different stabilizers have also been used to detect other metal ions. Yang et al. reported red emitting Au7(DHLA)2Cl2 clusters [54] with 3.6% quantum yield; the clusters were templated with dihydrolipoic acid (DHLA) and acted as a potential fluorescent sensor for Fe2+ with an LOD of 3.8 μM (0.2 ppm). Moreover, this study proposed the dissociation-induced fluorescence quenching mechanism. Prof. Jin’s group used 11-mercapto-undecanoic acid (11-MUA) capped Au NCs (Φ = 2.4%) for exclusive detection of Cr(III) and Cr(VI) ions [55]. Upon the addition of Cr(III) to 11-MUA-Au NCs, the fluorescence intensity was quenched linearly between 25 and 10 mM with an LOD of 26 nM. The probe also detected Cr(VI) in the presence of ascorbic acid as a reductant in aqueous solution. Baral et al. established the detection of Fe3+ ions by Au NCs obtained from CTAB protected gold nanorods by using reduced glutathione [56]. These methods confirmed the reversibility of Fe(III) sensor with sulfide ions.



In contrast to previous works on Au NC-based metal ions sensors, Li et al. reported the fluorescent “turn-on” detection of Ag(I) ions [57] by employing BSA-protected small gold nanoclusters (Au16 NCs@BSA). As illustrated in Figure 3, upon the addition of Ag(I) ions to Au16 NCs@BSA, a blue shift and fluorescence enhancement were observed. This work proved that Au NCs may act as reductants for reducing Ag+ into Ag0 and to form hybrid Au@Ag NCs.



Au NCs with diverse precursors have also been used for selective recognition of anions. As presented in Figure 4, Liu et al. developed BSA-Au NCs for detection of CN− ions [58]. This work presented the fluorescence quenching of BSA-Au NCs induced by CN− ions with an LOD of 200 nM, which is ~14 times lower than the maximum cyanide level (2.7 × 10−6 M) allowed in drinking water by the World Health Organization (WHO). Moreover, this sensor was relatively simple and did not require any complex synthesis or complex instruments.



Zhang et al. and Shojaeifard et al. developed and applied red emitting Au NCs with Φ values of 1.03 and 0.13% in CN− ion detection [59,60]. In these reports, L-amino acid oxidase (LAAOx) and L-glutathione (GSH) were used as agents to protect Au NCs. GSH-Au NCs [60] were initially titrated with copper(II) phthalocyanine [Cu(PcTs)]; analysis of the results revealed their turn-off effect on each other, leading to the recovery of [Cu(PcTs)] fluorescence in the presence of CN− ions and the decrease in the fluorescence intensity of gold nanoclusters (Au NCs). Thereafter, researchers successfully applied BSA-protected Au NCs as probes for identifying anions, such as hypochlorite (HOCl), sulfide ion (S2−), nitrite ion (NO2−), and pyrophosphate ion (P2O74−, PPi), with affordable linear detection ranges and limits [61,62,63,64]. Pyrophosphate ion (P2O74−, PPi) detection [64] was a fluorescent “turn-on” sensor via the BSA-Au NCs-Cu2+ mediated complex system. Sun et al. reported a similar approach for detecting PPi by forming a Fe3+ complex [65] with GSH/MUA protected clusters (Au NCs@GSH/MUA; Φ = 3%).



Acetylcysteine-stabilized gold NCs (ACC@Au NCs) with an excellent quantum yield of 14% have been recognized as selective and sensitive fluorescent sensors for detecting hydrogen sulfide (H2S) [66]. Zhang et al. reported on H2S detection over other anions, amino acids, and thiols (Figure 5). The ACC@Au NCs revealed a linear response between 0.002 and 120 μmol·L−1 with an LOD of 1.8 nmol·L−1. These impressive findings have highlighted Au NC-based biosensors.



In addition to the detection of metal ions or anions, Au NCs have been exclusively applied for identification of biomolecules. BSA-templated Au NCs were effectively used as fluorescent probes for detecting cholesterol and dopamine [67,68]. In these studies, the utilized red emissive BSA-Au NCs became non-emissive during analyte recognition. Moreover, the LODs of cholesterol and dopamine were estimated to be 12 μM and 0.622 nM, respectively. Wen et al. utilized horseradish peroxidase (HRP)-templated Au NCs for detection of hydrogen peroxide [69]. The linear assay range was 100 nM to 100 μM with an LOD of 30 nM. This study can be extended to other functional proteins to produce dual functional NCs by mixing the functions of biomolecules and nanoclusters via a simple one-step synthesis. In addition to these sensor studies, Ni2+ ion-mediated BSA-Au NCs were employed as attractive probes for “turn-on” detection of histidine over other amino acids [70]. This work used human urine samples for real-time monitoring, and the recoveries ranged from 95% to 104%. Dai et al. presented a metal-mediated approach, in which Hg2+-mediated BSA-Au NCs were used for determination of melamine [71]. The sensor LOD decreased to 0.15 mM (which is 130 times lower than the estimated value by the US Food and Drug Administration). This work also demonstrated the practicality of melamine detection in raw milk and milk powder.



Song and Chen et al. reported the use of peptide- and BSA-capped Au NCs for sensing protein kinase activity (which plays a significant role in adjusting cellular biological processes) and quercetin (a flavonoid present in Chinese Herbal Medicine), respectively [72,73]. During sensor titration, both cases revealed fluorescence quenching with LODs of 0.004 U∙mL−1 (U is defined as the enzyme quantity that liberates 1 μg or μM of the product) and 1.8 × 10−8 mol∙L−1, correspondingly. Wu et al. presented the use of GSH-Au NCs for detecting heparin (which plays a crucial role in the regulation of various biological processes, such as cell growth and differentiation, inflammation, immune defense, lipid transport, and metabolism) [74]. This report demonstrated the detection of heparin in the presence of cetyl-trimethyl ammonium bromide (CTAB, fluorescence enhancing agent) with a limit of 0.075 mg∙mL−1. This probe (GSH-Au NCs) was also applied to detect human serum samples.



Bioimaging studies of fluorescent Au NCs have also gained considerable interest in recent years. In view of their fluorescent quantum yield, biocompatibility, and photostability, template-protected Au NCs have been utilized as novel optical probes for in vitro and in vivo fluorescence imaging studies [75]. For example, purine-stabilized green fluorescent Au NCs with 1.2% quantum yield in methanol were used in cell nuclei imaging studies [76].



In a previous study, Au NCs were treated with HeLa, A498, Schwann, and L929 cell lines to confirm their nucleus targeting ability; the results showed green emission from their nuclei (Figure 6). Wang et al. demonstrated the “turn-on” bio-imaging ability of near-infrared (NIR) fluorescent Au NCs (Φ = 7.7%)/graphene oxide nanocomposites in cancer cells and small animals [77]. In a similar manner, Caenorhabditis elegans (free-living round worms in temperate soil environments that lack respiratory and circulatory systems) and reactive oxygen species (ROS) were imaged with mulidendate thiolated tryptophan- and BSA-capped Au NCs [78,79]. In both studies, the NIR-fluorescence had quantum yields of 6% and 5.8% and was effectively used in the imaging readings. Biswas et al. employed Au NCs containing polymeric microcapsules to investigate the intracellular ratiometric fluorescence biosensing response to hydrogen peroxide [80].



As in the case of organic fluorescent probes, Au NC-based probes also acted as pH-sensitive probes in chemo- and bio-sensor investigations [81,82]. For example, Wu et al. reported a dual-emission fluorescent probe consisting of BSA-Au NCs and fluorescein-5-isothiocyanate (FITC) as temperature and pH sensors [83]. The probe displayed temperature sensing from 21 °C to 41 °C and pH from 6.0 to 8.0. Ali et al. indicated the use of BSA-Au NCs as pH-selective sensors within the pH range of 5 to 9 [84].




4. Ag NCs as Sensory Probes


As noble metal NCs, Ag NCs have attracted the attention of the scientific community because of their extraordinary sensory performance. Given their high fluorescent quantum yield, biocompatibility, and photo and chemo stability, Ag NCs have been applied in various sensory investigations. Luminescent Ag NC-based metal ions sensors are the most notable [85]. In the past decade, Shang et al. elucidated Ag NCs-based fluorescent detection of Cu(II) ions [86] in a linear range of 1.0 × 10−8 to 6.0 × 10−6 M; the obtained LOD was found to be as low as 8 nM. In this work, poly(methacrylic acid) (PMAA) was utilized as a template and stabilizer. Fluorescence quenching-based recognitions of Cu(II) ions have been achieved by hyper branched poly-ethyleneimine (hPEI)- and amido black 10B (AB)-stabilized Ag NCs (Φ = 1.5% and 0.2) [87,88]; the LODs were estimated as 10 and 4 nM, respectively. Sun et al. presented GSH-passivated Ag NCs for specific fluorimetric and colorimetric recognition of Cu(II) ions [89]. This work presented both the fluorimetric and colorimetric responses of GSH-Ag NCs to Cu(II) ions (Figure 7) and demonstrated the reversibility in the presence of EDTA. These GSH-Ag NCs showed subnanomolar LODs in both responses (0.050 nM in fluorimetric and 0.60 nM in colorimetric) with reasonable linear ranges.



Adhikari et al. reported on Hg(II) ion detection in water by dihydrolipoic acid (DHLA) stabilized Ag NCs (Φ = 2% in water) [90]. This work established Hg(II) detection via the fluorescence quenching of NIR-Ag NCs. The linear range was from 10−8 to 10−5 M with an LOD of 10−10 M, which is lower than the maximum permissible limit in drinking water (2 ppb, 10 nM). DNA-templated Ag NCs were successfully applied in Hg(II) sensor studies by MacLean and Yin’s research groups [91,92]. In both investigations, diverse DNA sequences were utilized, resulting in fluorescence quenching and enhanced responses during Hg(II) ion recognition. The LODs of the Hg(II) sensors by both probes were estimated as 4 nM and 0.08 nM, respectively. Lee et al. also presented DNA-based Ag clusters (Cyt12-Ag NCs; Φ = 43.9%) for detection of Ag(I) ions [93]. In this study, Cyt12-Ag NCs validated the recognition of Ag(I) ions through the shift of the fluorescence response from red to green with an LOD of 10 nM. Furthermore, the Ag(I) sensor selectivity was confirmed through the detection of Ag+ in Silmazin (dermatological burn ointment containing silver sulfadiazine).



Polyethyleneimine (PEI)- and GSH-capped Ag NCs have been extensively applied for detection of Cr(VI), Fe(III), and Pb(II) ions with affordable LODs [93,94,95,96]. However, GSH@Ag NCs for detection of Pb(II) ions were synthesized by a sonochemical method [96] rather that a wet chemical route. These probes exhibited fluorescence quenching during determination of metal ions. Liu et al. used DNA-stabilized Ag NCs for ratiometric recognition of mercury and copper ions [97]. The linear ranges of Hg2+ and Cu2+ were from 0.01 μM to 0.5 μM and from 0 μM to 1.0 μM with corresponding LODs of 1.03 nM and 2.77 nM, respectively. This work also discriminated the detections in the presence of an EDTA chelating reagent. To date, many studies have developed probes for detection of other analytes.



Ag NCs have also been exploited for anion discovery. Chen et al. developed blue-emitting GSH-stabilized Ag NCs (Φ = 1.9%) through a sonochemical method and successfully applied them in sulfide ion (S2−) detection [98]. The recognition of S2− ions also revealed fluorescent quenching with an LOD of 2 nM. Gao et al. performed S2− ion detection by utilizing denatured lysozyme-capped clusters (dLys-Ag NCs) [99]. They tuned the molar ratios of AgNO3 to lysozyme (1:1, 2:1, and 4:1 for synthesizing dLys-Ag NCs 1, 2, and 3, respectively) and then used them in sensor titrations. Furthermore, S2− ion detection via “turn-off” and “turn-on” responses was realized by dLys-Ag NCs (1) and dLys-Ag NCs (3), respectively, with LODs of 0.2 and 0.6 μmol∙L−1, respectively. Moreover, these probes were effective in real water samples. Huang et al. employed Ag NC-capped silica nanoparticles (SiO2@Ag NCs) for photoluminescent ratiometric quantification of S2− and I− ions, with LODs of 62 and 57 nM, respectively [100].



Hyperbranched polyethyleneimine-protected silver nanoclusters (hPEI-Ag NCs) were reported by Chen et al. for recognition of nitrite (NO2−) ion [101]. The involved NO2− sensor was validated by the fluorescent “turn-off” response of the cluster material. This study used the nitrite–H2O2 chemical reaction as a detection principle. The LOD of the sensor was estimated as 100 nM with a linear range of 0 to 7 μM. Wang et al. proposed a solvent induced fluorescent enhancement strategy for identification of I− ions in urine samples [102].



In this work, upon addition of isopropyl alcohol (IPA), the fluorescence of GSH-Ag NCs was enhanced and then addressed in I− detection via the “turn off” response with the limit of 0.5 nM (Figure 8). This probe was also applied in urine sample analysis with an LOD of 7.5 nM. The simultaneous detection of iodide (I−) and bromide (Br−) ions was realized by carboxymethyl dextran (CMD)-stabilized Ag NCs [103]. In this report, the probe was applied to detect I− in the presence of Br− in an ammonia medium, and the total amounts of Br− and I− ions were measured in a Britton–Robinson (BR) buffer solution. Liu et al. used lysozyme-stabilized Ag NCs (dLys-Ag NCs) as probes for the ratiometric detection of hydrogen peroxide and hydroxyl radical with live cell imaging [104]. The linear detection range for H2O2 was from 0.8 to 200 μmol∙L−1 with an LOD of 0.2 μmol∙L−1. This probe was also applied in H2O2-generated oxidase-based biosensing. For instance, this probe involved the discovery of glucose and acetylcholine chloride with LODs of 0.6 and 0.8 μmol∙L−1. Moreover, the hydroxyl radical fluctuation was verified by cellular imaging. Thus, the development of such probes was still focused on the effective utility in the findings of hydroxyl-induced oxidative damage in proteins.



Templated Ag NCs have also been significantly applied in the detection of biologically important species. For example, Liu et al. used L-GSH stabilized Ag NCs with a quantum yield of 9.09% for the chiral recognition of amino acids [105]. They used the fast and green micro wave-assisted approach to develop water-soluble fluorescent L-GSH-Ag NCs. In addition, DNA-templated AgNCs (Φ = 18.6%) were used as probes for identifying thiol compounds, such as GSH, cysteine (Cys), and homocysteine (Hcy) via fluorescent enhancement [106]. This report also revealed the order of enhancement as Hcy > GSH > Cys. Zhang et al. employing polyethyleneimine-capped silver nanoclusters (PEI-Ag NCs; Φ = 3.81%) in the assay of important biothiol compounds in the presence of various interferences [107]. This sensor probe was more specific for the identification of Cys, Hcy, and GSH via fluorescent “turn-off” (Figure 9). The obtained linear ranges for Cys, Hcy, and GSH were 0.1–10 mM, 0.1–10 mM, and 0.5–6 mM, respectively, with the LODs of 42, 47, and 380 nM. Moreover, during the addition of biothiol compounds to the probe, color changes from colorless to red-brown were observed, which can be visualized through naked eyes without any complex instruments.



In view of the requirement of specific analyte sensors, Yuan et al. exploited GSH-Ag NCs (Φ = 4.2%) for Cys detection [108]. Red-emitting GSH-Ag NCs were used for Cys detection via PL quenching over 19 other non-thiol containing amino acids with an LOD of 3 nM. Zhu et al. used the GSH-Ag NCs probe by controlling the molar ratio between Ag and glutathione for Cys detection through the tunable dual-emission fluorescent sensitivity [109]. For cluster-based biomolecule detection, Dong et al. reported on the discovery of urea and glucose by utilizing GSH-Ag NCs [110]. The GSH-Ag NCs displayed pH switchable agglomeration, leading to fluorescent quenching in the pH range of 3.57–8.05. This ability was beneficial for the sensing of urea and glucose through the “off-on” responses. The detections had linear ranges of 5−170 μM and 0.3–13 mM with LODs of 10 nM and 10 μM, respectively.



In this footpath, Jin et al. used chromotropic acid (CTA) and layered double hydroxide nanosheets-functionalized Ag NCs (CTA-Ag NCs/LDH; Φ = 12.08%) as an effective “off-on” sensor for melamine [111]. This probe can determine melamine in the concentration range of 0.03 mM to 0.1 mM with an LOD of 4 nM. Chen et al. realized fluorometric “turn-on” glucose detection by Ag NCs based on the Fenton reaction, which can trigger the clusters [112]. This approach is a new strategy for glucose detection. Mao et al. used polyethyleneimine-capped Ag NCs combined with Cu2+ ions, which act as a metal mediated precursor for the selective recognition of quinolones present in biologically important antibiotics [113]. This assay presented the “turn-on” sensor for the trace detection of quinolones with the use of a PEI-Ag NCs-Cu2+ system with good linear ranges and low LODs.



Similar to small-biomolecules detection, DNA-templated Ag NCs with a high fluorescent quantum yield of ~60% have also been applied in the recognition of specific proteins, such as thrombin [114]. Zhou et al. repeatedly used the DNA aptamer stabilized yellow emissive Apt-Ag NCs (Φ value of ~17%) for the selective detection of prion protein [115]. The probe confirmed the higher selectivity to prion (PrPc) than that to other proteins, such as HSA, BSA, lysozyme, thrombin, and pepsin, at 10-fold higher concentrations than PrPc. In the same way, DNA-Ag NCs have been successfully used in the selective determination of bleomycin (glycopeptide-derived antibiotics isolated from Streptomyces verticillus), which was then applied in cancer treatment [116]. However, the probe became more active in the presence of Fe2+ ions. Moreover, the linear detection range of bleomycin was estimated at 100–400 nM with an LOD of 54 nM. In a similar manner, red fluorescent Cys-modified maltose-containing Ag NCs (Φ = 3%) were synthesized by Basiruddin et al. and used in the detection of glycoprotein with HeLa cell labeling [117].



Apart from the detection of metal ions, anions, biomolecules, and proteins, templated Ag NCs were also well consumed for the identification of nucleic acid as mentioned below. DNA-templated Ag NCs were used in the detection of microRNA by Vosch and Ye’s research groups using “turn-off” and “turn-on” responses, respectively [118,119]. Among them, the turn on response of DNA-Ag NCs to microRNA (miR-141) was seemingly more remarkable with an LOD of 2 aM (attomolar). In a similar response, DNA discoveries were established by Prof. Wang and Zhang’s research reports with the utilization of DNA-Ag NCs [120,121]. In both cases, the linear ranges and LODs remain interesting. Hence, DNA-templated Ag NCs offers an efficient platform for detection of a wide spectrum of analytes.



As validated by Au NCs, templated Ag NCs are also being applied in bio-imaging and pH-sensing studies. The DNA-Ag NCs (Φ = 39.7%) were efficiently used in bio-imaging readings in HeLa cells by Zhu and co-workers [122]. Guével et al. reported the GSH-Ag NCs (Φ value of >60%) with blue-green, yellow, and red emissions, which was further used in bio-imaging of epithelial lung cancer cells (A549); hence, its application was proposed in biomolecular interaction diagnostics [123]. Qu et al. described the hyperbranched PEI-capped Ag NCs (Φ = 3.8%) as highly sensitive fluorescent and colorimetric pH sensors [124], in which, upon increasing acidity, the probe visualizes color changes from colorless to a colored state. On the other hand, fluorescence enhancement was observed at higher pH values. As a striking input to sensor research, He and Willner’s research studies proved the uses of BSA-Ag NCs and DNA-Ag NCs for the detection of p-nitrophenol and nitroaromatic or RDX explosives, respectively [125,126]. Both investigations proved that the fluorescent-quenching responses and their LODs were in nano- and picomolar levels, correspondingly.




5. Sensor Applications of Cu NCs


Analogous to Au and Ag NCs, templated non-noble Cu NCs also acted as effective fluorescent probes and were regarded in various chemo-and biosensory studies as described in this section. They have also been used by researchers as attractive candidates for the determination of metal ions. For example, Prof. Huang and Mukherjee’s research reports on Cu NCs witnessed its application in the detection of Fe3+ ions via fluorescent quenching [127,128]. To stabilize the Cu NCs, they used tannic acid and glutathione (GSH) as templates, respectively. Impressively, both Cu NCs exhibited blue emission with quantum yields of 14% and 6%, correspondingly. Furthermore, the detection of Fe3+ in both studies evidenced good linearity with LODs of 10 and 25 nM, individually. In this way, Liu et al. presented a hyperbranched PEI-protected copper nanoclusters (hPEI-Cu NCs; Φ = 7.9%) conjugated to the surface of silica-coated CdSe quantum dots (QDs) for the ratiometric detection of Cu2+ ions [129]. Here, the fluorescence of the probe drastically quenched between the linear range of 22 nM–8.8 μM with an LOD of 8.9 nM.



Furthermore, glutathione (GSH)-capped Cu NCs (Φ = 10.6%) were applied as a fluorescent probe for sensitive and selective acknowledgement of Hg2+ in water and foodstuffs by Hu and co-workers [130]. In this work, upon the accumulation of Hg2+ ions, the fluorescence of GSH-Cu NCs was quenched between the linear range from 10 nM to 10 μM with an LOD of 3.3 nM. Interestingly, the above probe with a quantum yield of 5.3% was also developed through sonochemical synthesis and consumed in fluorescent “turn-off” sensing of Pb2+ ions with an LOD of 1.0 nM [131]. On the other hand, Bing-Yan et al. represented the employment of GSH-Cu NCs in fluorescent “turn-on” recognition of Pb2+ ions [132]. However, the linear concentration of Pb2+ was lies between 200–700 μM, with an LOD of 106 μM. In this course, Goswami and co-workers represented the BSA-capped Cu NCs (CuQC@BSA) towards the selective fluorescent “on-off” detection of Pb2+ ions [133]. Here, the probe has a quantum yield of 0.15 and evidenced the aggregation-induced quenching with Pb2+ ions in the presence of other interferences. The development of diverse fluorescent Cu NCs toward sensory application is a more exciting concept. In this context, Prof. Huang’s research group attested dithiothreitol (DTT)-capped Cu NCs (DTT-Cu NCs) with orange fluorescence for the determination of Al3+ ions [134]. The detection mechanism was based on the aggregation-induced fluorescence enhancement with Al3+ ions. Notably, the linear relationship of DTT-Cu NCs with Al3+ ranged from 0.01 μM to 7 μM with an LOD of 0.01 μM. Similar to the above report, based on the aggregation-induced emission enhancement, Zn2+ ion discovery was proposed by GSH-Cu NCs (Φ = 1.3%) [135] as illustrated in Figure 10. This work was also proven through cellular imaging studies. Further, the detection range of Zn2+ was found to be from 4.68 μM to 2240 μM with an LOD of 1.17 μM. During Zn2+ determination, the Φ value increased to 6%.



Similar to metal ion sensors, precursor-stabilized Cu NCs were successfully used in the sensory investigation of anions as follows. Li et al. showed the fluorescent “turn-off” detection of S2− ions by using cysteine-capped Cu NCs (Cys-Cu NCs) with real time applications in “Fart Bomb” samples [136]. The probe proposed the linear range from 0.2 μM to 50 μM with an LOD of 42 nM. Khonkayan et al. reported an impressive work for determination of CrO42− by 4,6-diamino-2-mercaptopyrimidine-protected Cu NCs (DAMP-Cu NCs) [137]. Under optimized conditions, DAMP-Cu NCs has a linear response between the chromate concentration range of 1–7 μM with an LOD of 0.31 μM. In a similar response, PEI-templated copper nanoclusters (Cu NCs) have been used in the recognition of I− ions between 0 μM and 10 μM linear range with an LOD of 100 nM [138]. Impressively, the obtained results were validated by urine sample analysis.



A contribution to anion sensor, stabilizer-free Cu NCs was made in the detection of NO2− ions by Qiu and co-workers [139] as illustrated in Figure 11. The probe witnessed the linear ranges varying from 12.5 nM to 125 μM and from 125 μM to 5000 μM with an LOD of 3.6 nM. Zhou et al. presented the GSH-Cu NCs (Φ = 8.6%) as the sensory probe for NO2− ions between the range of 1–100 mM, with an LOD of 0.3 μM [140]. Moreover, it was applied in real water sample investigations. Instead, thiosalicylic acid-capped Cu NCs with a quantum yield of 13.2% were engaged in the pH-dependent fluorescent “on-off” determination of NO2− and CN− ions in water samples [141]. In which, at pH 5.0 and 8.0, the probe approximately quantify the NO2− and CN− ions with limits of 5 μM and 5 nM, respectively. In contrast to other anion sensor reports by Cu NCs, Prof. Huang’s research group developed the trypsin-stabilized Cu NCs (Φ = 1.1%) towards the “turn-on” detection of pyrophosphate (PPi) with an LOD of 101 nM [142]. Moreover, this probe also achieved good linear relationship between the PPi concentration range of 78 μM–20 mM.



Similar to metal ions and anions sensors, scaffold-stabilized Cu NCs were also efficiently utilized in the detection of biomolecules, such as biothiols, cysteine, and glucose. For example, Hu et al. presented the DNA-Cu NCs based recognition of biothiols, such as GSH, Cys, and homocysteine (Hcy) via fluorescent-quenching responses [143] with affordable ranges and limits. Notably, this work was also applied in plasma samples. On the other hand, BSA-templated Cu NCs were used as peroxidase mimetics for the identification of H2O2 and glucose [144]. As shown in Figure 12, the addition of 2 mM glucose resulted in a bluer color than that of 5 mM fructose, lactose, or maltose.



Added to this research, a guanosine 5′-triphosphate (GTP) sensor has been delivered by using histidine-protected Cu NCs with a quantum yield of 1.6% [145]. Zhao et al. presented an impressive work for the detection of GTP by fluorescence quenching response. However, other nucleoside triphosphates including adenosine-5′-triphosphate (ATP), CTP, UTP, and other inorganic anions, such as P2O74−, PO43−, and CH3COO−, have no such effect on Cu NC emission. By contrast, Wang and co-workers accounted the DNA-templated Cu NCs in lieu of the assay of ATP via target-induced structure-switching design [146]. This assay method showed an exciting fluorescence “turn-on” response compared with that of other non-specific nucleosides, such as CTP, UTP, and GTP. Moreover, this probe witnessed a dynamic assay range from 0.01 nM to 100 nM with an LOD of 5 pM.



In biomolecule detection, the lysozyme functionalized fluorescent copper nanoclusters (Lys-Cu NCs; Φ = 5.6%)-based glucose sensor viaa fluorescence quenching effect was reported by Wang et al. [147]. Lys-Cu NCs displayed the two linear response ranges with glucose between 0.03–10 μM and 0.5–10 mM with an LOD of 1.9 nM. In this course, fluorimetric sensing of Cys through the formation of various copper nanoclusters (Cys-Cu NCs) with different sizes were described [148]. As shown in Figure 13, in contrast to other amino acids, addition of Cu2+ to Cys solution leads to production of Cys-Cu NCs, and the fluorescence intensity increased with the accumulation of cysteine from 5 μM to 50 μM. In the presence of various concentrations of Cys, two linear ranges were observed between 5 μM to 50 μM and 60 μM to 500 μM with LOD values of 2.4 μM and 55 μM, separately.



The sensory studies of templated Cu NCs have been extended to detection of glycoproteins as noted next. For instance, BSA-Cu NCs were further functionalized by 3-aminophenylboronic acid and consumed in the sensitive detection of glycoproteins [149] via a fluorescence quenching response. The probe APBA-Cu NCs displayed a wide linear range of 5–220 nM and an LOD of 2.6 nM. Moreover, Li et al. successfully exploited this method for the determination of glycoproteins in the egg white of chickens and human urine samples, which shows quantitative spike recoveries from 95% to 104%. Zhao and co-workers described 4-methylthiolphenol functionalized Cu NCs with a quantum yield of 2.4% in ethanol as an aggregation-induced emission probe and also consumed in β-galactosidase activity assay [150] by fluorescence “turn-off” response.



Related to the nanoclusters of Au and Ag, Cu NCs with double-strand DNA (dsDNA) scaffold were also used in the recognition of microRNAs as defined next. Wang et al. presented DNA-Cu NCs for the quantitative detection of microRNAs via emission “turn-off” response [151]. Further, this work demonstrated the linear range from 1 pM to 10 nM with an LOD of 1 pM. By contrast, Prof. Hosseini described the DNA-Cu NC-based “turn-on” recognition of microRNA-155 [152]. In which, DNA-Cu NCs witnessed linear fluorescent enhancement towards miRNA-155 between 50 pM to 10 nM, with an LOD value of 11 pM. This method was also applied in human plasma and saliva.



Next, Cu NCs were meritoriously applied in bio-imaging studies as noted below. In this study, artificial peptide CLEDNN-templated Cu NCs with Φ = 7.3% were used in bio-imaging and temperature-sensing applications by Huang et al. [153]. Basu and co-workers also presented GSH-stabilized multi-color emissive Cu NCs (Φ = 0.438–1.27%) for bio-imaging investigations [154]. Here, copper nanoclusters countersigned with four different color emissions, such as blue, cyan, green, and orange-red, in water, which displayed low toxicity with imaging in OAW42 cell lines. Notably, Cu NCs were also used as pH sensors as in the case of other nanoclusters. For example, Wang et al. described the trypsin-stabilized fluorescent Cu NCs (Φ = 1.1%) as a reversible pH sensor [155] between pH values 2.02–12.14. In this work, the Cu NCs form a blue precipitate in alkaline medium, which is restored upon dissolution in acid medium. Similar to the above report, Zhang et al. attested the reversible fluorescent pH-sensing ability of natural silk fibroin-capped Cu NCs (SF@Cu NCs) [156]. The author applied this method in water samples and demonstrated its potential practical application.



In addition to various sensor interrogations, Cu NCs were found to have potential in the detection of explosive materials. Prof. Wu’s research paper indicated explosive determination by using BSA-Cu NCs [157]. The probe determined the 2,4,6-trinitrophenol via fluorescent “turn-off” and had linearity between 0.8 μmol∙L−1 to 100 μmol∙L−1 with an LOD of 20 nmol∙L−1. In this method, Rogach and co-workers established the sensor efficacy of GSH-Cu NC incorporation in metal-organic frameworks (ZIF-8) towards the recognition of 2,4,6-trinitrotoluene by emission quenching [158]. Interestingly, Cu NCs were reported as probes for the identification of water in organic solvents at ultralow level (ppm) [159]. Moreover, the aggregation-induced emission enhancement capability of Cu NCs may lead to various future sensor applications [160].




6. Pt NCs in Sensory and Bio-Imaging Studies


Given the importance of nanocluster-based fluorescent sensors, fluorescent Pt NCs were developed, and currently, many research discoveries are being reported. Previously, Prof. Zhang proposed that a nonmetallic platinum nanocluster was responsible for the observed fluorescence behavior [161]. However, the fluorescent property of Pt NCs was found to be responsible for its sensor interrogations. For example, George and co-workers reported the utilization of dimethylformamide-protected Pt NCs as a fluorescent sensor towards Fe(III) ions in aqueous medium [162]. The probe displayed fluorescent “turn-off” selectivity to Fe(III) ions with impressive human blood sample analysis. In contrast to metal ion sensor, BSA-Pt NCs were used in the hypochlorite assay by fluorescent quenching [163] and oxidation mechanism. Given the negligible effect of other interferences, this method was validated as highly selective.



In the detection of biologically important species, Jin and Shang co-workers represented the ultra-small Pt NCs (Φ = 8.4%) as robust peroxidase mimics for colorimetric recognition of glucose in human serum [164]. This work revealed the Stern−Volmer plot with good linear relationship from 0 μM to 200 μM with an LOD of 0.28 μM. Moreover, upon addition of glucose, the blue color was visualized more than that of other carbohydrates (lactose, fructose, sucrose, and maltose) at higher concentration. Xu et al. described the hydrothermal synthesis of highly luminescent polyethylenimine-protected Pt NCs (Pt NCs@PEI; Φ = 28%) and applied it in the recognition of nitroimidazoles [165]. Pt NCs@PEI effectively determined trace amount of metronidazole (MTZ), used in treating parasitic infections, at a linear response between 0.25 μM to 300 μM with an LOD of 0.1 μM.



Pt NCs have also been used considerably in cellular imaging practices. For instance, Chen and co-workers validated Pt NC-based bio-imaging and photothermal treatment [166,167]. They united the spontaneous intracellular creation of fluorescent Pt NCs with a photothermal treatment of tumors through water-soluble porphyrin tetrakis(sulfonatophenyl)porphyrin, leading to synergistic effects and enhancement of the therapeutic efficacy of IR irradiation [167], as illustrated in Figure 14.




7. Other Metal Nanoclusters as Sensors


The nanoclusters of Au, Ag, Cu, Pt, and currently other metal nanocluster-based sensory are becoming interesting topics. Very excitingly, those M-NCs may also be applied in sensory and imaging studies as noted subsequently. In this direction, King et al. pronounced the plasmonic colorimetric sensor ability of aluminum nanoclusters (Al NCs) [168], which may lead to the development of Al NC-based sensors for visual readout of a variety of analytes. As an addition to this research, palladium nanoclusters (Pd NCs) were established by Prof. Atta in the past decade [169]. Pd NC-coated polyfuran was used as a sensor probe for the determination of catecholamine neurotransmitters and paracetamol. However, this work applied electrochemical investigations not fluorescent studies, and hence, cannot be attested to our current focus. The uses of metal nanoclusters of Cd and Ir were also validated in cellular imaging studies [170,171]. Sarparast et al. represented such Cd NCs in a protein matrix, which were applied in targeted drug delivery and cellular imaging [170]. In a similar fashion, Vankayala and co-workers recognized the cellular imaging practice of highly fluorescent and biocompatible Ir NCs with a quantum yield of 0.36% [171]. Notably, the development of fluorescent nanoclusters, other than Au, Ag, Cu, and Pt still requires more focus to improve their practicability. Hence, many scientists are working on these research investigations.




8. Bi-Metallic Nanoclusters in Sensors and Bio-Imaging


Given the improved stability and optical properties, research on bi-metallic NCs have gained increasing attention. Notably, many reports on bi-metallic NCs are still more operative towards sensory, bio-imaging and drug delivery. Therefore, in this section, we intend to deliver a few examples of sensory and bio-imaging applications of bi-metallic NCs. In the last decade, Su et al. conveyed the sensor utility of DNA-templated copper/silver nanoclusters (DNA-Cu/Ag NCs) in the presence of mercaptopropionic acid (MPA) for the determination of Cu2+ ions via fluorescence recovery [172]. Here, in the presence of MPA, the fluorescence of DNA-Cu/Ag NCs was quenched and then recovered during the addition of Cu2+ ions. The linear concentration range of Cu2+ ions was established as 0–0.2 μM with an LOD of 2.7 nM. Next, mercaptosuccinic acid-stabilized AgAu alloy nanoclusters (MSA-AgAu NCs) with highly red fluorescence were developed by Prof. Chen’s research group and applied in the fluorescence-enhanced detection of Al3+ ions [173]. In this work, the linear Al3+ concentration lies between 2.0−30 μM with an LOD of 0.8 μM.



As mentioned earlier, the templated Ag/Au NCs became more attractive by tuning the atomic ratio. Moreover, among other bi-metallic systems, the Ag/Au system provides more stability with enhanced fluorescence and biocompatibility for sensory and imaging studies. Some metal ion sensor-based Ag/Au bi metallic NCs are as follows. Zhang et al. established the Au/Ag NCs in the protein matrix with “Silver Effect”-enhanced red fluorescence [174]. Importantly, the above-mentioned probe Au-Ag NCs facilitated the recognition of Hg2+ and Cu2+ ions with corresponding LODs of 0.30 and 0.60 nM in blood samples. Continuing, Zheng and co-workers described the (BSA)-stabilized yellow emissive AuAg bimetallic nanoclusters as a sensory probe for Hg2+ ions by “turn-off” response [175]. The linear detection concentration of Hg2+ ions was established as 50 nM to 63 μM with an LOD value of 13 nM. In this way, lipoic acid-protected red emissive Au/Ag nanoclusters with a quantum yield of 6.4% were applied as a probe for the determination of Fe3+ ions and temperature through fluorescence quenching [176]. The above probe was developed by Prof. Wang’s research unit via one-step green synthesis and has linear reversible response to temperatures between 20 °C and 65 °C. Furthermore, linear fluorescent-quenching responses of Au/Ag nanoclusters with Fe3+ ions were observed between 1–80 μM with an LOD value of 0.5 μM. The sensor ability of the probe was also validated through cellular imaging studies.



AuAg NCs with diverse templates were also reported for the detection of different metal ions as noted next. Yang et al. described the 11-mercaptoundecanoic acid (11-MUA)-capped AuAg NCs, which show significant fluorescence quenching in the presence of Cr(III) ions [177]. However, the probe participated in the redox reaction (between Cr(VI) and AA) for indirect discovery of Cr(VI) ions. The above interrogation estimated the linear ranges of Cr(III) and Cr(VI) as 0.08 μM to 6 μM and 0.6 μM to 10 μM, respectively, with matching LOD values of 0.05 and 0.3 μM. In a similar trend, DNA-scaffiolded Ag–Au NCs were expended in the selective recognition of Hg2+ ions through fluorescence quenching [178]. Similar to Ag-Au NCs, other bi-metallic NCs were also consumed in analyte detection. Ding et al. presented dual-emitting BSA–Pt–Au NCs in the detection of mercury ions and cysteine via ratiometric fluorescence responses [179]. In this result, upon addition of metal ions, the BSA-Pt-Au NCs exhibited emission quenching and then recovered in the presence of Cys. The linear concentration range of Hg2+ and Cys was observed between 0.5 nM to 22 μM and 0.1 μM to 50 μM with LODs of 0.3 nM and 0.04 μM, respectively. Wang and co-workers described the fluorometric determination of Cd(II) and Hg(II) ions by using gold-nickel bi-metallic NCs [180]. The fluorescence signal was strongly enhanced in the presence of Cd(II) ions but quenched upon addition of Hg(II) ions via a diverse electron transfer mechanism (Figure 15). This probe witnessed a good linear relationship with Cd(II) ions from 0.005 μM to 100 μM with an LOD of 1.75 nM. On the other hand, the linear relationship for Hg(II) ions was appraised as 0.005–1.0 μM with an LOD value of 1.70 nM. Moreover, the above work was also authenticated by serum sample analysis.



Comparable with the detection of metal ions, bi-metallic NCs were also used in the selective acknowledgement of anions as revealed successively. Prof. Chang’s research study exposed the effective utility of DNA-templated gold/silver nanoclusters (Φ = 3.9%) in the assay of S2− ions [181] with an LOD of 0.83 nM via fluorescent “turn-off” response. In a related fluorescence response, the detection of hypochlorite in tap water was exposed by BSA-stabilized Au-Ag NCs (Φ = 18.6%) [182], in which the linearly correlated hypochlorite concentration ranged from 0.7 μM to 15 μM with an LOD of 80 nM. A similar probe (BSA-Au-Ag NCs) was also used by Zhou et al. for the highly sensitive recognition of inorganic pyrophosphatase activity with the help of copper ion (Cu2+) and inorganic pyrophosphate ion (PPi), as illustrated in Figure 16 [183].



Li et al. approved the sensor ability of DNA-capped Au/Ag NCs in the fluorometric and colorimetric determination of I− ions by fluorescence quenching [184]. Here, the probe showed a good linear range from 0 μmol∙L−1 to 10 μmol∙L−1 for iodide ions with an LOD of 0.3 μmol∙L−1. Alternatively, Ding et al. applied the DNA-templated copper/silver nanoclusters (DNA-Cu/AgNCs) for selective sensing of S2− ions via emission quenching [185]. DNA-Cu/AgNCs displayed a linear detection range of S2− between 10 pM to 1 mM with an LOD of 3.75 pM. Moreover, it was successfully applied in the detection of H2S in poisoning blood.



Given the importance of biomolecule determination, bi-metallic NCs were also consumed for their fluorescent sensor recognition as subsequently defined. For instance, Wang et al. reported the detection of biologically important thiols, such as Cys and GSH via fluorescence quenching of BSA-Au/Ag NCs [186]. Under optimized conditions, the above probe has excellent linear fluorescence quenching in the presence of Cys (20 nM–80 μM, LOD: 5.87 nM) and GSH (2–70 μM, LOD: 1.01 μM). By contrast, fluorescence turn-on selective identification of His and Cys were discovered by Sun and co-workers using 11-mercaptoundecanoic acid (11-MUA) protected Ag/Au bimetallic nanoclusters (Φ = 4.2%) combined with Cu2+ ions [187]. The probe can detect His and Cys within the linear concentration range of 0.25−9 μM and 0.25−7 μM with LODs of 87 nM and 111 nM, correspondingly.



Prof. Wu’s research legitimated the fabrication of gold–platinum bimetallic nanoclusters (Au-Pt NCs) with variable Au/Pt molar ratios via a one-pot synthetic route and applied in colorimetric acknowledgement of glucose [188]. Here, Au-Pt NCs led to a glucose oxidase cascade-catalyzed system using 3,3′,5,5′-tetramethylbenzidine as a chromogenic substrate. This convenient naked eye quantification has linear responses between 5 μM to 55 μM with an LOD value of 2.4 μM. Moreover, upon incremental addition of glucose, the absorption spectra seem to be enhanced at 652 nm along with blue color visualization by the naked eye (Figure 17).



Ahn et al. presented the detection of adenosine by consuming DNA-templated Cu/Ag NCs and using the s-adenosylhomocysteine hydrolase method [189]. The adenosine was detected between 0 and 1 μM with an LOD of 19 nM more than that of other analogs, such as AMP, ADP, ATP, cAMP, guanosine, cytidine, and urine. Moreover, this method was also well verified with real human serum sample studies. In addition to this research, Li et al. marked the cost-effective highly sensitive fluorometric assay of acetylcholinesterase (AChE-significant neural enzyme), which can specifically catalyze the hydrolysis of acetylcholine (Ach-a central neurotransmitter), to acetic acid and choline [190]. Similar to individual M-NCs, hybrid bi-metallic NCs were also used in cellular imaging investigations as follows.



Previously, Hu et al. reported the hybrid ultra-small Au/Gd-NCs in triple-modal NIRF/CT/MRI imaging [191]. This work demonstrates the penetration of Au/Gd NCs into a solid tumor without any toxicity in vivo. In a similar fashion, BSA-stabilized Au-Ag NCs (Φ = 11.7%) were established for the delivery of the therapeutic suicide gene in HeLa cancer cells by Dutta and co-workers [192]. The above study described the mechanism of uptake and manner of cell death and revealed its future applicability. In this trend, bright fluorescent cytidine-mediated Au-Ag NCs were developed by Chen et al. and utilized for both in vitro cellular imaging and tumor in vivo detection [193]. The synthesis and tumor detective application of the above-acknowledged probe is shown in Figure 18.



As in the case of other individual NCs, bi-metallic NCs were used in pH and temperature sensor applications. For example, Prof. Chang’s research paper defined the pH sensing ability of AuCu bimetallic NCs (Φ = 4.8%), which was synthesized through a one-pot approach [194]. Notably, the above probe also showed the catalytic activity in the degradation of methylene blue. Han et al. represented the temperature-sensing capability of Cu/Ag NCs obtained from weakly luminescent glutathione (GSH)-capped Cu NCs [195]. Cu/Ag NCs witnessed fluorescence quenching between 4 °C and 55 °C. Further to note, the aggregation-induced behavior of M-NCs and bi-MNCs were evaluated and may be applied in many biological applications in the near future [196]. Attracted by the effective applications of M-NCs and bi-MNCs, researchers currently intend to develop luminescent tri-metallic NCs with high quantum yields [197].




9. Advantages and Limitations


NC-based sensory investigations have several advantages and a few limitations as indicated below.








	
In contrast to plasmonic nanoparticles, M-NCs have an ultra-small size with ultimate fluorescence. Hence, they can be used as fluorescent “Off” or “On” probes in a variety of analytical studies.



	
Contrary to fluorescent quantum dots, the optical properties of M-NCs can be enhanced by controlling the surface functionalization, which also leads to NCs with diverse emissive colors.



	
M-NCs can be synthesized via a one-pot synthesis compared with the complicated synthesis of organic sensory probes.



	
Luminescent M-NCs exhibit less toxicity and good biocompatibility compared with fluorescent quantum dots and organic fluorophores. Hence, they can be used in biological applications, such as imaging and drug delivery studies.



	
The emissive characteristics of M-NCs are limited to the ligands functionalized on the surface and to stability with respect to temperature, time, and pH values.



	
The optical properties are also limited to overall uniform cluster particle sizes. Similar functional groups on the NC surface with diverse particle sizes may also possibly emit different colors. Therefore, maintenance of the experimental procedure is highly essential to obtain reproducible results.









10. Conclusions and Perspectives


In this review, we have summarized the recent progress in chemosensory applications of luminescent metal NCs with particular focus on Au, Ag, Cu, Pt, and their alloy clusters. These NCs remain more attractive due to their diverse color emission properties by tuning the templates or metal ratios. Interestingly, they act as probes in specific analyte detection, such as metal ions, anions, biomolecules, peptides/proteins, and explosives. Moreover, due to their low toxicity and biocompatibility, they are also used in bio-imaging studies. Hence, in the presence of biofunctionalized scaffolds, the ultra-small metal NCs can be utilized in a variety of biomedical applications. The unique fluorescent property of those NCs enhances the reversible pH and temperature-sensing ability.



Although the M-NCs and bi-NCs have witnessed exciting progress, many limitations remain as a challenge.








	
The relation between structure and emission properties of many reported M-NCs remains insufficient. Hence, fundamental investigations on the structural properties of M-NCs need to be focused along with fluorescence studies.



	
Optimization of precursor/template concentration for stabilizing the M-NCs has been uncertain in many cases and must be clarified. Notably, in many reports, similar probes with various template or metal ion concentrations have been reported for diverse analyte detection. However, clear fundamental evidence to support their diverse optical properties has not been provided. This is an essential point to be addressed in future reports.



	
Mechanistic evidence for a few M-NC-based sensory reports remain inadequate. Hence, essential theoretical interrogations should be supplemented in the future.



	
NC-based based sensory applications by using optical devices have led them towards promising nanodevice-based commercial utilities.



	
Pt NCs based sensory research remains insufficient, with emitted fluorescence between 700 nm to 950 nm by utilization of diverse templates. Hence, much effort is needed to develop such probes for enhanced biological utilities.



	
The development of multifunctional M-NCs is helpful in biomedical diagnosis and treatment. Hence, considerable efforts are required to develop promising candidates.








Apart from the above-mentioned challenges, the research on M-NCs and bi-MNCs remains promising for sensory and biomedical applications. Further, many scientists continue to resolve many of the above issues, and hence, it is believed that NC-based sensory and theranostic applications should have a bright future.
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Figure 1. Schematic representation of chemosensor applications of metal nanoclusters (M-NCs). 
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Figure 2. (A) Synthesis of Au NCs@Lys and (B) strategy for Cu2+ detection (Copyright Ref [47], Royal Society of Chemistry). 
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Figure 3. (A) Fluorescence spectra of Au16 NCs@BSA (1 mg/mL) in buffer solution (pH 7.5) measured 20 min after the addition of AgNO3 (λex = 350 nm), from bottom to top the concentration increasing from 0 to 40.0 μM. (B) Plot of photoluminescence (PL) intensity at 525 nm vs the molar ratio of Ag+ to Au16 NCs@BSA; the concentrations of Ag+ are the same as in (A) (Copyright Ref [57], American Chemical Society). 
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Figure 4. (a) Aqueous solution of Au NCs before (left) and after (right) addition of 5 × 10−3 M cyanide. (b) Fluorescence of the aqueous solution of Au NCs before and after addition of 5 × 10−3 M cyanide under UV light at 365 nm (Copyright Ref [58], WILEY publications). 
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Figure 5. Photographs of acetylcysteine-stabilized gold NCs (ACC@Au NCs) with different analyte solutions viewed under UV light at 365 nm (Copyright Ref [66], ELSEVIER publications). 
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Figure 6. Confocal laser scanning microscope images of four different cell lines after treatment with green emitting AuNCs (λem = 510 nm); deep red plasma membrane dye exhibits red emission (λem = 633 nm), which is used as a reference for cell membrane staining. (a–c) Images of Au NCs, deep red plasma membrane dye, and their merged images of HeLa cells, respectively. (d–f) Images of A498 cells; (g–i) images of Schwann cells; (j–l) images of L929 cells (scale bar corresponds to 10 μm) (Copyright Ref [76], American Chemical Society). 
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Figure 7. Schematic illustration of (A) the reversible fluorimetric and colorimetric detection mechanism and procedure of L-glutathione (GSH)-passivated Ag NCs toward the fluorimetric and colorimetric assays for Cu2+ ions (insert: the photographs of corresponding products), and (B) the chelating interaction between Cu2+ ions and GSH of GSH-passivated Ag NCs (Copyright Ref [89], Nature Publications). 
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Figure 8. Schematic illustration of isopropyl alcohol (IPA)-triggered fluorescence enhancement of the Ag NCs and then fluorescence turning-off induced by iodide ions (Copyright Ref [102], Royal Society of Chemistry). 
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Figure 9. The responses of different amino acids to polyethyleneimine (PEI)-capped Ag NCs: Cys, Hcy and GSH (10 mM), other 19 amino acids (100 mM). The picture inserted shows the color and fluorescence change of Ag NCs to different amino acids (300 mM) (Copyright Ref [107], ELSEVIER publications). 
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Figure 10. Schematic illustration of the preparation of GSH-capped Cu NCs and the aggregation induced PL enhancement of Cu NCs in the presence of Zn2+ (Copyright Ref [135], Elsevier publications). 
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Figure 11. Schematic diagram of the mechanism of the detection of nitrite ions by the FL Cu NCs (Copyright Ref [139], Elsevier publications). 
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Figure 12. Determination of the selectivity of glucose detection with 5 mM lactose, 5 mM fructose, 5 mM maltose, and 2 mM glucose. The error bars represent the standard deviation of three measurements. Inset: the color change with the different solutions (Copyright Ref [144], ELSEVIER publications). 
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Figure 13. The effect of different amino acids on copper sulfate solution (pH = 12). From left to right: with Cys, Val, Gln, Ala, Lys, Met, Glu, Thr, Asn, Asp, Gly, Ser, Leu, Pro, Ile, Phe, Arg, Tyr, His, Trp, respectively (Copyright Ref [148], Springer publications). 
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Figure 14. Schematic illustration of the study rationale and design (Copyright Ref [167], American Chemical Society). 
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Figure 15. Schematic diagram of the mechanism of the detection of Cd2+ and Hg2+ ions by the fluorescent BSA-Au-Ni NCs (Copyright Ref [180], Springer publications). 
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Figure 16. Schematic illustration of gold-silver bimetallic nanocluster (Au-Ag NCs) based fluorescent probes for quantitative monitoring of inorganic pyrophosphatase (PPase) activity coupling enzyme-induced hydrolysis of pyrophosphate ion (PPi, P2O74−) with the release of copper ion (Cu2+) from the Cu2+-PPi complexes (Copyright Ref [183], American Chemical Society). 
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Figure 17. (A) Absorption spectra of the Au-Pt NCs-GOx-TMB system in the presence of different glucose concentrations (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, and 55 µM). (B) Linear calibration curve of the absorbance at 652 nm against glucose concentration. The inset shows the corresponding photographs for different concentrations of glucose (Copyright Ref [188], Royal Society of Chemistry). 
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Figure 18. Scheme illustration of the process for cytidine mediated gold-silver nanoclusters (AuAg NCs) (Copyright Ref [193], WILEY publications). 
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