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Abstract

:

Fluorescence, and more in general, photoluminescence (PL), presents important advantages for imaging with respect to other diagnostic techniques. In particular, detection methodologies exploiting fluorescence imaging are fast and versatile; make use of low-cost and simple instrumentations; and are taking advantage of newly developed powerful, low-cost, light-based electronic devices, such as light sources and cameras, used in huge market applications, such as civil illumination, computers, and cellular phones. Besides the aforementioned simplicity, fluorescence imaging offers a spatial and temporal resolution that can hardly be achieved with alternative methods. However, the two main limitations of fluorescence imaging for bio-application are still (i) the biological tissue transparency and autofluorescence and (ii) the biocompatibility of the contrast agents. Luminescent gold nanoclusters (AuNCs), if properly designed, combine high biocompatibility with PL in the near-infrared region (NIR), where the biological tissues exhibit higher transparency and negligible autofluorescence. However, the stabilization of these AuNCs requires the use of specific ligands that also affect their PL properties. The nature of the ligand plays a fundamental role in the development and sequential application of PL AuNCs as probes for bioimaging. Considering the importance of this, in this review, the most relevant and recent papers on AuNCs-based bioimaging are presented and discussed highlighting the different functionalities achieved by increasing the complexity of the ligand structure.






Keywords:


fluorescence; biocompatibility; photoluminescence; nanoparticles; bioimaging; gold












1. Introduction


The prompt diagnosis of diseases is among the hot topics in the biomedical research field. The preventive detection of malignant conditions in human beings can significantly increase the chances of survival [1,2,3]. About that, the World Health Organization (WHO) demonstrated how the timely diagnosis of tumor and periodic screening can significantly enhance the survival rate in cancer affected people, and it can highly reduce the post-treatment recovery time [4]. In the last years, several investigative techniques, such as computed tomography (CT), positron emission tomography (PET), magnetic resonance imaging (MRI), etc., have been tested as promising diagnostic tools for the detection of internal diseases. Among them, fluorescence imaging has demonstrated encouraging results, such as low-cost performances, high sensibility, and relative safety [5,6,7]. Fluorescence imaging makes use of fluorescence or, more in general, photoluminescence (PL), as a powerful tool for the detection and real-time localization of emitting probes inside a matrix [8]. In the biomedical field, this tool is highly employed especially for the identification of ill sites, for non-invasive endoscopy, and for real-time intraoperative surgery guidance [9,10,11]. It should be noted that fluorescence imaging utilizes PL contrast agents, which, after being injected into the patients, are activated by an external light source, and the imaging is visualized through an optical detector. As a consequence, PL contrast agents need to be highly biocompatible and detectable at a spectral window where biological tissues are more transparent. AuNCs combine these two important features, and they are finding increasing applications in bioimaging the last years. Here we review the most recent examples of this technology on the basis of the level of complexity of the stabilizing ligands that, as is discussed below, affect substantially the properties and the applicability of the AuNCs-based PL contrast agents.



Limited depth of tissue penetration is still a major challenge of the PL probes currently employed in fluorescence imaging [12]. This issue rises from the high absorption coefficient of biological tissues (e.g., skin, fat, etc.) in the visible region [13]. In fact, most of the emitted visible light from the luminescent probes is absorbed by the biological tissues themselves; thus, it does not reach the detector. Such a circumstance lowers the detection limit of the technique, while it negatively affects the analysis due to high light scattering [14]. Moreover, most of the biological matters show autofluorescence, resulting in the reduction of the signal-to-noise ratio. Lately, researchers have explored several ways to overcome this obstacle, and one of the most fruitful approaches is to shift the emission of the employed probes to the near infrared (NIR), working in particular into two specific spectral windows known as NIR I and NIR II. In contrast to visible light, NIR light is more transparent to the biological tissues [15]. Indeed, NIR-emitting probes often show a lower detection limit, lower light scattering, and higher signal-to-noise ratio than the visible-emitting ones [16,17]. Due to that, they guarantee deeper tissue penetration and higher spatial and temporal resolution in the fluorescence bioimaging [18]. Throughout the time, many studies have shown the possibility to design very promising NIR-emitting probes for the detection of endogenous diseases or the display of internal body parts. Organic fluorophores [19,20,21], quantum dots [22,23], and polymeric materials [24,25] were tested as potential luminescent chemicals for applications in the fluorescence imaging. However, in the most recent developments, these emitters have sometimes suffered from certain drawbacks, such as low quantum yield [26], scarce photostability [27], photobleaching [28], or insufficient biocompatibility [29]. AuNCs have been recognized to be more biocompatible than other nanomaterials, while they exhibit acceptable quantum yields in the NIR region [30,31].



AuNCs are typically synthesized upon the reduction of a soluble ionic precursor in the presence of a stabilizing ligand—in many cases, a thiolate—as shown in (Figure 1a) [32]. The presence of the ligands is essential to limit the growth of the metal particles and limit their size to the nanoscale, providing a stable colloidal suspension. Particle size and monodispersity also determine the PL properties. In order to identify gold compounds with a very well-defined chemical composition, the term “nanocluster” is nowadays preferred to nanoparticles. Recently, an increasing number of AuNCs with an atomically controlled structure have been synthetized and characterized [33]. Although not strictly related to this review, we would like to stress that gold functionalization has been exploited to enhance the up-conversion efficiency of other NIR-emitting agents based on lanthanide ions. In one example, over 1000-fold enhancement of up-conversion luminescence was achieved. Nevertheless, in these systems, emission is not originated by the gold clusters [34].



Most characteristic PL properties of AuNCs can be interpreted in terms of molecular orbitals and transitions between electronic states, analogously to what happens in molecules. Both the metal atoms and the stabilizing ligands are involved in the electronic transitions responsible for the PL emission to an extent that depends on their contribution to the HOMO–LUMO. As a consequence, the PL spectrum and quantum yields depend on the gold atom oxidation state and on the nature of the ligands (Figure 1b) [35,36].
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Figure 1. (a) Scheme of synthesis of AuNCs. Adapted with permission from Ref. [32]. Copyright 2008 American Chemical Society. (b) Comparison between spectra of AuNCs functionalized with different molecules. * Artifacts from second and third-order excitation peaks (800 and 1200 nm). Adapted with permission from Ref. [36]. Copyright 2005 American Chemical Society. 
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Throughout the years, a large number of different capping agents have been proposed for the development of AuNCs with tailored physical–chemical, photophysical, and biochemical properties [37,38,39,40]. As is shown later in Section 2, the nature of the ligand affects the spectral distribution of the PL allowing, for example, to shift it from the NIR I to the NIR II or even to switch it ON/OFF. Additionally, the ligand can be functionalized for target recognition and therefore drive the accumulation of the AuNCs in specific biological sites. Furthermore, the ligands control the AuNC-AuNC interaction and can be tuned to achieve aggregation/disaggregation. Especially for bioimaging, these supra-particle interactions influence the PL properties and can be exploited for sensing and molecular recognition. Moreover, supra-particle systems can be formed upon AuNCs aggregation, leading to controllable and reversible changes in the PL. Recently, aggregation-induced emission (AIE) and aggregation-enhanced emission (AEE) were reported as one of the most explored strategies to activate or increase the emission of AuNCs tested for a variety of applications, such as sensoring and imaging [41,42].



Considering the importance of the ligands in the development of AuNCs for bioimaging, this paper focuses on the role of the coating agents in the modulation of various photophysical properties, considering increasing ligand complexity, going from thiolated ligands to biobased molecules, and ending with encapsulating coatings. Considering that some review papers about photoluminescent AuNCs have already been published [43,44,45], our discussion is mostly focused on the most recent scientific papers on the topic.




2. Design and Application of AuNCs for Bioimaging


The main advantages of the use of AuNCs for bioimaging are (i) the well-documented biocompatibility of these PL contrast agents; and (ii) the light emission in the NIR region, where biological tissues are more transparent and their autofluorescence is negligible. Nevertheless, as discussed above, the nature of the ligand seriously affects both the stability and PL the properties of AuNCs. Considering this important, we decided to base our discussion on the most recent applications of AuNCs for bioimaging, focusing on the complexity of the ligand. In this context, the thiolate-containing ligand plays a dominant, although non-exclusive, role since, due to the well-known affinity of gold for sulfur, they guarantee the necessary good stabilization of the NC.



2.1. Low-Molecular-Weight Thiolated Ligands


In this section, we describe characteristic examples of simple low-molecular-weight thiolated ligands, even if the same functionality is also exploited in the biobased approach discussed in Section 2.2. Thiolated AuNCs exhibit large Stoke-shifts and long lifetimes [46,47,48]. Revealing the emission mechanism behind their properties is a fundamental step in designing future technologies based on them. In particular, thiolated AuNCs possess an inner Au(0) core structure and an external shell made of Au(I)-S units [49,50]. The emission of Au(I)-thiol complexes arises from the ligand-to-metal charge transfer (LMCT) and the ligand-to-metal–metal charge transfer (LMMC) on the AuNCs surface, due to Au(I)-S bonds and aurophilic Au(I)-Au(I) interactions [51,52,53]. As is expected, tuning the chemical nature and the number of surface ligands has a big impact on the luminescence features of the thiolated AuNCs. Further studies have demonstrated that the Au(0) core has the main role of stabilizing the Au(I)-S units and sustaining the Au(I)-Au(I) bonding [54,55]. Based on the TD-DFT calculation, the Au(0) core should still have discrete energy states, and because of that, it affects the electronic states of thiolated AuNCs [56,57]. As the research field of luminescent thiolated AuNCs is continuously under development, lately very promising studies were proposed by the scientific community [13,44,45].



In the last years, glutathione (GSH) was reported as one of the most promising thiolated ligands for the functionalization of luminescent AuNCs for imaging applications and sensors [58,59,60]. GSH is a highly biocompatible peptide which is composed of three amino acid units (glutamic acid, cysteine, and glycine), and it plays crucial roles in the physiology of various living beings [61]. In addition to that, the low steric hindrance and the strong binding between the thiol group of the cysteine unit and the Au atoms on the NCs’ surface make it a very stable capping agent [62]. The most common procedure for the synthesis of GSH-capped AuNCs is based on the mixing of HAuCl4 and glutathione in aqueous solutions, while after that, the Au(0) precipitation is induced through chemical or thermal reduction, resulting in the self-aggregation of gold atoms into nanoclusters [63,64]. Regarding this, it is well-known that the physical–chemical and photophysical properties of GSH-AuNCs are strictly related to the feeding and the reaction conditions of each experiment [63]. Recently, safer state-of-art synthetic procedures were investigated to create novel GSH-AuNCs.



To begin with, Hada et al. described an innovative microwave-assisted synthetic route for the production of dual-emitting GSH-capped AuNCs [65]. With the new chemical methodology, the formation of the nanoparticles was induced by microwaves, without using any additional hazardous reductant agent, such as NaBH4. Novel GSH-AuNCs showed dual-emission in the red and NIR-I regions, at 610 nm and 800 nm, respectively. The former radiative decay had a lifetime of 405 ns, while the latter was 1821 ns long. The origin of the dual emissions was already well described by Jinbin et al. [66]. Briefly, the two emission bands arise from the two possible conformations that GSH molecules can have on the surface of AuNCs and from the number of ligand molecules bonded to the nanocluster. Rescan confocal fluorescence imaging (RCM) and fluorescence lifetime imaging microscopy (FLIM) analysis were tested on GSH-AuNCs-doped tissue-mimicking agarose phantom, showing a good visualization of the probe inside the medium, along with low background noise. The new GSH-AuNCs exhibited long-living emission states, which are crucial in FLIM analysis because they allow for a great distinction between the luminescent probe and the short-living autofluorescence of biological tissues. This study opened the door to a new promising synthetic methodology for dual-emitting GSH-AuNCs in the red and NIR-I region. Furthermore, RCM and FLIM analysis on tissue-mimicking agarose phantom labeled these new GSH-AuNCs as a promising contrast agent for in vitro and in vivo testing. In conclusion, this study demonstrated that GSH-AuNCs with novel features could be produced just by changing the experimental conditions in which they were synthetized, and this should encourage researchers to explore new synthetic methodologies, looking for nanoprobes with novel photophysical and physical–chemical properties.



In the last years, especially in the biomedical field, another innovative approach for the design of new nanotechnologies was pursued. This approach was based on endogenous molecules, which are present inside living organisms and can be exploited for the development of new technologies [67,68]. In particular, the aforementioned nanobiotechnological method is based on the interaction of an artificial probe with a biochemical environment inside a targeted organism. Lately, some research groups have focused their studies on trying to exploit the endogenous GSH for the synthesis of luminescent NCs as efficient probes for bioimaging techniques.



As an example, Peng et al. described a method to synthetize in situ NIR-emitting gold nanoclusters directly inside biological tissues (Figure 2) [69]. Interestingly, the authors showed the possibility of having the site-selective formation of AuNCs, driven by the specific interaction of the capping agents with the biochemical environment of the tissue. More in detail, the synthesis of GSH-AuNCs was performed by placing a section of kidney tissue inside the reaction solution, while the experiment allowed the precipitation of GSH-AuNCs inside the biological matter (Figure 2a,b). Through confocal microscopy, a different quantitative distribution of emitting GSH-AuNC inside the renal tissue was observed (Figure 2c,e,f), and, indeed, most of the nanoprobes were found inside the mitochondria of renal tubule cells (Figure 2d). A possible explanation for these results was proposed: it is well-known that the mitochondria of renal tubule cells act as glutathione storage units; hence, a great absorption of this peptide was expected by this kind of organelle. This phenomenon could be the reason behind the preferential precipitation of GSH-AuNCs inside mitochondria. Additionally, it was confirmed that premade GSH-AuNCs, which were precipitated in solution, did not have the same site-selective targeting efficiency once they were injected into animal models. The experiment was also performed on hippocampus cells, and site-selective precipitation of NIR-emitting GSH-AuNCs was detected, too. Additional experiments using β-glucose thiol as the ligand were carried out in intestine tissue. As was expected, the mineralization of luminescent AuNCs was detected in the brush border, i.e., the major glucose-requiring site of the biological tissue. This suggested that it could be possible to perform highly efficient site-selective in situ synthesis of NIR-emitting AuNCs depending on the chemical nature of the capping agents. Unfortunately, so far, it has been impossible to mimic such reaction conditions in vivo; hence, further paths have to be explored to make this a suitable technology for living beings.



Another interesting approach is based on the knowledge that some classes of cancer cells overexpress glutathione inside the cytoplasm. This interesting phenomenon has also been exploited for the design of novel nanoprobes for bioimaging with highly efficient targeting [70,71].



In view of this, Tan et al. proposed the synthesis of NIR-emitting AuNCs with selective tumor-cell nucleus targeting for bioimaging applications [72]. The authors hypothesized that endogenous glutathione could play a key role in the internalization of these AuNCs inside the nucleus. AuNCs were synthetized using lycosin-l as the ligand. Lycosin-l (L) is a natural peptide which has demonstrated a high affinity for the tumor-cell external membrane, and it is efficient at cancer targeting. Interestingly, it was demonstrated that lycosin-l on AuNCs’ surfaces behaved as an aggregating agent. L-AuNCs self-assembled into supramolecular nanoparticles with a diameter between 40 nm and 80 nm and displayed AEE. In solution, the response of L-AuNCs to the presence of glutathione was verified. L-AuNCs’ photoluminescence decreased when glutathione was added to the system, and a major diminishing was observed when the GSH concentration became higher. From the DLS, it was clear that GSH caused a dis-assemblage of the L-AuNCs’ aggregates, probably because the lower steric hindrance of glutathione makes it a more favorable binder for AuNCs than lycosin-l.



The disaggregation of supramolecular nanoparticles disabled the AEE effect. The uptake of L-AuNCs was tested on malignant cells (4T1 and A549) and non-malignant cells (Hek293t). Thanks to confocal scanning microscopy, it was proven that luminescent L-AuNCs were internalized only by cancer cells. In 4T1 cells, the AuNCs selectively accumulate in the nucleus 8 h after injection. This was attributed to the overexpression of glutathione in tumoral cells, which enhanced the disaggregation of L-AuNCs, allowing the penetration of the disassembled nanoprobes into the nucleus. This study proposed a very promising tool for the fluorescent bioimaging of malignant cells, and it showed how endogenous glutathione, which is naturally present inside the living being, could act as key point in the design of new technologies. This suggested that novel bioimaging tools can be designed through the interaction of capped AuNCs and the biochemical environment of cells.



Except for GSH, in the last few years, several other thiolated agents were tested as suitable ligands for AuNCs in the field of NIR-emitting nanoprobes for bioimaging applications [73,74]. Changing the chemical nature of a ligand expands the number of possible approaches to the problem. Recently, scientists designed multi-capped thiolated AuNCs [75,76,77]. In particular, using more than one ligand at the same time increases the number of variables of the system and makes outcomes more unpredictable. Overall, it allows the design of more sophisticated technologies with superior properties. Here, some of the most recent and representative examples are presented.



To begin with, Pang et al. designed thiolated AuNCs as efficient nanoprobes for the lymph-nodes fluorescence imaging and as excellent drug carrier for chemotherapy [78]. In the current study, NIR-emitting dual-ligand AuNCs were presented as an ideal contrast agent; by tuning the quantitative ratio between the two capping agents, it was possible to reach both good photophysical properties and great site targeting. In vivo, using mice models, a sufficient time of retention was reached. The most relevant example was Au25(MUA)n(C5)18−n (where MUA is 11-mercaptoundecanoic acid and C5 is a zwitterionic ligand). In NIR fluorescence imaging, Au25(C5)18-NCs showed great emitting properties, but the lymph-nodes targeting was lacking. At the same time, a large number of MUA molecules bound to the AuNCs were associated with a higher retention time and more efficient site targeting. Indeed, the proposed experiments showed a reduction in the luminescence increasing the quantitative ratio between MUA and C5. The best results were obtained for Au25(MUA)n(C5)18−n, with 4 < n < 9; here, NIR-emitting dual-capping AuNCs were detectable in lymph nodes through fluorescence imaging with a great efficiency. Furthermore, this nanoprobe acted as an efficient drug dealer: methotrexate, a chemotherapeutic drug, was linked to the nanocluster, and the as-prepared system showed greater anticancer properties, such as major tumor-reduction efficiency and less hepatic toxicity. This paper showed how multiple capping could be a way to design thiolated AuNCs with superior features for bioimaging applications and drug delivery. However, it is essential to highlight that changing the quantitative ratio between several ligands could affect, at the same time, multiple other properties. Based on that, deep control of the molecular design in regard to the quantity and the chemical nature of the capping agents is crucial.



Continuing with AuNCs coated with more than one ligand, Yu et al. synthetized a water-soluble shortwave infrared (SWIR)-emitting dual-capped AuNCs with anisotropic surface for the non-invasive bioimaging of vascular vessels (Figure 3) [79]. This study explored the way to enhance the photophysical properties of AuNCs through the selection of the capping agents. It was shown that the addition of tetra (ethylene glycol) dithiol (TDT) on the surface of mercaptohexanoic acid (MHA)-capped AuNCs enhanced the photoluminescent signal up to 12-fold, and it was associated with a redshift in the emission spectrum. The quantum yield for dual-capped (MHA/TDT)-AuNCs was estimated as ~6%, whereas the calculated quantum yield for MHA-AuNCs was 0.9%. The chemical nature of the medium in which (MHA/TDT) AuNCs were dissolved did not have a significant effect: the photoluminescence features of the NCs were unchanged in water and in 10% serum. Surprisingly, in the presence of blood, the photoluminescence increased over time. (MHA/TDT) AuNCs were also tested as contrast agents for SWIR fluorescence bioimaging, and they were proved to possess great properties. Investigation in the SWIR region of the spectrum was associated with a very low tissues autofluorescence, as its transparency to the biological matter is even better than the one in the NIR region (Figure 3a). In in vitro detection of (MHA/TDT) AuNCs, with a concentration of 80 nM, the signal-to-noise ratio was 3.4. This experiment demonstrated that (MHA/TDT) AuNCs displayed clear imaging, with a low concentration of contrast agent inside the target, thus reducing the possibility of toxicity effects. In vivo images were obtained with a great spatial resolution injecting (MHA/TDT) AuNCs into a wild-type mice. To enhance the efficiency of the imaging, computational re-elaboration of the collected pictures was carried out. Post-image processing was performed with the Monte Carlo constrained restoration (MCR) method to further improve the spatial resolution in depth and to overcome the scattering from the tissues (Figure 3b). This technique improved the contrast by 1 order of magnitude and enhanced the spatial resolution by 59%. Image processing was then pushed one step up, using a high-pass filter to reduce scattering deeper under the skin (Figure 3c,d).



Two years later, Le Guével et al. explored the photophysical properties of (MHA/TDT) AuNCs and their application in the bioimaging field more in depth [80]. In particular, this study concerned the effect of solvent polarity on the photoluminescence properties of dual-capped (MHA/TDT) AuNCs and how the rigidity of the matrix, in which the NCs were dispersed, affects their emission. The authors analyzed several emission spectra of (MHA/TDT) AuNCs solubilized in various mixtures of DMSO and water at different molar ratios, from 0 to 90%, of DMSO. DMSO was chosen as co-solvent due to the fact that it is less polar than water, it is miscible with aqueous medium, and it guarantees a good solubility of (MHA/TDT) AuNCs. The emission of (MHA/TDT) AuNCs was characterized by three emission peaks that are namely at 920 nm, 1050 nm, and at 1200 nm. It was highlighted that the relative enhance in intensity of the peak at 1200 nm with respect to the peak at 920 nm was proportional to the increase of molar-ratio percentage of DMSO in the samples. It was hypothesized that this effect could be dependent on the charge-transfer efficiency on the differences between the dielectric constant of the medium and the ligand shell. This information suggested that the polarity of the medium could be a parameter that is able to tune the intensity of emission of (MHA/TDT) AuNCs in the SWIR region for a more efficient bioimaging analysis. Furthermore, it was investigated how the rigidity of the matrix in which (MHA/TDT) AuNCs were dispersed affects the photoluminescence of the NCs. Interestingly, a progressive redshift to 1450 nm was observed according to a gradual increase in the rigidity of the matrix. As a future perspective, maybe it will be possible to tune the wavelength of emission of (MHA/TDT) AuNCs just by optimizing the rigidity of an encapsulating agent around the NCs, something that would be very beneficial in the fluorescence bioimaging field. Finally, (MHA/TDT) AuNCs were tested as a contrast agent for the fluorescent bioimaging of a 3D reconstruction of the ventral blood vessel. (MHA/TDT) AuNCs were demonstrated to be suitable nanoprobes for the nice visualization of the vascular network at different angles and at different depths, while the 3D structure was built using an IterNet neural network. From this study, it is clear that SWIR-emitting (MHA/TDT) AuNCs could serve as promising contrast agents for the visualization of blood vessels. Additionally, it was demonstrated that they possess easily tunable photophysical properties. In the future, it will be highly advantageous to explore the possible selective organ-targeting using (MHA/TDT) AuNCs and to have the chance to create theragnostic devices, which are among the new frontiers of biomedical research.




2.2. Biobased Ligands


In the few last years, biomolecules have caught the attention of the scientific community as promising capping agents for metallic nanoparticles (MNPs). The main advantage of this approach is that these ligands may increase the biocompatibility of the metal-based probes. The emergent need to find biocompatible, non-toxic, and green chemicals for the synthesis of nanobiomaterials has driven researchers to test natural molecules as ligands for MNPs [81,82]. Among them, proteins [83,84], peptides [85,86], amino acids [87], carbohydrates [88,89], and plant extracts [90,91] have been demonstrated to have a big impact on the biochemical, photophysical, and physical–chemical properties of MNPs. Moreover, recently, AuNCs capped with biomolecules showing superior properties have been reported in the literature.



The large number of available amino acids offers the chance to develop well-designed capping agents for AuNCs, selecting the ones with the desired physical–chemical properties. For example, thiolated ones were exploited as reductants and stabilizers in the synthesis of Au(I)-S complexes, while aromatic ones can tune the photophysical features of the emitting AuNCs [92,93]. Amino acids can condensate into bigger molecules, such as peptides and proteins. These macromolecules possess 3D structures and high biochemical activity, which can contribute to the design of capped AuNCs with higher-level performances. The most popular protein used as a capping agent for AuNCs is bovine serum albumin (BSA) due to its high availability, relatively low cost, and the presence of several thiolated units which help in the anchoring of AuNCs inside its structure [94,95,96]. Bertorelle et al. hypothesized that BSA is able to enhance the quantum yield and induce a redshift as a capping agent for AuNCs. This was due to the fact that the local environment of AuNCs attached to BSA was more constrained and prone to multiple energy transfer associated with intersystem crossing. Moreover, the capability to interact through electron-rich donor groups with the surface of the AuNCs core may increase the number of surface states involved in excitation [97]. Lately, several examples of BSA-capped AuNCs were described; for example, Dan et al. described an innovative NIR-II-emitting BSA-capped AuNCs (BSA-AuNCs) with catalase-like activity for the photodynamic treatment of cancer and the healing of MRSA-infected wounds [98]. In this paper, the experimental conditions and the feeding of the synthesis were well studied, and it was highlighted that the photoluminescence features of BSA-AuNCs were strictly related to the chosen to set up. It was noticed that the NIR-II emission of BSA-AuNCs was significantly dependent on the molar ratios of the reactants. Indeed, the best results in terms of photoluminescence intensity were obtained for BSA:HAuCl4 and NaOH:NaBH4 equal to 0.15 and 25, respectively. In addition, the authors evaluated the effects of the reaction time on the fluorescence of BSA-AuNCs, and it was reported that the brightness of BSA-AuNCs increased in time during the reaction. The luminescence increased until 12 h after the beginning of the synthesis; meanwhile, later, a lowering in the luminescence of the BSA-AuNCs was observed. BSA-AuNCs, which were synthetized for 12 h at 37 °C, displayed a calculated quantum yield of around 3.5%. As it is reported, the chemical reduction of HAuCl4 by using NaBH4 was an essential step to achieve the emission in the NIR-II region. The fluorescence spectra of BSA-AuNCs were recorded under various excitation wavelengths, in the range of 450 nm to 808 nm, and an excitation wavelength-dependent photoluminescence was shown. The NCs displayed two emission bands, with the first being in the NIR-I region (960 nm) and the second being in the NIR-II region (1010 nm). In vivo, the great photophysical properties of the BSA-AuNCs were exploited to perform NIR fluorescence imaging of tumor sites in mice models. Thus, NIR-II fluorescence imaging showed a great resolution of the tumor site compared to the NIR-I fluorescence imaging, due to the lower absorption and photon scattering of biological tissues. The NIR-II tumor fluorescence signal was about 7.3-fold higher than that of the background at 10 h post-injection, with great liver and tumor accumulation. Indeed, BSA-AuNCs were demonstrated to be great agents for photodynamic therapy, both in tumor killing and wound disinfection. The developed nano-agent also displayed good stability in several media, photobleaching resistance, biocompatibility, low toxicity, and deep penetration detection. On the whole, BSA was proved to be an excellent capping agent for AuNCs, with great theragnostic features. This suggests that natural proteins could be excellent ligands, both in the tuning of photophysical features and for selective site targeting.



Other proteins have also been tested as capping agents for AuNCs. The broad range of available proteins opens the door to an almost infinite number of possible outputs.



For example, Wang et al. presented NIR-II-emitting Ribonuclease (RNase)-capped AuNCs (RNase-AuNCs) for the imaging of the gastrointestinal tract and the detection of cancers in the intestine (Figure 4) [99]. One of major issues in the imaging of digestive system is the very harsh conditions of the environment: acidic juices and enzyme-rich sectors tend to negatively affect the properties of standard probes. From the DFT calculation, it was hypothesized that aromatic amino acids (histidine and tyrosine) that are bound on the AuNCs surface could promote a redshift in the protein-capped AuNCs, thus reducing the Fermi energy of AuNCs (Figure 4A). Because of that, RNase protein corona was engineered with eight cysteine, four histidine, and six tyrosine units. As in the case of other biobased ligands, the thiolated amino acid worked as a stronger linker between AuNCs and the protein, while the aromatic amino acids affected the LMMCT mechanism of RNase-AuNCs, promoting a redshift (Figure 4B). These novel RNase-AuNCs emitted in the NIR-II region with a quite narrow emission peak centered at 1050 nm, with a calculated quantum yield of around 1.9%, which is higher than the one of the most common NIR-II emitters. RNase-AuNCs demonstrated good stability in simulated gastric juice and great biocompatibility. NIR-II fluorescence imaging of the gastrointestinal tract was performed by oral injection of the RNase-AuNCs in animal models (Figure 4C). A dynamic movement process of AuNCs was observed in gastrointestinal peristalsis, including stomach duodenum, ileum, and caecum, with a high resolution of 1.6 mm, which is 4-fold higher than that of barium swallow. It was possible to detect a tumor of 2.5 mm in diameter in the intestine of an oncologic mice. Overall, these new RNase-AuNCs demonstrated that it is possible to design AuNCs with tailored features through the functionalization of proteins. The key point was to elucidate how the binding of several amino acids to the AuNCs’ surface affect the photophysical properties of the nanoprobes. This can encourage scientists to understand, in depth, the photophysical mechanisms behind the emission of contrast agents in order to design materials with desired characteristics.



Natural proteins demonstrated great performances as capping agents for AuNCs; however, it was reported that synthetic peptides could also be promising capping agents to tune the photophysical properties of AuNCs [100,101,102]. Indeed, artificial peptides have the big advantage of being entirely tailorable in terms of their chemical structure. This could be very helpful for the design of capped AuNCs with well-defined features. An interesting study was the one proposed by He et al., who showed an NIR-I-emitting novel cyclopeptide (CP)-capped AuNC (CP-AuNCs) with promising gene-delivery features and tumor-site imaging [103]. The authors projected a synthetic cyclopeptide, cyclo-(Ala-Arg-Ala-Arg-Ala-Arg-Ala-Asp)-aminocaproic-Cys, which could spontaneously self-assemble into nanofibers, which were exploited as a template for the production of 1D nanostructures made of AuNCs. The desired result was obtained by performing the reaction in weak alkaline conditions, using the CP as a template in the presence of HAuCl4 and glutathione. The photoluminescence properties of CP-AuNCs showed a strong emission peak at 810 nm and a quantum yield around 5.9%, almost 6-fold higher than the standard NIR-emitting AuNCs. Related to that, these novel CP-AuNCs exhibited great photostability in physiological medium and in high-ionic-strength solutions. In opposition to GSH-AuNCs, CP-AuNCs were able to be incorporated by living cells through endocytosis, escape from lysosomes rapidly, and be excreted by the cells fast. The aforementioned properties clearly labeled these nanoprobes as being low in toxicity and high in gene-transfection efficiency. In accordance with that, CP-AuNCs acted as good nanocarriers for important tumor suppressor genes inside malignant cells. Fluorescence NIR-I imaging was used for the visualization of the internalization process of CP-AuNCs, as this is a key step to ensure the efficiency of nanocarriers. In conclusion, this paper was very promising, as it demonstrated that the amino acid sequence of synthetic CP can be designed to obtain capping agents with well-designed features. It was also shown that photoluminescence imaging can be a promising tool to study the pharmacodynamic and to evaluate the drug fate.



Another big family of biomolecules is carbohydrates. β-cyclodextrins are one of the most promising polysaccharides able to act as a capping agent for AuNCs, as they guarantee excellent host–guest recognition, high biocompatibility, and good solubility in aqueous media, such as body fluids [104]. In view of this, β-cyclodextrin-capped AuNCs (CD-AuNCs) have also been demonstrated to be promising emitting probes both in sensoring and imaging. According to Wang et al., red-emitting β-cyclodextrin-capped GSH-AuNCs (CD@GSH-AuNCs) showed more intense photoluminescence compared to nude GSH-AuNCs [105]. The authors proposed that the rise in emission properties was due to the presence of a major number of electron-rich atoms, such as oxygen, on the AuNCs surface, as this would induce a ligand-to-metal cluster-core charge transfer and a decrease in the intramolecular rotation. Nonetheless, until now, not many NIR-emitting CD-AuNCs have been reported in the literature. One of the few examples was presented by Song et al., who proposed NIR-II-emitting β-cyclodextrin (CD)-capped AuNCs (CD-AuNCs) for the labeling of proteins and antibodies as a potential tool for site-selective fluorescence imaging [106]. The authors synthetized CD-AuNCs through the reduction of HAuCl4 in the presence of mercapto-β-cyclodextrin. These CD-AuNCs showed an emission peak at 1050 nm upon 808 nm excitation, with a quantum yield of 0.11%. By lowering the temperature, it was possible to observe an increase in the intensity of luminescence and a longer lifetime. These novel CD-AuNCs also showed good stability in different media, poor cytotoxicity, and high renal cleanability. Moreover, it was shown how CD-AuNCs can label proteins, such as BSA (BSA@CD-AuNCs), or antibodies, such as tumor-targeting antibodies (Ab@CD-AuNCs). Through NIR-II fluorescence imaging, it was demonstrated that the labeling with a protein or an antibody can tune the site-targeting and retention properties of CD-AuNCs, showing a 3-fold enhancement of the NIR-II signal intensity compared to the control group with a penetration depth of around 9 mm. Importantly this study presented a very promising tool for in vivo imaging, as the main advantage of these nanoprobes is the possibility to select a target just by selecting the appropriate label, making it a very versatile tool.



Nucleic acids represent another big class of biomolecules which are extensively exploited in the field of nanobiomaterials. Nanotechnologies based on DNA strands have become highly demanding, as they can provide high-level tasks such as gene therapy and DNA-target-recognition techniques [107,108]. Recently, DNA was also tested as a promising ligand for AuNCs.



Dai et al. described the synthesis of AuNCs, which were functionalized with phosphorothioates (ps)-modified DNA (psDNA) for fluorescent optical imaging in the NIR region (Figure 5) [109]. The psDNA-capped AuNCs (psDNA-AuNCs) were obtained by adding psDNA into the glutathione-Au(I) complexes solution formed by a mixture of HAuCl4 and glutathione. Until now, the synthesis of DNA-capped ultrasmall AuNCs was challenging for several reasons, such as the large electrostatic repulsion of AuNCs, the restricted area on AuNCs surface, and the difficulty in the capping-agent exchange between DNA and glutathione. Herein, the employed DNA strands were designed in a very smart way: one of the extremities of the selected DNA string was functionalized with ps-nucleotides to induce the formation of strong Au(I)-S bonds on the surface of AuNCs (Figure 5a). It was reported that the number of ps-nucleotides at the extremities of the selected DNA strands affects the reaction yield. For AuNCs functionalized with one DNA string, the greatest amount of product was obtained when ps-nucleotides were seven, while for AuNCs bound to two DNA strands, the highest reaction yield was obtained for five ps-nucleotides. This is due to the fact that the number of ps-nucleotides affects both the steric hindrance and the reduction potential (Figure 5b). The photoluminescence of psDNA-AuNCs exhibited a strong NIR-I emission with a peak at 810 nm. For live-cell fluorescent imaging, the psDNA-AuNCs were hybridized with the sgc8c aptamer (Apt) that targets PTK7 proteins overexpressed on the membranes of CCRF-CEM cells (Figure 5c). A high fluorescence signal was obtained from the CCRF-CEM after incubation with Apt@psDNA-AuNCs, and in addition to that, high cell-type selective targeting was achieved (Figure 5d). These results clearly demonstrated that gold nanoparticles can be biocompatible luminescent nanoprobes in the design of DNA-based nanotechnologies.




2.3. Encapsulating Coatings


In this section, we discuss how, by using encapsulating coatings, it is possible to achieve new functions and new responsive materials with switchable properties. As was described so far, the chemical bond between a molecule and the surface of AuNCs can dramatically rearrange the electronic states of the nanoparticles. Indeed, heteroatoms bound on the surface of AuNCs can strongly perturb their photophysical properties [110,111]. In addition, other strategies were explored in order to design AuNCs with suitable physical–chemical properties for application in the fluorescence imaging. The encapsulation on luminescent nanoprobes showed promising results in the modulation of the photophysical properties of the nanoprobes [112,113]. In fact, coatings can have a big impact on the aggregation state of AuNCs, resulting in different interparticle interaction and a different response to the external environment and stimuli [114,115].



In this context, the chemical coating around AuNCs can play a crucial role. In reality, several cappings were reported as efficient agents for the promotion of NPs’ aggregation or NPs’ disaggregation. Recently, AIE and AEE were reported as one of the most explored strategies to activate or increase the emission of AuNCs for a variety of applications, such as sensoring and imaging [41,42]. It was hypothesized that AIE and AEE were promoted by the blocking of intramolecular vibrational and rotational relaxation pathways, promoting radiative emission mechanisms [116,117,118]. In recent years, the AEE mechanism was exploited for the design of NIR-emitting AuNCs-based nanoprobes for fluorescence imaging in the biomedical field.



To begin with, Tang et al. proposed a NIR-II-emitting nanoprobe for intestinal bioimaging based on AuNCs coated with an amphiphilic block copolymer as both micelles and unimers [119]. Pluronic F-127 is an amphiphilic copolymer that is composed of a hydrophobic central poly(propylene oxide) (PO) block and two lateral hydrophilic poly(ethyl glycol) (PEG) blocks. Beyond the critical micelle concentration (CMC), Pluronic F-127 self-assembles into micelle with a hydrophobic core and hydrophilic surface. Both pluronic F-127 unimers and micelles were demonstrated to serve as a good template for the synthesis of AuNCs coated with ethyl 3-mercaptopropanoate as a ligand (EMP-AuNCs). The unimeric AuNCs showed a red-shifted emission with a maximum at 1280 nm, a quantum yield of 0.25%, an emission lifetime of 68 ns, and 33.3% of Au(I) ions in the NCs, while it was demonstrated that micelles were loaded with nine AuNCs, and they showed an emission band with a maximum peak at 1080 nm, a quantum yield of 1.6%, an emission lifetime of 200 ns, and 48.5% of Au(I) ions per AuNCs. In the former case, it was hypothesized that the lower energy emission and the shorter lifetime were due to the enhanced steric hindrance and the interparticle hydrophobic interaction, which decreased the emission energy levels from the Au core states, while for the latter case, the micelles’ nanostructures favored the ligand-to-metal charge transfer (LMCT) processes more than the unimer structures, so longer and more energetic emissions were promoted. The nanoprobes demonstrated good stability in gastrointestinal-like juices, and they were orally injected into mice with ulcerative colitis. Strong luminescence and great visualization of the intestine region were successfully achieved for both kinds of nanoprobes. Interestingly, unimeric AuNCs were retained in the gastrointestinal tract for a longer time in respect to micelles loaded with AuNCs, something that demonstrated that unimeric AuNCs had a stronger interaction with the injured intestinal mucosa. This study was very interesting because it highlighted how two systems with the same chemical nature can have crucial differences in their photophysical properties and in their affinity for biological tissues due to the different aggregation state.



Another study by Zhu. et al. described an NIR-emitting nanostructure based on Ag(I)-doped GSH-AuNCs encapsulated with fluorinated polymer (PF) with a high quantum yield as a multimodal nanoprobe for in vitro and in vivo imaging [120]. GSH-AuNCs were mineralized inside cysteamine-grafted poly(ethylene-alt-malic anhydride) functionalized with 2,2,2-trifluoroethylamine as a template agent. PF@GSH-Ag(I)AuNCs exhibited an emission in the NIR region, with a maximum at 810 nm and a quantum yield of 27.7%, which was very high compared to the other luminescent AuNCs-based nanoprobes. Ag(I) played a key role in the modification of the photophysical properties of AuNCs increasing the photoluminescent intensity, and it induced a redshift in the emission. In parallel, the increasing PF concentration in the feeding of the reaction was associated with a blueshift in the emission, although no emission from the nanoprobes was observed when PF was added below a threshold concentration limit. Both GSH and the alkaline reaction environment promoted a redshift in the PF@GSH-Ag(I)AuNCs emission. NIR-emitting PF@GSH-Ag(I)AuNCs were tested on 3D 4T1 tumor spheroids for fluorescence imaging, and as was expected, fluorine guaranteed higher permeability through the cellular membrane due to low-energy surface and lipophilic properties in respect to the halogen-free coating. It was further demonstrated that PF@GSH-Ag(I)AuNCs was able to aggregate in weak acid solution, something that was associated with an increase in the emission intensity due to the restriction of the non-radiative relaxation of the ligand vibration, solvent relaxation, and internal conversion. Indeed, PF@GSH-Ag(I)AuNCs accumulation was found inside the cellular lysosomes, which have an acid internal microenvironment. On top of that, PF@GSH-Ag(I)AuNCs were tested on Balb/C mice, where a great visualization of the tumor site was observed through fluorescence bioimaging; in addition, multimodal imaging was performed with 19F MRI and CT.



AIE and AEE are not the only phenomena observed when multiple NCs are aggregated in a constrained space. Recently, some studies reported the encapsulation of a large number of emitting NCs in a confined space, which promoted a lowering of the emission quantum yield and of the emission lifetime. It was observed that aggregates of the same NCs can reduce the photoluminescence of the nanostructure. This phenomenon was considered a promising tool in the design of disassembly-induced enhanced emission (DIEE) [121,122].



In view of this, Zhou et al. proposed a pH-induced self-assembly of NIR-emitting AuNCs for fluorescence bioimaging based on the DIEE (Figure 6) [123]. The presented AuNCs were coated with 3-mercaptopropyltrimethylsilane (MPTMS) and a thiolated PEG (Figure 6a). Trialkoxysilane was selected, as it can induce the condensation of alkoxysilane groups and the formation of cross-linking points, such as Si-O-Si bridges, among the AuNCs, which promotes the AuNCs’ aggregation, while the hydrophilic PEG can enhance the solubility of the nanoprobes inside water-rich biological tissues. As it was demonstrated, the degree of cross-linking was dependent on the pH of the medium: acid environment promoted a strong hydrolysis of Si-O-Si bonds, whereas in basic media, the Si-O-Si bridges are quite preserved (Figure 6b). Disaggregation was associated with a blueshift, a longer lifetime, and a higher quantum yield. MPTMS/PEG-AuNCs in aqueous medium at pH 4.0 showed an emission with a maximum at 955 nm, a lifetime of 960 ns, and a quantum yield of 12%, while MPTMS/PEG-AuNCs in aqueous medium at pH 8.5 showed an emission band with a maximum at 1070 nm, a lifetime of 187 ns, and a quantum yield of 1.8%. It was hypothesized that the formation of Si-O-Si between the AuNCs hampered the ligand-to-metal charge transfer processes, and it was associated with an enhancement in the emission pathways of the NCs core and a quenching of emissions from the NCs’ surface. Both assembled and disassembled nanoprobes were tested for in vivo fluorescence imaging. The former was more retained inside the mice body than the latter; however, both selectively accumulated in the liver and in the spleen and displayed good imaging of the organs (Figure 6c).



Exploiting another approach, the emission quenching can also be exploited to promote shifts in the AuNCs emission.



Haye et al. designed highly bright NIR-II-emitting nanoprobes composed by a high amount of AuNCs encapsulated in small polymer nanoparticles for imaging in tissue-mimicking models [124]. Up to 14,000 Au25DDT18 (DDT = dodecanethiol) NCs were encapsulated inside a single poly(ehtyl methacrylate) (PEM) NP, using the supersaturation nanoprecipitation synthetic approach. The encapsulated AuNCs exhibited a broad emission band in both NIR-I and NIR-II regions, with a maximum around 1030 nm. Increasing the concentration of AuNCs inside the polymer NP was associated with a redshift in the emission and an enhancing in absorbance. In addition, a lowering of the quantum yield was observed. Regardless, the absolute photoluminescence intensity of NCs still increased, showing that the increasing number of NCs inside NPs significantly compensated for the decrease in the quantum yield. Related to that, the authors reported that the brightness of the system was up to 3.8 × 106 M−1 cm−1, which was 4-fold higher than the standard NIR-II-emitting nanoprobes. The red-shift was attributed to the quenching of the emissions in NIR-I regions that was caused by the NCs’ aggregation. In particular, it was shown that emissions in the NIR-I region dramatically decreased in emission intensity and lifetime for high-loaded PEM NPs, while emissions in the NIR-II region were slightly affected by the AuNCs concentration inside the polymer NPs. From that, it was hypothesized that the emission in the NIR-I region rose from the surfaces of the AuNCs, which are more affected by the interaction with the other NCs, while emissions in the NIR-II region rose from the inner cores of the AuNCs, since they were less affected by the AuNCs concentration. Such nanoprobes were tested in tissue-mimicking models for in vivo blood vessel imaging in the NIR-II region and they demonstrated promising properties as luminescent nanoprobes for bioimaging with a good signal-to-noise ratio and a depth penetration up to 7 mm. This study elucidated the possibility to obtain NIR-II-emitting nanoprobes, and they proposed the encapsulating polymers as an efficient agent for the tuning of the AuNCs.



In the last years, the encapsulation of emitting AuNCs inside nanocarriers was not limited to AIE, AEE, and DIEE phenomena. Following a different approach, the interaction between photoactive nanoprobes and external stimuli, such as radiations and the chemical environment, can be modulated through encapsulation inside a nanoshell. A well-designed match between the photophysical properties of AuNCs and the ones of the encapsulating agent can be used to develop novel bionanomaterials with superior photophysical properties.



For example, Yao et al. described a “turn-on” NIR-emitting GSH sensor based on AuNCs-loaded silica nanoshells coated with a MnO2 layer (AuNCs@SiO2@MnO2) for the imaging of overexpressed GSH inside cancer cells and tissues [125]. Once encapsulated inside the silica shell, AuNCs exhibited a redshift, with a shift in the maximum emission peak from 610 nm to 652 nm. AuNCs@SiO2 photoluminescence was quenched up to 90%, when it was coated by a MnO2 layer. This nanoprobe was based on the absorption competition induced emission (ACIE) strategy: the excitation of internal AuNCs overlapped with the absorption bands of the outermost layer of MnO2 and, upon irradiation, the excitation light was preferentially absorbed by the MnO2 layer, and it induced a quenching of the NIR-emission of inner AuNCs. In addition, AuNCs photoluminescence was recovered in solution by the addition of GSH because it reduced MnO2 to Mn2+, leading to a disaggregation of MnO2 layer around AuNCs@SiO2. The nanoprobes demonstrated good biocompatibility inside the cell model. When AuNCs@SiO2@MnO2 was internalized inside Hela cells and frozen slices of mice tumor tissue, the photoluminescence of the nanoprobes was recovered, and a clear luminescent imaging of the cell cytoplasm was detected, with a penetration depth of 450 µm. This study demonstrated a good match between the photophysical properties of luminescent probe and the coating that could be a useful tool for the design of promising luminescent sensors.





3. Perspectives and Conclusions


Even if he applications of AuNCs for bioimaging have been rapidly increasing during the last few years, this family of contrast agents still suffers from some weaknesses, which can be, in principle, diminished or eliminated by a suitable design of the ligands.



Besides emitting in the NIR, a spectral region where the biological tissues are more transparent and autofluorescence is negligible, the PL quantum yield is, in most cases, only moderate (<10%). Although this is enough for their actual application, the level of the signal with respect to the noise S/N could be improved by a rationalization of the design of the ligands. Indeed, a systematic understanding of the effect of the chemical nature of the ligand on the PL quantum yield is still missing, while ligands with a similar structure often affect the PL quantum yield in a very different way. In view of this, a more detailed study on this effect should be carried out in the future, as it would greatly aid in the design of superior probes.



In fluorescence imaging, transparency of the tissues to the excitation light is as important as transparency to the emission light. Nevertheless, in most of the applications, AuNCs excitation is performed with visible light since the excitation of these probes in NIR is less efficient. At the very low concentration regime used for fluorescence imaging, the excitation efficiency is proportional to the molar extinction coefficient, ε, which greatly decreases upon increasing the wavelength. In general, the PL signal, which is detected in defined experimental conditions, is proportional to the brightness, B = ε · QY, where QY is the PL quantum yield. For this reason, controlling the light-absorption properties of AuNCs in order to enhance ε in the NIR is as important as increasing the QY. A powerful but poorly developed approach to enhance the NIR excitation is the use of ligands that are able to absorb NIR light and transfer the excitation energy to the gold core working as an antenna light-harvesting system. This approach should be developed in the future in order to increase the signal-to-noise ratio.



AuNCs’ PL presents quite an unusually long lifetime decay. This feature is often ignored and purely exploited. Indeed, this may represent a big advantage since, in fluorescence imaging, noise is mostly due to excitation, so it can be pulsed and decay very fast, and it is also due to the biological samples’ autofluorescence, which also decays quite fast. Hence, time-gated detection can strongly increase the contrast in AuNCs’ PL-based imaging. In addition, the nature of the ligands is very important since it can affect the PL decay rate. A systematic study of this effect is also still missing, and it would be highly beneficial for the scientific community to carry one out in the future.



In conclusion, during the last years, the scientific community tried to propose novel solutions to the emergent need to find promising luminescent contrast agents that could face, at best, the most updated challenges in biomedical imaging, such as higher brightness and major transparency to the biological tissues. As we highlighted here, recently, NIR-emitting AuNCs were labeled as one of the most promising nanoprobes for the diagnosis of diseases since they have demonstrated to be highly luminescent in the biological window and remarkably biocompatible. Additionally, the design of coating chemicals was selected as one of the most prolific strategies to regulate the physical–chemical, photophysical, and biochemical properties of the NCs. This review reports the most recent developments in the selection and testing of suitable coatings as tuners of the features of NIR-emitting AuNCs and their application in the field of fluorescence bioimaging. Among all, thiolated ligands, biobased molecules, and encapsulating agents were proposed as the most popular classes of capping chemicals for the design of novel NIR-emitting AuNCs as novel nanobiomaterials. So far, brilliant results have been obtained in both in vitro and in vivo testing, and good performances were obtained in fluorescence imaging techniques. However, some major challenges still remain, such as the short-depth penetration of the light emitted by the AuNCs-based nanoprobes and the transposition of these technologies in human-being medicine. For the future, we expect that the selection of highly performative coatings could help us overcome these problems. The hope is that coated NIR-emitting AuNCs can open the door to a bright development in the field of luminescent contrast agents.







Author Contributions


D.M., A.M.-P., A.M., A.C., X.L. and M.M. performed the scientific literature search, chose the most relevant papers, and wrote the article; M.M. supervised the project. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by MIUR, PRIN 2017, grant number 2017E44A9P.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Crosby, D.; Bhatia, S.; Brindle, K.M.; Coussens, L.M.; Dive, C.; Emberton, M.; Esener, S.; Fitzgerald, R.C.; Gambhir, S.S.; Kuhn, P.; et al. Early detection of cancer. Science 2022, 375, eaay9040. [Google Scholar] [CrossRef] [PubMed]

	



Stromberg, U.; Parkes, B.L.; Holmen, A.; Peterson, S.; Holmberg, E.; Baigi, A.; Piel, F.B. Disease mapping of early- and late-stage cancer to monitor inequalities in early detection: A study of cutaneous malignant melanoma. Eur. J. Epidemiol. 2020, 35, 537–547. [Google Scholar] [CrossRef] [PubMed]

	



Ginsburg, O.; Yip, C.H.; Brooks, A.; Cabanes, A.; Caleffi, M.; Yataco, J.A.D.; Gyawali, B.; McCormack, V.; de Anderson, M.M.; Mehrotra, R.; et al. Breast cancer early detection: A phased approach to implementation. Cancer 2020, 126, 2379–2393. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Guide to Cancer Early Diagnosis; World Health Organization: Geneva, Switzerland, 2017.

	



Refaat, A.; Yap, M.L.; Pietersz, G.; Walsh, A.P.G.; Zeller, J.; del Rosal, B.; Wang, X.W.; Peter, K. In vivo fluorescence imaging: Success in preclinical imaging paves the way for clinical applications. J. Nanobiotech. 2022, 20, 450. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Ren, W.X.; Hou, J.T.; Won, M.; An, J.; Chen, X.Y.; Shu, J.; Kim, J.S. Fluorescence imaging of pathophysiological microenvironments. Chem. Soc. Rev. 2021, 50, 8887–8902. [Google Scholar] [CrossRef] [PubMed]

	



Kiepas, A.; Voorand, E.; Mubaid, F.; Siegel, P.M.; Brown, C.M. Optimizing live-cell fluorescence imaging conditions to minimize phototoxicity. J. Cell Sci. 2020, 133, jcs242834. [Google Scholar] [CrossRef]

	



Montalti, M.; Credi, A.; Prodi, L.; Gandolfi, M.T. Handbook of Photochemistry, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2006. [Google Scholar]

	



Hernot, S.; van Manen, L.; Debie, P.; Mieog, J.S.D.; Vahrmeijer, A.L. Latest developments in molecular tracers for fluorescence image-guided cancer surgery. Lancet Oncol. 2019, 20, E354–E367. [Google Scholar] [CrossRef]

	



Connor, W.B.; Summer, L.G. Fluorescence image-guided surgery: A perspective on contrast agent development. In Proceedings of the SPIE BIOS, San Francisco, CA, USA, 1–6 February 2020; p. 112220J. [Google Scholar]

	



Wu, X.; Li, H.; Lee, E.; Yoon, J. Sensors for In Situ Real-Time Fluorescence Imaging of Enzymes. Chem 2020, 6, 2893–2901. [Google Scholar] [CrossRef]

	



Dang, X.N.; Bardhan, N.M.; Qi, J.F.; Gu, L.; Eze, N.A.; Lin, C.W.; Kataria, S.; Hammond, P.T.; Belcher, A.M. Deep-tissue optical imaging of near cellular-sized features. Sci. Rep. 2019, 9, 3873. [Google Scholar] [CrossRef]

	



Montalti, M.; Cantelli, A.; Battistelli, G. Nanodiamonds and silicon quantum dots: Ultrastable and biocompatible luminescent nanoprobes for long-term bioimaging. Chem. Soc. Rev. 2015, 44, 4853–4921. [Google Scholar] [CrossRef]

	



Hamdy, O.; Abdel-Salam, Z.; Abdel-Harith, M. Optical Characterization of Biological Tissues Based on Fluorescence, Absorption, and Scattering Properties. Diagnostics 2022, 12, 2846. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.F.; Ren, F.Q.; Ma, Z.R.; Qu, L.Q.; Gourgues, R.; Xu, C.; Baghdasaryan, A.; Li, J.C.; Zadeh, I.E.; Los, J.W.N.; et al. In vivo non-invasive confocal fluorescence imaging beyond 1,700 nm using superconducting nanowire single-photon detectors. Nat. Nanotechnol. 2022, 17, 653–660. [Google Scholar] [CrossRef] [PubMed]

	



Feng, Z.; Tang, T.; Wu, T.X.; Yu, X.M.; Zhang, Y.H.; Wang, M.; Zheng, J.Y.; Ying, Y.Y.; Chen, S.Y.; Zhou, J.; et al. Perfecting and extending the near-infrared imaging window. Light-Sci. Appl. 2021, 10, 197. [Google Scholar] [CrossRef]

	



Carr, J.A.; Aellen, M.; Franke, D.; So, P.T.C.; Bruns, O.T.; Bawendi, M.G. Absorption by water increases fluorescence image contrast of biological tissue in the shortwave infrared. Proc. Natl. Acad. Sci. USA 2018, 115, 9080–9085. [Google Scholar] [CrossRef]

	



Wan, H.; Du, H.T.; Wang, F.F.; Dai, H.J. Molecular Imaging in the Second Near-Infrared Window. Adv. Funct. Mater. 2019, 29, 1900566. [Google Scholar] [CrossRef] [PubMed]

	



Sun, P.F.; Chen, Y.; Sun, B.; Zhang, H.; Chen, K.; Miao, H.; Fan, Q.L.; Huang, W. Thienothiadiazole-Based NIR-II Dyes with D-A-D Structure for NIR-II Fluorescence Imaging Systems. ACS Appl. Bio. Mater. 2021, 4, 4542–4548. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Sun, C.X.; Wang, S.F.; Yan, K.; Zhao, M.Y.; Wu, B.; Zhang, F. Counterion-Paired Bright Heptamethine Fluorophores with NIR-II Excitation and Emission Enable Multiplexed Biomedical Imaging. Angew. Chem.-Int. Ed. 2022, 61, e202117436. [Google Scholar] [CrossRef]

	



Zhou, X.B.; Zhang, K.; Yang, C.J.; Pei, Y.T.; Zhao, L.F.; Kang, X.X.; Li, Z.H.; Li, F.Y.; Qin, Y.L.; Wu, L. Ultrabright and Highly Polarity-Sensitive NIR-I/NIR-II Fluorophores for the Tracking of Lipid Droplets and Staging of Fatty Liver Disease. Adv. Funct. Mater. 2022, 32, 2109929. [Google Scholar] [CrossRef]

	



Zhang, J.J.; Lin, Y.; Zhou, H.; He, H.; Ma, J.J.; Luo, M.Y.; Zhang, Z.L.; Pang, D.W. Cell Membrane-Camouflaged NIR II Fluorescent Ag2Te Quantum Dots-Based Nanobioprobes for Enhanced In Vivo Homotypic Tumor Imaging. Adv. Healthc. Mater. 2019, 8, 1900341. [Google Scholar] [CrossRef]

	



Zhang, H.; Sun, C.X.; Sun, L.B.; Xu, W.H.; Wu, W.X.; Chen, J.; Wang, B.H.; Yu, J.L.; Cui, P.F.; Zhang, F.; et al. Stable Monodisperse Pb1-xCdxS Quantum Dots for NIR-II Bioimaging by Aqueous Coprecipitation of Bimetallic Clusters. Angew. Chem.-Int. Ed. 2022, 61, e202203851. [Google Scholar] [CrossRef]

	



Sun, P.F.; Jiang, X.Y.; Sun, B.; Wang, H.; Li, J.W.; Fan, Q.L.; Huang, W. Electron-acceptor density adjustments for preparation conjugated polymers with NIR-II absorption and brighter NIR-II fluorescence and 1064 nm active photothermal/gas therapy. Biomaterials 2022, 280, 121319. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.F.; Zhang, C.; Tai, X.Y.; Xu, D.H.; Xu, J.Z.; Sun, P.F.; Fan, Q.L.; Cheng, Z.; Zhang, Y. 1064 nm activatable semiconducting polymer-based nanoplatform for NIR-II fluorescence/NIR-II photoacoustic imaging guided photothermal therapy of orthotopic osteosarcoma. Chem. Eng. J. 2022, 445, 136836. [Google Scholar] [CrossRef]

	



Shen, H.C.; Sun, F.Y.; Zhu, X.Y.; Zhang, J.Y.; Ou, X.W.; Zhang, J.Q.; Xu, C.H.; Sung, H.H.Y.; Williams, I.D.; Chen, S.J.; et al. Rational Design of NIR-II AIEgens with Ultrahigh Quantum Yields for Photo- and Chemiluminescence Imaging. J. Am. Chem. Soc. 2022, 144, 15391–15402. [Google Scholar] [CrossRef] [PubMed]

	



Bai, L.; Hu, Z.B.; Han, T.Y.; Wang, Y.J.; Xu, J.J.; Jiang, G.Y.; Feng, X.; Sun, B.; Liu, X.P.; Tian, R.; et al. Super-stable cyanine@albumin fluorophore for enhanced NIR-II bioimaging. Theranostics 2022, 12, 4536–4547. [Google Scholar] [CrossRef]

	



Byun, G.; Kim, S.Y.; Choi, M.W.; Yang, J.K.; Kwon, J.E.; Kim, S.; Park, S.Y. Highly photostable fluorescent probes for multi-color and super-resolution imaging of cell organelles. Dye. Pigment. 2022, 204, 110427. [Google Scholar] [CrossRef]

	



Ayupova, D.; Dobhal, G.; Laufersky, G.; Nann, T.; Goreham, R.V. An In Vitro Investigation of Cytotoxic Effects of InP/Zns Quantum Dots with Different Surface Chemistries. Nanomaterials 2019, 9, 135. [Google Scholar] [CrossRef]

	



Matulionyte, M.; Marcinonyte, R.; Rotomskis, R. Photoinduced spectral changes of photoluminescent gold nanoclusters. J. Biomed. Opt. 2015, 20, 051018. [Google Scholar] [CrossRef]

	



Chen, Y.; Montana, D.M.; Wei, H.; Cordero, J.M.; Schneider, M.; Le Guevel, X.; Chen, O.; Bruns, O.T.; Bawendi, M.G. Shortwave Infrared in Vivo Imaging with Gold Nanoclusters. Nano Lett. 2017, 17, 6330–6334. [Google Scholar] [CrossRef]

	



Zhu, M.; Lanni, E.; Garg, N.; Bier, M.E.; Jin, R. Kinetically Controlled, High-Yield Synthesis of Au25 Clusters. J. Am. Chem. Soc. 2008, 130, 1138–1139. [Google Scholar] [CrossRef]

	



Matus, M.F.; Häkkinen, H. Atomically Precise Gold Nanoclusters: Towards an Optimal Biocompatible System from a Theoretical–Experimental Strategy. Small 2021, 17, 2005499. [Google Scholar] [CrossRef]

	



Das, A.; Mao, C.; Cho, S.; Kim, K.; Park, W. Over 1000-fold enhancement of upconversion luminescence using water-dispersible metal-insulator-metal nanostructures. Nat. Commun. 2018, 9, 4828. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, J.; Zhang, C.W.; Dickson, R.M. Highly fluorescent, water-soluble, size-tunable gold quantum dots. Phys. Rev. Lett. 2004, 93, 077402. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.L.; Huang, T.; Murray, R.W.; Menard, L.; Nuzzo, R.G. Near-IR luminescence of monolayer-protected metal clusters. J. Am. Chem. Soc. 2005, 127, 812–813. [Google Scholar] [CrossRef] [PubMed]

	



Xie, J.P.; Zheng, Y.G.; Ying, J.Y. Protein-Directed Synthesis of Highly Fluorescent Gold Nanoclusters. J. Am. Chem. Soc. 2009, 131, 888–889. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Z.T.; Yuan, X.; Yu, Y.; Zhang, Q.B.; Leong, D.T.; Lee, J.Y.; Xie, J.P. From Aggregation-Induced Emission of Au(I)-Thiolate Complexes to Ultrabright Au(0)@Au(I)-Thiolate Core-Shell Nanoclusters. J. Am. Chem. Soc. 2012, 134, 16662–16670. [Google Scholar] [CrossRef]

	



Wu, Z.K.; Jin, R.C. On the Ligand’s Role in the Fluorescence of Gold Nanoclusters. Nano Lett. 2010, 10, 2568–2573. [Google Scholar] [CrossRef]

	



Lin, C.A.J.; Yang, T.Y.; Lee, C.H.; Huang, S.H.; Sperling, R.A.; Zanella, M.; Li, J.K.; Shen, J.L.; Wang, H.H.; Yeh, H.I.; et al. Synthesis, Characterization, and Bioconjugation of Fluorescent Gold Nanoclusters toward Biological Labeling Applications. ACS Nano. 2009, 3, 395–401. [Google Scholar] [CrossRef]

	



Zhou, P.; Goswami, N.; Chen, T.K.; Liu, X.M.; Huang, X. Engineering Au Nanoclusters for Relay Luminescence Enhancement with Aggregation-Induced Emission. Nanomaterials 2022, 12, 777. [Google Scholar] [CrossRef]

	



Xu, L.J.; Cao, Y.; Hong, S.N.; Kuang, Y.; Liu, M.; Liu, A.H.; Zhang, Y.Y.; Pei, R.J. Facile Synthesis of Water-Dispersed Photoluminescent Gold(I)-Alkanethiolate Nanoparticles via Aggregation-Induced Emission and Their Application in Cell Imaging. ACS Appl. Nano Mater. 2018, 1, 6641–6648. [Google Scholar] [CrossRef]

	



Li, Q.; Zeman, C.J.; Schatz, G.C.; Gu, X.W. Source of Bright Near-Infrared Luminescence in Gold Nanoclusters. ACS Nano 2021, 15, 16095–16105. [Google Scholar] [CrossRef]

	



Cantelli, A.; Guidetti, G.; Manzi, J.; Caponetti, V.; Montalti, M. Towards Ultra-Bright Gold Nanoclusters. Eur. J. Inorg. Chem. 2017, 2017, 5068–5084. [Google Scholar] [CrossRef]

	



Cantelli, A.; Battistelli, G.; Guidetti, G.; Manzi, J.; Di Giosia, M.; Montalti, M. Luminescent gold nanoclusters as biocompatible probes for optical imaging and theranostics. Dye. Pigment. 2016, 135, 64–79. [Google Scholar] [CrossRef]

	



Stamplecoskie, K.G.; Chen, Y.S.; Kamat, P.V. Excited-State Behavior of Luminescent Glutathione-Protected Gold Clusters. J. Phys. Chem. C 2014, 118, 1370–1376. [Google Scholar] [CrossRef]

	



Li, Q.; Zhou, M.; So, W.Y.; Huang, J.C.; Li, M.X.; Kauffman, D.R.; Cotlet, M.; Higaki, T.; Peteanu, L.A.; Shao, Z.Z.; et al. A Mono-cuboctahedral Series of Gold Nanoclusters: Photoluminescence Origin, Large Enhancement, Wide Tunability, and Structure-Property Correlation. J. Am. Chem. Soc. 2019, 141, 5314–5325. [Google Scholar] [CrossRef]

	



Zhou, M.; Higaki, T.; Li, Y.W.; Zeng, C.J.; Li, Q.; Sfeir, M.Y.; Jin, R.C. Three-Stage Evolution from Nonscalable to Scalable Optical Properties of Thiolate-Protected Gold Nanoclusters. J. Am. Chem. Soc. 2019, 141, 19754–19764. [Google Scholar] [CrossRef]

	



Chen, S.; Wang, S.X.; Zhong, J.; Song, Y.B.; Zhang, J.; Sheng, H.T.; Pei, Y.; Zhu, M.Z. The Structure and Optical Properties of the Au-18(SR)(14) Nanocluster. Angew. Chem.-Int. Ed. 2015, 54, 3145–3149. [Google Scholar] [CrossRef]

	



Dainese, T.; Antonello, S.; Gascon, J.A.; Pan, F.F.; Perera, N.V.; Ruzzi, M.; Venzo, A.; Zoleo, A.; Rissanen, K.; Maran, F. Au-25(SEt)(18), a Nearly Naked Thiolate-Protected Au-25 Cluster: Structural Analysis by Single Crystal X-ray Crystallography and Electron Nuclear Double Resonance. ACS Nano 2014, 8, 3904–3912. [Google Scholar] [CrossRef]

	



Pyo, K.; Thanthirige, V.D.; Kwak, K.; Pandurangan, P.; Ramakrishna, G.; Lee, D. Ultrabright Luminescence from Gold Nanoclusters: Rigidifying the Au(I)-Thiolate Shell. J. Am. Chem. Soc. 2015, 137, 8244–8250. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, C.; Xin, J.S.; Li, J.; Li, H.; Kang, X.; Pei, Y.; Zhu, M.Z. Fluorescence or Phosphorescence? The Metallic Composition of the Nanocluster Kernel Does Matter. Angew. Chem.-Int. Ed. 2022, 61, e202205947. [Google Scholar] [CrossRef]

	



Wu, Z.N.; Du, Y.H.; Liu, J.; Yao, Q.F.; Chen, T.K.; Cao, Y.T.; Zhang, H.; Xie, J.P. Aurophilic Interactions in the Self-Assembly of Gold Nanoclusters into Nanoribbons with Enhanced Luminescence. Angew. Chem.-Int. Ed. 2019, 58, 8139–8144. [Google Scholar] [CrossRef]

	



Corthey, G.; Giovanetti, L.J.; Ramallo-Lopez, J.M.; Zelaya, E.; Rubert, A.A.; Benitez, G.A.; Requejo, F.G.; Fonticelli, M.H.; Salvarezza, R.C. Synthesis and Characterization of Gold@Gold(I)—Thiomalate Core@Shell Nanoparticles. ACS Nano 2010, 4, 3413–3421. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, D.E.; Chen, W.; Whetten, R.L.; Chen, Z.F. What Protects the Core When the Thiolated Au Cluster is Extremely Small? J. Phys. Chem. C 2009, 113, 16983–16987. [Google Scholar] [CrossRef]

	



Lin, D.D.; Zheng, M.K.; Xu, W.W. Structural predictions of thiolate-protected gold nanoclusters via the redistribution of Au-S “staple” motifs on known cores. Phys. Chem. Chem. Phys. 2020, 22, 16624–16629. [Google Scholar] [CrossRef] [PubMed]

	



Gronbeck, H. The bonding in thiolate protected gold nanoparticles from Au4f photoemission core level shifts. Nanoscale 2012, 4, 4178–4182. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.L.; Liu, Q.; Qi, Q.R.; Shi, H.; Hsu, E.C.; Chen, W.Y.; Yuan, W.L.; Wu, Y.F.; Lin, S.E.; Zeng, Y.T.; et al. Gold Nanoclusters for NIR-II Fluorescence Imaging of Bones. Small 2020, 16, 2003851. [Google Scholar] [CrossRef]

	



Jiang, X.Y.; Zhang, H.; Yang, C.; Xia, J.; Liu, G.Y.; Luo, X.G. A novel electrostatic drive strategy to prepare glutathione-capped gold nanoclusters embedded quaternized cellulose membranes fluorescent colorimetric sensor for Pb(II) and Hg(II) ions detection. Sens. Actuators B-Chem. 2022, 368, 132046. [Google Scholar] [CrossRef]

	



Lin, Y.S.; Chuang, L.W.; Wu, B.Y.; Lin, Y.H.; Chang, H.T. Polymer/glutathione Au nanoclusters for detection of sulfides. Sens. Actuators B-Chem. 2021, 333, 129356. [Google Scholar] [CrossRef]

	



Wu, G.Y.; Fang, Y.Z.; Yang, S.; Lupton, J.R.; Turner, N.D. Glutathione metabolism and its implications for health. J. Nutr. 2004, 134, 489–492. [Google Scholar] [CrossRef]

	



Rojas-Cervellera, V.; Rovira, C.; Akola, J. How do Water Solvent and Glutathione Ligands Affect the Structure and Electronic Properties of Au-25(SR)(18)(-)? J. Phys. Chem. Lett. 2015, 6, 3859–3865. [Google Scholar] [CrossRef]

	



Roy, S.; Baral, A.; Bhattacharjee, R.; Jana, B.; Datta, A.; Ghosh, S.; Banerjee, A. Preparation of multi-coloured different sized fluorescent gold clusters from blue to NIR, structural analysis of the blue emitting Au-7 cluster, and cell-imaging by the NIR gold cluster. Nanoscale 2015, 7, 1912–1920. [Google Scholar] [CrossRef]

	



Zhou, C.; Hao, G.Y.; Thomas, P.; Liu, J.B.; Yu, M.X.; Sun, S.S.; Oz, O.K.; Sun, X.K.; Zheng, J. Near-Infrared Emitting Radioactive Gold Nanoparticles with Molecular Pharmacokinetics. Angew. Chem.-Int. Ed. 2012, 51, 10118–10122. [Google Scholar] [CrossRef]

	



Hada, A.M.; Craciun, A.M.; Focsan, M.; Vulpoi, A.; Borcan, E.L.; Astilean, S. Glutathione-capped gold nanoclusters as near-infrared-emitting efficient contrast agents for confocal fluorescence imaging of tissue-mimicking phantoms. Microchim. Acta 2022, 189, 337. [Google Scholar] [CrossRef]

	



Liu, J.B.; Duchesne, P.N.; Yu, M.X.; Jiang, X.Y.; Ning, X.H.; Vinluan, R.D.; Zhang, P.; Zheng, J. Luminescent Gold Nanoparticles with Size-Independent Emission. Angew. Chem.-Int. Ed. 2016, 55, 8894–8898. [Google Scholar] [CrossRef]

	



Li, J.Q.; Zhu, F.K.; Lou, K.L.; Tian, H.A.; Luo, Q.; Dang, Y.Y.; Liu, X.L.; Wang, P.Y.; Wu, L.M. Tumor microenvironment enhanced NIR II fluorescence imaging for tumor precise surgery navigation via tetrasulfide mesoporous silica-coated Nd-based rare-earth nanocrystals. Mater. Today Bio 2022, 16, 100397. [Google Scholar] [CrossRef]

	



Yang, G.L.; Chen, C.; Zhu, Y.C.; Liu, Z.Y.; Xue, Y.D.; Zhong, S.; Wang, C.C.; Gao, Y.; Zhang, W.A. GSH-Activatable NIR Nanoplatform with Mitochondria Targeting for Enhancing Tumor-Specific Therapy. ACS Appl. Mater. Interfaces 2019, 11, 44961–44969. [Google Scholar] [CrossRef]

	



Peng, C.Q.; Yu, M.X.; Zheng, J. In Situ Ligand-Directed Growth of Gold Nanoparticles in Biological Tissues. Nano Lett. 2020, 20, 1378–1382. [Google Scholar] [CrossRef] [PubMed]

	



An, L.; Cao, M.; Zhang, X.; Lin, J.M.; Tian, Q.W.; Yang, S.P. pH and Glutathione Synergistically Triggered Release and Self-Assembly of Au Nanospheres for Tumor Theranostics. ACS Appl. Mater. Interfaces 2020, 12, 8050–8061. [Google Scholar] [CrossRef] [PubMed]

	



Lin, X.H.; Zhu, R.; Hong, Z.Z.; Zhang, X.; Chen, S.; Song, J.B.; Yang, H.H. GSH-Responsive Radiosensitizers with Deep Penetration Ability for Multimodal Imaging-Guided Synergistic Radio-Chemodynamic Cancer Therapy. Adv. Funct. Mater. 2021, 31, 2101278. [Google Scholar] [CrossRef]

	



Tan, H.X.; Liu, S.; He, Y.L.; Cheng, G.F.; Zhang, Y.; Wei, X.J.; Hu, L.D. Spider Toxin Peptide-Induced NIR Gold Nanocluster Fabrication for GSH-Responsive Cancer Cell Imaging and Nuclei Translocation. Front. Bioeng. Biotechnol. 2021, 9, 780223. [Google Scholar] [CrossRef]

	



Sun, Y.Q.; Wang, D.D.; Zhao, Y.Q.; Zhao, T.X.; Sun, H.C.; Li, X.W.; Wang, C.X.; Yang, B.; Lin, Q. Polycation-functionalized gold nanodots with tunable near-infrared fluorescence for simultaneous gene delivery and cell imaging. Nano Res. 2018, 11, 2392–2404. [Google Scholar] [CrossRef]

	



Yu, L.; Zhang, Q.; Kang, Q.; Zhang, B.; Shen, D.Z.; Zou, G.Z. Near-Infrared Electrochemiluminescence Immunoassay with Biocompatible Au Nanoclusters as Tags. Analytical Chemistry 2020, 92, 7581–7587. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, S.F.; Lei, Z.; Guan, Z.J.; Wang, Q.M. Atomically Precise Preorganization of Open Metal Sites on Gold Nanoclusters with High Catalytic Performance. Angew. Chem.-Int. Ed. 2021, 60, 5225–5229. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.X.; Shen, B.W.; Zhang, Z.Y.; Chen, Y.; Zhu, L.Y.; Zhang, Y.H.; Huang, H.; Jiang, L. Multifunctional fluorescent gold nanoclusters with enhanced aggregation-induced emissions (AIEs) and excellent antibacterial effect for bacterial imaging and wound healing. Biomater. Adv. 2022, 137, 212841. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, M.; Li, M.B.; Yao, C.H.; Xia, P.; Zhao, Y.; Yan, N.; Liao, L.W.; Wu, Z.K. PPh3: Converts Thiolated Gold Nanoparticles to Au-25(PPh3)(10)(SR)(5)Cl-2 (2+). Acta Phys.-Chim. Sin. 2018, 34, 792–798. [Google Scholar] [CrossRef]

	



Pang, Z.Y.; Yan, W.X.; Yang, J.; Li, Q.Z.; Guo, Y.; Zhou, D.J.; Jiang, X.Y. Multifunctional Gold Nanoclusters for Effective Targeting, Near-Infrared Fluorescence Imaging, Diagnosis, and Treatment of Cancer Lymphatic Metastasis. ACS Nano 2022, 16, 16019–16037. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Z.X.; Musnier, B.; Wegner, K.D.; Henry, M.; Chovelon, B.; Desroches-Castan, A.; Fertin, A.; Resch-Genger, U.; Bailly, S.; Coll, J.L.; et al. High-Resolution Shortwave Infrared Imaging of Vascular Disorders Using Gold Nanoclusters. ACS Nano 2020, 14, 4973–4981. [Google Scholar] [CrossRef]

	



Le Guevel, X.; Wegner, K.D.; Wurth, C.; Baulin, V.A.; Musnier, B.; Josserand, V.; Resch-Genger, U.; Coll, J.L. Tailoring the SWIR emission of gold nanoclusters by surface ligand rigidification and their application in 3D bioimaging. Chem. Commun. 2022, 58, 2967–2970. [Google Scholar] [CrossRef]

	



Han, K.; Sathiyaseelan, A.; Saravanakumar, K.; Wang, M.H. Synthesis of Biomolecule Functionalized Biocompatible Silver Nanoparticles for Antioxidant and Antibacterial Applications. Coatings 2022, 12, 1295. [Google Scholar] [CrossRef]

	



Pechyen, C.; Ponsanti, K.; Tangnorawich, B.; Ngernyuang, N. Waste fruit peel—Mediated green synthesis of biocompatible gold nanoparticles. J. Mater. Res. Technol.-JmrT 2021, 14, 2982–2991. [Google Scholar] [CrossRef]

	



Chakraborty, I.; Parak, W.J. Protein-Induced Shape Control of Noble Metal Nanoparticles. Adv. Mater. Interfaces 2019, 6, 1801407. [Google Scholar] [CrossRef]

	



Aires, A.; Llarena, I.; Moller, M.; Castro-Smirnov, J.; Cabanillas-Gonzalez, J.; Cortajarena, A.L. A Simple Approach to Design Proteins for the Sustainable Synthesis of Metal Nanoclusters. Angew. Chem.-Int. Ed. 2019, 58, 6214–6219. [Google Scholar] [CrossRef] [PubMed]

	



Jia, M.N.; Mi, W.Y.; Guo, S.S.; Yang, Q.Z.; Jin, Y.; Shao, N. Peptide-capped functionalized Ag/Au bimetal nanoclusters with enhanced red fluorescence for lysosome-targeted imaging of hypochlorite in living cells. Talanta 2020, 216, 120926. [Google Scholar] [CrossRef] [PubMed]

	



Huang, R.H.; Nayeem, N.; He, Y.; Morales, J.; Graham, D.; Klajn, R.; Contel, M.; O’Brien, S.; Ulijn, R.V. Self-Complementary Zwitterionic Peptides Direct Nanoparticle Assembly and Enable Enzymatic Selection of Endocytic Pathways. Adv. Mater. 2022, 34, 2104962. [Google Scholar] [CrossRef] [PubMed]

	



Singh, P.; Narang, N.; Sharma, R.K.; Wangoo, N. Interplay of Self-Assembling Aromatic Amino Acids and Functionalized Gold Nanoparticles Generating Supramolecular Structures. ACS Appl. Bio Mater. 2020, 3, 6196–6203. [Google Scholar] [CrossRef]

	



Zhao, L.; Wang, Y.S.; Li, Z.C.; Deng, Y.J.; Zhao, X.H.; Xia, Y.Z. Facile synthesis of chitosan-gold nanocomposite and its application for exclusively sensitive detection of Ag+ ions. Carbohydr. Polym. 2019, 226, 115290. [Google Scholar] [CrossRef]

	



Yazgan, I.; Gumus, A.; Gokkus, K.; Demir, M.A.; Evecen, S.; Sonmez, H.A.; Miller, R.M.; Bakar, F.; Oral, A.; Popov, S.; et al. On the Effect of Modified Carbohydrates on the Size and Shape of Gold and Silver Nanostructures. Nanomaterials 2020, 10, 1417. [Google Scholar] [CrossRef] [PubMed]

	



Onitsuka, S.; Hamada, T.; Okamura, H. Preparation of antimicrobial gold and silver nanoparticles from tea leaf extracts. Colloids Surf. B-Biointerfaces 2019, 173, 242–248. [Google Scholar] [CrossRef]

	



Khan, M.; Al-hamoud, K.; Liaqat, Z.; Shaik, M.R.; Adil, S.F.; Kuniyil, M.; Alkhathlan, H.Z.; Al-Warthan, A.; Siddiqui, M.R.H.; Mondeshki, M.; et al. Synthesis of Au, Ag, and Au-Ag Bimetallic Nanoparticles UsingPulicaria undulataExtract and Their Catalytic Activity for the Reduction of 4-Nitrophenol. Nanomaterials 2020, 10, 1885. [Google Scholar] [CrossRef]

	



De, S.K.; Maity, A.; Chakraborty, A. Underlying Mechanisms for the Modulation of Self-Assembly and the Intrinsic Fluorescent Properties of Amino Acid-Functionalized Gold Nanoparticles. Langmuir 2021, 37, 5022–5033. [Google Scholar] [CrossRef]

	



Uehara, N.; Sonoda, N.; Haneishi, C. Specific turn-on near infrared fluorescence from non-fluorescent gold nanoclusters bearing sulfhydryl oligopeptides. Colloids Surf. A-Physicochem. Eng. Asp. 2018, 538, 14–22. [Google Scholar] [CrossRef]

	



Pu, Z.F.; Peng, J.; Wen, Q.L.; Li, Y.; Ling, J.; Liu, P.; Cao, Q.E. Photocatalytic synthesis of BSA-Au nanoclusters with tunable fluorescence for highly selective detection of silver ion. Dye. Pigment. 2021, 193, 109533. [Google Scholar] [CrossRef]

	



Maity, A.; Kumar, A. Higher-order assembly of BSA gold nanoclusters using supramolecular host-guest chemistry: A 40% absolute fluorescence quantum yield. Nanoscale Adv. 2022, 4, 2988–2991. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, M.; Shitomi, K.; Miyata, S.; Miyaji, H.; Aota, H.; Kawasaki, H. Bovine serum albumin-capped gold nanoclusters conjugating with methylene blue for efficient O-1(2) generation via energy transfer. J. Colloid Interface Sci. 2018, 510, 221–227. [Google Scholar] [CrossRef]

	



Bertorelle, F.; Wegner, K.D.; Bakulic, M.P.; Fakhouri, H.; Comby-Zerbino, C.; Sagar, A.; Bernado, P.; Resch-Genger, U.; Bonacic-Koutecky, V.; Le Guevel, X.; et al. Tailoring the NIR-II Photoluminescence of Single Thiolated Au-25 Nanoclusters by Selective Binding to Proteins. Chem.-A Eur. J. 2022, 28, e202200570. [Google Scholar] [CrossRef] [PubMed]

	



Dan, Q.; Yuan, Z.; Zheng, S.; Ma, H.R.; Luo, W.X.; Zhang, L.; Su, N.; Hu, D.H.; Sheng, Z.H.; Li, Y.J. Gold Nanoclusters-Based NIR-II Photosensitizers with Catalase-like Activity for Boosted Photodynamic Therapy. Pharmaceutics 2022, 14, 1645. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.L.; Kong, Y.F.; Jiang, J.; Xie, Q.Q.; Huang, Y.; Li, G.N.; Wu, D.; Zheng, H.Z.; Gao, M.; Xu, S.J.; et al. Engineering the Protein Corona Structure on Gold Nanoclusters Enables Red-Shifted Emissions in the Second Near-infrared Window for Gastrointestinal Imaging. Angew. Chem.-Int. Ed. 2020, 59, 22431–22435. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.; Zhang, X.C.; Han, X.; Fang, Y.D.; Liu, X.M.; Wang, X.L.; Waterhouse, G.I.N.; Xu, C.; Yin, H.Z.; Gao, X.Y. Polypeptide-Templated Au Nanoclusters with Red and Blue Fluorescence Emissions for Multimodal Imaging of Cell Nuclei. Acs Appl. Bio Mater. 2020, 3, 1934–1943. [Google Scholar] [CrossRef]

	



Li, Q.Z.; Pan, Y.T.; Chen, T.K.; Du, Y.X.; Ge, H.H.; Zhang, B.C.; Xie, J.P.; Yu, H.Z.; Zhu, M.Z. Design and mechanistic study of a novel gold nanocluster-based drug delivery system. Nanoscale 2018, 10, 10166–10172. [Google Scholar] [CrossRef]

	



He, K.; Tan, Y.; Zhao, Z.P.; Chen, H.R.; Liu, J.B. Weak Anchoring Sites of Thiolate-Protected Luminescent Gold Nanoparticles. Small 2021, 17, 2102481. [Google Scholar] [CrossRef]

	



He, K.; Zhu, J.Y.; Gong, L.S.; Tan, Y.; Chen, H.R.; Liang, H.R.; Huang, B.H.; Liu, J.B. In situ self-assembly of near-infrared-emitting gold nanoparticles into body-clearable 1D nanostructures with rapid lysosome escape and fast cellular excretion. Nano Res. 2021, 14, 1087–1094. [Google Scholar] [CrossRef]

	



Zhang, N.M.Y.; Qi, M.; Wang, Z.X.; Wang, Z.; Chen, M.X.; Li, K.W.; Shum, P.; Wei, L. One-step synthesis of cyclodextrin-capped gold nanoparticles for ultra-sensitive and highly-integrated plasmonic biosensors. Sens. Actuators B-Chem. 2019, 286, 429–436. [Google Scholar] [CrossRef]

	



Wang, Y.Y.; Guo, H.E.; Zhang, Y.X.; Tai, F.F.; Wang, Y.X.; Dong, Q.C.; Nie, Y.; Zhao, Q.; Wong, W.Y. Achieving highly water-soluble and luminescent gold nanoclusters modified by beta-cyclodextrin as multifunctional nanoprobe for biological applications. Dye. Pigment. 2018, 157, 359–368. [Google Scholar] [CrossRef]

	



Song, X.R.; Zhu, W.; Ge, X.G.; Li, R.F.; Li, S.H.; Chen, X.; Song, J.B.; Xie, J.P.; Chen, X.Y.; Yang, H.H. A New Class of NIR-II Gold Nanocluster-Based Protein Biolabels for In Vivo Tumor-Targeted Imaging. Angew. Chem. -Int. Ed. 2021, 60, 1306–1312. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.X.; Li, Z.H.; Jing, J.B.; Ding, H.; Chen, Z.J. DTT-Au NCs Interact with DNA to Form Raspberry-Like Particles. Part. Part. Syst. Charact. 2019, 36, 1800517. [Google Scholar] [CrossRef]

	



Malina, J.; Kostrhunova, H.; Novohradsky, V.; Scott, P.; Brabec, V. Metallohelix vectors for efficient gene delivery via cationic DNA nanoparticles. Nucleic Acids Res. 2022, 50, 674–683. [Google Scholar] [CrossRef] [PubMed]

	



Dai, Z.Y.; Tan, Y.; He, K.; Chen, H.R.; Liu, J.B. Strict DNA Valence Control in Ultrasmall Thiolate-Protected Near-Infrared-Emitting Gold Nanoparticles. J. Am. Chem. Soc. 2020, 142, 14023–14027. [Google Scholar] [CrossRef]

	



Han, X.S.; Luan, X.Q.; Su, H.F.; Li, J.J.; Yuan, S.F.; Lei, Z.; Pei, Y.; Wang, Q.M. Structure Determination of Alkynyl-Protected Gold Nanocluster Au-22((BuC)-Bu-t equivalent to C)(18) and Its Thermochromic Luminescence. Angew. Chem.-Int. Ed. 2020, 59, 2309–2312. [Google Scholar] [CrossRef]

	



Zhang, S.S.; Feng, L.; Senanayake, R.D.; Aikens, C.M.; Wang, X.P.; Zhao, Q.Q.; Tung, C.H.; Sun, D. Diphosphine-protected ultrasmall gold nanoclusters: Opened icosahedral Au-13 and heart-shaped Au-8 clusters. Chem. Sci. 2018, 9, 1251–1258. [Google Scholar] [CrossRef]

	



Chiechio, R.M.; Ducarre, S.; Marets, C.; Dupont, A.; Even-Hernandez, P.; Pinson, X.; Dutertre, S.; Artzner, F.; Musumeci, P.; Ravel, C.; et al. Encapsulation of Luminescent Gold Nanoclusters into Synthetic Vesicles. Nanomaterials 2022, 12, 3875. [Google Scholar] [CrossRef]

	



Shu, T.; Cheng, X.J.; Wang, J.X.; Lin, X.F.; Zhou, Z.P.; Su, L.; Zhang, X.J. Synthesis of Luminescent Gold Nanoclusters Embedded Goose Feathers for Facile Preparation of Au(I) Complexes with Aggregation-Induced Emission. ACS Sustain. Chem. Eng. 2019, 7, 592–598. [Google Scholar] [CrossRef]

	



Casteleiro, B.; Ribeiro, T.; Mariz, I.; Martinho, J.M.G.; Farinha, J.P.S. Encapsulation of gold nanoclusters by photo-initiated miniemulsion polymerization. Colloids Surf. A-Physicochem. Eng. Asp. 2022, 648, 129410. [Google Scholar] [CrossRef]

	



Zhang, T.X.; Liu, X.Y.; Liu, Y.; Chen, Y. Poly(N-vinylimidazole) assisted formation of bright far-red/near infrared gold nanocluster aggregates. Colloids Surf. A-Physicochem. Eng. Asp. 2018, 551, 25–32. [Google Scholar] [CrossRef]

	



Sha, Q.Y.; Sun, B.Y.; Yi, C.; Guan, R.X.; Fei, J.; Hu, Z.Y.; Liu, B.F.; Liu, X. A fluorescence turn-on biosensor based on transferrin encapsulated gold nanoclusters for 5-hydroxytryptamine detection. Sens. Actuators B-Chem. 2019, 294, 177–184. [Google Scholar] [CrossRef]

	



Wu, Z.N.; Yao, Q.F.; Chai, O.J.H.; Ding, N.; Xu, W.; Zang, S.Q.; Xie, J.P. Unraveling the Impact of Gold(I)-Thiolate Motifs on the Aggregation-Induced Emission of Gold Nanoclusters. Angew. Chem.-Int. Ed. 2020, 59, 9934–9939. [Google Scholar] [CrossRef]

	



Gao, Y.C.; Wang, C.; Zhang, C.X.; Li, H.W.; Wu, Y.Q. Glutathione protected bimetallic gold-platinum nanoclusters with near-infrared emission for ratiometric determination of silver ions. Microchim. Acta 2021, 188, 50. [Google Scholar] [CrossRef] [PubMed]

	



Tang, B.; Xia, W.L.; Cai, W.; Liu, J.B. Luminescent Gold Nanoparticles with Controllable Hydrophobic Interactions. Nano Lett. 2022, 22, 8109–8114. [Google Scholar] [CrossRef]

	



Zhu, H.; Zhou, Y.; Wang, Y.; Xu, S.Y.; James, T.D.; Wang, L.Y. Stepwise-Enhanced Tumor Targeting of Near-Infrared Emissive Au Nanoclusters with High Quantum Yields and Long-Term Stability. Anal. Chem. 2022, 94, 13189–13196. [Google Scholar] [CrossRef]

	



Hou, T.C.; Wu, Y.Y.; Chiang, P.Y.; Tan, K.T. Near-infrared fluorescence activation probes based on disassembly-induced emission cyanine dye. Chem. Sci. 2015, 6, 4643–4649. [Google Scholar] [CrossRef]

	



Faizullin, B.; Dayanova, I.; Strelnik, I.; Kholin, K.; Nizameev, I.; Gubaidullin, A.; Voloshina, A.; Gerasimova, T.; Kashnik, I.; Brylev, K.; et al. pH-Driven Intracellular Nano-to-Molecular Disassembly of Heterometallic Au2L2 {Re(6)Q(8)} Colloids (L = PNNP Ligand; Q = S2− or Se2−). Nanomaterials 2022, 12, 3229. [Google Scholar] [CrossRef]

	



Zhou, K.; Cai, W.; Tan, Y.; Zhao, Z.P.; Liu, J.B. Highly Controllable Nanoassemblies of Luminescent Gold Nanoparticles with Abnormal Disassembly-Induced Emission Enhancement for In Vivo Imaging Applications. Angew. Chem.-Int. Ed. 2022, 61, e202212214. [Google Scholar] [CrossRef]

	



Haye, L.; Diriwari, P.I.; Alhalabi, A.; Gallavardin, T.; Combes, A.; Klymchenko, A.S.; Hildebrandt, N.; Le Guevel, X.; Reisch, A. Enhancing Near Infrared II Emission of Gold Nanoclusters via Encapsulation in Small Polymer Nanoparticles. Adv. Opt. Mater. 2022, 2201474. [Google Scholar] [CrossRef]

	



Yao, H.Y.; Jiang, D.F.; Dong, G.Q.; Sun, J.M.; Sun, S.S.; Li, L.L.; Zheng, F.F.; Xiong, W.W. Near infrared imaging of intracellular GSH by AuNCs@MnO2 core-shell nanoparticles based on the absorption competition mechanism. Analyst 2021, 146, 5115–5123. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 13 00648 g002 550] 





Figure 2. (a) Standard synthesis of GSH-AuNCs in solution. (b) Synthetic steps to perform precipitation of GSH-AuNCs inside biological tissue. (c) NIR fluorescence bioimaging of the whole kidney before (Day 0) and after (Day 1) the precipitation of GSH-AuNCs and zoom-in images of kidney cortex in both bright field (BF) and NIR imaging. (d) Confocal fluorescence microscopy imaging of kidney slides shows a preferential precipitation of GSH-AuNCs in the basolateral side of cytoplasm area in the renal distal tubule (DT) rather than in proximal tubule (PT) (Scale bar 10 μm). (e) Photos and (f) NIR fluorescence bioimaging of normal kidney and diseased kidney (artificially caused by overexposure to cisplatin) after (Day 1) the precipitation of GSH-AuNCs. Adapted with permission from Ref. [69]. Copyright 2019 American Chemical Society. 
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Figure 3. (a) Comparison between NIR I bioimaging (λexc = 780 nm, λem > 830 nm) and SWIR bioimaging (λexc = 830 nm, λem > 1250 nm) of mice ventral area 15 min after injection of (MHA/TDT)-AuNCs. (b) Comparison between bioimaging (false colors) of the mouse ventral area before (Raw) and after Monte Carlo constrained restoration (MCR) processing. (c) In vivo SWIR bioimaging (reverse contrast) of mice vasculature before image processing (Raw) and after MCR and additional high-pass (HP) filtering. (d) SWIR bioimages (false colors) after MCR and HP filtering/processing at (i) 1.5 s, (ii) 5 s, (iii) 25 s, and (iv) 65 s after (MHA/TDT)-AuNCs intravenous injection. Adapted with permission from Ref. [79]. Copyright 2019 American Chemical Society. 
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Figure 4. (A) Band gaps of gold composites with cysteine, histidine, and tyrosine by DFT calculations. (B) Schematic representation of the reaction path for the synthesis of Rnase-AuNCs. (C) NIR-II bioimaging (λexc = 808 nm, λem > 1000 nm) of mice gastrointestinal region after 2 h post-orally administrated Rnase-AuNCs. Adapted with permission from Ref. [99]. Copyright 2020 Wiley-VCH GmbH. 
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Figure 5. Schematic representations of (a) phosphorothioates-modied DNA strand. (b) Schematic illustration of trends of the chemical reactivity of DNA strands depending on the phosphorothioates’ unit number in the synthesis of psDNA-AuNCs. (c) Schematic representation of Apt@psDNA-AuNCs binding specific PTK7 proteins. (d) NIR bioimaging (λexc = 355–375 nm; λem = 765–855 nm) and bright field (BF) of A549 cell after 1 h post-incubation of Apt@psDNA-AuNCs. Adapted with permission from Ref. [109]. Copyright 2020 American Chemical Society. 
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Figure 6. Schematic representation of (a) the synthetic route of the MPTMS/PEG-AuNCs and the (b) self-assembly/disassembly of MPTMS/PEG-AuNCs. (c) In-time renal clearance and liver and spleen retention evaluations by NIR-II bioimaging (λexc = 808 nm, λem > 970 nm) in mice after injection of MPTMS/PEG-AuNCs before and after disassembly. Adapted with permission from Ref. [123]. Copyright 2022 Wiley-VCH GmbH. 
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