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Copper (Cu) is an essential micronutrient for most organisms and serves mainly as a redox-active catalytic centre in enzymes cycling between Cu + and Cu 2+ . Membrane transporters and shuttles are involved to bring and insert Cu into these enzymes and to control tightly the copper metabolism, whose failure can lead to severe diseases. The main oxidation state intracellularly is Cu + , whereas Cu 2+ is mainly found in extracellular fluids. A basic approach to investigate Cu metabolism in vivo and in cellulo contemplates the use of luminescent (mostly fluorescent) or magnetic resonance imaging (MRI)-active probes. Here, we focus on sensors of the Cu 2+ state. First, Cu metabolism and speciation are revised, focusing on the main extracellular fluids (blood plasma, urine, cerebrospinal fluid, synaptic cleft, milk, saliva, sweat) and cell culture media, and highlighting the notion of exchangeable Cu 2+ pool. Indeed, in contrast to bulk Cu measurements, sensors can only detect Cu 2+ that is labile and thermodynamically accessible. Thus, the kinetics and thermodynamics of the exchangeable pools determine the quantity of Cu 2+ that can be measured and influence the design of the sensor. The study of the best-known exchangeable Cu 2+ pool in blood plasma, i.e. serum albumin, shows that a sensor might need a sub-femtomolar affinity for Cu 2+ to compete with endogenous Cu 2+ ligands. The selectivity of the probe for Cu 2+ is also discussed, in particular against Zn 2+ , which is much more available than Cu 2+ in the extracellular fluids (e.g. at least 10 6 times in the blood). Finally, the analysis of the literature on luminescent and MRI-active Cu 2+ sensors applied in extracellular media show indeed how challenging such measurement is, and that none of the sensors reported convincingly and specifically detects Cu 2+ in a biological system. Indeed, when considering all the sought parameters, i.e. thermodynamics and kinetics of the Cu 2+ -sensor, the specificity towards Cu 2+ , the reversibility, the sensitivity of the luminescent or MRI response and hence the required sensor concentration, it becomes clear that this is a huge challenge and that we stand just at the dawn of this field.

Introduction

Copper (Cu) is an essential redox-active ion for most living organisms. Indeed, the redox cycling between Cu + and Cu 2+ has been exploited by nature to carry out fundamental biochemical processes, such as electron transfer (e.g. in cytochrome c oxidase, COX), oxygen transport (e.g. in Molluscan hemocyanin), and redox catalysis (e.g. in superoxide dismutase, SOD). However, such redox activity also represents a potential danger, as Cu redox cycling is very competent in catalysing the formation of Reactive Oxygen Species (ROS), which can oxidatively damage biomolecules. Therefore, nature developed a machinery of Cu-binding systems to handle Cu safely and keep the appropriate Cu homeostasis in cells and multicellular organisms (see Figure 1). [START_REF] Festa | Copper: An essential metal in biology[END_REF] In mammalian cells, the membrane transporters Ctr1/2 and ATP7A/7B regulate respectively the import and the export of Cu (as Cu + ) into/from the cytosol and intracellular organelles. Intracellularly, the reduced Cu + state is predominant due to the high abundance of reducing agents such as ascorbate, NADPH, and glutathione. The latter is a key regulator of cellular redox homeostasis, attaining 1-10 mM concentration. Glutathione exists in both reduced (thiol) GSH and oxidized (disulfide) GSSG form, the GSH:GSSG ratio being a marker of cellular redox status. The cytosolic and mitochondrial glutathione pools are highly reduced, with GSH:GSSG > 10000:1. Conversely, the glutathione pool is much more oxidized in the endoplasmic reticulum, with a GSH:GSSG ratio in the 1-15:1 range. Notwithstanding, reduced GSH is still the major species therein. [START_REF] Calabrese | Mitochondrial Glutathione: Regulation and Functions[END_REF] Such levels of the GSH:GSSG ratio imply a redox potential that contributes to keeping Cu in the reduced Cu + state in all cell compartments. As a result, Cu 2+ exists in the intracellular environment only transiently, in binding sites buried within cuproenzymes, where Cu cycles between Cu + and Cu 2+ . Although an important role of GSH in Cu uptake has been suggested, [START_REF] Maryon | Cellular glutathione plays a key role in copper uptake mediated by human copper transporter 1[END_REF] recent studies showed that intracellular "free" Cu + is buffered at very low concentration (about 1 aM), below the threshold for Cu + -binding to GSH in mainly tetranuclear Cuthiolate clusters. Actually, Cu + is bound to proteins with attomolar affinity, called metallo-chaperones, each of which delivers Cu to a specific target (CCS to SOD1, Atox1 to ATP7A/B, Cox17 to COX). Only in case of Cu overload, GSH and metallothioneins (MTs), a family of thiol-rich proteins, could bind Cu. Indeed, although metallothioneins are the strongest Cu + ligands in the cell (log K a 19-20), they are normally loaded with Zn 2+ . [START_REF] Morgan | Glutathione limits aquacopper(I) to sub-femtomolar concentrations through cooperative assembly of a tetranuclear cluster[END_REF][START_REF] Morgan | Ratiometric two-photon microscopy reveals attomolar copper buffering in normal and Menkes mutant cells[END_REF][START_REF] Calvo | Copper metallothioneins[END_REF] Conversely, in the extracellular space, Cu is carried mainly in the oxidised Cu 2+ state. Herein, Cu 2+ levels and speciation in different extracellular compartments, are thoroughly revised under both physiological and pathological conditions (see Section 2). Indeed, although a rigorous control of Cu levels and localization exists, failure of Cu homeostasis may occur, resulting in pathological states. For instance, genetic mutations on ATP7A or ATP7B genes result in two severe Cu-related diseases called Menkes' (MD) and Wilson's disease (WD), respectively. In MD, Cu accumulates in the intestine causing a systemic Cu deficiency, whereas in WD Cu accumulates mainly in the liver due to impaired biliary excretion. In addition, Cu dyshomeostasis or mislocalization has been also recognized in neurodegenerative disorders, such as Alzheimer's and Parkinson's disease, as well as in cancer. [START_REF] Hordyjewska | The many "faces" of copper in medicine and treatment[END_REF] As a result, altered Cu levels in biological fluids are observed in such Cu-related diseases. Remarkably, the portion of exchangeable (i.e., kinetically-labile) Cu, and not total Cu levels, appears to be increased in serum and urine of WD and AD patients. [START_REF] Squitti | Copper dyshomeostasis in Wilson disease and Alzheimer's disease as shown by serum and urine copper indicators[END_REF] Consequently, the specific measurement of the exchangeable Cu pool in biological fluids has been gaining interest to study Cu metabolism and also as a potential diagnostic tool. Whilst well-established elemental analysis techniques are routinely used to measure total Cu levels in biological samples, these techniques require preliminary separative steps to selectively detect the exchangeable Cu pool. Unfortunately, such separative processes are prone to altering the native Cu speciation in biological samples and hence separation-free methods minimizing sample treatments are more desirable. Chelators have been used since decades to extract the exchangeable Cu 2+ from endogenous ligands, but in most cases the isolation of the Cuchelator complex from the sample mixture is still performed (see Section 3). In order to simplify the detection of the Cuchelator complex, a Cu-responsive spectroscopically-active ligand would be clearly useful. In particular, due to their high sensitivity, user-friendliness, and availability of the instrumentation, luminescent (i.e. fluorescent or phosphorescent) Cu 2+ probes appear as a potential tool to determine directly the exchangeable Cu (see Section 4). They also show broad applicability, spanning from ex vivo analysis of biological samples to live-cell and in vivo imaging. The latter is more commonly achieved by magnetic resonance imaging (MRI), which is a major tool for diagnostic imaging. Both luminescent and MR imaging can be envisioned as unique tools to investigate temporal and spatial Cu distribution in living organisms. Recently, some Cu 2+ -responsive MRI contrast agents started to be developed (see Section 5), although very limited in vivo applications have been reported to date. However, the design of Cu 2+ -responsive probes suitable for the aforementioned applications faces several challenges and pitfalls. Therefore, here we discuss the requisites of a ligand to measure Cu 2+ pools in biological samples, we analyse the advantages and the shortcomings of the state-of-the-art luminescent and MRI Cu 2+ probes with regards to their application in extracellular Cu 2+ sensing, and we provide hints for the improvement of current systems.

Cu pools in extracellular compartments

Cu concentration varies considerably among different biological fluids (see Table 1). Current knowledge on Cu levels, speciation, and metabolism in the main extracellular compartments, under both physiological and pathological states, are revised hereafter. Cellular Cu uptake and metabolism. Cu uptake from serum carriers (Cp, SA, α 2 M, LMW ligands) takes place either directly or upon Cu 2+ (dark blue circles) reduction to Cu + (light blue circles) by STEAP reductase or small reductants. Cu + is then imported through Ctr1. Intracellular metallochaperones (and potentially LMW ligands such as GSH) shuttle Cu + to specific sub-cellular targets: CCS to SOD1, Cox17 to the mitochondria (and hence to COX), Atox1 to ATP7A/B. The latter transport Cu + into the TGN lumen, where Cu-enzymes are assembled, or outside the cell.

Cu in blood plasma

Cu in blood plasma under normal conditions

The average total Cu concentration in human blood plasma is about 1 mg/L, which corresponds to about 16 µM. [START_REF] Linder | Ceruloplasmin and other copper binding components of blood plasma and their functions: An update[END_REF] The range of total serum Cu considered to be normal in human is around 12.7-22.2 μM. [START_REF] Woimant | New tools for Wilson's disease diagnosis: exchangeable copper fraction[END_REF] In plasma, most of the Cu is bound to four different carriers forming distinct Cu 2+ pools (see Table 2). The largest Cu pool is bound to Ceruloplasmin (Cp), which is metallated in the secretory pathway of liver cells and released into the bloodstream (average concentration of 2.6 μM). Cp contains 6 Cu ions per molecule, which are involved as catalytic centres in its ferroxidase activity (i.e. oxidation of Fe 2+ to Fe 3+ ). Cu ions are bound in three distinct mononuclear type-I sites and a single trinuclear site. In all mononuclear type-I sites, Cu is coordinated by 2 His and 1 Cys (and also by a Met in two of them), suggesting an electron transfer role. On the other hand, the trinuclear site, where Cu ions are bound to His residues, is in line with the O 2 -binding and oxidase catalytic activity. [START_REF] Bento | Ceruloplasmin revisited: Structural and functional roles of various metal cation-binding sites[END_REF] These six Cu ions are tightly bound and buried in the structure of Cp (the Cu affinity of Cp is not known, but log K a is likely >13), so they are not considered to be labile or readily exchangeable. Indeed, the addition of radioactive 64 Cu did not equilibrate with endogenous Cp-bound Cu. [START_REF] Linder | Ceruloplasmin and other copper binding components of blood plasma and their functions: An update[END_REF] Likewise, Cpbound Cu was not released by strong chelators such as EDTA (log K a = 15.9 at pH 7.4) and DTPA (log K a = 16.3 at pH 7.4). [START_REF] Kirsipuu | Copper(II)-binding equilibria in human blood[END_REF] Additionally, at least two other labile Cu ions can be bound to Cp with low-affinity (log K a = 5) in non-prosthetic sites that are likely empty under normal physiological conditions. [START_REF] Zgirski | Binding of Cu(II) to non-prosthetic sites in ceruloplasmin and bovine serum albumin[END_REF] It is not clear which exact percentage of total blood Cu is bound to Cp, as values spanning from 65 to 95% have been reported. [START_REF] Hellman | Ceruloplasmin metabolism and function[END_REF] Importantly, a factor that has been reported to underestimate the Cp-bound Cu (and hence overestimate the non-Cp Cu) is the denaturation of Cp upon storage and freezethaw cycles, with consequent Cu release. [START_REF] Gutteridge | The behaviour of caeruloplasmin in stored human extracellular fluids in relation to ferroxidase II activity, lipid peroxidation and phenanthroline-detectable copper[END_REF][START_REF] Buckley | Analytical variables affecting exchangeable copper determination in blood plasma[END_REF] Serum albumin (SA) and α 2 -Macroglobulin (α 2 M) represent two other identified Cu carriers in the blood. After its absorption from the intestine, Cu is carried by SA and α 2 M to the liver, where Cu is then loaded into Cp. [START_REF] Linder | Ceruloplasmin and other copper binding components of blood plasma and their functions: An update[END_REF] SA is the most abundant protein in the blood, with an average concentration of about 650 μM. SA binds about 5-20% Cu in the blood (about 3 μM). The main Cu-binding site of human SA is well described, structurally, thermodynamically, and also kinetically (see Table 2). In human SA, Cu 2+ is bound to the N-terminal first 3 amino acids (Asp-Ala-His) in a well-known Xxx-Zzz-His (ATCUN) motif. [START_REF] Gonzalez | N-Terminal Cu-Binding Motifs (Xxx-Zzz-His, Xxx-His) and Their Derivatives: Chemistry, Biology and Medicinal Applications[END_REF] Cu is coordinated by four equatorial nitrogens: the N-terminal amine, two amidates (between Asp-Ala and Ala-His) and the N π of the histidine imidazole ring. The log K a at pH 7.4 is about 13. [START_REF] Bossak-Ahmad | The Sub-picomolar Cu 2+ Dissociation Constant of Human Serum Albumin[END_REF] SA binds Cu 2+ rapidly, in the mixing time (t 1/2,ON < sec), and can transfer Cu 2+ to other partners. However, depending on such partner and its concentration, the Cu 2+ transfer from human SA could be slowed down in a window of hours. [START_REF] Beuning | Measurement of Interpeptidic Cu(II) Exchange Rate Constants by Static Fluorescence Quenching of Tryptophan[END_REF][START_REF] Kotuniak | Key intermediate species reveal the Cu (II) exchange pathway in biorelevant ATCUN/NTS complexes[END_REF] Interestingly, small ligands such as His, can considerably accelerate Cu release/transfer from SA. [START_REF] Kirsipuu | Copper(II)-binding equilibria in human blood[END_REF] The Cu-carrier initially dubbed Transcuprein, was finally identified as α 2 M, an antiprotease which forms a tetramer with an average blood concentration of about 3.5 μM. [START_REF] Liu | Transcuprein is a macroglobulin regulated by copper and iron availability[END_REF] Albeit Cu-binding to α 2 M has been poorly characterized, it seems that α 2 M is physiologically saturated with 2 Cu ions per tetramer (representing < 5-15% of total Cu), which are bound with higher affinity than SA, with which α 2 M can nevertheless exchange Cu. [START_REF] Liu | Transcuprein is a macroglobulin regulated by copper and iron availability[END_REF][START_REF] Moriya | Copper is taken up efficiently from albumin and α2-macroglobulin by cultured human cells by more than one mechanism[END_REF] Contrary to previous reports, Palumaa and coworkers lately reported that α 2 M does not bind Cu 2+ in vitro and that it does not compete with SA for Cu. [START_REF] Kirsipuu | Copper(II)-binding equilibria in human blood[END_REF] Likewise, they did not find α 2 M -bound Cu in serum samples. [START_REF] Kirsipuu | Copper(II)-binding equilibria in human blood[END_REF] The reason behind such contradictory results is not evident, but it can be speculated that the protein source (plasma vs serum) or the Cu source (Cu(NTA) 2 complex vs Cu acetate) might be accountable for such contradiction. For instance, SA may contaminate α 2 M, and Cu-NTA could form stable ternary complexes with α 2 M. 15-19% (~3µM) [START_REF] Catalani | Free copper in serum: An analytical challenge and its possible applications[END_REF] < 5% [START_REF] Hellman | Ceruloplasmin metabolism and function[END_REF] 13 [START_REF] Bossak-Ahmad | The Sub-picomolar Cu 2+ Dissociation Constant of Human Serum Albumin[END_REF] t1/2, ON < 1 sec [START_REF] Beuning | Measurement of Interpeptidic Cu(II) Exchange Rate Constants by Static Fluorescence Quenching of Tryptophan[END_REF][START_REF] Kotuniak | Key intermediate species reveal the Cu (II) exchange pathway in biorelevant ATCUN/NTS complexes[END_REF] t1/2, OFF ~ min [START_REF] Kirsipuu | Copper(II)-binding equilibria in human blood[END_REF][START_REF] Stefaniak | The N-terminal 14-mer model peptide of human Ctr1 can collect Cu(II) from albumin. Implications for copper uptake by Ctr1[END_REF] α2-Macroglobulin (725 kDa)

Protease inhibitor, Carrier (hepcidin, growth factors, …) 1,5-3,5 g/l (~3.5 µM) [START_REF] Sottrup-Jensen | Primary structure of human α2-macroglobulin. V. The complete structure[END_REF] ~ 100% (2Cu/tetramer) [START_REF] Moriya | Copper is taken up efficiently from albumin and α2-macroglobulin by cultured human cells by more than one mechanism[END_REF] 7-15% (~2µM) [START_REF] Catalani | Free copper in serum: An analytical challenge and its possible applications[END_REF] < 5% [START_REF] Hellman | Ceruloplasmin metabolism and function[END_REF] > 13 [START_REF] Moriya | Copper is taken up efficiently from albumin and α2-macroglobulin by cultured human cells by more than one mechanism[END_REF] Exchangeable [START_REF] Moriya | Copper is taken up efficiently from albumin and α2-macroglobulin by cultured human cells by more than one mechanism[END_REF] SCC (~ 2kDa) Not clear (Cu-transport?) n/a n/a 10% [START_REF] Flynn | Relation of Copper Toxicosis in Dogs and Wilson Disease to the Appearance of a Small Copper Carrier (SCC) in Blood Plasma and Urine[END_REF] n/a Exchangeable [START_REF] Gray | Urinary copper elevation in a mouse model of Wilson's disease is a regulated process to specifically decrease the hepatic copper load[END_REF] LMW pool (~0.5-5 kDa) Not clear GHK: 0. The remaining Cu pool, accounting for less than 5% of total serum Cu, includes low-molecular-weight (LMW) ligands. The identity of these LMW ligands is not fully established, but candidates are short peptides (like GHK, with an estimated concentration of 0.5 μM) and amino acids, especially His (plasma concentration of 75 μM). Recent estimations based on the concentration and the affinity of these ligands (see Table 2) suggest that less than 1% of Cu may be bound to His and other amino acids (Xaa) as Cu(His) 2 and Cu-His-Xaa ternary complexes. [START_REF] Kirsipuu | Copper(II)-binding equilibria in human blood[END_REF] Recently, the existence of a so-called Small Cu Carrier(s) (SCC) in the plasma and urine of several mammalians was reported. [START_REF] Gray | Urinary copper elevation in a mouse model of Wilson's disease is a regulated process to specifically decrease the hepatic copper load[END_REF] The identity of this SCC is still unknown and elusive, but it seems to involve peptide(s) with size in between GHK and metallothioneins. Moreover, a large fraction of such SCC seems to be bound to larger proteins in the blood. [START_REF] Flynn | Relation of Copper Toxicosis in Dogs and Wilson Disease to the Appearance of a Small Copper Carrier (SCC) in Blood Plasma and Urine[END_REF][START_REF] Tellez | Purification and characterization of a small copper carrier found in mammalian blood plasma and in the urine of mice and dogs with copper overload[END_REF] It is noteworthy that in order to bind Cu 2+ in the blood, this LMW pool must globally have an apparent affinity for Cu 2+ comparable to that of SA. Finally, some cuproenzymes also exist in the blood (SOD3, oxidases), clearly accounting for not more than 5% of total Cu. [START_REF] Linder | Ceruloplasmin and other copper binding components of blood plasma and their functions: An update[END_REF][START_REF] Kirsipuu | Copper(II)-binding equilibria in human blood[END_REF] Overall, except for Cp (and minor Cu-enzymes), the remaining Cu pools appear to be kinetically labile and exchangeable, hence the notion of non-Cp Cu (NCC), labile Cu and exchangeable Cu (CuEXC) are often used interchangeably.

Cu in blood under pathological conditions

Altered serum Cu levels are a hallmark of the best-known Cu-related diseases. In MD, impaired Cu export from enterocytes leads to decreased levels of total serum Cu, which are considered diagnostic. [START_REF] Vairo | A systematic review and evidence-based guideline for diagnosis and treatment of Menkes disease[END_REF][START_REF] Horn | Chelating principles in Menkes and Wilson diseases: Choosing the right compounds in the right combinations at the right time[END_REF] Besides, in WD Cu accumulates mainly in the liver, due to reduced activity of the transmembrane Cu pump ATP7B, which is responsible for Cu transport into the TGN and hence for the loading of Cp with Cu. Accordingly, the typical serum Cp concentration of 0,2-0.5g/L in healthy people is decreased to less than 0.1 g/L in WD. [START_REF] Woimant | New tools for Wilson's disease diagnosis: exchangeable copper fraction[END_REF] As a result, total serum Cu is usually decreased in WD, albeit normal levels can also be observed. [START_REF] Patil | A review and current perspective on wilson disease[END_REF] This indicates a potential increase of the NCC pool, which indeed reflects quite well the Cu overload in WD, appearing as a promising biomarker for WD diagnosis (see Table 3).

Similarly, Squitti and co-workers showed that the NCC pool correlated very well with AD aetiology, at least for patients with a Cu-related subtype of AD (showing single nucleotide polymorphisms of ATP7B). [START_REF] Squitti | Metaanalysis of serum non-ceruloplasmin copper in Alzheimer's disease[END_REF][START_REF] Pal | Towards a unified vision of copper involvement in Alzheimer's disease: A review connecting basic, experimental, and clinical research[END_REF][START_REF] Squitti | Non-ceruloplasmin bound copper and: ATP7B gene variants in Alzheimer's disease[END_REF] Importantly, the correlation of NCC pool was masked by the larger Cp pool when total Cu was measured since Cp concentration did not correlate with AD (see Table 3). Furthermore, increased serum Cu has been found in obese patients, apparently due to increased secretion of cuproenzymes such as Cp and SSAO (Semicarbazide-Sensitive Amine Oxidase) by the liver and the adipose tissue, respectively. [START_REF] Yang | Obesity is associated with copper elevation in serum and tissues[END_REF] Elevated serum Cu levels have been also reported in cancer patients, as Cu exerts a key role in cell proliferation, angiogenesis and metastasis. [START_REF] Gupte | Elevated copper and oxidative stress in cancer cells as a target for cancer treatment[END_REF][START_REF] Denoyer | Targeting copper in cancer therapy: "Copper That Cancer[END_REF] 

Exchangeable Cu pool and Cu uptake by cells

Although it seems clear that the so-called exchangeable pool is of high interest, it is not obvious which Cu-biomolecules belong to it. It has been generally accepted that Cu in Cp is kinetically inert whereas NCC is exchangeable. However, Cu from Cp was shown to be taken up by cells via an endocytosis-independent mechanism. Given the kinetic inertia, such 'bioavailability' of Cp-bound Cu would need a machinery to pull out Cu, likely involving partial unfolding of Cp. For instance, it has been proposed that Cp-bound Cu could be reduced by STEAP reductase on the cell membrane prior to internalization through Ctr1 (see Figure 1). [START_REF] Ramos | Mechanism of copper uptake from blood plasma ceruloplasmin by mammalian cells[END_REF] Similarly, SA and α 2 M have been shown to deliver Cu to cells but it is not clear whether Cu is transferred as Cu 2+ or Cu + to the main importer Ctr1. [START_REF] Moriya | Copper is taken up efficiently from albumin and α2-macroglobulin by cultured human cells by more than one mechanism[END_REF] Indeed, even though the Cu is imported by Ctr1 as Cu + , it may be transferred as Cu 2+ to the high-affinity N-terminal Cu 2+ binding site of human Ctr1 and then reduced, for instance by ascorbate or STEAP. [START_REF] Haas | Model peptides provide new insights into the role of histidine residues as potential ligands in human cellular copper acquisition via Ctr1[END_REF][START_REF] Ohgami | The Steap proteins are metalloreductases[END_REF] Indeed, it has been shown in vitro that human SA can transfer Cu 2+ to the ATCUN binding site of human Ctr1 with a half-time of about 15 min (at 400 μM concentration of each partner).[25]

Cu in the bile

Liver, whose Cu content is normally about 15-55 mg/g of dry weight, plays a central role in Cu homeostasis due to its involvement in Cu uptake and storage, in the synthesis of Cu 2+ -binding serum proteins (Cp, SA, α 2 M), as well as Cu regulation by biliary excretion. [START_REF] Smallwood | Liver-Copper levels in liver disease[END_REF] Cu accumulation in the liver (> 250 mg/g of dry weight) is a hallmark of WD that results from the impaired Cu biliary excretion, due to ATP7B dysfunction. Indeed, ATP7B normally transports Cu into endocytic vesicles, and in the presence of excess Cu, it can also import Cu into lysosomes, which then undergo exocytosis with consequent release of Cu into the bile duct (2 mg/24h). [START_REF] Polishchuk | Wilson Disease Protein ATP7B Utilizes Lysosomal Exocytosis to Maintain Copper Homeostasis[END_REF][START_REF] Van Berge Henegouwen | Biliary Secretion of Copper in Healthy Man: Quantitation by an intestinal perfusion technique[END_REF] This pathway is considered the primary mechanism of Cu removal, but very little is known about the speciation of Cu in the bile. Early studies showed Cu bound to few LMW (< 10 kDa) protease-resistant fractions, recognizable as non-protein/peptide-bound Cu or as fragments of Cp, which has been effectively found in the bile. In addition, MTs have been found in the bile and suggested to be Cu-binding components therein. [48][START_REF] Samuels | Purification and characterization of a novel abundant protein in rat bile that binds azo dye metabolites and copper[END_REF][START_REF] Kressner | Origins of Biliary Copper[END_REF][START_REF] Martin | Low Molecular Weight Copper-Binding Ligands in Human Bile[END_REF][START_REF] Iyengar | Studies of cholecystokinin-stimulated biliary secretions reveal a high molecular weight copper-binding substance in normal subjects that is absent in patients with Wilson's disease[END_REF][START_REF] Evering | The protective role of metallothionein in copper-overload: II. Transport and excretion of immunoreactive MT-1 in blood, bile and urine of copper-loaded rats[END_REF][START_REF] Linder | Copper homeostasis in mammals, with emphasis on secretion and excretion. A review[END_REF] 2.3. Cu in urine

Cu in urine under normal conditions

Only a small amount of Cu (< 50 µg/24h, corresponding to < 0.5 µM assuming an average urine volume of 1.5 L in 24h) is instead excreted in the urine. Normally, most of the proteins are retained by kidneys at the glomerular capillary wall, which simplistically is a filter with negatively charged pores (60 Å) acting as a cut-off membrane. Concerning serum Cu 2+ -binding proteins, the large and negatively-charged Cp (pI 4.4, <55 Å) is almost completely retained (excretion rate  0.4 ng/min), whereas a higher portion of SA (pI 5.0, <35Å) is filtered through (excretion rate  3 µg/min). Hence, urinary Cu excretion mostly results from serum LMW pool, which is filtered through, and to a minor extent from Cu-dissociation from SA during its passage through the kidney. Moreover, albeit urine protein content in normal condition is often neglected, the normal SA content in urine is considered to be < 30 mg/24h, which corresponds to < 0.3 µM (in 1.5L urine), and the Cu/SA molar ratio in urine has been reported to be about 2. [START_REF] Ito | Urinary copper excretion in type 2 diabetic patients with nephropathy[END_REF][START_REF] Yamazaki | Urinary excretion rate of ceruloplasmin in non-insulin-dependent diabetic patients with different stages of nephropathy[END_REF] Therefore, despite the well-accepted notion that urinary Cu is bound only to undefined LMW ligands, the existence of a Cu-SA pool in urine cannot be completely ruled out and warrants further investigations. MTs have also been detected in rat urine and are potential Cu ligands therein. [START_REF] Evering | The protective role of metallothionein in copper-overload: II. Transport and excretion of immunoreactive MT-1 in blood, bile and urine of copper-loaded rats[END_REF] Furthermore, the already mentioned SCC was first discovered in mice urine as the main Cu 2+ -binding fraction (>70%) and proposed to mediate a secondary Cu excretion mechanism. [START_REF] Gray | Urinary copper elevation in a mouse model of Wilson's disease is a regulated process to specifically decrease the hepatic copper load[END_REF] Overall, all Cu in urine is likely labile and exchangeable. Regardless the formation of Cu-SA in urine, "free" Cu concentration is likely buffered at sub-picomolar levels also in urine, given that Cu-SCC is in equilibrium with Cu-SA in the blood, and hence SCC probably has a higher affinity than SA (see Table 2).

Cu in urine under pathological conditions

High urine Cu levels are also observed in untreated WD patients ( >100 µg/24h, corresponding to >1 µM in 1.5L urine). The reason for urine Cu increase in WD is still not clear, but after SCC discovery, it has been proposed that a secondary SCCmediated export pathway is upregulated as a result of ATP7B impairment. [START_REF] Gray | Urinary copper elevation in a mouse model of Wilson's disease is a regulated process to specifically decrease the hepatic copper load[END_REF] Besides, current treatments for WD, such as D-penicillamine (D-Pen), aim at the complexation and excretion of Cu in the urine, whose levels are hence further increased (> 1600 µg/24h, corresponding to >25 µM in 1.5L). [START_REF] Roberts | Diagnosis and treatment of Wilson disease: An update[END_REF] The mechanism of enhanced Cu excretion by D-Pen is still unclear, and it is not evident whether Cu is mobilized and found as Cu-(D-Pen) complex within the urine. Furthermore, higher urinary Cu is also observed in the case of nephrotic syndrome and diabetes. In such cases, inefficient renal filtration also leads to proteinuria, i.e. higher urine protein content. In particular, it has been shown that SA and Cp urine levels are increased, which could account for higher Cu levels. [START_REF] Ito | Urinary copper excretion in type 2 diabetic patients with nephropathy[END_REF] 2.4 Cu in the Central Nervous System (CNS)

Cu homeostasis in the CNS

As for many organs, Cu plays an intricate role in the central nervous system (CNS). In particular, brain Cu role is paramount in the synthesis of neurotransmitters such as catecholamines, in neuronal myelination and synaptic function. [START_REF] D'ambrosi | Copper at synapse: Release, binding and modulation of neurotransmission[END_REF][START_REF] Lutsenko | Copper handling machinery of the brain[END_REF][START_REF] Opazo | Copper: From neurotransmission to neuroproteostasis[END_REF] Human brain Cu content is about 5 µg/g of wet brain. However, Cu is rather heterogeneously distributed among different brain regions (the highest amount is found in the substantia nigra and locus coeruleus), different type of cells (e.g. glial cells show higher levels than neurons) and also different cell compartments (e.g. in dendrite spines Cu is located mainly within the spine neck, where it seems to be required for the stability of F-actin network). [START_REF] Davies | Localization of copper and copper transporters in the human brain[END_REF][START_REF] Trapani | Peptides and their Metal Complexes in Neurodegenerative Diseases: from Structural Studies to Nanomedicine Prospects[END_REF][START_REF] Witt | Subcellular Localization of Copper-Cellular Bioimaging with Focus on Neurological Disorders[END_REF][START_REF] Perrin | Zinc and Copper Effects on Stability of Tubulin and Actin Networks in Dendrites and Spines of Hippocampal Neurons[END_REF] Under physiological conditions, brain Cu levels are mainly under the control of Cu transporters of the blood-brain barrier (BBB). Ctr1, found on the apical side of brain endothelial cells, imports Cu from blood circulation. On the other hand, ATP7A is found at the basolateral membrane and serves to export Cu into the brain parenchyma, whereas ATP7B located on the apical membrane serves to expel excess of Cu from the brain. These three transporters are also found on the cells of the choroid plexus of the blood-cerebrospinal fluid barrier (BCB). Contrary to their localisation in the BBB and BCB, in glial cells and neurons, ATP7A and ATP7B are mostly found in the TGN, where they serve mainly to supply newly synthesized cuproenzymes, such as ceruloplasmin and dopamine β-hydroxylase, with Cu.[58]

Cu at the synapse

In neurons, Cu is found also within synaptic vesicles, from which it can be released upon synaptic depolarization and can thus reach a local concentration up to 100µM in the synaptic cleft. [START_REF] Kardos | Nerve endings from rat brain tissue release copper upon depolarization. A possible role in regulating neuronal excitability[END_REF][START_REF] Hopt | Methods for studying synaptosomal copper release[END_REF][START_REF] Schlief | NMDA receptor activation mediates copper homeostasis in hippocampal neurons[END_REF] The high Cu concentration in the synaptic cleft can be dissipated by diffusion of Cu to the low concentrated extra-synaptic space or by reabsorption from pre-or post-synaptic neurons or glial cells.

It seems that Cu acts as a neuromodulator at the synapse, modulating both excitatory and inhibitory neurotransmission. Indeed, Cu has been shown to modulate (mainly inhibit) glutamate (AMPA and NMDA), GABA and ATP (P2X) receptors. [START_REF] D'ambrosi | Copper at synapse: Release, binding and modulation of neurotransmission[END_REF] For instance, acute application of Cu in neuronal culture was shown to be neuroprotective through the inhibition of NMDA receptors and consequent decrease in calcium entry in postsynaptic neurons. [START_REF] Schlief | Copper homeostasis in the CNS: A novel link between the NMDA receptor and copper homeostasis in the hippocampus[END_REF][START_REF] Schlief | Role of the Menkes copper-transporting ATPase in NMDA receptor-mediated neuronal toxicity[END_REF] This neuroprotective activity seems to be physiologically mediated by ATP7A-dependent release of Cu in the synaptic cleft upon NMDA activation. In particular, NMDA activation induces ATP7A trafficking from the TGN to neuronal processes where it accumulates Cu 2+ into vesicles that undergo exocytosis after Ca 2+ influx through the NMDA receptor. [START_REF] Schlief | NMDA receptor activation mediates copper homeostasis in hippocampal neurons[END_REF] On the other hand, after 3h of Cu exposure to neurons, the quantity of AMPA receptors at the synapse was found to be increased, associated with a greater frequency and amplitude of miniature excitatory postsynaptic potential.[70]

Cu-binding molecules at the synapse

The study of Cu interaction with proteins and peptides involved in neurodegenerative diseases (see Section 2.4.5), such as Amyloid Precursor Protein (APP) and Amyloid-β (Aβ) in AD, Prion protein (PrP) in Creutzfeldt-Jakob disease and α-Synuclein in Parkinson's disease, led to the hypothesis that such interactions have a physiological role. Despite the interaction of Cu with the mentioned proteins have been extensively studied in vitro, no solid evidence has been reported to date about their in vivo relevance. However, several effects of Cu on these proteins have been reported. For instance, Cu 2+ prevents the amyloidogenic processing of APP, induce its dimerization and trafficking to the cell membrane, where it could modulate the effect of Cu in neurotransmission. [START_REF] Baumkötter | Amyloid precursor protein dimerization and synaptogenic function depend on copper binding to the growth factor-like domain[END_REF][START_REF] Acevedo | Copper promotes the trafficking of the amyloid precursor protein[END_REF][START_REF] Noda | Copper enhances APP dimerization and promotes Aβ production[END_REF][START_REF] Munter | Model peptides uncover the role of the β-secretase transmembrane sequence in metal ion mediated oligomerization[END_REF][START_REF] Wild | Structure and synaptic function of metal binding to the amyloid precursor protein and its proteolytic fragments[END_REF] Cu also induces the endocytosis of PrP, which could act as a Cu buffer and may be involved in Cu reuptake. [START_REF] D'ambrosi | Copper at synapse: Release, binding and modulation of neurotransmission[END_REF][START_REF] Brown | Copper and zinc cause delivery of the prion protein from the plasma membrane to a subset of early endosomes and the Golgi[END_REF][START_REF] Pauly | Copper stimulates endocytosis of the prion protein[END_REF] Moreover, PrP regulates the activity of the NMDA receptor in a Cudependent manner. [START_REF] Huang | Differential modulation of NMDA and AMPA receptors by cellular prion protein and copper ions[END_REF] Cu 2+ also modulates aggregation, toxicity, and localization of α-Synuclein. In addition, a Cu-dependent ferrireductase activity of α-Synuclein has been proposed. [START_REF] Wang | Copper binding regulates intracellular alpha-synuclein localisation, aggregation and toxicity[END_REF][START_REF] Brown | α-Synuclein as a ferrireductase[END_REF][START_REF] Mcdowall | Alpha-synuclein ferrireductase activity is detectible in vivo, is altered in Parkinson's disease and increases the neurotoxicity of DOPAL[END_REF][START_REF] Mcdowall | Steady-State Kinetics of α-Synuclein Ferrireductase Activity Identifies the Catalytically Competent Species[END_REF] The most potentially relevant Cu 2+ -binding peptide at the synapse is probably Aβ, generated by proteolysis of the APP. The Aβ 1-40/42 species are the main components of amyloid plaques in AD patients (see Section 2.4.5), and binds Cu 2+ with a subnanomolar affinity (log K a  10), which could allow the Cu binding at synaptic Cu concentration. [START_REF] Atrián-Blasco | Cu and Zn coordination to amyloid peptides: From fascinating chemistry to debated pathological relevance[END_REF] Moreover, it has been recently understood that the N-truncated Aβ 4-x species (which may be formed by proteases such as NEP, ACE and IDE) are predominant in the brain, in both physiological and pathological conditions. [START_REF] Stefaniak | CuII Binding Properties of N-Truncated Aβ Peptides: In Search of Biological Function[END_REF] Interestingly, Aβ 4-x contains the high-affinity ATCUN motif (Arg-Phe-His), with log K a = 13.5-14 (depending on the C-terminal extension). [START_REF] Mital | A Functional Role for Aβ in Metal Homeostasis? N-Truncation and High-Affinity Copper Binding[END_REF][START_REF] Bossak-Ahmad | Oligopeptides Generated by Neprilysin Degradation of β-Amyloid Have the Highest Cu(II) Affinity in the Whole Aβ Family[END_REF] Due to their abundance, high affinity and redox inertness, a role as Cu 2+ carrier or synaptic Cu 2+ scavenger has been postulated for such N-truncated species. [START_REF] Stefaniak | CuII Binding Properties of N-Truncated Aβ Peptides: In Search of Biological Function[END_REF] Indeed, it was lately reported that Cu 2+ -Aβ 4-x is only slowly reduced by physiological concentrations of GSH and hence it could shuttle Cu across the BBB. [START_REF] Stefaniak | Copper Transporters? Glutathione Reactivity of Products of Cu-Aβ Digestion by Neprilysin[END_REF] On the other hand, Aβ 4-x could in turn transfer Cu to MT-3, another potentially relevant protein at the synapse. MT-3 is a metallothionein isoform abundant in the brain that may thus scavenge and store the Cu released. [START_REF] Atrián-Blasco | Chemistry of mammalian metallothioneins and their interaction with amyloidogenic peptides and proteins[END_REF] Importantly, such Cu transfer between Aβ 4-x is fastened by the neurotransmitter glutamate, which can attain millimolar concentration at the synaptic cleft. [START_REF] Santoro | Cu transfer from amyloid-β4-16 to metallothionein-3: the role of the neurotransmitter glutamate and metallothionein-3 Zn(II)-load states[END_REF] The dipeptide carnosine (β-Ala-His), has also been proposed as a potential metal-binding molecule at the synapse, where it could reverse the effect of Cu on P2X receptors. [START_REF] Trombley | Carnosine modulates zinc and copper effects on amino acid receptors and synaptic transmission[END_REF][START_REF] Coddou | Formation of carnosine-Cu(II) complexes prevents and reverts the inhibitory action of copper in P2X4 and P2X7 receptors[END_REF] Finally, Cu has been shown to bind to neurotrophins, such as BDNF and NGF and influence their binding to TrkB and TrkA receptor, respectively. [START_REF] Travaglia | The inorganic perspective of nerve growth factor: Interactions of Cu 2+ and Zn2+ with the N-terminus fragment of nerve growth factor encompassing the recognition domain of the TrkA receptor[END_REF][START_REF] Travaglia | Copper, BDNF and its Nterminal domain: Inorganic features and biological perspectives[END_REF] 

Cu in the Cerebrospinal Fluid (CSF)

The cerebrospinal fluid (CSF) contains approximately 0.3-0.5 µM Cu. [START_REF] Capo | Features of ceruloplasmin in the cerebrospinal fluid of Alzheimer's disease patients[END_REF][START_REF] Nischwitz | Speciation analysis of selected metals and determination of their total contents in paired serum and cerebrospinal fluid samples: An approach to investigate the permeability of the human blood-cerebrospinal fluid-barrier[END_REF] Ceruloplasmin, which is synthesized by the cell of the choroid plexus and released into the CSF, has quite low concentration therein, namely about 1 mg/L (1 nM) and it has been shown that Cp-bound Cu is about the 35% of total Cu in the CSF. Hence, contrary to blood, Cp is not the main Cubinding protein in the CSF. Instead, SA is the most abundant protein in the CSF (about 3 µM, 67% of total proteins), likely representing the main Cu pool in this compartment, whereas Cu-enzymes (SOD, PAM) and LMW ligands are much less abundant. Overall, differently from blood, most Cu in CSF is exchangeable. Finally, α 2 M is found at about nanomolar concentration in the CSF, and its interaction with Cu in the CSF has never been reported. [START_REF] Capo | Features of ceruloplasmin in the cerebrospinal fluid of Alzheimer's disease patients[END_REF]96] 

Brain Cu dyshomeostasis in diseases

Cu dyshomeostasis brings also about brain dysfunction, as seen in WD. Indeed, Cu accumulates in WD brain similarly to the liver. [START_REF] Litwin | Brain metal accumulation in Wilson's disease[END_REF] As a consequence of ATP7B dysfunction, less Cp (0.3-0.45 mg/l) and more labile Cu are present in the CSF of WD patients. In the absence of neurologic signs, total Cu levels in CSF are generally comparable to healthy subjects, while they are elevated in case of cerebral manifestations. [START_REF] Capo | Features of ceruloplasmin in the cerebrospinal fluid of Alzheimer's disease patients[END_REF][START_REF] Hartard | Wilson's disease with cerebral manifestation: monitoring therapy by CSF copper concentration[END_REF][START_REF] Kodama | Does CSF copper level in Wilson disease reflect copper accumulation in the brain?[END_REF][START_REF] Weisner | CSF copper concentration: a new parameter for diagnosis and monitoring therapy of Wilson's disease with cerebral manifestation[END_REF] Alterations of Cu levels and localisation have been also involved in neurodegenerative diseases, especially in AD, where it is clear that Cu 2+ accumulates in amyloid plaques, mainly binding to Aβ. [START_REF] Miller | Synchrotron-based infrared and Xray imaging shows focalized accumulation of Cu and Zn co-localized with β-amyloid deposits in Alzheimer's disease[END_REF] Besides its role in protein aggregation, Cu is also suspected to take part in the development of oxidative stress through the production of Reactive Oxygen Species (ROS). [START_REF] Bagheri | Role of copper in the onset of Alzheimer's disease compared to other metals[END_REF] In AD, some meta-analysis showed that the Cu content of the whole brain tends to be lower than in healthy controls, while in the CSF unchanged total Cu levels, reduced holo-Cp, and increased NCC have been reported (see Table 3). [START_REF] Schrag | Iron, zinc and copper in the Alzheimer's disease brain: A quantitative meta-analysis. Some insight on the influence of citation bias on scientific opinion[END_REF][START_REF] Bucossi | Copper in alzheimer's disease: A meta-analysis of serum,plasma, and cerebrospinal fluid studies[END_REF] 2.5 Cu in bodily secretions: breast milk, saliva and sweat

Cu in breast milk

The total Cu in breast milk can vary over time and regions. A median of 0.32 mg/L, corresponding approximatively to 5 µM, has been reported over 50 years. [START_REF] Dorea | Iron and copper in human milk[END_REF] Cu concentration in milk decreases during lactation from about 0.6 (±0.2) mg/L by 90% (i.e. from about 10 µM to 1 µM). The decrease of Cu inversely correlates with the increasing milk consumption, so the total acquired amount of Cu stays roughly constant. Most of the Cu (70-80%) in human milk seems to be bound to Cp, and the metabolism of newborns is adapted to acquire Cu from Cp. The residual Cu is not lost upon dialysis, so it is likely bound to proteins. In particular, Albumin and Casein have been suggested to bind the NCC in milk. [START_REF] Puchkova | Copper metabolism of newborns is adapted to milk ceruloplasmin as a nutritive source of copper: Overview of the current data[END_REF][START_REF] Platonova | Milk ceruloplasmin is a valuable source of nutrient copper ions for mammalian newborns[END_REF][START_REF] Lönnerdal | Zinc and copper binding proteins in human milk[END_REF][START_REF] Wooten | Ceruloplasmin is found in milk and amniotic fluid and may have a nutritional role[END_REF] 

Cu in saliva

The concentration of Cu in the saliva ranges between 1 and to 10 µM for healthy people, and it seems that Cu does not accumulate into the saliva of WD patients. [START_REF] Turnlund | Copper status and urinary and salivary copper in young men at three levels of dietary copper[END_REF][START_REF] Rice | Copper content of saliva of normal subjects and treated Wilson's disease patients[END_REF] Some proteins, such as amylase and lactoferrin, might bind salivary Cu, [START_REF] Hong | Interaction of copper and human salivary proteins[END_REF][START_REF] Ainscough | Spectroscopic studies on copper (II) complexes of human lactoferrin[END_REF] but the most relevant salivary Cu 2+ -ligand is probably the peptide Histatin-5 (Hist-5), which attains 15-50 µM concentration and showed strong antimicrobial activity, especially against C. albicans. Hist-5 binds Cu 2+ via a high-affinity ATCUN motif (Asp-Ser-His, log K a  14 at pH 7.4; salivary pH  6.2-7.6), and also Cu + thanks to a vicinal bis-His motif (His7 and His8). This may favour the redox cycling and the production of ROS, which is supposed to account (at least partially) for the antimicrobial activity. Importantly, mutation of the Cu-binding Histidine residues significantly affects the antimicrobial activity, suggesting an important role of Cu-binding into the physiological function of Hist-5. [START_REF] Gusman | Is salivary histatin 5 a metallopeptide?[END_REF][START_REF] Tay | A plausible role of salivary copper in antimicrobial activity of histatin-5-Metal binding and oxidative activity of its copper complex[END_REF][START_REF] Houghton | In vitro reactive oxygen species production by histatins and copper(I,II)[END_REF][START_REF] Melino | Histatins: salivary peptides with copper(II)-and zinc(II)-binding motifs[END_REF][START_REF] Conklin | Specific Histidine Residues Confer Histatin Peptides with Copper-Dependent Activity against Candida albicans[END_REF][START_REF] Zawisza | The impact of synthetic analogs of histidine on copper(II) and nickel(II) coordination properties to an albumin-like peptide. Possible leads towards new metallodrugs[END_REF] 

Cu in sweat

Cu levels in sweat strongly vary based on sex, physical exercise, and body sites. In females, Cu was significantly lower compared to males (on average 0.5 vs 1.5 µM), but female Cu levels were increased to that found in males after intake of oral contraceptives. Interestingly, this correlates with increased serum Cp concentration. Nevertheless, ultrafiltration showed that all Cu in sweat is bound to LMW ligands (< 10 kDa). [START_REF] Stauber | The determination of trace metals in sweat by anodic stripping voltammetry[END_REF][START_REF] Stauber | A comparative study of copper, lead, cadmium and zinc in human sweat and blood[END_REF] Sweat Cu considerably increases after exercise, reaching about 10-20 µM concentration. [START_REF] Aruoma | Iron, copper and zinc concentrations in human sweat and plasma; the effect of exercise[END_REF][START_REF] Souza | The use of a gold disc microelectrode for the determination of copper in human sweat[END_REF][START_REF] Gutteridge | Copper and iron complexes catalytic for oxygen radical reactions in sweat from human athletes[END_REF] Cu concentration in the sweat of WD patients was not different compared to controls, regardless of the treatment administered. Instead, sweat production is significantly reduced in WD patient and this is reversible upon treatment. Of note, total Cu excretion did not change significantly between controls and WD patients that produced more than 20 µL sweat. [START_REF] Schaefer | Wilson protein expression, copper excretion and sweat production in sweat glands of Wilson disease patients and controls[END_REF] 2.6 Cu in growth media for cell culture Cell culture has been a convenient methodology to study isolated or mixed populations of cells for decades. This is very useful given that a biological process can be studied in a set or subset of cells under numerous conditions. All these are possible partly due to the progress made in cell culture media and supplements to be added. However, an aspect that is often overlooked concerns the traces of various elements that can be found in media and/or in serums that usually serve as a complement to cell media. When using the different commercially available media, one must verify that the components of the media and/or its supplements are compatible with the experiment being carried out, especially when considering faint traces of elements such as metals. Importantly, buffers and even ultra-pure water often contain metal ions contaminants such as Cu as well as others, albeit no systematic studies about Cu content in common buffers have been reported. Among the widely used buffers for in vitro biological and chemical studies, bicarbonate, phosphate and Tris buffers show higher Cu 2+ binding ability than, for instance, HEPES and MOPS buffers, which are hence preferred for in vitro metal binding studies. [START_REF] Sokołowska | Cu(II) complexation by "non-coordinating" N-2hydroxyethylpiperazine-N′-2ethanesulfonic acid (HEPES buffer)[END_REF] As an example, measurements performed in our laboratory via ICP-MS showed a concentration of Cu up to 2 µg/kg (~ 30 nM) in a solution of 1X PBS, which could come from contamination in the water or direct presence in the buffer. Therefore, it is recommended to take care of possible Cu contamination in samples, especially when low (sub-micromolar) Cu levels are targeted. For instance, it is good practice to pre-treat buffers with Chelex resin to remove Cu contaminations. Trace metal contents in the media, serum, and antibiotics are sufficient to maintain the wellbeing of most cell types in culture. Albeit their importance in cell culture viability, varying extracellular concentrations of trace metals such as Cu can affect cell physiology differently. Cu in nutrient mixtures F10 and F12 by Ham was found at a concentration of 0.0025 mg/L (0.04 µM) and of 0.0076 mg/L (0.12 µM) in two different reports, indicating a 3-fold difference between them. [START_REF] Morton | A Survey of Commercially Available Tissue Culture Media[END_REF][START_REF] Glassman | Trace metal levels in commercially prepared tissue culture media[END_REF] Keenan et al. provided evidence of fluctuation between different batches of Minimal Essential Medium (MEM) and Dulbecco's Modified Eagle Media (DMEM) from the same suppliers and between different suppliers, with concentrations varying from undetectable to 0.55 µM and 0.64 µM, respectively. [START_REF] Keenan | Unexpected fluctuations of trace element levels in cell culture medium in vitro: caveat emptor[END_REF] With the addition of supplements, Cu content tends to increase even further. Common supplements in cell culture media include foetal bovine serum (FBS), penicillin-streptomycin (PS), horse serum (HS), which all contain traces of Cu at 0.160 mg/L (2.51 µM), 0.330 mg/L (5.20 µM), and 0.120 mg/L (1.89 µM), respectively. [START_REF] Glassman | Trace metal levels in commercially prepared tissue culture media[END_REF] From these data it is estimated that using standard cell culture made of DMEM with 10% HS, 5% FBS and 1% penicillin-streptomycin, the mean Cu concentration should be around 0.3 µM. Experimentally, Arredondo et al. measured a Cu concentration of 0.24 μM in DMEM with 10% HS medium, and Kathryn et al. estimated Cu level in MEM containing 10% FBS, 1% penicillin and streptomycin to be near 0.4 μM. [START_REF] Arredondo | Regulation of copper uptake and transport in intestinal cell monolayers by acute and chronic copper exposure[END_REF][START_REF] Bauerly | Functional and molecular responses of suckling rat pups and human intestinal Caco-2 cells to copper treatment[END_REF] Table 4. Cu content of some growth media for cell cultures. Although it is not easy to compare values obtained with different types of analysis, the large fluctuations between recordings of Cu concentration in cell culture media are likely to result from variation of Cu in the serum of different animals, which could itself depend on dietary intake. These differences in Cu levels might correlate with the levels of cuproproteins such as Cp, SA and α 2 M present in serum. The addition of EDTA, which is used as an anticoagulant when plasma is preferred over serum, could also modify free Cu levels. Finally, Cu levels can also be buffered by amino acids found in every type of cell culture medium, especially histidine and cysteine. [132] 3. Measurement of Cu in biological samples

Medium

Total Cu measurement

The determination of trace metals in any kind of sample, including biological systems, is mainly performed by means of elemental analysis techniques, such as atomic spectroscopy and mass spectrometry (MS). In both cases, the sample is first subjected to atomization. Flame (F) and graphite furnace (GF) are the most common atomizers used for Atomic Absorption Spectroscopy (AAS). Besides, Atomic Emission Spectroscopy (AES), also referred to as Optical Emission Spectroscopy (OES), and atomic mass spectrometry generally use Inductively-Coupled Plasma (ICP) as the source, which provides sufficient energy to efficiently excite or ionize atoms. In addition, contrary to AAS, AES and ICP-MS can measure multiple elements simultaneously.

The sensitivity of such techniques for Cu is very high. In particular, ICP-MS shows the lowest detection limit (< 16 pM), followed by GF-AAS ( 1 nM), ICP-AES (< 30 nM) and F-AAS ( 50 nM). All these techniques are routinely used for total Cu analysis in body fluids, such as blood and urine, as well as organs and cell culture, upon tissue homogenization and acid mineralization. [START_REF] Dawson | Direct estimation of copper in serum and urine by atomic absorption spectroscopy[END_REF][START_REF] Szpunar | Validation of the determination of copper and zinc in blood plasma and urine by ICP MS with cross-flow and direct injection nebulization[END_REF][START_REF] Chappuis | A sequential and simple determination of zinc, copper and aluminium in blood samples by inductively coupled plasma atomic emission spectrometry[END_REF][START_REF] Correia | Minimalism approach for determination of Cu, Fe and Zn in serum by simultaneous electrothermal atomic absorption spectrometry[END_REF][START_REF] Spector | Direct determination of copper in urine by atomic absorption spectrophotometry[END_REF] Besides, total reflection X-ray Fluorescence (XRF) spectrometry has been also employed for the simultaneous measurements of trace elements, including Cu, in serum. [START_REF] Hernández-Caraballo | Direct analysis of blood serum by total reflection X-ray fluorescence spectrometry and application of an artificial neural network approach for cancer diagnosis[END_REF] XRF is also used for metal ions imaging in tissue and single cells, thanks to high sensitivity and spatial resolution (20 nm). As a complementary technique, micro-XANES (X-ray Absorption Near-Edge Spectroscopy) is informative on the redox state of the elements analysed. ICP-MS can be also used for trace metal imaging by association with laser ablation (LA-ICP-MS), with a spatial resolution of few µm. [START_REF] Witt | Subcellular Localization of Copper-Cellular Bioimaging with Focus on Neurological Disorders[END_REF][START_REF] Ortega | Bio-metals imaging and speciation in cells using proton and synchrotron radiation X-ray microspectroscopy[END_REF] However, despite their accuracy, precision and sensitivity, elemental analysis techniques are insensitive to chemical speciation, unless they are hyphenated to separative methods, such as liquid chromatography (LC) or gel electrophoresis. Actually, current knowledge on metal speciation in biological systems mostly stem from studies carried out with such hyphenated methods.

Labile Cu pool measurement

As outlined above, the measurement of the labile pool is of fundamental interest to understand Cu metabolism and appears to be a promising marker for early diagnosis of WD and AD. Whilst the concept of NCC pool is clear, i.e. all Cu not bound to Cp, it is not easy to measure. Effectively, the nature and the quantitative analysis of a labile Cu pool strongly depend on the way it is determined, and hence the method by which this pool has been measured should be always specified. Hereafter, the methods that have been used to determine the labile Cu pool are described and classified.

Estimation of NCC: the Walshe's index

In WD samples, the NCC pool in the blood has been classically calculated as the difference between total Cu, determined by elemental analysis, and the Cp-bound Cu (also known as Walshe's index). Initially, Cp-bound Cu has been determined by measuring Cp concentration immunochemically and assuming that all Cp is loaded with 6 Cu atoms. Owing to such assumption, Cp-bound Cu is clearly susceptible to overestimation, which in turn leads to NCC underestimation. Indeed, even meaningless negative NCC values could be obtained. To solve this issue, it was then recommended to measure Cp-bound Cu via an enzymatic assay of Cp oxidase activity, which quantifies only the active holo-Cp.

[140]

Labile Cu measurements via chelation-free methods -Ultrafiltrable Cu

Due to the flaws of the Walshe's index calculation, several experimental methods have been developed to measure labile Cu, mostly in the blood. The most common approach requires a preliminary step to separate the Cp-bound Cu from labile Cu. Then, the robust and precise elemental analysis techniques (see Section 3.1) are usually employed to quantify the labile pool separated. Two main separative methods are used: Solid Phase Extraction (SPE) and ultrafiltration (UF). In SPE, the sample is separated through a small column filled with a polymeric material that retains the protein fraction, while non-protein-bound Cu percolates and is measured in the effluent. By UF, the sample is separated through a size-exclusion membrane with a defined cut-off, so that all the molecules with a size bigger than the cut-off are retained, while the smaller ones are collected in the ultrafiltrate. [START_REF] Bohrer | Comparison of ultrafiltration and solid phase extraction for the separation of free and protein-bound serum copper for the Wilson's disease diagnosis[END_REF] Hence, depending on the cut-off, different Cu pools can be isolated and analysed. For instance, membranes with cut-off lower than the MW of Cp (132 kDa) are ideally suited to isolate the NCC (although neglecting the potential contribution of Cu-α 2 M), whereas membrane with cut-off lower than the MW of SA allows collecting non-proteinbound Cu. Cu in ultrafiltrate is generally referred to as "ultrafiltrable Cu" (CuUF), and it is often distinguished from the "exchangeable Cu" (CuEXC), accessible for complexation by chelators (see Section 3.2.3). [START_REF] Woimant | New tools for Wilson's disease diagnosis: exchangeable copper fraction[END_REF] Interestingly, Catalani et al. did not detect CuUF using 50kDa or 30kDa cut-off membranes, proposing protein clotting in the membrane as a potential source of systematic error leading to CuUF underestimation. Instead, they succeeded in isolating non-protein-bound Cu with a 100 kDa cut-off membrane, which exceptionally retained also SA. [START_REF] Catalani | Free copper in serum: An analytical challenge and its possible applications[END_REF] Overall, if opportunely optimized, comparable results can be obtained by using SPE or UF. However, SPE requires lower sample volume (50 µL vs 2 mL) and is faster (10 min vs >1h) than UF. [START_REF] Bohrer | Comparison of ultrafiltration and solid phase extraction for the separation of free and protein-bound serum copper for the Wilson's disease diagnosis[END_REF] Using these methods, labile serum Cu have been determined to be in the range of 0.6-2.4% of total Cu, corresponding to about 0.1-0.8 µM.

[23]

Labile Cu measurements via chelation-based methods -Exchangeable Cu

The concept of labile Cu as exchangeable pool, accessible for the complexation by suitable chelators, led to the development of chelation-based methods (see Table 5). With such an approach, a strong chelator is used to withdraw Cu from the exchangeable pool. The subsequent read-out of the Cu-chelator complex has been performed in different ways (see Figure 2). As early as 1953, a chelation-based approach was reported by Gubler et al., using diethyldithiocarbamate to complex and detect labile Cu colourimetrically. Although this is a convenient direct approach, avoiding separation steps, colourimetric analysis is flawed by rather low sensitivity. Another chelation-based approach to measure labile Cu in biological fluids was introduced by Gutteridge back in 1984. [START_REF] Gutteridge | Copper-phenanthroline-induced site-specific oxygen-radical damage to DNA. Detection of loosely bound trace copper in biological fluids[END_REF] This method, referred to as "phenanthroline assay", is based on the chelation of labile Cu 2+ by 1,10-phenanthroline (phen, log K a,1 = 9.1, log K a,2 = 6.8), and subsequent quantification of the formed Cu(phen) 2 complex via its ability to induce oxygen radical damage to DNA. Indeed, Cu(phen) 2 is a very active catalyst in the reduction of O 2 to ROS in the presence of a reductant (e.g. β-mercaptoethanol). ROS can degrade DNA, yielding thiobarbituric acid-reactive substances, that can be in turn converted to fluorescent species upon reaction with thiobarbituric acid. As phen at a certain concentration is a stronger ligand than SA, it enables to recover Cu from both SA and LMW pools. It has been also claimed that the phenanthroline assay measures "redox-active" Cu. However, although this assay relies upon Cu(phen) 2 redox activity for detection, it is noteworthy that phen-chelatable Cu is not necessarily a pro-oxidant form of Cu. Interestingly, comparing the results of this assay in freshly-prepared and stored (at 4°C and -20°C) serum samples, Gutteridge realised that no phenanthroline-detectable Cu appears in fresh samples, questioning whether the percentage, and hence the nature, of labile Cu as NCC pool could be an artefact of Cu release from Cp upon storage and freezing. [START_REF] Gutteridge | The behaviour of caeruloplasmin in stored human extracellular fluids in relation to ferroxidase II activity, lipid peroxidation and phenanthroline-detectable copper[END_REF] Notwithstanding, the assay has been used to measure labile Cu in sweat, in serum from WD patients, in post-mortem brain tissue from AD patients, and in the CSF of PD patients, showing in most cases an increase over controls. [START_REF] Gutteridge | Copper and iron complexes catalytic for oxygen radical reactions in sweat from human athletes[END_REF][START_REF] Evans | Non-caeruloplasmin copper and ferroxidase activity in mammalian serum. Ferroxidase activity and phenanthroline-detectable copper in human serum in Wilson's disease[END_REF][START_REF] Ogihara | Plasma copper and antioxidant status in Wilson's disease[END_REF][START_REF] James | Elevated labile Cu is associated with oxidative pathology in Alzheimer disease[END_REF][START_REF] Pall | Raised cerebrospinal-fluid copper concentration in Parkinson's disease[END_REF] Beattie and coworkers reported a dialysis-Chelex method, in which human serum was dialysed (for 4h) against 50 mM His (that can pull out Cu from SA). Cu was then extracted using Chelex resin and quantified by elemental analysis. The average CuEXC measured with this method was about 2 µM, representing about 14% of total plasma Cu. [START_REF] Venelinov | Dialysis-Chelex method for determination of exchangeable copper in human plasma[END_REF] In 2009, Woimant and coworkers presented a method for the determination of CuEXC via chelation by EDTA (~ 5 mM, 1h incubation), followed by ultrafiltration and elemental analysis. Normal values of CuEXC found with this method were in the range 0.62-1.15 μM, while the CuUF detected in the same samples was in the 0.07-0.16 µM range. [START_REF] Poujois | Direct Determination of Non-Ceruloplasmin-Bound Copper in Plasma[END_REF] Indeed, the treatment of samples with a strong chelator like EDTA is likely enough to pull out Cu from SA, hence CuEXC is higher than CuUF. [ L-histidine Dialysis-Chelex ICP-MS, AAS [START_REF] Venelinov | Dialysis-Chelex method for determination of exchangeable copper in human plasma[END_REF] Ethylenediaminetetraacetic acid (EDTA) Ultrafiltration ICP-MS, AAS [START_REF] Balkhi | Determination of ultrafiltrable and exchangeable copper in plasma: Stability and reference values in healthy subjects[END_REF] However, recent studies on Cu speciation in ultrafiltrates obtained from blood serum after incubation with EDTA revealed that traces of protein-bound Cu (namely Cu-SA and Cu-Cp) passed through a 30 kDa cut-off filter. Moreover, the results were not repeatable even using filters from the same lot. This suggests that the method is very condition-and filter-dependent and that CuEXC determined via such method may include Cu-Cp and imply an overestimation of the NCC. [START_REF] Solovyev | Biomedical copper speciation in relation to Wilson's disease using strong anion exchange chromatography coupled to triple quadrupole inductively coupled plasma mass spectrometry[END_REF] Finally, Squitti and coworkers introduced in 2017 a chelation-based method to measure CuUF using a fluorescent sensor that will be discussed later on (see Section 4.2.1). It is worth noting that, contrary to the above-mentioned chelation-based approaches, this method does not employ the chelator to extract Cu from the whole Cu pools, but only from previously ultrafiltrated Cu.

[154]

Labile Cu measurement by electrochemical methods

Althaus and Kanzer reported other approaches to measure labile Cu in body fluids using electrochemical devices. [START_REF] Siotto | Copper status Abnormalities and how to measure them in neurodegenerative disorders, Recent Pat[END_REF] In one case, they immobilized an apo-cuproenzyme (amine oxidase) onto an electrochemical strip and measured the Cu through the formation of the active holo-enzyme and subsequent reduction of a redox probe. The selectivity for labile Cu stems from the binding constant of the enzyme, appropriate to bind loosely-bound Cu but not inertly-bound Cp-Cu. In another system, the discrimination between loosely-and strongly-bound Cu was based on the different rate of voltage-mediate deposition onto a carbon working electrode between the two Cu pools. Interestingly, the quantity of labile Cu measured with this method correlated with that calculated by the Walshe's index.

Perspectives

As can be inferred, either using elemental analysis techniques or colourimetric/fluorometric detection, most of the described methods require a separation step that slows down the procedure and very likely interferes with native Cu speciation. The main factors influencing the quantity of Cu measured using separative techniques are the cut-off of the membrane used and time of the separation. Likewise, the quantity of Cu detected using a chelator mainly depends on its affinity and concentration, as well as the incubation time. Besides, even the reactivity-based phenanthroline assay consists of several steps and requires additional reactants (e.g. DNA and thiobarbituric acid). However, this method has the advantage of amplification, as Cu acts as a catalyst. On the other hand, this makes the system also more vulnerable, as interference in catalysis might be also amplified. An interesting perspective would be to develop a more direct read-out of the Cu-dependent catalytic activity. Besides, another attractive approach is the use of a spectroscopically-active probe that could directly detect CuEXC by chelation without any sample treatment. As mentioned in the introduction, luminescent probes could fulfil the requirements, as they are very sensitive and often applied in biological fluids, although this may be challenging due to high optical background and low tissue penetration for in vivo applications. For such purpose, MRI is more commonly employed, despite its lower sensitivity. In the following, we focus on luminescent and MRI probes for Cu 2+ and their application in biological systems.

Requirements of Cu 2+ probes for application in biological media

Affinity

In order to access, totally or partially, the CuEXC pool, any probe must be thermodynamically competitive against the endogenous Cu 2+ ligands, hence it should have an affinity around the order of magnitude as (or higher than) the strongest competitor. Importantly, the concentration of endogenous competitors must be considered, as it can be much higher than the Cu 2+ concentration. As an example, on average about 3 μM Cu is bound to SA ([CuSA] 0 ) with an affinity = 10 -13 M -1 , while Cu-free SA concentration ([SA]) is around 500µM. Considering just the thermodynamics of such a simplified system with these Cu-SA and SA concentrations and a probe, important insights can be obtained (see Appendix A). Under these conditions, the Cu dissociation constant of the probe required to achieve, for instance, 50% Cu-loading is approximately 5•10 -16 M -1 (log = 15.3). This required is rather insensitive to the total concentration of the probe [P] 0 , but it depends more significantly on the sought Cu-loading (l = [CuP]/[P] 0 , see Appendix A) of the probe (see Figure 3A). For instance, log ≈ -14 is sufficient to load the probe at 10%. Hence, the required depends more on the sensitivity of the probe (i.e. the smallest difference of analyte concentration that can be discriminated with the sensor) than on its absolute concentration. Conversely, the loading (and hence the signal) shows a sigmoidal dependence with respect to (Figure 3A), suggesting that a dose-dependent response can be obtained only within a certain range of log . Overall, a log < -13 is needed in order for the probe to bind Cu in the presence of physiological levels of Cu-SA. Importantly, such an upper threshold is largely independent of both [P] 0 and [CuSA] 0 in a wide concentration range. Indeed, a probe with a log ≥ -12 would be loaded with Cu only in the unrealistic presence of [CuSA] 0 levels higher than 100 µM (see Figures YB,C, black dots). Besides, both [P] 0 and must be suitably tuned to achieve a dose-dependent response in a certain range of [CuSA] 0 . Indeed, a probe with a log = -15 at 10 µM concentration shows a Cu-dependent behaviour for [CuSA] 0 levels between ~1 µM and ~100 µM, but it can measure lower [CuSA] 0 , e.g. from ~0.5 µM to ~100 µM, if used at 1 µM concentration (see Figure 3B, C, red dots). At a certain concentration, a stronger probe, e.g. with log = -18, can detect lower values of Hence, a lower threshold of has also to be taken into account in order to achieve a dose-dependent response and avoid the saturation of the probe in a certain range of [CuSA] 0 . Overall, a ligand at suitable concentration and with a suitable affinity for Cu 2+ would be a competing probe suited to detect dynamic Cu fluctuations, perform relative quantification and distinguish, for instance, disease-related samples from controls. However, such a probe does not allow the quantitative measurement of the total CuEXC, unless the concentrations, K d and k on /k off (i.e. binding/dissociation kinetic constants) of all the implicated ligands and the probe itself are known. Interestingly, these observations also suggest that one probe only might be not enough to measure the exchangeable Cu 2+ in a wide concentration range. Indeed, it is conceivable that a set of probes with different affinity and used at different concentrations are applied. Finally, if a quantitative measurement of CuEXC is sought, an excess of an outcompeting ligand with a much stronger affinity than the CuEXC pool is needed. As an example, an affinity of log = -16.2 is required for a 10 µM probe to bind 95% of SA-bound Cu (with [CuSA] 0 = 3 µM). Such an outcompeting sensor would hence capture almost all CuEXC and would provide a quantitative measurement (if incubated sufficiently long). 

Reversibility

Regarding applications in dynamic in vivo monitoring, a competing sensor interferes minimally with native Cu distribution. Thus, if more Cu 2+ enters or leaves the system, it will equilibrate between the CuEXC pool and the sensor (see Figure 4). Conversely, an outcompeting sensor perturbs the system significantly and hence it would be suited for ex vivo analysis of isolated samples (see Figure 4). Overall, in order to detect dynamic Cu 2+ fluctuations, the probe must be reversible, i.e. able to bind and release Cu 2+ depending on the concentration of Cu and other Cu 2+ -ligands. However, such fluctuations will be detectable only if they are slower than the equilibration of the system, which depends on the k on /k off of the CuEXC pool and the sensor. Indeed, an affinity in the log K a  13-15 range implies a very low k off (half-time of days), so that an efficient (fast) transfer may depend on the formation of ternary complexes, either between the sensor and the exchangeable pool, either involving intermediate compounds (like small molecules) that accelerate the Cu 2+ transfer between the different Cu 2+ -binding proteins/sensor. In absence of any exogenous probe, "free" Cu 2+ is in equilibrium with the labile pool but not with the inert Cu pool. In presence of a competing sensor, labile Cu 2+ partially binds to it, interfering minimally with the native Cu distribution. An outcompeting sensor, instead, pulls out ideally all labile Cu, perturbing the system significantly.

Selectivity

The probe should also be highly selective for Cu 2+ over the other physiological metal ions. For this purpose, either the probe binds selectively Cu 2+ over the other physiological metal ions in the interested biological medium, or it binds several metal ions in the concerned biological medium, but only Cu 2+ elicits a specific response (i.e. signal change). The latter case is not ideal for quantification, as a signal change could also be due to a concentration change of another metal ion. Thus, the use of an intrinsically selective probe is conceptually simpler and more specific, but as developed below, very demanding in terms of ligand design. According to the Irving-Williams series, the stability of Cu 2+ complexes is the highest among the complexes of first-row dblock divalent metal ions. Thus, a higher affinity of a probe for Cu 2+ compared to other first row divalent ions (M 2+ ) is expected, but it is not a criterium for its selectivity in a biological system. Actually, the Irving-Williams series compares the affinity of a ligand for equal concentrations of different divalent ions, in the absence of other ligands. Instead, in a biological system there are many competing ligands, which follow the Irving-Williams series and hence bind Cu 2+ more strongly than other ions M (Δ(log K) Cu/M = log K Culog K M > 0). The concentration, affinity and kinetic lability of such competing ligands define the availability of Cu 2+ and the competing ions and do influence the selectivity of the probe. From the thermodynamic point of view, a Cu 2+ -selective probe needs higher Cu 2+ -selectivity than the endogenous ligands, i.e. a higher Δ(log K) Cu/M . Therefore, the selectivity of the probe for Cu 2+ over a metal ion M should be always assessed, theoretically, in the presence of a Δ(log K) Cu/M excess of M, or better, in the presence of a mimic ligand with an affinity for M similar to that expected in a given biological system. Although these considerations are simplistic and neglect kinetics, they clarify the concept of selectivity in a biological system and the way to prove it. Among the physiological metal ions, the "bulk" s-block metal ions (Na + , K + , Mg 2+ , Ca 2+ ), as well as Mn 2+ , prefer harder ligands compared to Cu 2+ (e.g. oxygen vs nitrogen) and octahedral geometry, while Co 2+ /Co 3+ is only found inertly-bound in Cobalamin. Therefore, they are not a concern. Instead, Fe 3+ and Zn 2+ might compete with Cu 2+ for a ligand due to their abundance or coordination preference. In the blood, Fe 3+ is transported by Transferrin, with an affinity of log K a = 22-23. [START_REF] Martin | Transferrin binding of Al3+ and Fe3+[END_REF] Moreover, only about one-third of the Transferrin is loaded with Fe 3+ . This means that a Cu 2+ -selective sensor should have an affinity for Fe 3+ below that of transferrin. Indeed, with a log K Fe < 20, no significant amounts of Fe 3+ would bind to the sensor. Therefore, selectivity against Fe 3+ is not a concern, as long as nitrogen-rich ligands suited for square-planar coordination are used. Conversely, ligands with hard donors (oxygen) supporting an octahedral geometry could be problematic. Zn 2+ is instead a potential issue, due to its higher similarity to Cu 2+ : it is closer to Cu 2+ in the Irving-William series (Δ(log K) Cu/Zn < Δ(log K) Cu/Fe ), it has a similar Lewis acidity and it is an intermediate ion according to Pearson's hard/soft classification. Depending on the type of donor ligands (O, N or S), Irving and Williams reported a Δ(log K) Cu/Zn spanning from 1.5 to 6 or higher. [START_REF] Irving | Order of stability of metal complexes[END_REF][START_REF] Irving | The stability of transition-metal complexes[END_REF] To compete with these ligands, a probe should be able to bind Cu 2+ in such Δ(log K) Cu/Zn excess of Zn 2+ , i.e. from about 30-to 10 6 -fold Zn 2+ excess. This implies that a selectivity against equimolar or 10-fold excess of Zn 2+ in a buffer is far from being sufficient to prove the selectivity in a biological system. In blood plasma, the total zinc concentration is quite similar to that of Cu 2+ , about 15 µM (1 mg/L). The main Zn 2+ carrier is SA with log K Zn = 7, and it seems that Zn-SA is the major exchangeable Zn-pool (about 75-90% of total serum Zn). [START_REF] Bal | Binding of transition metal ions to albumin: Sites, affinities and rates[END_REF][START_REF] Coverdale | A metalloproteomic analysis of interactions between plasma proteins and zinc: elevated fatty acid levels affect zinc distribution[END_REF] Clearly, a Cu 2+ -selective chelator should have a log K Zn < 7. For instance, considering that about 12 µM Zn is bound to SA, in order to be loaded only at 1% with Zn, the probe should have log K Zn = 6.6. Thus, the sensor should have log K Cu > 15 and log K Zn < 7, hence a Δ(log K) Cu/Zn > 8. This condition is very challenging and only very few ligands might fulfil these conditions (e.g. most of the conventional ligands, including those listed in Table 5, do not). Notably, ligands imposing square-planar coordination, including one or two amidates, are very selective for Cu 2+ over Zn 2+ and other physiological ions, as only Cu 2+ is a sufficiently strong Lewis acid to deprotonate amides. As an example, the ATCUN motif in human SA fulfils such requisites. [START_REF] Gonzalez | N-Terminal Cu-Binding Motifs (Xxx-Zzz-His, Xxx-His) and Their Derivatives: Chemistry, Biology and Medicinal Applications[END_REF] Furthermore, in case of Zn-binding to the sensor, the Cu 2+ -binding kinetics is expected to be much slower, as Zn 2+ has to first leave the sensor. Nevertheless, even if Zn 2+ interferes, a system with a Cu 2+ -specific response could be still able to detect Cu 2+ -fluctuations.

Luminescent probes

State-of-the-art Cu 2+ probes

Types of luminescent sensor

Most luminescent sensors are based on the change of the emission intensity upon interaction with the analyte. Depending on whether the intensity increases or decreases, sensors are referred to as turn-on and turn-off. Turn-on sensors are generally preferred due to easier quantifiability of their response and higher spatial resolution for imaging applications. [START_REF] Hyman | Probing oxidative stress : Small molecule fluorescent sensors of metal ions , reactive oxygen species , and thiols[END_REF] Moreover, they are considered more specific since turn-off response can be also caused by chemical degradation, photobleaching or offtarget response. To correct such artefacts, it is useful to measure the ratio between two emission intensities using ratiometric probes. In particular, a ratiometric (turn-off or turn-on) response can be obtained by sensors that undergo an excitation/emission wavelength shift upon interaction with the analyte, or that emit an analyte-responsive signal as well as an analyte-independent reference signal. [START_REF] Gui | Recent advances in dual-emission ratiometric fluorescence probes for chemo/biosensing and bioimaging of biomarkers[END_REF] Probes for metal ions can be also distinguished in coordination-and reactivity-based sensors, depending on whether the response is triggered by metal ion binding to the sensor or metal ion-induced/catalysed reaction, yielding a luminescent metal-complex or compound, respectively. [START_REF] Iovan | Inorganic Chemistry Approaches to Activity-Based Sensing: From Metal Sensors to Bioorthogonal Metal Chemistry[END_REF] 

Properties of luminescent Cu 2+ sensors

In the case of Cu 2+ , the development of coordination-based turn-on sensors is intrinsically challenged by its quenching ability. Indeed Cu 2+ is well-known as strong luminescence quencher, probably via ultrafast non-radiative decay and spin-orbit coupling. [START_REF] Yang | The fluorescence regulation mechanism of the paramagnetic metal in a biological HNO sensor[END_REF][START_REF] Sivaraman | Chemically diverse small molecule fluorescent chemosensors for copper ion[END_REF] Therefore, coordination-based probes for Cu 2+ are typically turn-off, but they generally benefit from reversibility, as a stronger ligand can pull out Cu, and hence they can monitor Cu 2+ fluctuations (see Table 6). Many turn-off coordination-based sensors for Cu 2+ have been developed, mainly by conjugation of a Cu 2+ -ligand with a luminophore, which is most commonly an organic dye, and less frequently an inorganic d-or f-block metal complex (see Figure 5A). [START_REF] Saleem | A Brief Review on Fluorescent Copper Sensor Based on Conjugated Organic Dyes[END_REF][START_REF] Sfrazzetto | Synthetic fluorescent probes to map metallostasis and intracellular fate of zinc and copper[END_REF][START_REF] Prodi | Luminescent chemosensors for transition metal ions[END_REF][START_REF] Ramdass | Recent developments on optical and electrochemical sensing of copper(II) ion based on transition metal complexes[END_REF] A Cu 2+ -specific response against other metal ions can be achieved either by a specific Cu 2+ ligand or by a non-specific ligand whose fluorescence is quenched specifically by Cu 2+ . Overall, as outlined in Section 3.3.3, a specific ligand is preferred, as the binding of competing metal ions to non-specific ligands could decrease the concentration of sensor available for Cu 2+ binding. Conversely, turn-on Cu 2+ probes have been normally developed via chemodosimeters, i.e. on a reactivity-based mechanism (see Figure 5B). Although Cu 2+ may bind to a pre-fluorophore to trigger the reaction, the specificity of chemodosimeters mainly stems from the characteristic reactivity of Cu 2+ (due to strong Lewis acidity or suitable redox potential), rather than the coordination chemistry. A few types of Cu 2+ -induced reactions have been exploited, mainly hydrolysis and oxidation. [START_REF] Hyman | Probing oxidative stress : Small molecule fluorescent sensors of metal ions , reactive oxygen species , and thiols[END_REF][START_REF] Saleem | A Brief Review on Fluorescent Copper Sensor Based on Conjugated Organic Dyes[END_REF][START_REF] Sfrazzetto | Synthetic fluorescent probes to map metallostasis and intracellular fate of zinc and copper[END_REF][START_REF] Nan | New highly selective turn-on fluorescence receptor for the detection of copper (II)[END_REF][START_REF] Jo | Reactivity-based detection of copper(II) ion in water: Oxidative cyclization of azoaromatics as fluorescence turn-on signaling mechanism[END_REF][START_REF] Basu | Oxidative cyclization of thiosemicarbazone: An optical and turn-on fluorescent chemodosimeter for Cu(II)[END_REF][START_REF] Wei | A nano-molar fluorescent turn-on probe for copper(II) detection in living cells[END_REF][START_REF] Huo | Ultraviolet-visible light (UV-Vis)-reversible but fluorescence-irreversible chemosensor for copper in water and its application in living cells[END_REF] In addition, the Cu-catalysed azide/alkyne cycloaddition (CuAAC), a type of "click" reaction, has been employed to build Cu-specific sensors. [START_REF] Lee | A novel near-infrared fluorescence chemosensor for copper ion detection using click ligation and energy transfer[END_REF][START_REF] Zhou | A novel fluorescence enhanced route to detect copper(II) by click chemistry-catalyzed connection of Au@SiO2 and carbon dots[END_REF][START_REF] Chauhan | BODIPY based "click on" fluorogenic dyes: Application in live cell imaging[END_REF][START_REF] Du | Self-triggered click reaction in an Alzheimer's disease model: in situ bifunctional drug synthesis catalyzed by neurotoxic copper accumulated in amyloid-β plaques[END_REF] In contrast with other reactivity-based systems, sensors based on CuAAC do not need to pull out Cu from potential competitors, but they can detect only reducible Cu 2+ (generally by ascorbate) and need to bind only transiently the formed Cu + , interfering minimally with the overall Cu distribution. For instance, concerning Cu 2+ in biological media, Cu-His complex has been shown to catalyse CuAAC, but nothing is known about other physiological ligands. [START_REF] Kennedy | Cellular consequences of copper complexes used to catalyze bioorthogonal click reactions[END_REF] Importantly, in contrast to the generally fast Cu 2+ -binding to coordination-based probes and fast click reactions, the reactivity-based sensors normally suffer from slow reactions, and hence response. Furthermore, chemical reactions are commonly irreversible, so are the chemodosimeters. Therefore, such sensors may be unsuited for the measurement of Cu 2+ levels that are susceptible to change over time (Table 6). As an exception, reversible reactivity-based probes have been reported based on the Cu 2+ -induced reversible spiro-lactam ring-opening of Rhodamine derivatives. [START_REF] Hyman | Probing oxidative stress : Small molecule fluorescent sensors of metal ions , reactive oxygen species , and thiols[END_REF][START_REF] Sivaraman | Chemically diverse small molecule fluorescent chemosensors for copper ion[END_REF][START_REF] Saleem | A Brief Review on Fluorescent Copper Sensor Based on Conjugated Organic Dyes[END_REF][START_REF] Sfrazzetto | Synthetic fluorescent probes to map metallostasis and intracellular fate of zinc and copper[END_REF] Finally, it is noteworthy that also reactivity-based probes are susceptible to off-target response, as also H + ions could trigger hydrolysis and ring-opening reactions. [START_REF] Hyman | Probing oxidative stress : Small molecule fluorescent sensors of metal ions , reactive oxygen species , and thiols[END_REF] Despite the quenching ability of Cu 2+ , some Cu 2+ -selective turn-on sensors have been reported as coordination-based systems working via unspecified Chelation-Enhanced Fluorescence (CHEF). [START_REF] Ballesteros | A new selective chromogenic and turn-on fluorogenic probe for copper(ll) in water-acetonitrile 1:1 solution[END_REF][START_REF] Wu | A highly selective turn-on fluorescent chemosensor for copper(II) ion[END_REF][START_REF] Goswami | A new pyrene based highly sensitive fluorescence probe for copper(II) and fluoride with living cell application[END_REF][START_REF] Venkatesan | A turn-on fluorescent pyrene-based chemosensor for Cu(II) with live cell application[END_REF][START_REF] Mahapatra | A new selective chromogenic and turn-on fluorogenic probe for copper(II) in solution and vero cells: Recognition of sulphide by [CuL][END_REF][START_REF] Uyanik | A New Piperidine Derivatized-Schiff Base Based "Turn-on" Cu2+Chemo-Sensor[END_REF][START_REF] Torawane | A novel terephthalaldehyde based turn-on fluorescent chemosensor for Cu 2+ and its application in imaging of living cells[END_REF][START_REF] Saleh | A novel, highly sensitive, selective, reversible and turn-on chemi-sensor based on Schiff base for rapid detection of Cu(II)[END_REF][START_REF] Nasomphan | Dansyl Based "Turn-On" Fluorescent Sensor for Cu 2+ Ion Detection and the Application to Living Cell Imaging[END_REF][START_REF] Nouri Moghadam | A new fluorene derived Schiff-base as a dual selective fluorescent probe for Cu 2+ and CN[END_REF][START_REF] Mukherjee | Luminescent Sensing, Selective Extraction and Recovery of Cu 2+ from Aqueous Environment by a Novel Turn-on Chemosensor[END_REF][START_REF] Bayindir | A novel pyrene-based selective colorimetric and ratiometric turn-on sensing for copper[END_REF][START_REF] Fang | A highly sensitive fluorescent probe with different responses to Cu 2+ and Zn 2+[END_REF][START_REF] Wu | A pyrene-based highly selective turn-on fluorescent sensor for copper(II) ion and its application in live cell imaging[END_REF][START_REF] Wang | A pyrene-based highly selective turn-on fluorescent chemosensor for Cu(II) ions and its application in living cell imaging[END_REF][START_REF] Chen | Highly selective fluorescence turn-on chemosensor based on naphthalimide derivatives for detection of copper(II) ions[END_REF] These compounds share structural features, such as hydrazone or Schiff-base moiety to link the fluorophore to the ligand, which is generally non-Cu 2+ specific. Moreover, they have been used in the presence of a high percentage of acetonitrile and in most cases their reversibility has not been proven. Actually, we recently re-investigated the properties of such a sensor, showing that fluorescence turn-on stems from the formation of a fluorescent product via irreversible oxidation induced by Cu 2+ only in the presence of a Cu +stabilizing solvent, such as acetonitrile. [START_REF] Falcone | Reversible turn-on fluorescent Cu(II) sensors: Rather dream than reality?[END_REF] Due to the chemical and spectroscopic similarity among the mentioned probes, we believe they all are reactivity-based rather than coordination-based. Indeed, the characteristic (redox) chemistry of Cu 2+ , rather than its coordination chemistry, is likely accountable for the specificity of such turn-on probes. In addition, as they generally work only with acetonitrile as (co)-solvent, they are particularly flawed for application in biological samples. Besides, some appropriately designed systems could elicit a turn-on response through a coordination-based mechanism that triggers a conformational change. For instance, dual-probe systems using Förster Resonance Energy transfer (FRET) or fluorophore/quencher couples could be used for this purpose. As depicted in Figure 5C,D , in the absence of Cu 2+ , the donor and the acceptor of a FRET couple should be far enough to hamper the energy transfer. Cu 2+ binding should trigger a conformational change, approaching the donor and the acceptor, which would eventually emit. Likewise, a fluorophore/quencher system could be in the off-state in absence of Cu 2+ , with the quencher close to the fluorophore, while the metal-binding could move the quencher away, allowing the emission from the fluorophore. In order to elicit a turn-on response, such systems require a discreet design, as the Cu 2+ -binding site must be far enough from the fluorophore/quencher not to quench them. Actually, current FRET-based probes are usually coordination-based turn-off, reactivity-based turn-on, or ratiometric. [START_REF] Guan | Development of a new rhodamine-based FRET platform and its application as a Cu 2+ probe[END_REF][START_REF] Chen | A reversible ratiometric sensor for intracellular Cu2+ imaging: Metal coordination-altered FRET in a dual fluorophore hybrid[END_REF][START_REF] Kar | NIR-and FRET-based sensing of Cu2+ and S2-in physiological conditions and in live cells[END_REF][START_REF] Zhao | Visual and fast detection of trace copper ions using biosensor based on FRET[END_REF][START_REF] Wu | Ratiometric fluorescent probe based on pyrrole-modified rhodamine 6G hydrazone for the imaging of Cu 2+ in lysosomes[END_REF] Moreover, ratiometric dual-probe systems bearing a Cu 2+ -responsive and Cu 2+ -insensitive fluorophore have been reported (see Figure 5F). [START_REF] You | Phosphorescent sensor for robust quantification of copper(II) ion[END_REF][START_REF] Liu | Design and synthesis of a ratiometric fluorescent chemosensor for Cu(II) with a fluorophore hybridization approach[END_REF][START_REF] Zhu | A two-photon ratiometric fluorescence probe for cupric ions in live cells and tissues[END_REF][START_REF] Zhu | Carbon-dot-based dual-emission nanohybrid produces a ratiometric fluorescent sensor for in vivo imaging of cellular copper ions[END_REF] Finally, single-probe ratiometric sensors have been typically developed via naphtalimide derivatives, based on excitation/emission wavelength shift induced by Cu 2+ binding (see Figure 5E), while rhodamine derivatives have been exploited as the substrate for Cu 2+ -induced hydrolysis-based ratiometric response. [START_REF] Xu | Ratiometric and selective fluorescent sensor for CuII based on internal charge transfer (ICT)[END_REF][START_REF] Xu | Colorimetric and ratiometric fluorescent chemosensor with a large red-shift in emission: Cu(II)-only sensing by deprotonation of secondary amines as receptor conjugated to naphthalimide fluorophore[END_REF][START_REF] Huang | A red-shift colorimetric and fluorescent sensor for Cu2+ in aqueous solution: Unsymmetrical 4,5-diaminonaphthalimide with N-H deprotonation induced by metal ions[END_REF][START_REF] Singh | Ratiometric fluorescent detection of Cu(II) in semi-aqueous solution using a two-fluorophore approach[END_REF][START_REF] Fan | A fluorescent ratiometric chemodosimeter for Cu 2+ based on TBET and its application in living cells[END_REF] 

Requirements of luminescent Cu 2+ probes for biological applications

According to the discussed requisites for applications in biological media (see Section 3.3), the suitability of a sensor first depends on the specific type of analysis to perform. Indeed, for the detection of dynamic Cu 2+ levels in vivo or in cell culture, a suitable probe should be based on a Cu 2+ -specific ligand with conveniently tuned affinity. Moreover, if reversibility is sought, the use of most reactivity-based probes must be ruled out. In other words, based on the current state of the art, mainly turn-off or ratiometric coordination-based probes could be potentially employed for Cu 2+ fluctuations sensing. On the other hand, reactivity-based (irreversible) probes can be applied for single-point ex vivo analysis, although a suited affinity is always needed. Besides, the choice of the luminescent moiety is influenced by the absorption and autofluorescence of the media, due to the presence of fluorescent aromatic amino acids, co-factors (e.g. NADH, flavins) and pigments. Such background challenges the detection of fluorophores emitting in the UV and visible spectral regions especially in the blood and, to a lesser extent, urine. Moreover, absorption and scattering by the medium result in low tissue penetration (few mm), limiting the in vivo applications. However, these issues can be circumvented resorting to dyes emitting in the so-called "biological" windows, i.e. in the 650-950 nm range (first near-infrared, NIR-I, window) and in the 1000-1700 nm range (the recently discovered second near-infrared, NIR-II, window), or via two-photon absorbing dyes. [START_REF] Li | Advanced fluorescence imaging technology in the near-infrared-II window for biomedical applications[END_REF] Alternatively, the autofluorescent background can be also suppressed via the time-gated detection of long-lifetime luminophores, such as lanthanide ions. [START_REF] Zhang | Long-Lived Emissive Probes for Time-Resolved Photoluminescence Bioimaging and Biosensing[END_REF][START_REF] Zhang | Responsive Metal Complex Probes for Time-Gated Luminescence Biosensing and Imaging[END_REF] Finally, properties such as brightness and tendency to photobleaching have certainly to be considered while developing a luminescent probe. 

Luminescent probes for extracellular Cu measurement

Hereafter, luminescent sensors that have been applied in the measurement of extracellular Cu 2+ (see Figure 6) are critically discussed. Their properties and applications are summarized in Table 7 and 8, respectively.

Blood serum

Less than ten probes have been used for ex vivo analysis of serum Cu 2+ , but only five measured the endogenous serum Cu 2+ upon previous pre-treatments (see Table 9), while the remaining measured Cu 2+ added to serum solutions. Areti et al. synthesized a coumarin-imino-glucosyl conjugate (1) as a water-soluble and selective turn-off probe for Cu 2+ . [START_REF] Areti | Coumarine-imino-C2-glucosyl conjugate as receptor for Cu2+ in blood serum milieu, on silica gel sheet and in Hep G2 cells and the characterization of the species of recognition[END_REF] Spectrophotometric titration with Cu 2+ in HEPES buffer revealed a log K a of 4.9. Cu 2+ selectively quenched the fluorescence of the coumarin moiety (λ ex = 430 nm, λ em = 490 nm) and saturation (about 95% quenching) was achieved beyond 4 equivalents of Cu 2+ (sensor 5 μM), reflecting the rather low affinity. This is an example of non-specific ligand, potentially coordinating via carbonyl, imino and hydroxyl groups, which shows a Cu 2+ -specific response due to Cu 2+ -specific quenching ability. Despite the very low affinity and metal-binding promiscuity, such coumarin glycoconjugate was applied to detect Cu 2+ added to blood serum (4-fold diluted in HEPES), showing a limit of detection (LOD) of 1 μM and a linear response up to 10 μM. Overall, the probe showed good water solubility and a selective response, but it is not suited to measure CuEXC due to very low affinity. Another water-soluble turn-off sensor (2) has been reported by Vojoudi et al., based on mesoporous silica functionalised with a piperazinyl-iminostilbene group through a propyl-silane spacer. [START_REF] Vojoudi | An ultrasensitive fluorescence sensor for determination of trace levels of copper in blood samples[END_REF] These chemical groups are far from being good ligands for metal ions, so much so that piperazinyl-based buffers, such as HEPES (log K a = 3.2), are preferred for metal binding studies due to their weak coordination. [START_REF] Sokołowska | Cu(II) complexation by "non-coordinating" N-2hydroxyethylpiperazine-N′-2ethanesulfonic acid (HEPES buffer)[END_REF] Nevertheless, the fluorescent emission from the iminostilbene moiety (λ ex = 270 nm, λ em = 310 nm) was selectively quenched by Cu 2+ in acetate buffer (pH 6). In addition, the response was restored by addition of I -ions, probably due to reduction of Cu 2+ to Cu + and consequent precipitation of CuI. Thus, the sensor was used for the analysis of Cu 2+ in spiked blood samples, i.e. samples in which precisely known amount of Cu 2+ have been added.

Figure 6.

Coordination-based luminescent probes reported for extracellular Cu 2+ detection. Known or hypothesized Cu 2+binding sites and fluorescent groups are highlighted in red and blue, respectively. Probe names reported in the original papers are reported in brackets. The authors reported a linear relationship between the quenching efficiency and the log [Cu 2+ ] in the range 0.002 -2.5 μM, and a LOD of 8.7 nM. Moreover, the amount of Cu 2+ calculated by the fluorescent method showed no significant difference with the quantity measured by AAS. However, Cu 2+ spiking should lead rapidly to Cu-bound to SA (log K a =13) and other exchangeable pools. Thus, it is not clear how the measurement works. Kinetics could play a role, i.e. Cu 2+ could bind more rapidly to the sensor than to the blood proteins, and equilibration could take time. Nevertheless, as AAS measures the total Cu 2+ , it is not expected that the same results are obtained by AAS and a fluorometric sensor that can at best detect CuEXC. Moreover, this probe is limited due to excitation and emission wavelengths in the UV region, where the absorption and autofluorescence background are extremely high.

A turn-off dual-signal probe (3) has been reported by Zhu et al. based on fluorescent carbon dots-fluorescein isothiocyanate composites (CD-FITC). [START_REF] Zhu | Ratiometric, visual, dual-signal fluorescent sensing and imaging of pH/copper ions in real samples based on carbon dots-fluorescein isothiocyanate composites[END_REF] CDs surface was first modified with polyethyleneimine (PEI), which was in turn conjugated with FITC through thiourea bond. Cu 2+ quenched selectively both CD and FITC emissions (λ ex = 340 nm, λ em(CD) =412 nm, λ em(FITC) = 518 nm). The application of CD-FITC in detecting Cu 2+ added to human serum (50-fold diluted) in the 1-10 μM range yielded results consistent with ICP-AES analysis. Again, it could be possible that the added Cu 2+ did not equilibrate (in the measuring time) with the exchangeable Cu pool, binding mainly to the sensor. Notwithstanding, considering that 50-fold diluted serum should inherently contain about 0.3 µM Cu 2+ , it is surprising that ICP-AES yielded the same Cu 2+ quantity as the sensor.

Beside the described UV-and green-emitting dye-based probes, two NIR-emitting probes (4, 5) have been reported to minimize the absorption and autofluorescence background. Both used a dipicolylamine (DPA) moiety as the ligand for Cu 2+ , even though DPA is a non-specific ligand (e.g. it is often used in the design of Zn 2+ -responsive probes). He et al. synthesized a NIR-emitting BODIPY derivative conjugated to DPA (4). [START_REF] He | A NIR-BODIPY derivative for sensing copper(II) in blood and mitochondrial imaging[END_REF] The fluorescent emission (λ ex = 704 nm, λ em = 786 nm in Tris-HCl buffer) of the probe was quenched selectively by Cu 2+ . Curiously, authors claimed that even 200 mM Zn 2+ did not perturb the quenching of 1 μM probe by equimolar Cu 2+ . This BODIPY-DPA probe was used for the detection of Cu 2+ added to mouse serum samples, upon treatment with nitric acid and 10-fold dilution in water. This strong acid treatment denatures and hydrolyses biomolecules, releasing the Cu 2+ bound and preventing the added Cu 2+ to bind. The probe dissolved in DMSO was titrated with serum samples containing an increasing amount of Cu 2+ , showing a linear range of detection between 0.45 and 36.3 μM and a LOD of 0.45 μM. Due to the strong treatment of the samples, all Cu, including Cp-bound Cu, was released and the sensor detected total (free) Cu 2+ . The second NIR-emitting sensor, reported by Chen et al., is instead based on a Ru 2+ complex of bipyridine derivatives ( 5) embedded into large-pore mesoporous silica nanoparticles (LPMSNs). [START_REF] Chen | Highly Stable and NIR Luminescent Ru-LPMSN Hybrid Materials for Sensitive Detection of Cu2+ in Vivo[END_REF] Here, two DPA moieties were linked to one of the Ru 2+ -coordinating bipyridines. Quenching of Ru 2+ emission (λ ex = 500 nm, λ em = 727 nm) showed to be selective for Cu 2+ and reversible upon addition of a stronger chelator such as EDTA. However, this would mean that the sensor pulled out Cu from the inert Cp pool, but this appears incoherent, as Ru-LPMSN was shown to be weaker than EDTA, which in turn is not able to pull out Cu from Cp even at high mM concentrations. Such inconsistency could be due to adventitious Cu 2+ released during sample treatment. Finally, turn-on reactivity-based approaches have also been used to measure Cu in serum.

Wang et al. reported a sensor based on CuAAC reaction, using 3-azido-7-hydroxycoumarin and propargyl alcohol as substrates [START_REF] Calvo | Copper metallothioneins[END_REF]. [START_REF] Wang | Fluorescence sensor for Cu(ii) in the serum sample based on click chemistry[END_REF] This system showed a turn-on, specific and fast (complete within 15 min) response in HEPES (λ ex = 395 nm, λ em = 471 nm) and was applied to detect Cu 2+ in serum, which was previously treated with acids, centrifuged and diluted. The fluorescent assay gave results comparable to AAS, as the acid treatment released the protein-bound Cu. Daxiu Li et al. designed an original and sophisticated fluorescent assay [START_REF] Hordyjewska | The many "faces" of copper in medicine and treatment[END_REF] exploiting the CuAAC-mediated assembly of fluorophore-labelled DNA hairpins, which benefit from specificity and high sensitivity thanks to signal amplification. [START_REF] Li | Click chemistry-mediated catalytic hairpin self-assembly for amplified and sensitive fluorescence detection of Cu 2+ in human serum[END_REF] The method is quite complex, as it requires four different DNA molecules (i.e. an alkynyl-and an azido-DNA, and two complementary DNA hairpins labelled with a fluorophore/quencher pair), compared to simpler single-molecule probes. This assay was used to measure Cu 2+ in human blood serum (upon treatment with nitric acid and 10-fold dilution), which was in line with AAS analysis. Due to the acid treatment, Cu 2+ is not coordinated to its native partners, so the "total" Cu 2+ was measured rather than the CuEXC. A turn-on sensor (8) has been reported by Yongxin Li et al. based on the Cu 2+ -induced hydrolysis of a non-fluorescent BOPHY hydrazide derivative in MeCN:PB 1:1 (see Figure 7). [START_REF] Li | A BOPHY probe for the fluorescence turn-on detection of Cu2+[END_REF] The sensor showed a selective response over other ions, and it was reasonably proved to be irreversible upon addition of EDTA. The sensor detected about 1 μM Cu 2+ in human serum samples (5-fold diluted) and was responsive up to 4 μM spiked Cu 2+ . As mentioned in Section 3.2.3, Squitti and co-workers developed and patented a fluorescent method for CuEXC detection in healthy and AD human serum samples. [START_REF] Squitti | Measurements of serum non-ceruloplasmin copper by a direct fluorescent method specific to Cu(II)[END_REF] The test could in principle access only the LMW pool (short peptides and amino acids), as the serum was first subjected to Solid Phase Extraction (SPE). The fraction eluted was then analysed by means of a turn-off fluorescent probe that had been previously reported by Jung et al. [START_REF] Linder | Ceruloplasmin and other copper binding components of blood plasma and their functions: An update[END_REF]. [START_REF] Jung | Coumarin-derived Cu 2+ -selective fluorescence sensor: Synthesis, mechanisms, and applications in living cells[END_REF] This is a coumarin-picolylamine conjugate with a selective response in vitro and a binding constant (log K a  5) only 10 times higher for Cu 2+ than other divalent ions (Zn 2+ , Fe 2+ , Mg 2+ , Ca 2+ ), which is insufficient to ensure selectivity in biological media. Thus, CuEXC in healthy samples resulted to be in the range 0-1.9 μM, while it was up to 1.5 folds higher in AD samples. This test is the only fluorometric method purposely developed so to measure the CuEXC in the blood. However, it relies on a separative step that excludes high-molecular-weight Cu pools. Furthermore, assuming the LMW Cu 2+ pool is in exchange with SA in the blood, the affinity of this pool should be clearly above the affinity of this picolylamine-based sensor, hence this would not be competitive even with the LMW pool. Therefore, it is not clear what the sensor exactly measured and how the analysis worked. As an explanation, either the LMW pool is not in equilibrium with SA, or more likely the SPE step was not negligible for Cu 2+ distribution among its pools.

Urine

Fewer probes have been applied in the detection of Cu 2+ in the urine. Xie et al. synthesized a turn-off sensor [START_REF] Woimant | New tools for Wilson's disease diagnosis: exchangeable copper fraction[END_REF] by conjugation of a coumarin derivative with a picolinyl-hydrazide, forming a tridentate, non-specific ligand for Cu 2+ . [START_REF] Xie | An On-Off-On Fluorescence Probe Based on Coumarin for Cu 2+, Cysteine, and Histidine Detections[END_REF] This showed a selective and reversible response in EtOH:PBS 1:1 (λ ex = 450 nm, λ em = 527 nm): indeed, Cys and His amino acids pulled Cu 2+ out from the sensor. Although proving a reversible bindingbased mechanism, this reveals that the affinity of the probe is too low to compete with these endogenous Cu 2+ ligands. The probe was nevertheless able to detect 3 and 6 μM Cu 2+ added to human urine samples. A click reaction-based system was instead reported by Zheng et al. [START_REF] Bento | Ceruloplasmin revisited: Structural and functional roles of various metal cation-binding sites[END_REF]. [START_REF] Zheng | Rapid Detection of Copper in Biological Systems Using Click Chemistry[END_REF] The authors used alkyne-functionalized graphene oxide and azido-Rhodamine derivative as click substrates. This system was applied for Cu 2+ detection in healthy and WD urine samples and the results were compared to ICP-OES analysis. Interestingly, results from fluorometric and ICP-OES analysis were quite consistent for the WD samples (in the 3-9 μM range), but the click-based assay gave about 50% lower values than ICP-OES (in the 0.13-0.5 μM range) for the healthy samples. This could stem from the intrinsic nonlinearity of the method (due to a catalytic mechanism) or improper calibration, which was performed in colourless artificial urine. Otherwise, in absence of systematic bias, it could be speculated that the percentage of "click-reactive" Cu 2+ , i.e. Cu 2+ suitable to reduction by ascorbate and transient coordination to alkyne and azido groups, was lower in healthy than WD samples.

Brain dialysate

The technique of microdialysis is a powerful tool to sample and collect LMW species from the interstitial space for subsequent determination by common analytical techniques. [START_REF] Chefer | Overview of brain microdialysis[END_REF] A couple of luminescent nanoprobes have been applied to detect Cu 2+ in rat brain dialysate. Due to the intrinsic sampling capability of the technique, such dialysate samples may contain only LMW Cu pool. Huang et al. reported a turn-off luminescent system based on lanthanide coordination polymer nanoparticles, assembled from adenosine monophosphate (AMP) and Tb 3+ ions [START_REF] Kirsipuu | Copper(II)-binding equilibria in human blood[END_REF]. [START_REF] Huang | Target-Triggered Switching on and off the Luminescence of Lanthanide Coordination Polymer Nanoparticles for Selective and Sensitive Sensing of Copper Ions in Rat Brain[END_REF] This AMP-Tb 3+ is not luminescent since it lacks a suitable antenna for Tb 3+ sensitization, i.e. a chromophore that, upon excitation, enhances Tb 3+ luminescence via energy transfer (antenna effect). Thus, a co-ligand, 5-sulfosalicylic acid (SSA), was added as the antenna. Cu 2+ addition induced the quenching of the system by binding and displacing SSA from Tb 3+ , and hence suppressing the antenna effect. In this case, the signal decrease in the presence of Cu 2+ does not merely stem from the Cu 2+ quenching ability, but rather from the antenna displacement. Therefore, the system is more prone to an off-target response. Indeed, SSA is a bidentate oxygen ligand that is not selective for Cu 2+ , so that competition with other physiological metals, especially Fe 3+ , appeared significant. Moreover, the system is also potentially sensitive to the replacement of SSA by biological anions. The sensor detected an average Cu 2+ level in rat brain microdialysate of about 2 μM, upon calibration in artificial CSF (containing Na + , K + , Ca 2+ and Mg 2+ salts). Curiously, the long-lifetime emission of Tb 3+ was not exploited, probably because the dialysate shows a low fluorescent background. Lin et al. reported a turn-off probe (13) based on fluorescent carbon dots coated with a silica shell, made of 3-(aminopropyl)triethoxysilane (APTES). [START_REF] Lin | Tunable Fluorescent Silica-Coated Carbon Dots: A Synergistic Effect for Enhancing the Fluorescence Sensing of Extracellular Cu 2+ in Rat Brain[END_REF] The turn-off mechanism is based primarily on the interaction of APTES amino-terminal groups with Cu 2+ ions, leading to nanoparticles aggregation and consequent self-quenching, and secondarily to quenching by Cu 2+ , responsible for sensor selectivity. Interestingly, such a system was employed to monitor dynamic Cu 2+ levels in rat brain microdialysates from striatum during the calm/sepsis process. The basal level of Cu 2+ , about 2 μM, increased up to about 5 μM during the sepsis process and went back to about 2 μM afterwards, consistently with ICP-MS measurements.

Extracellular Cu in Cell culture

It is clear that intracellular Cu is maintained in the reduced Cu + state by strong reducing conditions and that transient Cu 2+ is inertly bound to Cu-enzymes (see Section 1). Similarly to Cp-bound Cu, this is not exchangeable and hence not available for complexation by any chelator or probe. Notwithstanding, many probes have been incoherently used for intracellular imaging of Cu 2+ , which denotes their off-target response, e.g. due to low-pH cellular microenvironments. Due to this inconsistency, such probes are not described herein. Besides, any probe for intracellular Cu + has also to be competitive with the very strong Cu + chelators inside the cells, i.e. metallo-chaperones (log K a  18) and metallothioneins (log K a  19-20). [START_REF] Morgan | Ratiometric two-photon microscopy reveals attomolar copper buffering in normal and Menkes mutant cells[END_REF][START_REF] Santoro | The Glutathione/Metallothionein System Challenges the Design of Efficient O2-Activating Copper Complexes[END_REF] Fluorescent probes for Cu + and their biological applications have been recently reviewed. [START_REF] Cotruvo | Synthetic fluorescent probes for studying copper in biological systems[END_REF][START_REF] Fahrni | Synthetic fluorescent probes for monovalent copper[END_REF] On the other hand, some probes have been used to monitor extracellular Cu 2+ levels in cell cultures. One of the first estimations of Cu 2+ concentration in the synaptic cleft was reported by Hopt et al. in 2003, studying the Cu 2+ released by synaptosomes (i.e. isolated synaptic terminals). [START_REF] Hopt | Methods for studying synaptosomal copper release[END_REF] For this purpose, upon a fluorescent ligands screening, the authors selected a tetrakis-(4-sulfophenyl)-porphyrin (TSPP, 14) as a selective Cu 2+ -responsive sensor with a log K a = 5.6. The probe was not able to penetrate cell membrane showing fluorescence only outside the cells. Synaptosomes were hence treated with 10 µM TSPP and Cu 2+ released upon high KCl depolarization quenched the fluorescence signal, whereas no signal decrease was observed in the presence of EGTA, as this stronger ligand prevented the binding of released Cu 2+ to the TSPP probe. The concentration of released Cu 2+ estimated by the fluorometric method was about 0.2 μM, which resulted in about 25% of the amount measured by ICP-MS. Importantly, as the authors observed, the probe detected only the labile Cu pool in the medium. Grasso et al. synthesized a probe [START_REF] Gutteridge | The behaviour of caeruloplasmin in stored human extracellular fluids in relation to ferroxidase II activity, lipid peroxidation and phenanthroline-detectable copper[END_REF] for extracellular Cu 2+ imaging, based on a glycoconjugate of a ratiometric naphtalimide derivative previously reported by Xu et al. [START_REF] Xu | Ratiometric and selective fluorescent sensor for CuII based on internal charge transfer (ICT)[END_REF][START_REF] Grasso | Ratiometric fluorescence sensing and cellular imaging of Cu 2+ by a new water soluble trehalose-naphthalimide based chemosensor[END_REF] Such trehalose-derivative showed significantly enhanced solubility in water and ratiometric turn-on response in MOPS buffer (λ ex = 455 nm, λ em = 477/535 nm). Although the probe was internalized by SH-SY5Y cells, the fluorescence was significantly quenched by exogenous Cu 2+ only in the extracellular space, consistently with negligible levels of Cu 2+ within cells. Interestingly, the authors successfully used the sensor to detect the Cu 2+ released by cells upon depolarization induced by incubation with medium containing high levels of KCl.

A very different approach can be also adopted to visualize dynamic extracellular Cu 2+ fluctuations in cell culture, i.e. by using genetically encoded fluorescent proteins (FPs) localized on the cell surface. Yu et al. engineered a set of FPs variants to include surface-exposed histidine residues as the metal ion binding site. [START_REF] Yu | An engineered palette of metal ion quenchable fluorescent proteins[END_REF] Despite the poor selectivity of single FPs, a specific and ratiometric (turn-off) response was obtained by fusing a metalsensitive and a metal-insensitive FP. Moreover, the further fusion of such chimaera [START_REF] Buckley | Analytical variables affecting exchangeable copper determination in blood plasma[END_REF] with the secretory vesicle-associated membrane protein (VAMP2) for plasma membrane and secretory vesicle targeting, enabled the detection of Cu 2+ added to the cell medium. Besides, the addition of excess EDTA restored the fluorescence signal, proving reversibility. Using the same strategy, Choi et al. reported a Green Fluorescent Protein (GFP) variant engineered to contain the ATCUN motif Gly-Gly-His [START_REF] Gonzalez | N-Terminal Cu-Binding Motifs (Xxx-Zzz-His, Xxx-His) and Their Derivatives: Chemistry, Biology and Medicinal Applications[END_REF], whose position was optimized to ensure maximum fluorescence quenching upon Cu 2+ binding. [START_REF] Choi | A novel copper-chelating strategy for fluorescent proteins to image dynamic copper fluctuations on live cell surfaces[END_REF] Despite the apparent affinity of such ATCUN-GFP was estimated to be log K a  8 by fluorometric titrations, the authors showed that an ATCUN-GFP was competitive with human SA for Cu 2+ (> 40% Cu 2+ was bound to the sensor in the presence of equimolar SA), and reversibility was shown upon addition of EDTA. This also suggests that direct competition experiments are more informative than distinct affinity measurements, especially if they are performed via different techniques. Finally, the fusion of the sensor with a signal peptide and a transmembrane domain allowed localizing the probe on the cell surface and detect Cu 2+ added to the cell medium.

Perspectives

Overall, it seems evident that each probe discussed above has one or more shortcomings for application in biological media.

In particular, none of the coordination-based probes applied in serum showed a suitable affinity for the detection of endogenous Cu 2+ , unless the latter is released from its endogenous ligands during the sample treatment. Likewise, the CuAAC-based systems reported (6 and 7) were applied in serum after acid treatment, hence the total Cu was measured instead of the labile. However, the results obtained with the CuAAC-based probe 11 in urine might suggest the possibility to distinguish between total and labile Cu using this type of sensor. The coordination-based sensor 10 used in urine revealed not to be well suited, as it showed lower affinity than His and Cys, likely endogenous ligands in such biological fluid. Albeit their low affinity, probes applied in brain dialysates and cell culture seemed to be responsive to micromolar concentrations of Cu 2+ , probably due to the lack of very strong ligands therein. Interestingly, the probe 14 detected only the labile Cu 2+ released by synaptosomes upon depolarization. Remarkably, only the ATCUN-GFP probe [START_REF] Gonzalez | N-Terminal Cu-Binding Motifs (Xxx-Zzz-His, Xxx-His) and Their Derivatives: Chemistry, Biology and Medicinal Applications[END_REF] was shown to be competitive with SA and hence suitable for application in cell culture and maybe in serum. Additionally, the selectivity of the probes reported, except for 17, is also an important issue. Indeed, very poorly selective probes have been exploited and the selectivity assays were normally performed with an equimolar or low excess of Zn 2+ , the most relevant competitor (see Section 3.3.3). Therefore, ATCUN-based peptide sensors appear to be quite suitable to measure CuEXC, as this natural-occurring motif (Xxx-Zzz-His) found in several SAs (see Section 2.1.1), benefits from high Cu 2+ -selectivity, reversibility and suitable-affinity (at least for cell culture medium). ATCUN motifs bind Cu 2+ with log K a = 12-15 (depending on the identity of amino acids in Xxx-Zzz-His-R as well as R), and hence the stronger ones could be suitable to detect Cu-fluctuations in the blood. To date, ATCUN-based probes have been mostly realized by conjugation to green-emitting dyes. [START_REF] Torrado | Exploiting polypeptide motifs for the design of selective Cu(II) ion chemosensors[END_REF][START_REF] Wende | Fluorophore ATCUN complexes: Combining agent and probe for oxidative DNA cleavage[END_REF][START_REF] Grüter | A high-affinity fluorescence probe for copper(II) ions and its application in fluorescence lifetime correlation spectroscopy[END_REF] In this regard, care should be taken in using ATCUN-like motifs or in conjugating fluorophores to an ATCUN peptide amino-terminus, as the latter can be converted into an amide or an aromatic amine, drastically reducing the affinity for Cu 2+ . [START_REF] Zheng | A dansylated peptide for the selective detection of copper ions[END_REF][START_REF] Hao | A retrievable, watersoluble and biocompatible fluorescent probe for recognition of Cu(II) and sulfide based on a peptide receptor[END_REF][START_REF] Jung | Efficient Ensemble System Based on the Copper Binding Motif for Highly Sensitive and Selective Detection of Cyanide Ions in 100% Aqueous Solutions by Fluorescent and Colorimetric Changes[END_REF][START_REF] Müller | Ultrasensitive and Selective Copper(II) Detection: Introducing a Bioinspired and Robust Sensor[END_REF] More recently, we reported an ATCUN sensor conjugated to a luminescent Tb 3+ complex, in order to get rid of the autofluorescence background of biological media. [START_REF] Falcone | A Terbium(III) luminescent ATCUNbased peptide sensor for selective and reversible detection of Copper(II) in biological media[END_REF] Effectively, this ATCUN-Tb 3+ sensor proved to be suitable to detect labile Cu 2+ fluctuations in the presence of competitors in a highly fluorescent background. Among the probes applied in the blood, which is likely the most challenging medium for optical probes, only two of them were provided with well-suited NIR-emitting fluorophores (4 and 5).

Overall, it seems clear that only a very few sensors so far reported have favourable properties for application in biological Cu 2+ sensing. Therefore, future probes should be designed to benefit from the full set of features sought, i.e. suitable affinity, specificity, reversibility, suited luminophores, as well as solubility in aqueous solutions.

MRI probes

Metal ion-responsive MRI contrast agents

MRI contrast agents

Beside luminescence, MRI can also be used to sense ions such as Cu 2+ . MRI is one of the most powerful imaging modalities in clinical medicine as it is able to give images that are spatially and dynamically very well resolved. Contrast agents (CA) are used in clinics to enhance the contrast between normal and pathologic tissues. This enhancement reflects their biodistribution, which is mainly non-specific. All commercial CAs are extracellular fluid agents and one is used for the hepatobiliary system. [START_REF] Wahsner | Chemistry of MRI contrast agents: Current challenges and new frontiers[END_REF] A blood-pool agent, successful to improve the visualization of the vascular system, thanks to its long circulation lifetime, has been removed from the market due to poor sales. [START_REF] Oliveira | Blood pool contrast agents for venous magnetic resonance imaging[END_REF][START_REF] Parrott | Smart MRI agents for detecting extracellular events in vivo: Progress and challenges[END_REF] There is a great interest to develop CAs with increased specificity, i.e. that could target or detect various biomarkers that characterize a physiological or pathological process. An attractive approach is to develop CAs that are responsive to important physiological parameters, such as pH, enzyme activity, metabolites, and ion flux. Most of the currently-used CAs are paramagnetic Gd 3+ complexes that increase the MR signal on relaxation time-weighted images. Such CAs are indirectly detected by their effect on surrounding water protons, namely by decreasing their longitudinal relaxation time T 1 . Indeed, in T 1 -weighted MR images, a brighter signal is related to shorter T 1 relaxation time.

The extent to which a paramagnetic Gd 3+ ion (normalized to 1 mM) can change the relaxation rate (1/T 1 ) of water protons is expressed by the relaxivity r 1 . The link between the observed relaxation time and the relaxivity is shown by the following equation: where is the observed relaxation time, is the relaxation time in the absence of contrast agent, r 1 is the relaxivity of the CA and [CA] is the concentration of the Gd 3+ ion. Eq. 1 shows that important increase of the relaxation rate is obtained with CAs having high relaxivity and being present at high concentration in the site of interest. Several parameters affect the relaxivity r 1 of a CA, and three of them can be tuned by chemists through careful structural design: (i) q, the number of water molecules directly linked to the Gd 3+ ion, (ii) their exchange rate with bulk water and (iii) the rotational tumbling or rotational correlation time (τ R ) of the CA. [START_REF] Merbach | The Chemistry of Contrast Agents in Medical Magnetic Resonance Imaging: Second Edition[END_REF] Higher relaxivity can be achieved by increased hydration number, higher water exchange rate (to affect a higher number of water molecules) and slower tumbling. [START_REF] Wahsner | Chemistry of MRI contrast agents: Current challenges and new frontiers[END_REF][START_REF] Que | Responsive magnetic resonance imaging contrast agents as chemical sensors for metals in biology and medicine[END_REF] 

Mechanism of ion-responsive CAs

Various responsive CAs have been developed to study metal ions, associating an ion-binding ligand to a Gd-complex. Such responsive CAs rely on a change of r 1 upon metal ion binding. The most common mechanism for this purpose consists in the increase of the number of water molecules (q) in the inner-coordination sphere of Gd 3+ (Figure 8). When the targeted ion binds to its ligand, the accessibility of water to the Gd 3+ ion site is increased due to the displacement of a weak Gd 3+coordinating arm. The signal enhancement of q-modulated CAs is primarily independent on the magnetic field.

The second mechanism for metal ion detection consists in the decrease of the tumbling rate, which results from the increase of the molecular size, for example through non-covalent binding to an endogenous high-molecular-weight structure (see Figure 8). Such τ R -modulated mechanism has a relevant effect at clinical magnetic fields but becomes negligible at higher fields. Overall, an ideal ion-responsive MRI CA has two distinct states, an "off" state characterized by q value of 0 and relatively short τ r in absence of the target ion, and an "on" state with an increased q value (1 or 2) and longer τ R after ionbinding. [START_REF] Caravan | Strategies for increasing the sensitivity of gadolinium based MRI contrast agents[END_REF][START_REF] Heffern | Lanthanide probes for bioresponsive imaging[END_REF][START_REF] Pierre | Comparing Strategies in the Design of Responsive Contrast Agents for Magnetic Resonance Imaging: A Case Study with Copper and Zinc[END_REF] Figure 8. Illustrative mechanism of Cu 2+ responsive MRI contrast agents (CA). In q-based CAs, Cu 2+ binding displaces a coordinating arm from the Gd 3+ with consequent q increase. In τ R -based CAs, relaxivity increases due to the formation of a ternary complex between Cu 2+ , the CA and a slow tumbling system (e.g. a protein). In q-and τ R -based CAs, both mechanisms co-exist.

Cu 2+ -responsive CAs

General aspects of Cu 2+ -responsive Gd 3+ -based CAs

Most of the Cu 2+ -responsive contrast agents rely on DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid) as heptadentate Gd 3+ ligand. As such, they allow q increase, but this is also accompanied by reduced thermodynamic stability and kinetic inertness compared to ligands with higher denticity. The reduced stability of the Gd 3+ complexes can lead to transmetallation with endogenous metal ions and consequent release of toxic free Gd 3+ . In addition, in vivo, the two innersphere water molecules of Gd 3+ complexes can be replaced by endogenous anions such as citrate, lactate, carbonate, or phosphate. These physiological anions hinder the access of water molecules to the metal site, resulting in a strong relaxivity decrease. Therefore, anion sensitivity and transmetallation, as well as high thermodynamic and kinetic stability, are key factors to consider during the design of smart CAs. As well as for luminescent sensors, the affinity, reversibility, and selectivity of ion-responsive CA probes are important criteria for application in biological media (see Section 3.3). Cu 2+ -responsive CAs generally show reversible Cu 2+ binding, and their affinity can be tuned by appropriate ligand choice. Moreover, thanks to the sensing mechanism described, such probes are normally "turn-on". It is noteworthy that, contrary to luminescent Cu 2+ sensors, where specific quenching by Cu 2+ accounts for additional signal selectivity, the selectivity of Cu 2+ -responsive CAs merely stems from the relative affinity of switching coordinating arm for Cu 2+ compared to other competing cations. In other words, in an ideal Cu 2+ -selective CA, the switching coordinating arm of the Cu 2+ -binding ligand should have a higher affinity for Cu 2+ than for Gd 3+ , but a higher affinity for Gd 3+ than for potential competing ions, such as Fe 3+ and Zn 2+ .

Requirements of Cu 2+ -responsive MRI probes for application in biological media

In order to estimate the relaxivity values of Cu 2+ -free and Cu 2+ -bound CAs that are suitable to detect endogenous Cu 2+ , we consider the relaxation rate ( ) in the presence of a CA, (Eq. 2) and the relaxation rate observed upon binding of Cu 2+ to the CA, (Eq. 3):

where is the total concentration of Gd 3+ , is the concentration of Cu 2+ -bound CA, is the concentration of Cu 2+ -free CA, and is the relaxivity of the Cu 2+ -bound CA. Combining Eq. 2 and 3, the following relation can be obtained (see Appendix B):

where is the relative relaxation rate increase. Equation 4shows that depends on the properties of the MRI probe (i.e. the relaxivity , the total concentration of CA [CA] T and the concentration of Cu 2+ -bound CA, [Cu-CA]), the properties of the site of interest (i.e. the amount of available Cu 2+ and the relaxation rate in absence of CA, ), and on the detectable contrast difference (here expressed as

). Commercial CAs have relaxivity values around 4 mM -1 s -1 . It is estimated that the local concentration of such CAs must be ~125 µM to observe a robust contrast difference in tissue. This clearly detectable contrast change corresponds to an increase of of ~0.5 s -1 . [START_REF] Wahsner | Chemistry of MRI contrast agents: Current challenges and new frontiers[END_REF] However, it is possible to detect much smaller increase (e.g. 10%), which corresponds to smaller CA concentration (down to 10 µM). [START_REF] Ngen | Advances in monitoring cell-based therapies with magnetic resonance imaging: Future perspectives[END_REF][START_REF] Herrmann | Molecular Imaging of Tumors Using a Quantitative T1 Mapping Technique via Magnetic Resonance Imaging[END_REF][START_REF] Herrmann | Dynamic quantitative T1 mapping in orthotopic brain tumor xenografts[END_REF] Overall, and define the detection limit of the CA and hence of Cu 2+ (as ). The value of , ranges from 0.5 to 2 s -1 in most tissues, tumors and blood. Particularly, the value of human blood has been found to be around 0.53 s -1 in vivo and 0.60 s -1 ex vivo at 3 T. [START_REF] Wahsner | Chemistry of MRI contrast agents: Current challenges and new frontiers[END_REF][START_REF] Li | Fast measurement of blood T1 in the human carotid artery at 3T: Accuracy, precision, and reproducibility[END_REF][START_REF] Shen | T1 relaxivities of gadolinium-based magnetic resonance contrast agents in human whole blood at 1.5, 3, and 7T[END_REF] Therefore, for instance, if is 0.5 s -1 and we assume that a 10% increase in the relaxation rate ( = 0.1) brings a distinguishable image contrast, a CA with r 1 = 5 mM -1 s -1 is detectable at [CA] T ≥ 10 µM. This highlights the limit of sensitivity of current Gd 3+ -based contrast agents, as concentrations below 5 µM are hardly detectable. The concentration of Cu 2+ -bound CA ([CuCA]) depends on the affinity of the Cu 2+ -binding ligand, as well as the affinity and concentration of competitive endogenous ligands (see Section 3.3). Here, for the sake of simplicity, we consider a CA able to bind 3 µM Cu 2+ (the average amount of albumin-bound Cu 2+ in physiological conditions, see Table 2). Thus, if a CA with an r 1 = 5 mM -1 s -1 is detectable at a concentration as small as [CA] T = 10 µM, then the value required to detect 3 µM Cu 2+ is ~23 mM -1 s -1 , which corresponds to a relaxivity increase ( ) of ~370% (see Table 10). If the same CA is present at [CA] T =100 µM, a low Cu 2+ -loading of the CA (3%) is achieved and a relaxivity value as high as = 38 mM -1 s -1 is necessary, corresponding to a Δr % of ~670%. Remarkably, this reveals that a higher is needed to detect a certain concentration of Cu 2+ with a CA present at higher concentration, as it implies a lower Cu 2+ -loading (l = [CuCA]/[CA] 0 ). Instead, a CA with higher relaxivity needs a lower to detect the same amount of Cu 2+ . As an example, a CA with r 1 = 10 mM -1 s -1 at 10 µM concentration needs a of ~300%. Moreover, the use of a CA with a higher relaxivity value allows detecting lower CA concentrations. Indeed, a CA with r 1 = 10 mM -1 s -1 is detectable at a concentration of 5 µM, and in this condition it requires even lower (~280%). Unfortunately, these high values are difficult to reach since the impact of the q-increase (see Section 5.1.2) is not sufficient to obtain such upon Cu 2+ -binding to q-based CAs (see Table 11 and Section 5.4). Therefore, CAs with higher r 1 are needed. For example, a CA with an r 1 = 50 mM -1 s -1 and 10 µM concentration needs a of only ~70% to detect 3 µM Cu 2+ (note that the loading l is 30%). Importantly, considering that a CA in the blood would likely bind less than 3 µM Cu 2+ (see Section 3.3), even higher r 1 might be needed. Overall, in the conception and design of a Cu 2+ -responsive CA, the targeted concentration of Cu 2+ , the relaxation rate of the medium ( ) and its detectable change ( ) are key factors to consider in order to suitably tune the r 1 and the . [START_REF] Beuning | Measurement of Interpeptidic Cu(II) Exchange Rate Constants by Static Fluorescence Quenching of Tryptophan[END_REF]. [START_REF] Que | A smart magnetic resonance contrast agent for selective copper sensing[END_REF][START_REF] Que | Copper-responsive magnetic resonance imaging contrast agents[END_REF] Both Cu 2+ -activated CAs contain a Gd 3+ -DO3A complex linked to a Cu 2+binding group. In 18, the Cu 2+ -binding site is an iminodiacetate-like moiety, with the carboxyl groups acting as switching arms, whereas in 19 Cu 2+ is tetracoordinated by pyridine (the switching arm), amino, carboxyl and thioester groups. A of 41% and 73% after the addition of one equivalent of Cu 2+ (see Table 11) was observed for probes 18 and 19, respectively. The compound 18 showed an apparent log K a = 3.8. The value obtained for compound 19 (log K a = 15) implies a surprisingly high affinity, which was determined via a competition experiment with ethylenediamine. However, the affinity values used for ethylenediamine were β 11 = 3.0•10 10 and β 12 = 3.5•10 19 and no pK a values were given. The neglect of the pK a of the amines (~7 and 10), would lead to an overestimation of the affinities by roughly 5 logarithmic units at pH 7.4, which implies an actual log K a ~ 11 that fits with such type of ligands. [START_REF] Rorabacher | Influence of coordination geometry upon copper(II/I) redox potentials. Physical parameters for twelve copper tripodal ligand complexes[END_REF] Therefore, it would have been interesting to test 19 in the presence of a physiological relevant competitor, like human SA in blood and CSF. The selectivity for Cu 2+ over several biological metal ions was assessed by relaxivity experiments, but only in the presence of equimolar ions or 10-fold excess of Zn 2+ , which is far too little to reflect the situation in vivo (see Section 3.3.3). Interestingly, the effect of the addition of 30 µM of Cu 2+ (corresponding to the estimated amount of Cu released during neural activity) to the contrast agent at 0.21 mM concentration was explored. A = 9% was obtained, which is expected to be lowered in vivo due to the presence of Cu 2+binding competitors. [START_REF] Kotuniak | Key intermediate species reveal the Cu (II) exchange pathway in biorelevant ATCUN/NTS complexes[END_REF], containing a bidentate 8-amidequinoline moiety attached to a Gd 3+ -DO3A complex. [START_REF] Li | A gadolinium(III) complex with 8-amidequinoline based ligand as copper(II) ion responsive contrast agent[END_REF] A around 70% (at 400 MHz in 100 mM HEPES) was observed upon complexation of an equimolar amount of Cu 2+ ion. An inconsistently high log K a = 9.8 for such ligand was reported. The value was obtained by a spectrophotometric Cu 2+ -titration using the relation Abs = [Cu]/(K d + [Cu]). However, this approach is valid only when Cu and ligand concentrations are close to the K d value (about K d ±100). Although no details on the experiments were given, it seems evident that the absorption measurements were not done in the optimal pM range due to the too low absorption at these concentrations. Selectivity for Cu 2+ over one equivalent of biologically relevant metal ions was observed. However, in the presence of 10-fold Zn 2+ excess, the relaxivity response was slightly reduced, showing that this relaxivity decrease would be much stronger under physiological concentrations and thus the selectivity would be likely lost. The sensitivity of the responsive CA towards biological anions at physiological concentrations was studied by relaxivity experiments. While lactate showed a relatively negligible effect, the presence of citrate, HCO 3 -or H 2 PO 4 -restricted the Cu 2+ induced relaxivity enhancement. Moreover, in a simulated extracellular anion solution, the was almost twice weaker (38 %) than in the absence of these anions. Duan et al. designed and studied a bimodal probe for selective Cu 2+ sensing by MR and fluorescence imaging [START_REF] Liu | Transcuprein is a macroglobulin regulated by copper and iron availability[END_REF]. [START_REF] Zhang | Dual-functional gadolinium-based copper(II) probe for selective magnetic resonance imaging and fluorescence sensing[END_REF] The probe consists of a Gd 3+ -DO3A complex linked to a DPA chelator and a naphtalimide luminescent derivative. A relatively high relaxivity value (5.53 mM -1 s -1 in H 2 O, 20 MHz) of the Cu-free CA was measured, and a = 42% was obtained after addition of up to 3 equivalents of Cu 2+ . Relaxivity enhancement experiments revealed an apparent log K a = 4.1. An increase of q from 0.28 to 2.58 upon Cu 2+ addition (measured by luminescence lifetime experiments) was found. It shows that the binding of the bulky DPA group prevents water access to the Gd 3+ ion of the Cu-free CA, and upon Cu 2+ binding to DPA, this access is recovered. Based on these results, we can suggest that the high relaxivity value in absence of Cu 2+ could be due to partial aggregation of the neutral complex, probably mediated by the lipophilic naphtalimide group. However, although there is a big Δq upon Cu 2+ complexation, the relaxivity increases only slightly, which could be explained by partial loss of aggregation of the resulting positively charged compound. Selectivity for Cu 2+ was shown over physiological metal ions and up to a 3-fold Zn 2+ excess. Fluorescence studies were performed in the presence of methanol (MeOH:H 2 O, 1:2) for increased solubility. The fluorescence was quenched upon addition of Cu 2+ . The fluorescence quenching was also observed at low concentration of CA (0.1 µM) and a detection limit of 6 ppb ( 90 nM) was established in these conditions. Another bimodal Cu 2+ -responsive CA for MRI and fluorescence has been reported by Kim and collaborators [START_REF] Moriya | Copper is taken up efficiently from albumin and α2-macroglobulin by cultured human cells by more than one mechanism[END_REF]. [START_REF] Jang | Cu2+-responsive bimodal (optical/MRI) contrast agent for cellular imaging[END_REF] The probe is composed of a fluorescent naphtalimide reporter linked to a linear Gd 3+ complex and an iminodiacetate-derived Cu 2+ chelator. In the absence of Cu 2+ , a low r 1 = 2.01 mM -1 s -1 (60 MHz, 20 mM HEPES) was observed, which is consistent with the absence of coordinated water molecule. A =100% was observed in the presence of two equivalent of Cu 2+ . In contrast, in the presence of up to a ten-fold excess of Zn 2+ , the relaxivity marginally decreased. Accordingly, the fluorescence was quenched in the presence of Cu 2+ and remained unchanged in the presence of ten-fold Zn 2+ excess. A binuclear MRI CA responsive to Cu 2+ ions has been studied by Xu et al. It combines two Gd 3+ -DO3A complexes that are linked to a bis(pyrazolyl)-pyridinyl derivative [START_REF] Catalani | Free copper in serum: An analytical challenge and its possible applications[END_REF]. [START_REF] Xiao | A smart copper(II)-responsive binuclear gadolinium(III) complex-based magnetic resonance imaging contrast agent[END_REF] A = 76% from 6.40 to 11.28 mM -1 s -1 (in HEPES, 60 MHz) was observed upon addition of 1.2 equivalent of Cu 2+ . The CA showed selectivity in vitro over other biologically-relevant metal ions, and in particular over Zn 2+ in ten-fold excess. The presence of biological anions at physiological concentrations affected the Cu 2+ response of the CA, and a = 26% was observed in a simulated extracellular anion solution. Sherry and collaborators developed a Cu 2+ -responsive MRI CA (GdL 1 , 24), aiming at the formation of a ternary complex with Cu 2+ and human SA in order to obtain an increase of τ R . [START_REF] Paranawithana | A Responsive Magnetic Resonance Imaging Contrast Agent for Detection of Excess Copper(II) in the Liver in Vivo[END_REF] This probe consists of a Gd 3+ -DO3A-monoamide complex linked to a bis(benzoic acid)methylamine group, which showed a very low affinity for Cu 2+ (log K a = 4). This compound presented a = 43% from 4.7 to 6.7 mM -1 s -1 (in MOPS, 20 MHz) upon the addition of Cu 2+ . The was also measured in the presence of other relevant metal ions, revealing Zn 2+ as a relevant competitor, with an increase of 12%. This competition is expected to increase in vivo due to the general higher availability of Zn 2+ . Relaxivity was also measured in the presence of SA in MOPS buffer to assess the potential interaction between GdL and the protein. Indeed, a = 30% of the Cu-free CA was obtained upon addition of SA, suggesting an interaction between the two molecules. Besides, a strong = 270% was measured upon the addition of one equivalent of Cu 2+ to a buffer solution containing SA and the CA. Considering the very low affinity of GdL 1 for Cu 2+ (log K = 4) compared to human SA (log K = 13), Cu 2+ certainly binds to the protein N-terminal site. Indeed, XANES spectra of SA-GdL-Cu and SA-Cu are nearly identical and different from that of GdL 1 -Cu, supporting that the Cu 2+ ion is coordinated in the same environment of the protein in the absence or presence of GdL 1 . EXAFS analysis confirmed this result and also suggested that the GdL 1 could loosely coordinate axially to Cu-SA. Thus, even though it is not evident which is the source of such high induced by Cu 2+ , it can be speculated that Cu-binding to SA further decreases the local molecular motion of GdL 1 . Overall, Cu 2+ bound to the SA in the ATCUN site has a saturated equatorial coordination sphere and does not form a strong ternary complex. T 1 -weighted MR imaging experiments at 4.7 T in healthy mice have been realized in order to detect labile Cu 2+ pools in the liver and some other organs. These experiments have been realized injecting GdL 1 in mice before and after treatment with the strong Cu + chelator tetrathiomolybdate (TTM, log K a = 19.6). [START_REF] Smirnova | Copper(I)-binding properties of de-coppering drugs for the treatment of Wilson disease. α-Lipoic acid as a potential anti-copper agent[END_REF] Effectively, the MRI signal showed a 50% decrease when the chelator was injected before the CA. Nevertheless, the responsiveness of probe 24 to Cu 2+ in vivo is doubtful. In order for the probe to work, the ternary complex between Cu 2+ , the CA and SA should be favoured, i.e. be stronger, than both Cu 2+ -CA and Cu 2+ -SA complexes alone. This is not the case, as the XAS and affinity studies showed. Another issue is that any Cu 2+ -independent interaction between the CA and the protein represents a potentially significant source of an off-target response. Actually, in vitro studies showed that probe 24 is sensitive not only to Cu 2+ -binding to SA but also to apo-SA, which is an inherent source of non-specificity. In addition, even though Cu-SA-GdL 1 showed = 270% while SA-GdL 1 showed = 30%, apo-SA is much more abundant than Cu-SA in vivo. Indeed, considering that SA Culoading is at most 2% under normal conditions (see Table 2), it results that at physiological concentrations, the relaxivity contribution of Cu-SA-GdL is less than 10% of that of GdL-SA complex, showing that the signal change is mainly due to association of CA with SA, regardless its Cu-loading. Thus, more studies would be helpful to understand the MRI signal with 24 after TTM treatment, taking into account the possibility that TTM treatment lowers SA levels leading to less GdL 1binding, as TTM-Cu-SA complexes can be excreted via the bile. [START_REF] Suzuki | Molybdenum and Copper Kinetics after Tetrathiomolybdate Injection in LEC Rats : Specific Role of Serum Albumin[END_REF][START_REF] Rupp | Tetrathiomolybdate (TTM)[END_REF] 

Perspectives

From the description of the Cu 2+ -responsive CAs reported to date, it appears that they are mainly flawed by too low affinity and selectivity to be applied in biological systems. Nevertheless, as for the luminescent probes, this issue may be overcome via the improvement of the Cu 2+ ligand moiety. Importantly, as mentioned in Section 3.3.2, a probe applied in vivo should also have a not-too-high affinity in order not to drastically perturb the physiological homeostasis. According to the calculations in Section 5.2.2, the Cu 2+ -responsive CAs currently reported also show too low r 1 to detect the exchangeable Cu 2+ in the blood. Nevertheless, such r 1 values might be sufficient to detect Cu 2+ where its local concentration attains levels higher than ~10 µM, such as at the synapse. Another limitation of current probes is that they all rely on q-increase (and probe 24 is based also on τ R -increase), which results in a between ~40% and ~120% with 100% Cu-loading. In this regard, it is worth noting that such CAs would not be saturated in vivo and hence lower would be observed. Therefore, in order to be suited for in vivo applications, future Cu 2+ MRI probes require higher r 1 and/or . The improvement of both parameters can be achieved, for instance, by tuning the tumbling rate of the system. Indeed, higher r 1 can be obtained using CAs with higher molecular weight, e.g. by grafting one (or many) Gd 3+ complexes on a macromolecule or polymer. [START_REF] Werner | High-relaxivity MRI contrast agents: Where coordination chemistry meets medical imaging[END_REF][START_REF] Zhou | Gadolinium-based contrast agents for magnetic resonance cancer imaging[END_REF] Besides, higher could be achieved via the combination of both q-and τ R -based mechanisms (see Figure 8), e.g. via the Cu 2+ -dependent formation of a ternary complex between the probe and a bigger molecule (as conceived for probe 24), or via a Cu 2+ -induced conformational change that decreases the molecular flexibility. Besides the CAs properties, a major practical issue is that the concentration of a CA in vivo changes over time. The impact of such variations on cannot be easily discriminated from changes of the Cu 2+ -loading and the relaxivity values. To circumvent concentration dependence, appropriate experimental methods have to be considered. [START_REF] Ekanger | Overcoming the concentration-dependence of responsive probes for magnetic resonance imaging[END_REF][START_REF] Mukherjee | Biomolecular MRI reporters: Evolution of new mechanisms[END_REF] For example, the "dual-injection method" consists in administering a control CA whose relaxivity is Cu 2+ independent and a Cu-responsive probe, both having very similar in vivo profiles. Another approach could be the "dual-mode strategy", that combines two or more MRI detection modes (e.g. T1-and T2-weighted images) or other imaging modalities with high sensitivity (PET, SPECT, optical methods). The T 1 /T 2 ratiometric relaxation rates method has also demonstrated concentrationindependence. [START_REF] Ekanger | Overcoming the concentration-dependence of responsive probes for magnetic resonance imaging[END_REF] A further methodology could be the use of a stimulus, such as the injection of a Cu 2+ drug or chelator, to perturb the local concentration of Cu 2+ and trigger a signal change. [START_REF] Paranawithana | A Responsive Magnetic Resonance Imaging Contrast Agent for Detection of Excess Copper(II) in the Liver in Vivo[END_REF] Finally, it is also interesting to point out that for diagnostic purposes it might be not necessary to distinguish between "free" and Cu 2+ -loaded CA (as considered in Section 5.2.2) For example, in order to detect only abnormally high Cu 2+ levels, a suitably-designed CA could be administered at low enough concentration so that it would be undetectable in the Cu-free form or in the presence of relatively low Cu 2+ concentrations, but it would trigger a significant signal change only if Cu 2+ levels are higher than a certain threshold. [START_REF] De Leon-Rodriguez | Responsive MRI agents for sensing metabolism in vivo[END_REF] 

Conclusions

The study of Cu 2+ speciation in extracellular fluids is paramount to understand Cu metabolism and the pathophysiology of Cu-related diseases. To date, Cu 2+ pools in the blood are the best characterized, but several points (e.g. the involvement of α 2 M, the nature of SCC) still have to be addressed. Conversely, despite their relevance for diagnosis, little is known about Cu 2+ pools in urine and CSF, which do need future investigations. For the same purpose, the development of probes for the direct detection and measurement of exchangeable Cu 2+ pools would be particularly useful to avoid non-innocent sample treatments and separation steps. In order to access such exchangeable Cu 2+ pool, a probe must have a suitable affinity for Cu 2+ and high selectivity and it must also be reversible to detect fluctuations. In particular, an affinity comparable or higher than endogenous ligand and a suitable concentration are sought to compete with endogenous ligands and be responsive to fluctuations. In addition, quantitative measurements of the total exchangeable Cu 2+ pool also require thorough knowledge (identity, concentrations, binding affinity and kinetics) of the exchangeable Cu 2+ pools in a certain environment. Therefore, different sensors, with opportunely tuned parameters, should be used in different extracellular fluids, where Cu 2+ concentration and speciation are different. For instance, exchangeable Cu 2+ in blood serum attain about 0.8-4.8 µM concentration (5-30% total serum Cu), whereas lower concentrations (< 0.5 µM) are normally found in urine and CSF. Hence, a lower detection limit is required for application in urine and CSF compared to blood. Moreover, urinary Cu increases considerably between healthy subjects and patients treated for WD (from < 0.5 µM to > 25µM), and hence the application of more than one probe might be envisioned in this case. Besides, the selectivity of a probe for Cu 2+ over competing physiological metal ions, mainly Zn 2+ , in a certain compartment depends on the levels of both endogenous metal ions and ligands therein. In general, the log K CuP of the probe must be higher than log K CuL of endogenous ligands (e.g. log K CuL > 13 in the blood) and log K ZnP must be lower than log K ZnL (e.g. log K ZnL = 7 in the blood) .

Luminescent probes are appealing due to sensitive detection. Luminescent turn-on would be preferable, but it is very difficult to obtain with reversible Cu 2+ sensors. Turn-off probes are suited to measure fluctuations, but their quantification is challenging because of biological autofluorescent background and inner-filter effects. Ratiometric probes, instead, allow quantifying the portion of the Cu 2+ -bound sensor and seem to be a good compromise. To date, very few luminescent sensors really suited for biological applications are available, in particular for the blood, mainly as a consequence of low affinity and selectivity, as well as a nonoptimal choice of the fluorophores (see Table 7). Besides, MRI is a very useful tool for in vivo imaging, and in contrast to luminescence, it is not challenged by tissue penetration. However, MRI is flawed by the relatively low sensitivity. As the exchangeable Cu 2+ pools are normally in the low µM or sub-µM range, several parameters of MRI probes, mainly r 1 and , must be optimized in order to detect exchangeable Cu 2+ . To date, the reported MRI probes for Cu 2+ do not allow the detection of exchangeable Cu 2+ . As well as for luminescent probes, the affinity of reported probes is generally too low to compete with the endogenous Cu 2+ ligands (see Table 11). The selectivity is also a concern, as it is normally addressed only in vitro with a low excess of competing metal ions and in absence of their physiologically-relevant ligands. In addition, the sensitivity of responsive MRI CAs to biological anions, which can displace water from Gd 3+ coordination sphere, is an overlooked issue that deserves more attention. Only one study applied a Cu 2+ MRI probe in vivo. Although a successful detection of Cu 2+ was claimed, it appears incompatible with the too-low affinity and selectivity for Cu 2+ of the MRI probe. Nevertheless, the recourse to τ R -based MRI probes is potentially promising to attain higher and hence improve the sensitivity. An important issue is also how to distinguish changes of the exchangeable Cu 2+ (or the analyte in general) from concentration changes of the sensor. Therefore, probes implicating two or more signals may be useful. These can be unimodal, such as ratiometric luminescent probes bearing two luminophores (one Cu 2+ -sensitive and the other insensitive), or multimodal, such as combining MRI with PET or luminescence. In summary, the design of Cu 2+ sensors via luminescent and MRI-active probes is really challenging, as several important parameters have to be considered. For MRI-active probes, sensitivity is likely the most challenging issue, as exchangeable Cu 2+ concentrations are low. Indeed, no convincing study has been reported that successfully and specifically detected Cu 2+ in vivo. Luminescence probes are also very limited. Autofluorescence background is a difficulty, in particular in the blood plasma, and no convincing luminescent Cu 2+ probe has been reported. The detection in other fluids with minor background fluorescence might be more straightforward, but even then, specificity and other parameters can still be very challenging. Thus, we are just at the beginning of the development of biological-applicable luminescent or MRI-active Cu 2+ probes, a useful tool to understand Cu biochemistry.
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 11 Figure 1. Cellular Cu uptake and metabolism. Cu uptake from serum carriers (Cp, SA, α 2 M, LMW ligands) takes place either directly or upon Cu 2+ (dark blue circles) reduction to Cu + (light blue circles) by STEAP reductase or small reductants. Cu + is then imported through Ctr1. Intracellular metallochaperones (and potentially LMW ligands such as GSH) shuttle Cu + to specific sub-cellular targets: CCS to SOD1, Cox17 to the mitochondria (and hence to COX), Atox1 to ATP7A/B. The latter transport Cu + into the TGN lumen, where Cu-enzymes are assembled, or outside the cell.

Figure 2 .

 2 Figure 2. Schematic workflow of chelation-based methods for exchangeable Cu detection. To date, most methods (red arrows) first requires incubation (1, red) of the sample containing the exchangeable Cu (Cu EXC ) with a chelator (C), subsequent separation of the Cu-C complex from other Cu pools (2, red) and final detection (3, red) of the Cu-C complex. In the method reported by Squitti et al. (blue arrows), the Cu EXC is first separated (1, blue) and then incubated with C (2, blue) and finally detected (3, blue). The use of Cu-responsive spectroscopically active probe (green arrow) avoids the separative step, allowing the detection of Cu-C (2, green) directly after its incubation (1, green) with the sample.

[

  CuSA] 0, (e.g. ~0.5 µM for [P] 0 = 10 µM and ~0.1 µM for [P] 0 = 1 µM) but it is saturated at lower [CuSA] 0 concentration than the former weaker probe, e.g. ~10 µM for [P] 0 = 10 µM and ~1 µM for [P] 0 = 1 µM, (see Figure3B, C, blue dots).

Figure 3 .

 3 Figure 3. A) Mutual dependence of the log and the Cu-loading l of a probe at different concentrations [P] 0 ; Loading of a 10 µM (B) or 1 µM (C) probe with respect to [Cu-SA] 0 .

Figure 4 .

 4 Figure 4. Cu2+ -binding equilibria in the absence (left) and the presence of a competing (middle), or outcompeting sensor (right). In absence of any exogenous probe, "free" Cu 2+ is in equilibrium with the labile pool but not with the inert Cu pool. In presence of a competing sensor, labile Cu 2+ partially binds to it, interfering minimally with the native Cu distribution. An outcompeting sensor, instead, pulls out ideally all labile Cu, perturbing the system significantly.

Figure 5 .

 5 Figure 5. Illustrative mechanism of some luminescent Cu 2+ probes. A) Cu 2+ binding quenches the emission of the fluorophore; B) Cu reaction with a non-fluorescent pre-fluorophore forms a fluorescent product; C) Cu 2+ binding triggers the approach of a donor-acceptor FRET couple, producing/enhancing acceptor emission. D) Cu 2+ binding moves a quencher away from a fluorophore enabling its emission; E) Cu 2+ binding triggers a shift in the emission wavelength of the fluorophore. F) Cu binding quenches the fluorescence of a Cu 2+ -sensitive fluorophore but ideally does not influence the emission of a Cu 2+ -insensitive fluorophore.

Figure 7 .

 7 Figure 7. Mechanism of reactivity-based probe 8 (original name: BOPHY-NNBOH). Cu 2+ induces the hydrolysis of a nonfluorescent hydrazide producing a fluorescent aldehyde (blue).

  

Table 2 .

 2 Cu 2+ pools in the blood

	Ligand (MW)	Main function	Ligand Concentration	Cu-loading § (Number of Cu ions)	% Total Cu	log Ka (pH 7.4)	Kinetics
					65-71%		
	Ceruloplasmin (132 kDa)	Ferroxidase	0,2-0.5g/L (~2.6 µM) [14]	~ 90% (6) [14]	[23] 95% [14]	n/a	Inert [12]
					(~10-15 µM)		
	Serum Albumin (66 kDa)	Carrier (fatty acids, metal ions, …)	~ 0.6 mM	< 2% (1) [24]			

Table 3 .

 3 Relative Cu levels in some biological fluids and organs under WD and AD. Comparative symbols refer to Cu levels under normal conditions.

		total Cu	Plasma holo-Cp	labile Cu	Urine	Liver	Brain	total Cu	CSF holo-Cp	labile Cu
	WD	≈/< [35]	< [34]	> [8]	> [57]	> [45]	> [97]	≈/> [98-100]	< [99,100]	> [94]
	AD	> [36]	< [36]	> [36]	≈/> [8]	n/a	< [103]	≈ [104]	< [104]	> [104]
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 5 151] Interestingly, Woimant and coworkers later reported higher short-term (24h) stability of CuEXC compared to CuUF and proposed the Relative Exchangeable Cu (REC), i.e. the CuEXC/total Cu ratio, as a new biomarker due to high selectivity and high specificity in diagnosing WD.[START_REF] Balkhi | Relative exchangeable copper: A new highly sensitive and highly specific biomarker for Wilson's disease diagnosis[END_REF] Chelation-based methods for exchangeable Cu detection

	Chelator	Sample treatment	Detection	Ref.
		n/a	Colorimetric	[142]
		Extraction in mineral oil	ICP-MS	[143]
	diethyldithiocarbamate			
		Reaction with thiobarbituric acid in trichloroacetic acid at 100°C; extraction in butanol	Fluorometric catalytic assay	[144]
	1,10-phenanthroline			

Table 6 .

 6 Types of luminescent probes and their properties

	Mechanism	Signal	Reversibility	Source of selectivity	Kinetics	Applications
	Coordination-based	Turn-Off, Ratiometric	Reversible	Ligand coordination properties, Cu 2+ quenching ability	Fast	Single-point analysis Dynamic fluctuations
	Reactivity-based	Turn-On/Off, Ratiometric	Mostly irreversible	Cu 2+ reactivity	Mostly slow Single-point analysis

Table 7 .

 7 Coordination and spectroscopic features of the luminescent Cu 2+ probes applied in biological samples.

	Probe	Detection mechanism	log Ka	Ligand Selectivity	Reversibility	λex (nm)	λem (nm)	Ref.
	1	Turn-Off, Coordination-based	4.9	low	n/a	430	490	[213]
	2	Turn-Off, Coordination-based	n/a	low	x (I -)	270	310	[214]
	3	Turn-Off, Coordination-based	n/a	low	n/a	340	412, 518	[215]
	4	Turn-Off, Coordination-based	n/a	low	n/a	704	786	[216]
	5	Turn-Off, Coordination-based	n/a	low	x (EDTA)	500	727	[217]
		Turn-On,						
	6	Reactivity-based	n/a	n/a	NO	395	471	[218]
		(CuAAC)						
		Turn-On,						
	7	Reactivity-based	n/a	n/a	NO	450	520	[219]
		(CuAAC)						
		Turn-On,						
	8	Reactivity-based	n/a	n/a	NO (EDTA)	452	482	[220]
		(hydrolysis)						
	9	Turn-Off, Coordination-based	5	low	n/a	380	495	[154,221]
		Turn-Off, Coordination-based	n/a	low	x (Cys, His)	450	527	[222]
		Turn-On,						
		Reactivity-based	n/a	n/a	NO	488	525	[223]
		(CuAAC)						
		Turn-Off, Coordination-based	n/a	very low	n/a	328	550	[224]
		Turn-Off, Coordination-based	n/a	low	x	365	450	[225]
		Turn-Off, Coordination-based	5.6	low	x	414	645	[66]
		Ratiometric Turn-On, Coordination-based	n/a	low	n/a	455	477, 535	[226]
		Ratiometric Turn-Off, Coordination-based	n/a	low	X (EDTA)	517/432	595/510	[227]
		Turn-Off, Coordination-based	8	high	X (EDTA)	480	510	[228]

Table 8 .

 8 Cu 2+ measurements in biological samples by luminescent probes

	Probe	Sample	Cu source	Sensor concentration	Detection range (μm)	Comparative method	Ref.
		Human serum	Exogenous	5 μM	1-10	n/a	[213]
		Human serum	Exogenous	0.2 g/l (suspension)	 0.009-2.5	AAS (≈)	[214]
		Human serum	Exogenous	1 g/l	1-10	ICP-AES (≈)	[215]
		Mouse serum	Exogenous	2 μM (DMSO)	0.45-36.3	n/a	[216]
		Human serum	Endogenous	1 μM	16-23	AAS (≈)	[217]
		Human serum	Endogenous	n/a	 4	AAS (≈)	[218]
		Human serum	Endogenous	n/a	18-30	AAS (≈)	[219]
		Human serum	Endogenous and exogenous	n/a	1-5	n/a	[220]
		Human Serum	Endogenous	10 μM	0-3	n/a	[154]
	10	Human urine	Exogenous	10 μM	3-6	n/a	[222]
	11	Human urine	Endogenous	n/a	 0.13-9.9	ICP-OES (≈/>)	[223]
	12	Rat brain	Endogenous	n/a	2	n/a	[224]
	13	Rat brain	Endogenous	3.33% APTES 0.9 mg/mL CDs	2-5	ICP-MS (≈)	[225]
	14	Synaptosomes	Released	10 μM	0.2-25	ICP-MS (>)	[66]
	15	Cell culture	Released	2 μM	n/a	n/a	[226]
	16	Cell culture	Exogenous	n/a	n/a	n/a	[227]
	17	Cell culture	Exogenous	n/a	n/a	n/a	[228]

Table 9 .

 9 Blood sample treatment prior to Cu analysis

  Cu2+ in human serum (100-fold diluted in PBS), obtaining values between 16 and 23 μM, comparable to those measured by AAS.

	Probe	Sample treatment	Ref.
	1	4-fold dilution in HEPES buffer	[213]
	2	Coagulation (citric acid) Centrifugation (5 min at 2500 rpm)	[214]
	3	50-fold dilution in PBS	[215]
		Centrifugation (15 min at 2000 rpm)	
	4	Acid treatment (nitric acid)	[216]
		10-fold dilution in water	
	5	100-fold diluted in PBS	[217]
		Acid treatment (HCl, trichloroacetic acid)	
	6	Centrifugation	[218]
		Dilution in buffer	
		2-fold dilution in water	
		Acid treatment (nitric acid)	
	7	Centrifugation	[219]
		pH adjustment (NaOH)	
		10-fold dilution in buffer	
	8	Centrifugation (15 min at 7000 rpm) 20-fold dilution in water	[220]
	9	Ultrafiltration	[154]

Importantly, Ru-LPMSN was used to detect endogenous

Table 10 .

 10 Values of and(calculated via Eq. 4) needed to detect 3 µM Cu 2+ with CAs having different r 1 and [CA] T values and considering a relaxation rate = 0.5 s -1 and a detectable relaxation rate increase = 0.1.

	(mM -1 s -1 )	(µM) l (%)	(mM -1 s -1 )	(%)
	5	10	30	~23	~370
	5	100	3	~38	~670
	10	10	30	30	~300
	10	5	60	~28	~280
	50	10	30	~83	~70
	5.3				

State-of-the-art Cu 2+ -responsive CAs Research

  on Cu 2+ -responsive CAs is still in its infancy, hence much fewer examples are found in the literature compared to widely-explored luminescent sensors. Herein, Cu 2+ MRI probes reported to date are described and discussed (see Table11and Figure9). In 2006, Chang et al. presented the first Cu 2+ -activated MRI contrast agent[START_REF] Bossak-Ahmad | The Sub-picomolar Cu 2+ Dissociation Constant of Human Serum Albumin[END_REF] and a few years later, they reported other Cu + -and a Cu 2+ -responsive CAs

Table 11 . Selected parameters of the reported Cu 2+ -responsive CAs Probe (mM -1 s -1 ) (mM -1 s -1 ) (equivalent of Cu 2+ ) Mechanism Δq log Ka Selectivity over Zn 2+ in vitro (eq. Zn 2+ ) Reversibility Sensitivity to biological anions

 11 20 MHz, MOPS 100 mM, pH 7.4, 37 °C and SA 0.6 mM j Relaxivity enhancement k UV-Vis absorption, competition with ethylenediamine l Smith's method m Fluorescence quenching (5 μM CA, 1:2 MeOH: H2O, pH 7.0) n Fluorescence quenching (5 μM CA, HEPES 10 mM, pH 7.4) o Fluorescence quenching (20 μM CA, Tris 10mM, pH = 7.4) p Δr% = 12% upon Zn 2+ -binding Figure 9. Cu 2+ responsive MRI probes. Known or hypothesized Cu 2+ -binding sites and fluorescent groups in bimodal probes are highlighted in red and blue, respectively. Probe names reported in the original papers are reported in brackets. Chen et al. studied a new Cu 2+ -responsive MRI contrast agent

	Ref.

b 60 MHz, HEPES 20 mM, pH 7, 37 °C c 20 MHz, HEPES 20 mM, pH 7, 25 °C d 400 MHz, HEPES 100 mM, pH 7.2, 25 °C e 20 MHz, H2O, pH 7 f 60 MHz, HEPES 20 mM, pH 7.2, 25 °C g 60 MHz, HEPES 100 mM, pH 7.4, 25 °C h 20 MHz, MOPS 100 mM, pH 7.4, 37 °C

i
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Abbreviations Appendix A

The Cu dissociation constant of serum albumin (SA) and a probe P ( and , respectively) are defined as: and where CuSA and CuP the Cu complexes with SA and P, respectively.

If P and SA are in equilibrium, [Cu] is equivalent in the two equations, hence: Combining Eq. 2 and 3 and considering that , the following equation is obtained: Defining , it becomes from which Eq. 4 is obtained.