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Editorial on the Research Topic
 Advances in Analytical Techniques and Methodology for Chemical Speciation Study



On the basis of the International Union for Pure and Applied Chemistry (IUPAC) definition “speciation analysis” involves those “analytical activities of identifying and/or measuring the quantities of one or more individual chemical species in a sample”. “Speciation of an element” is also defined as “distribution of an element amongst defined chemical species in a system” (Templeton et al., 2000; Templeton and Fujishiro, 2017). It is now established that speciation studies in aqueous media are crucial for assessing species toxicity and bioavailability, biogeochemical cycling, and many biological phenomena. Novel studies in this field include a multidisciplinary approach via the use of different experimental analytical techniques as well as their combination with simulation methods.

Several examples of speciation of metal cations in aquatic environment are reported in this Research Topic. The speciation of trace metals aquatic systems includes the determination of free ions, metal complexes, colloidal species, etc., as well as the total dissolved concentration. The integrated assessment of free ions and labile metal complexes can be obtained by Diffusive Gradients in Thin-films (DGT), a dynamic speciation technique. The determination of the organic pools of trace metals in freshwaters and the characterization of organic and inorganic complexes in sea waters were obtained by this procedure (Galceran et al.). For organic Cu speciation, an improved anodic stripping voltammetry (ASV) method, employed to eliminate the surface-active substances (SAS) interference on the voltammetric signal, was used in samples containing high organic matter concentration. Fulvic acid was used as a model of natural organic matter and the method was applied for Cu speciation in samples collected in the Arno River estuary (Italy) (Padan et al.). The binding of Cd(II), Pb(II), and Zn(II) by silica nanoparticles was studied using a combination of the electroanalytical techniques Scanned Stripping ChronoPotentiometry (SSCP) and Absence of Gradients and Nernstian Equilibrium Stripping (AGNES). The experimental system was chosen as a representative model for the role of natural and anthropogenic nanoparticles in the fate and behavior of trace metals in aqueous environmental systems (Rotureau et al.).

Speciation studies on the interaction of metal cations with ligands having multiple binding sites, such as tannic acid, a natural polyphenolic compound, and phytate ligand, are very important for the fate of those metals. In the study regarding tannic acid, the approach used combines UV-vis and fluorescence spectroscopy with chemometrics, namely Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) and Parallel Factor Analysis (PARAFAC) (Berto and Alladio). The investigation of the interaction of phytate ligand with biologically relevant cations, namely Mg2+, Zn2+, Fe2+, Cu+, and Cu2+ revealed that alkaline earth metals interact with different binding sites than the transition metals. Experiments with Cu+, and Cu2+ confirmed similar complexing behaviors, depending mainly on the ionic radius (Marolt et al.).

Metal speciation can be also performed by Electrospray Ionization Mass Spectrometry (ESI-MS). In this field, MS-MS approach guarantees exceptional sensitivity, as well as the use of high-resolution sectors, capable of well-resolving isotopic clusters. A further development is the merging of ESI-MS information with data obtained via synergistic techniques, as ICP-MS, NMR, X-RAY, CLE-ACSV, Ab-Initio, or DFT quantum mechanical calculations (Indelicato et al.). The necessary degree of specificity in discriminating all the species of a given element in a sample can be attained by ultrahigh-resolution mass spectrometry based on the Fourier transformation, Orbitrap and Ion Cyclotron Resonance (ICR) cell. The case of the speciation analysis of the products of selenium metabolism by FT ICR MS was described (Bierla et al.). Metal speciation can be also performed by MALDI-MS and tandem mass spectrometry (MS-MS). The results obtained for Ca2+ interaction with biologically relevant ligands, as cysteine, D-penicillamine, reduced glutathione, and oxidized glutathione obtained by potentiometry and 1H-NMR spectroscopy were confirmed by MALDI-MS and MS-MS, elucidating also the mechanism of interaction (Aiello et al.).

Speciation studies also include the search for novel drug delivery systems able to improve the performance of old-generation antibiotics. For example, the capability of two micellar polycationic calix[4]arene derivatives to recognize and host ofloxacin, chloramphenicol, or tetracycline in aqueous solution was investigated by nano-isothermal titration calorimetry, dynamic light scattering, and mono- and bi-dimensional NMR. Results evidenced that the formation of the chloramphenicol–micelle adduct is enthalpy driven, whereas entropy drives the formation of the adducts with both ofloxacin and tetracycline. NMR spectra confirmed ITC data about the positioning of the antibiotics in the calixarene nanoaggregates (Migliore et al.).

Speciation studies are also very useful for the development of techniques for the decontamination of natural waters and soils containing toxic metals. In recent years, many efforts have been made to discover new technologies that are effective, robust, cost-effective and easy to handle for the decontamination of downstream water without endangering human health. Among nanomaterials and nanostructures proposed in the remediation field, graphene-based materials (G), are particularly suitable for the development of reliable water decontamination treatments, in particular for arsenic remediation (Foti et al.). Different methodologies are employed for soil remediation. Among them, the use of chelating agents is one of the most promising method for removal of metal ions preserving the most meaningful properties of the original soils. One of these methodologies, the Nurchi's method, an extension of the Reilley procedure for EDTA titrations, is based on speciation studies, namely on the knowledge of the related protonation and complex formation constants. Its employment in biomedical and industrial applications is also discussed, namely in the evaluation of the role of different biomolecules such as bacterial metallophores, in metal uptake and homeostasis in living organism (Nurchi et al.).

Determination of organic analytes such as urea or biotoxins in environmental and food samples using novel, advanced and combined analytical techniques was also performed. More in detail, the determination of saxitoxin in seawater samples was made by a novel flow injection microfluidic immunoassay system which allows in situ monitoring (Celio et al.). Ultra-trace urea in synthetic and real milk samples was determined by sensitive and selective methods using Fe/N-codoped carbon dots (CDFeN) and a probe with surface-enhanced Raman scattering (SERS), resonance Rayleigh scattering (RRS), and fluorescence (FL) signals (Li C. et al.). Novel methods for the monitoring of microcystins (MCs), one of the most common and harmful cyanotoxins, involve the use of aptasensors (aptamer-based biosensors) and immunosensors (antibody-based biosensors) for rapid, portable, easy-to-use, and on-site determinations (Wang et al.). Early diagnosis of diabetes on entire blood samples was performed via near-infrared spectra (NIRS) combined with a support vector machine (SVM) and aquaphotomics (Li Y. et al.).

Quality of milk was assessed by an innovative MicroNIR and chemometric platform for the on-site and contactless monitoring of the samples (Risoluti et al.).

This Research Topic emphasizes the recent methodological improvements made in quantifying and identifying (either explicitly or via indirect proxies) those specific chemical species in waters, soil solutions, biological fluids and food products, that provide the most relevant information in human health and environmental safety research. Altogether, these studies point to the wide possibilities underlying the combined use of active/passive sampling strategies, fractionation methods, orthogonal or hyphenated techniques and advanced multivariate analysis for the improvement of the accuracy and specificity of speciation data obtained in complex matrices.
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The formation of metal complexes with phytic acid is a complex process that depends strongly on the metal-to-ligand molar ratio, pH value and consequent protonation level of the phytate ligand as well as accompanying side reactions, in particular metal hydrolysis and precipitation of the formed coordination compounds. In the present work, the potentiometric titration technique was used in combination with a detailed analysis of the equivalent point dependencies for selected biologically relevant monovalent and divalent cations from the groups of alkaline earths and transition metals, namely: Mg(II), Zn(II), Fe(II), Cu(I), and Cu(II) ions. The investigation of complex formation mechanism, the evaluation of the species formed, and the identification of other side reactions was based on the examination of three distinct equivalent points, which were detectable by alkalimetric titrations of phytic acid in the presence of selected metal ions. It has been demonstrated that alkaline earth metals interact with different binding site(s) than the transition metals, and experiments with both oxidation states of copper revealed similar complexing characteristics, which depend mainly on the ionic radius (and not on the ionic charge as initially expected). Quantitative data on phytate complexation, hydroxide formation and complex precipitation are presented herein for all metals studied, including Cu(I), which was investigated for the first time by means of alkalimetric titration.

Keywords: phytic acid, inositol hexaphosphate, metal complexes, magnesium, zinc, iron, copper, phytate


INTRODUCTION

Phytic acid (H12Phy), a naturally occurring compound found in many biological systems (Sasakawa et al., 1995; Zi et al., 2000), is also known as myo-inositol 1,2,3,4,5,6-heksakis(dihydrogen phosphate) and consists of six phosphate esters with two protons per group (see structure in Figure 1), making it a unique molecule with 12 reversibly exchangeable protons that can be released depending on the experimental conditions, i.e., the pH and the presence of metal ions (De Stefano et al., 2004; Crea et al., 2007, 2008; Bretti et al., 2013). Because of its ability to form strong complexes with many metal ions (Evans and Pierce, 1982; Crea et al., 2008), phytic acid, as phytate in its various deprotonated states, is generally considered as an anti-nutrient when present in food (Oatway et al., 2001; Kumar et al., 2010), as it can interfere and thus reduce the bioavailability and consequent absorption of nutrients, including proteins (Cheryan and Rackis, 1980), carbohydrates (Yoon et al., 1984), lipids (Kumar et al., 2010), and minerals (Lopez et al., 2002), such as zinc(II), iron(II/III), calcium(II), magnesium(II), manganese(II), and copper(II) (Nissar et al., 2017). Many papers have also been dealing with antioxidant (Graf and Eaton, 1990) and anti-corrosive (Gao et al., 2014) properties of phytic acid, as well as its environmental (Oatway et al., 2001) and biological (Sasakawa et al., 1995; Vucenik and Shamsuddin, 2003) roles.


[image: Figure 1]
FIGURE 1. Structure of phytic acid.


These important (biological) properties and effects arise mostly from electrostatic interactions between negatively charged phytate species and metal cations and ability for their chelation (Crea et al., 2008). They have been studied by many researchers using various analytical techniques, including potentiometry (Torres et al., 2005; Šala et al., 2011; Marolt and Pihlar, 2015), spectrophotometry (Heighton et al., 2008), and NMR (Bebot-Brigaud et al., 1999) in combination with computational data analysis (Torres et al., 2008), which has led to numerous series of papers reporting the thermodynamic protonation and formation stability constants of phytic acid and its corresponding metal complexes (De Stefano et al., 2006; Crea et al., 2008). However, many useful information can be derived from these data, but it has been recently shown that a particular attention should be given to the precise standardization of phytic acid prior to measurements, since even a relatively small uncertainty in determination of concentration can cause significant deviations of the derived stability constants using computational methods (Marolt and Pihlar, 2015). As a supplement to the thermodynamic data, it has been shown that the detailed analysis of the titration curves provides additional information on the formation of metal complexes, particularly when other processes, such as precipitation and metal hydroxide formation, accompany the investigated complexation reactions (Šala et al., 2011; Marolt and Pihlar, 2015).

In the case of multiple oxidation states of metal ions, voltammetric methods have proven to be useful as they can provide complementary data on chelation mechanism, molar ratios, complex stability, and other accompanying processes (Torres et al., 2005). In this regard, cyclic voltammetry with the use of Au and HMDE as working electrodes has recently been applied for the detailed characterization of Fe(II) and Fe(III) phytate complexes (Marolt et al., 2015). The investigation of their reaction mechanism at different pH conditions showed a significantly higher stability as well as the predominance of phytate species with a lower protonation level for coordination compounds with trivalent iron ions compared to the divalent ions.

In this context, the aim of this study was to investigate the interactions between phytic acid and selected monovalent and divalent metal ions from the groups of alkaline earth and transition metals by alkalimetric potentiometric titrations. With the analysis of equivalent point(s) (EPs) dependence on the metal-to-ligand molar ratio, new complex formation data regarding complex stability, binding sites, and precipitation reactions are presented herein for selected biologically relevant metals, namely Mg(II), Zn(II), Fe(II), Cu(I), and Cu(II), in the form of coordination compounds with the phytate ligand. Fundamental titrimetric data represent an important contribution to the complete understanding of phytic acid complex formation mechanism, as well as complementary information to the existing literature, including for Cu(I) phytate coordination compounds, which to our knowledge, have not been investigated before.



MATERIALS AND METHODS

Aqueous solution of phytic acid was prepared by weighing the dipotassium salt (K2H10Phy, Sigma-Aldrich, min. 95%) and dissolving in ultrapure water with resistivity of > 18.2 MΩ/cm (Millipore/MilliQ system). The protonated form of phytate (i.e., H12Phy) was obtained by passing the solution over a strong cation exchange resin (Dowex 50WX8) using a 100 mL preparative glass column and ~40 g of resin which was wetted in ultrapure water overnight prior to the experiment. The amount of phytate added for each procedure was calculated considering its initial protonation level as well as the volume (~75 mL) and capacity (1.7 meq/mL) of the wetted cation exchange resin. During the ion exchange procedure the column flow was set to 0.25 mL/min and the total contact time between phytate and resin was 5 h. An additional extension of the contact time (using a reduced flow) did not increase the protonation level of phytate, which was typically 11.5 ± 0.2. A differential alkalimetric standardization approach introduced by Marolt and Pihlar (2015) was used to accurately determine the phytic acid concentration (amount). The potassium, sodium, calcium and magnesium concentrations in the eluate were analyzed with an atomic absorption spectrometer (Varian AA240), and were all below 2.0 × 10−6 M after single ion exchange procedure. MgCl2 · 6H2O (Carlo Erba, p. a. grade), ZnCl2 (Merck, p. a. grade), FeSO4 (Sigma, p. a. grade), CuCl, and CuCl2 (both Merck, p. a. grade) salts were used without further purification. Cu(I) and Fe(II) solutions were prepared in 0.20 M HCl which was previously deaerated with argon (purity 5.0) in order to prevent the formation of metal hydroxides and the oxidation of the metal ions with oxygen. Both solutions were kept in a dark room with continuous argon flow and used max. 24 h after the preparation. All titration curves were corrected for the contribution of the added HCl amount, subsequently.

The potentiometric titrations were carried out at 25 ± 1°C by automatic titrator Metrohm 799 GPT Titrino, equipped with a 20 mL burette (accuracy of the increment ± 0.5 μL), a carbon dioxide trap, a magnetic stirrer (Metrohm) and a combined glass electrode (Metrohm 6.0234.100, pH 0–14), calibrated with five buffer solutions (pH 2.00, 4.00, 7.00, 10.00, and 12.00, Merck). Titrations and calculations of titration curve derivatives were performed by TiNet 2.4 software (Metrohm). The titrant was carbonate-free 0.10 M NaOH, which was prepared from concentrated NaOH (Carlo Erba, p. a. grade), dissolved in ultrapure water, deaerated with argon, and standardized weekly with potassium hydrogen phthalate primary standard (Merck). The initial volume of the solution in titration cell was set to 50.0 mL for all experiments.

In the case of Cu(I) and Fe(II), all solutions used, including phytic acid and titrant, were deaerated hitherto and the experiments were carried out in a tightly sealed titration (originally electrochemical) cell (Metrohm) with a constant argon flow. After performing the titration, a sample (1.0 mL) of the final solution was taken using 1 mL micropipette and transferred to a separate electrochemical cell with previously deaerated electrolyte (0.1 M KNO3). Metrohm Autolab PGSTAT302N potentiostat was used in combination with 663 VA Stand, equipped with hanging mercury drop electrode (HMDE) as working, Ag/AgCl as reference, and Pt as counter electrode. Cyclic voltammogram (CV) was recorded starting from the open current potential (OCP) toward more negative potential in order to check for the absence/presence of oxidized metals, i.e., Cu(II) and Fe(III) ions, which could be possibly formed during the titration in case oxygen would have entered the cell. However, in all the studied cases, no such oxidized products were detected, confirming the stability of the reduced forms of selected metals, i.e., Cu(I) and Fe(II), which were thus kept in the cell throughout the titration procedure.



RESULTS AND DISCUSSION


Phytic Acid Titration and General Acid-Base Properties

As stated above, phytic acid in its fully protonated form (H12Phy) consists of 12 exchangeable protons, and the protonation equilibrium of phytate (Phy12−) is usually considered in the literature (De Stefano et al., 2004; Torres et al., 2005; Crea et al., 2008) by the following reaction:

[image: image]

where Phy12−represents the completely deprotonated form of phytic acid and the index i is the number of protonation step, 0 ≤ i ≤ 12. At constant ionic strength and temperature one can define the apparent protonation constant KiH, which is given according to the equilibrium (1):

[image: image]

Large sets of thermodynamic speciation data, given as protonation constants of phytate at different experimental conditions, namely ionic strengths and temperatures, can be found in numerous publications (De Stefano et al., 2003a; Bretti et al., 2013) and collected in the review (Crea et al., 2008). However, in order to demonstrate the actual process of alkalimetric titration it is also suitable to write the general form of deprotonation of phytic acid:

[image: image]

where j represents the molar ratio between the added titrant and the phytate: j = n(NaOH)/n(Phy), and can also be expressed as deprotonation step number. As reported before (Marini et al., 1981; Evans et al., 1982; Veiga et al., 2014; Marolt and Pihlar, 2015), the titration curve of phytic acid exhibits relatively complicated characteristics due to the high number of (de)protonation steps, and usually only some of them (2–4 deprotonation steps, depending on experimental conditions) are expressed as distinct EPs because of small differences between their corresponding KiH values and consequently smaller pH steps for given EPs. Therefore, the use of titration curve derivatives ∂pH/∂n(NaOH) is necessary for the determination of EPs. A similar behavior can be observed in Figure 2 (at molar ratio m = 0), where three EPs have been distinguished for the titration of phytic acid in the absence of multivalent metal ions. EP1, EP2, and EP3 appear around pH 4, pH 8, and pH 10.5 and correspond to the 6th, 8th, and 12th deprotonation step (i.e., j = 6, 8, and 12), respectively (Marolt and Pihlar, 2015):
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On this basis, the exchangeable phytic acid protons can be divided into three groups according to their acidity (Marolt and Pihlar, 2015) and used for further analysis of the titration curves in the presence of metal ions:

• First group of the 6 most acidic protons with [image: image] < 2.7 ± 0.1, released before EP1

• Second group of 2 intermediate protons with an average [image: image] of 5.6 ± 0.6, released between EP1 and EP2

• Third group of the 4 most strongly bound protons with [image: image] > 8.0 ± 0.1, released between EP2 and EP3.


[image: Figure 2]
FIGURE 2. (A) Titration of 0.1421 mmol H12Phy with 0.1038 M NaOH at various molar ratios m: Mg(II)/Phy = 0:1, 1:1, and 2:1, accompanied by corresponding derivatives ∂pH/∂n(NaOH); (B) Equivalents of NaOH per amount of phytic acid j consumed for individual equivalent point at different molar ratios m from part (A).


Another process, that can also accompany deprotonation and make the titration curve of the phytic acid even more complicated, is the pH-dependent inversion of the molecule from the equatorial (1a5e) to the axial (5a1e) orientation of 6 phosphate groups of phytate (Torres et al., 2008). This molecular switch is reported to appear between pH 9.0 and pH 9.5 and has been well-studied by Brigando et al. (1995) and by Veiga et al. (2014) using 31P NMR titrations and molecular modeling in combination with NMR spectroscopy, respectively. When dealing with the analysis of phytic acid titration curves and EPs dependencies in combination with the addition of metal ions, all this knowledge is a prerequisite for the correct investigation of the formation of corresponding complexes.



Phytic Acid Interactions With Mg(II) Ions

Due to the high affinity of negatively charged phytate to various cations, the presence of mono- and multivalent metal ions affects the shape of the phytic acid titration curves and can therefore be used to identify the undergoing processes and the complex formation. As shown in Figure 2A, the addition of Mg(II) affects the shape of the whole titration curve of phytic acid, particularly in the range between EP1 and EP3, similar to the observations for Ca(II) interactions described in our previous work (Marolt and Pihlar, 2015). The decrease of pH before EP1 in the presence of Mg(II) compared to the pH values recorded for phytic acid alone is the result of interactions between added metal ions and phytic acid already before EP1 is reached and consequently an increased acidity of the first (i.e., most acidic) group of protons of phytic acid. A similar behavior can also be observed for the recorded pH values at EP1, while the consumption of NaOH at EP1 remains unchanged for all investigated molar ratios, showing that the amount of released protons before EP1 does not change with the addition of Mg(II) ions. In the following region, between equivalent points EP1 and EP3, one can observe more pronounced effect, since the EP2 is moved toward greater titrant consumption upon gradual addition of the Mg(II) concentration and consequently increased metal-to-ligand molar ratio: m = n(Mz+)/n(Phy). This means that Mg(II) ions compete with protons for binding sites of the phytate ligand between pH 4 and pH 10 and therefore increase the acidity of the second group of protons (vide infra), which causes the pH drop for a given amount of added NaOH. Another consequence is also the gradual shift of EP2 and EP3 while the position of EP1 remains constant, as stated before. This can be clearly seen on the Figure 2B which shows the dependence of titrant equivalent consumption j on the molar ratio m for each EP observed. A linear slope value of +0.68 is observed at EP2 for m ≤ 1, and the slope is halved to +0.33 for m > 1. This shows that when phytate is in excess, around 2 mol of protons are released per 3 mol of added Mg(II), and “only” 1 mol of protons per 3 mol of Mg(II) when the amount of Mg(II) in the solution is higher than the amount of phytate, indicating a change in the reaction mechanism after the first equivalent of Mg(II) is bound to the ligand. The position of EP1 remains constant while EP3 is shifted toward a slightly lower consumption of NaOH, which means that a complete deprotonation of phytic acid at EP3 is reached earlier, presumably due to the precipitation of phytate at pH > 10 in the form of the Mg(II) complex, according to the literature data (Evans and Pierce, 1982; Veiga et al., 2006). The EP3 derivative values increase as the final deprotonation step becomes more pronounced at higher metal-to-ligand molar ratios. This is due to the well-known decrease in KiH values and the increased acidity of the last (third) proton group with the highest affinity for phytate, which has also been reported for phytic acid titrations in the presence of other alkaline earths (Martin and Evans, 1986; Marolt and Pihlar, 2015) and alkali metals (Li et al., 1989a,b; De Stefano et al., 2003b).



Phytic Acid Interactions With Zn(II) Ions

As shown in Figure 3A, the complexation of Zn(II) ions with phytic acid exhibits similar behavior to that of Mg(II), as the pH of the titration curve in the region before EP1 as well as between EP1 and EP3 is shifted toward lower values and the EP2 is shifted toward a higher NaOH consumption with increasing molar ratio m. This can again be explained by the complexation of metal ions competing for binding sites of the phytate ligand and consequently increasing the acidity of the first, second, and third group of protons which are therefore released earlier. However, compared to Mg(II) the slope of the titrant equivalent consumption j at EP2 to the molar ratio m is higher (+1.02) and constant for all molar ratios studied (see Figure 3B), which means that 1 mol of protons is released per 1 mol of added Zn(II). This is an indication that Zn(II) ions are attached to a different binding site than Mg(II) and other alkaline earth metals, since a similarly lower slope (+0.59) of EP2 has also been reported for Ca(II) (Marolt and Pihlar, 2015). While EP2 is shifted, EP3 remains constant for all molar ratios studied, which means that the final deprotonation step appears at the same position, indicating the absence of precipitation of Zn(II) phytate complexes in this pH range, in contrast to the case of Mg(II). Although the NaOH consumption remained constant at EP1, a detailed analysis of the titration curves in Figure 3A shows that the pH of titration curve before and at EP1 decreases with increasing m, which is an evidence of metal complex formation already at low pH where phytate species with a higher level of protonation are present in solution and in accordance with reports of complex formation below pH 6 for Zn(II) ions (Torres et al., 2005). Furthermore, at higher excess of Zn(II) ions, e.g., at m = 2, a significantly lower pH slope in the region closely after the EP1 can be observed, as well as the decreased values of corresponding derivatives, shown in Figure 3A. This could again be explained by the occurrence of metal complexes with a higher level of protonation, i.e., [ZnH6Phy]4− (Torres et al., 2005), and by higher stability constants of Zn(II) complexes with phytic acid (Crea et al., 2008). Hereby, it is worth mentioning that due to the relatively low values of the derivative curves around EP2 and consequently less distinct maxima, 3 to 5 replicates were derived for each molar ratio studied in order to provide an accurate determination of EP2, which was placed at the same position within the experimental error <2% using the software equipment.
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FIGURE 3. (A) Titration of 0.1389 mmol H12Phy with 0.1032 M NaOH at various molar ratios m: Zn(II)/Phy = 0:1, 0.6:1, 1:1, and 2:1, accompanied by corresponding derivatives ∂pH/∂n(NaOH); (B) Equivalents of NaOH per amount of phytic acid j consumed for individual equivalent point at different molar ratios m from part (A).




Phytic Acid Interactions With Fe(II) Ions

Phytic acid complexes with iron are known for their high stability and important biological role, including antioxidant properties, as reported in many publications (Lee et al., 1998; Vucenik and Shamsuddin, 2003; Oomah et al., 2008; Quirrenbach et al., 2009). The complexes are strongly dependent on the pH, the metal-to-ligand molar ratio, and the corresponding stability constants of trivalent iron complexes are significantly higher than those of divalent iron (Torres et al., 2005). Coordination compounds of iron phytates and their antioxidant role in preservation chemistry (Kolar et al., 1998, 2005; Strlič et al., 2001; Wagner and Bulska, 2003) have also been extensively studied by our research group, especially Fe(III) ions using various analytical techniques, including potentiometric (Šala et al., 2011; Marolt and Pihlar, 2015) and NMR titrations (Bebot-Brigaud et al., 1999; Mali et al., 2006), while “only” voltammetric methods have recently been used (Marolt et al., 2015) to study the Fe(II)/Fe(III) redox couple in the presence of phytic acid, providing important information about the electrochemical mechanism that is strongly dependent on the pH and the consequent protonation level of the ligand. Therefore, the aim of this work was to evaluate the Fe(II) phytate acid-base properties using alkalimetric titration and to obtain a deeper understanding of the iron phytate complex formation mechanism.

As stated above, the interactions of phytic acid with trivalent iron are several orders of magnitude greater (Torres et al., 2005) than those with divalent iron, which can also be confirmed in Figure 4A, where only a minor differentiation of the phytic acid titration curve is observed upon the addition of Fe(II) ions. While the position of EP1 remains almost constant (the corresponding slope is −0.11), EP2 and EP3 shift at an increased molar ratio m with an average slope of +0.29 mol and −0.43 mol of titrant per 1 mol of added Fe(II), respectively (see Figure 4B). These values differ significantly from the values reported for the Fe(III) ions with slopes of +1.67, +2.26, and +1.94 for EP1, EP2, and EP3, respectively (Marolt and Pihlar, 2015). This is a clear identification of different phytic acid complex formation mechanisms between divalent and trivalent iron and is in good agreement with the reports of voltammetric investigation of Fe(II)/Fe(III) phytates (Marolt et al., 2015). Fe(II) ions do not form coordination compounds with highly protonated phytate species before EP1 (below pH 5), and also have much less influence on the acidity of the second and third group of phytic acid protons, based on the observed EP2 dependence. Due to the smaller positive charge and the larger ionic radius of Fe(II) compared to Fe(III), divalent ions sustain significantly weaker binding interactions with phytate and therefore have less effect on the acidity of phytic acid protons. From the analysis and comparison with the titration curves of other divalent ions discussed above, it can be deduced that Fe(II) ions form less stable complexes under given conditions than Mg(II) and Zn(II), as also reported by Torres et al. (2005). A negative slope of EP3 implies that Fe(II) phytate complexes precipitate above pH 9, which was also observed during the titrations already at low metal-to-ligand molar ratios. Hence, only experiments up to m = 1 were conducted for Fe(II) due to the large amounts of white-colored precipitate. However, contrary to the titrations with trivalent iron (Marolt and Pihlar, 2015), divalent did not undergo the metal hydrolysis under the experimental conditions applied in this work.
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FIGURE 4. (A) Titration of 0.1528 mmol H12Phy with 0.1002 M NaOH at various molar ratios m: Fe(II)/Phy = 0:1, 0.5:1, and 1:1, accompanied by corresponding derivatives ∂pH/∂n(NaOH); (B) Equivalents of NaOH per amount of phytic acid j consumed for individual equivalent point at different molar ratios m from part (A).




Phytic Acid Interactions With Cu(II) Ions

In contrast to the Fe(II) experiments, the titration curve of phytic acid in the presence of Cu(II) ions exhibits more pronounced alternations over the entire titration range, as shown in Figure 5A. As in the case of Zn(II), the pH value before and at the EP1 decreases with increasing metal-to-ligand molar ratio, which can be explained by the onset of complex formation already before EP1. Cu(II) ions therefore compete with the first group of protons for binding sites of phosphate groups and increase their acidic properties, which is also confirmed by the increased titrant consumption at EP1 for m ≤ 1 with the slope value of +0.32, meaning around 1 mol of protons is released per 3 mol of added Cu(II) in the region before EP1 (Figure 5B). Similarly, the positive shift of EP2 with an average slope of +1.00 is due to the complexation of Cu(II) with the phytate ligand, which indicates that 1 mol of protons is exchanged by 1 mol of added Cu(II) in the pH range of the second proton group with intermediate acidity. On the other hand, the increased consumption of NaOH with the slope of + 0.51 at the final equivalent point (EP3), corresponding to the neutralization of the last (12th) phytate proton, is an identification of the formation of stable Cu(II) hydroxide species, which are also observed as a light blue precipitate that was formed in the titration cell at pH 9 and above, according to the reactions from the literature (Martell and Smith, 1977):
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with considerably high values of the corresponding stability constants: log K2,1 = 12.8, log K3,1 = 14.5, and log K2,2 = 17.8 (Martell and Smith, 1977), confirming that the soluble Cu(II)-hydroxo species and Cu(OH)2 precipitate are predominant forms of copper(II) under alkaline conditions, as discussed by Cuppett et al. (2006). The titration of Cu(II) with NaOH in the absence of phytic acid (not shown), revealed the non-stoichiometric molar ratio between Cu(II) and OH− ions, indicating the formation of mixed Cu(II) hydroxide species. The equivalent point for this reaction was found at pH 8.4, which is close to the range of the second EP of phytic acid titration curve, indicating that the shift of EP2 could also be partly due to the occurrence of Cu(II) hydroxo species.
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FIGURE 5. (A) Titration of 0.0951 mmol H12Phy with 0.1178 M NaOH at various molar ratios m: Cu(II)/Phy = 0:1, 0.6:1, 1:1, 1.5:1, and 2:1, accompanied by corresponding derivatives ∂pH/∂n(NaOH); (B) Equivalents of NaOH per amount of phytic acid j consumed for individual equivalent point at different molar ratios m from part (A).


A detailed analysis of the dependence of NaOH consumption on the metal-to-molar ratio on Figure 5B shows a positive shift of EP1 with a slope of +0.32 until the equimolar ratio between Cu(II) and phytate is reached (m ≤ 1) and a negative slope of −0.14 hereinafter (m > 1). This is most likely due to the altered reaction mechanism for m > 1, e.g., the formation of polynuclear Cu(II) phytate species, such as [Cu2H5Phy]3−, which were also observed by Crea et al. (2007) and Vasca et al. (2002). However, another reason could be the precipitation of the complex before reaching EP1 (and the resulting dissolution due to the positive slope of EP2 and EP3 in the whole range of molar ratios studied), but is very unlikely at such a low pH, and there was also no visible evidence of any precipitate formation during titration under acidic pH conditions, which supports the first explanation.



Phytic Acid Interactions With Cu(I) Ions

In the literature there are not many studies that address the Cu(I) complexes with phytic acid (Li et al., 2013), probably also due to the unstable nature of monovalent copper, which can be rapidly oxidized to divalent state in the presence of dissolved oxygen. Therefore, likewise in the case of Fe(II), all titrations were carried out in a tightly-sealed cell with an inert atmosphere under constant Ar flow and special care was taken to prevent the entry of oxygen at any stage of the experiment. Figure 6A shows the behavior of phytic acid titration curve upon addition of Cu(I) ions, which is similar to that of Cu(II) (see Figure 5A), since the curve and consequent EP shifts can be observed practically throughout the whole titration range.
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FIGURE 6. (A) Titration of 0.1096 mmol H12Phy with 0.1105 M NaOH at various molar ratios m: Cu(I)/Phy = 0:1, 0.6:1, 1:1, and 1.5:1, accompanied by corresponding derivatives ∂pH/∂n(NaOH); (B) Equivalents of NaOH per amount of phytic acid j consumed for individual equivalent point at different molar ratios m from part (A).


However, some differences between the two oxidation states can be observed, starting with the constant slope of the consumed NaOH dependence on the added Cu(I) for all studied molar ratios (m ≤ 2). This is an indication of “only” one complex formation mechanism in the pH range around EP1, in contrast to the Cu(II) complexes where two types of behavior depending on m were found. The lower value of the slope of EP1 [+0.15 vs. +0.32 for Cu(I) vs. Cu(II)] is presumably due to the weaker interactions of the less-positively charged monovalent ion with the most acidic group of phytic acid protons. However, perhaps contrary to one's initial expectations, the slope of titrant consumption at EP2 (+0.96) is very close to that of divalent copper (+1.00), which shows that a similar complex formation mechanism is taking place in the region of the second proton group with intermediate acidity for both oxidation states, regardless the difference of their charge. Considering the similarity of the ionic radius of Cu(I) and Cu(II) with values of 0.77 and 0.73 Å, respectively, it can be assumed that, rather than the total ion charge (or charge density), the ionic radius of transition metal ion is of greater importance for phytic acid complex formation and resulting deprotonation of the ligand, particularly in the intermediate pH range between EP1 and EP3. In support of this, a similar EP2 dependence (with a slope of +1.02) was also observed for Zn(II) ions (see Figure 3B) with similar ionic radius as copper (0.74 Å), while significantly less pronounced shift of EP2 (with slope of +0.29, Figure 4B) was found for much smaller Fe(II) ions (0.61 Å). Furthermore, if we take into consideration the reports of Fe(III) ions (0.55 Å) (Šala et al., 2011; Marolt and Pihlar, 2015), the distinction between titration curves of divalent and trivalent iron can be explained by the difference of ionic radii, which is in contrast to the previously mentioned case of the two oxidation states of copper. Fe(III) revealed a remarkably greater EP2 dependence on m with a slope of +2.26 (Marolt and Pihlar, 2015), which is much higher not only in comparison to that of Fe(II) but also to other metals investigated and thus shows the strongest binding interactions with phytate. This is in good agreement with stability constants with several orders of magnitude higher values, which were reported by Torres et al. (2005), as well as with recent findings of the electrochemical study of the Fe(II)/Fe(III) phytate complex mechanism by Marolt et al. (2015). However, in the case of Fe(III), strong binding affinity to the phytate ligand is also due to the electrostatic effects, caused by the higher cation charge of trivalent iron (Crea et al., 2008), which is also the reason for the interaction with the most acidic proton group and the resulting shift of EP1 with a slope of +1.67.

On the other hand, the results of Mg(II) and Ca(II), the latter of which was published previously (Marolt and Pihlar, 2015), do not follow the same trend, since an evidently lower slope of the EP2 position was found in the case of both alkaline earth metal ions. This could be explained by differences in the binding sites of phytate, as an individual group of metals (i.e., alkaline earth metals vs. transition metals) interact with their preferred phosphate position(s) of the ligand (Marolt and Pihlar, 2015) and cause deprotonation of proton(s) with different acidic properties (i.e., KiH values), resulting as a shift of different EPs on the titration curve of phytic acid. For clarification, all discussed EP slopes and ionic radii of the studied metal complexes with phytic acid from previous and this work are summarized in Table 1.


Table 1. Ionic radii and slope values of the dependence of the molar ratio ja between titrant (NaOH) and phytic acid on the metal-to-ligand molar ratio mb at individual equivalent point (EP).
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As clarly seen from Figure 6A, the final deprotonation step is also shifted to a higher consumption of the titrant at increased concentration of Cu(I) ions with an average slope of +0.84 mol per 1 mol of added copper (see Figure 6B). The higher slope of monovalent compared to divalent copper (+0.52) demonstrates that the Cu(I) undergoes a metal hydrolysis reaction to a greater extent, which was also confirmed by the visual detection of yellow-colored precipitate that was formed in the titration cell during the titration. As a result, a lower concentration of Cu(I) ions is present in chelated form of the phytate complex around EP3, which is detected at pH > 10.5. Titration of Cu(I) ions in the absence of phytic acid (and with the addition of HCl prior to titration to increase the solubility of CuCl salt) revealed the molar ratio of the reaction between hydroxide and monovalent copper; n(OH−) : n(Cu(I)) = 3 : 2 (not shown). This indicates the presence of two Cu(I) hydroxo species; [Cu(OH)2]− and [Cu(OH)] in the molar ratio 1:1 (Illas et al., 1984). The formation of the latter can also be better described by the following reaction (Martell and Smith, 1977):
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but the logarithmic value of the corresponding reaction constant is considerably low (−14.7) (Martell and Smith, 1977), which means that the Cu2O precipitate is stable only under alkaline conditions with sufficiently high concentration of hydroxide ions (and consequently low concentration of H3O+).




CONCLUSIONS

In summary, the formation of metal complexes with phytic acid is a complex process that depends strongly on the molar ratios, the pH conditions, and the associated protonation level of phytate ligand as well as on the accompanying side reactions, in particular metal ion hydrolysis and precipitation of the formed coordination compounds. In this work, the potentiometric titration technique was applied in combination with a detailed analysis of the detected equivalent point dependencies on the metal-to-ligand molar ratios for the selected divalent and monovalent cations. The differences in the slope values of NaOH consumption observed at individual EPs suggest that the alkaline earth metals, i.e., Mg(II), discussed here, and previously studied Ca(II) (Marolt and Pihlar, 2015), presumably bind to different phosphate groups than the transition metals, i.e., Zn(II), Cu(I), Cu(II), and Fe(II). It is important to note that this could be also due to the formation of metal-phytate species with different stoichiometry. Although several NMR titration studies have been conducted on (metal-)phytate systems (Brigando et al., 1995; Bebot-Brigaud et al., 1999; Mali et al., 2006; Šala et al., 2011), to the best of our knowledge, only Champagne et al. (1990) reports the same preferential phytate binding site for Ca(II) and Cu(II) ions, which appears to be the P5 phosphate group or position between P5 and P4 or P6 phosphate groups. However, no specifications about the proton release has been provided. In general, the metal-phytate interactions are of high complexity, as the multivalent metals typically interact with two or three phosphate groups simultaneously and can therefore cause the release of proton(s) and/or favorize the inversion of phytate from equatorial to axial conformation (Torres et al., 2008; Veiga et al., 2014).

In the present work, it was shown that Fe(II) has a significantly distinct complex formation mechanism than the rest of the transition metal group, which is due to the well-known specific binding interactions between phytic acid and iron ions in general, as well as the accompanying precipitation process which is more pronounced compared to other metal complexes investigated in this work. Experiments with different oxidation states of copper revealed similar complexation characteristics for both monovalent and divalent metal ions, which supports the explanation that the reaction mechanism depends primarily on the ionic radius and is independent of the total charge and/or charge density of the complexed metal ions. A similar reaction mechanism has been also found for Zn(II) with an ionic radius comparable to that of the two copper oxidation states, while a considerably smaller Fe(II) and Fe(III) ions exhibit contrasting behavior (Marolt and Pihlar, 2015). The latter one exhibits significantly higher EP2 dependence and thus the strongest binding interaction with phytate among the metals investigated, which could be confirmed by the reported stability constants with several orders of magnitude higher values (Torres et al., 2005) as well as by the findings of our previous electrochemical study of the Fe(II)/Fe(III) phytate complex mechanism (Marolt et al., 2015).

Based on the present work, other phytic acid coordination compounds with alkaline earth metals, e.g., Sr(II) and Ba(II) ions, and/or transition metals of different oxidation states and ionic radii are to be investigated in the future, possibly by potentiometric and/or NMR titrations in combination with voltammetric techniques in order to confirm and/or obtain a deeper insight into the phytate complex formation mechanism(s) and understanding of the interactions between phytic acid and metal ions.
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Soil pollution by metal ions constitutes one of the most significant environmental problems in the world, being the ecosystems of extended areas wholly compromised. The remediation of soils is an impelling necessity, and different methodologies are used and studied for reaching this goal. Among them, the application of chelating agents is one of the most promising since it could allow the removal of metal ions while preserving the most meaningful properties of the original soils. The research in this field requires the joined contribute of different expertise spanning from biology to chemistry. In this work, we propose a parsimonious and pragmatic approach for screening among a range of potential chelating agents. This methodology, the Nurchi's method, is based on an extension of the Reilley procedure for EDTA titrations. This allows forecasting the binding ability of chelating agents toward the target polluting metal ions and those typically found in soils, based on the knowledge of the related protonation and complex formation constants. The method is thoroughly developed, and then tested by application to some representative cases. Its use and relevance in biomedical and industrial applications is also discussed.
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INTRODUCTION

Several metal ions, throughout the evolution of living organisms, resulted in essential for plants, animals, and man. Nevertheless, the introduction of exogenous metal ions that compete with essential ones can perturb the homeostasis of ecosystems until their disruption. For thousands of years, man used metals for necessities and progress, without forecasting about drawbacks of such custom. As result, the environment, as well as the human body, get intoxicated by polluting metal ions affecting water systems, plant, and animal life, mostly the whole ecosystem. The leading causes of metal environmental pollution are industrial drains, mining drains, urban wastes, residues of coal combustion, acid rains, fertilizers, and pesticides (Teng et al., 2020). Contamination by radionuclides is also a rising problem due to the increasing nuclear activities worldwide.

The metal pollution of water and soil compartments involves a definite and continuous exchange between them. Contrarily to soil pollution by organic substances, which can be transformed in the time into non-polluting ones by the degrading action of microbes, metal ions cannot be significantly transformed and persist indefinitely in the soil, or they pass to aquatic systems by the action of weathering. US Agency for Toxic Substances and Disease Registry periodically publishes a list of organic and inorganic toxic substances, ordered according to their inherent toxicity and to their dissemination, i.e., to their potential environmental impact. In 2019, arsenic, lead and mercury occupied the first three positions, being cadmium the seventh (ATSDR, 2020). These elements, commonly reported as heavy metals (Duffus, 2002), share the properties of being not biodegradable and of accumulating in living organisms and soils, entering the food chain, being its limits of concentration on soils well-defined (see details on following section), due to their toxicity.

Noxious elements exert their action through different mechanisms, such as absorption by plants entering the food chain directly or animal mediated, and hindrance of the microbial action in the soil. Consequently, heavily contaminated metal-polluted areas have led to definite health problems in the surrounding populations, whose intensity depends both on the kind of pollutant and on its concentration. In this way, the soils contaminated with toxic metal ions and radionuclides, constitute a significant problem both in advanced and in developing countries.

Due to the serious environmental and health consequences, with related social costs, the release of these metal ions has to be avoided—in the last 30 years different countries and supranational organizations adopted drastic resolutions to limit most of their uses–and efficient methods for their scavenging and removal from wastewaters and soils must be adopted. As such, prevention and remediation of polluted soils thus constitute important environmental, health and economic objectives that must be urgently faced by early aware local administrators. Several methods are being exploited, being absorption and (bio) remediation preferred due to their effectiveness and low cost.

The remediation methods can be roughly classified in two categories: (a) those that leave the toxic elements on the soil, immobilizing them to avoid their migration, and (b) those that remove contaminants from the soil, potentially saving it for future uses. In the present work, we are interested in the second class, and in particular in the soil washing technology. Among the different approaches on soil remediation processes, the soil washing method has attracted considerable attention, mainly for its ability to permanently remove heavy metals form the contaminated soil, combined with short duration procedure and remarkable cost effectiveness, when compared with other methods. Another advantage is the possibility of recovery of recyclable material or even energy production (Wuana et al., 2010; Cheng et al., 2020). The details of soil washing were primarily explored in the thorough review by Peters (Peters, 1999), being the soil washing described as a process in which excavated soil is first treated by physical separation, and it is then washed to remove contaminants using a chemical extracting solution. After the chemical treatments, the cleaned soil is returned to the original place. Due to this, the selection of effective and harmless washing reagents should be carefully pondered. Considering the methodology and the principle of the washing soil method, it is only applicable if there is an efficient transfer of the metal contaminants from the soil to the extracting solution. To achieve that, and due to the fact that heavy metals in the soils occur predominantly in an absorbed state, strongly bound to soil particles, is fundamental the use of extractant agents optimized for the solubilization of the target metals. For this purpose, several chemicals have been used, namely surfactants, cyclodextrins, organic acids and chelating agents. Among them, the selection and applicability is being studied on a case-by-case basis, as it depends on several parameters as the metal to remove and the characteristics of the soil as, for example, the pH. Furthermore, being one of the main goals of soil remediation the preservation as much as possible of the natural properties of the soil, it limits the number of possible extracting agents as, for example; strong acids can attack and degrade the soil structure, reason why the use of weak organic acids or chelating agents is often preferred (Wuana et al., 2010).

Chelating agents are applied in a considerable number of activities, spanning from medicine (Aaseth et al., 2016) to industry, from agriculture to domestic activities, from analytical chemistry to alimentary industry, and also in soil remediation, all due to their ability to complex metal ions. They act in different ways, such as (i) removing target metal ions from environment, (ii) avoiding metal precipitation, (iii) favoring ion crossing through biological membranes. Despite the fact that the complexing ability and the acid-base properties of chelating agents have been the object of extensive research, a detailed design of proper chelators according to the target metal ions and to their process requirements (solubility, lipo/hydrophilic properties, etc.) has not yet been fully exploited.

This work aims to give a methodological contribution in the choice of chelating agents for soil washing remediation based on our knowledge and expertise on the use of metal chelators in clinical and environmental applications (Crisponi et al., 1999, 2012; Villaescusa et al., 2002; Nurchi and Villaescusa, 2008, 2012; Nurchi et al., 2010, 2016; Crespo-Alonso et al., 2013; Aaseth et al., 2016).

In particular, a method that allow a preliminary screening among various potential ligands toward target metal ions will be proposed, based on simplifying assumptions, saving time and money need for a thorough experimental study on the behavior of these ligands in the field.



SOIL CONCENTRATION RANGES AND REGULATORY GUIDELINES FOR RELEVANT METAL IONS

A first step of the restoration of metal-polluted ecosystems requires a correct characterization of the state of pollution and preliminary knowledge of the characteristics of the soil. To access the concentration of metals contaminants in soil, total elemental analysis is usually the preferred method, as it is not affected by the chemical or physical form on which the metal is present. In this sense, the level of metal contamination is expressed by mg metal per kg of soil (mg Kg−1). This quantification is then the basis of the establishment of adequate remediation processes, and several guidelines can be recommended. This is done following two well-established parameters: intervention values and target values. Intervention values specify the concentration limits (in mg Kg−1 or mmol Kg−1) after which the quality of soil for human, animal and plant life starts to be severely compromised and concentrations in excess of the intervention values correspond to serious contamination. On the other hand, target values indicate the soil quality levels required for the full restoration of the functionality of soil. In Table 1 we report the intervention and target values for various metal ions of ascertained and potential toxicity, as previously reported by Wuana and Okieimen (2011).


Table 1. Soil concentration ranges, regulatory guidelines, intervention and target values for various metal ions of ascertained and potential toxicity.
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METHOD FOR ASSESSING THE CHELATING ABILITY

The right selection of the chelating agent is the fundamental step for a successful chelating agent-based soil washing process. With this in mind, we developed a simple method to assess the ability of different ligands in chelating metal ions, which provides at a glance information on this ability and allows a preliminary classification of the ligands on the base of their chelating properties toward the target metal ions. The procedure is based on an extension of Reilley's method used mainly in analytical applications of titrations with ethylene-diamine-tetraacetic acid (EDTA) (Reilley and Schmid, 1958; Crisponi et al., 2000).

Our method, from now on designated as Nurchi's method, is a simplistic method that focuses on the complex formation reaction between the metal ion M (assumed as a free ion in solution) and the chelating agent L, neglecting all the influences of non-thermodynamic contributions, including the binding with soil components. In a first stage, we assume (a) that the ligand does not interact with protons, and (b) the formation of a simple 1:1 complex ML through the equilibrium depicted on Equation (1). The latest assumption is generally valid for the polyamino carboxylic acids used in soil remediation.

[image: image]

The related complex formation constant is thus defined as:

[image: image]

where M0 and L0 are the total concentration of metal and ligand, respectively. Equation (2) can then be rearranged in a suitable form in order to calculate the value of the constant K necessary to reach a desired amount of M0 in the complexed form (ML), expressed as the ratio of the complex concentration to the total concentration of metal, i.e., as f = [ML]/[M0], for given values of the total metal concentration M0 and of total ligand concentration L0 expressed by the ratio R = L0/M0. Equation (2) is thus transformed in Equation (3):

[image: image]

If we have an estimate of the content of the metal ion in the soil, roughly assuming that it is totally transferred to solution when treating a given weight of soil with a defined volume of a solution of the chelating agent with a L0 concentration, we can establish the values M0 and R. For clarification, in Table 2 we report the values of log K to obtain 25, 50, 75, and 99% of the total metal transformed in the complex form (i.e., f = 0.25, 0.50, 0.75, and 0.99 respectively) for different M0 concentration ranging from 2 × 10−5 M to 2 × 10−3 M, and for R-values from 2 to 100.


Table 2. Values of log K to obtain the values of f (ratio between complexed and total metal ion) reported in the first column, for given values of total metal ion M0 and ratio R = L0/M0.
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For a better understanding of Nurchi's method and its way of application we will use, as examples several amino carboxylic ligands (see Table 3), largely used in soil remediation mainly due to their biodegradability properties. EDTA will be also considered for comparison purposes. The present ligands are characterized by a definite number n of protonation equilibria and, consequently, protons compete with metal ions for the same basic sites where protonation and metal coordination occur. In this case, the effective or conditional stability constant βeff (Ringbom, 1963) is an actual measure of the real capacity of a ligand to bind a metal ion at any given pH value.


Table 3. Structure, IUPAC name, acronym and molecular formula of the ligands considered in this study.
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The effective stability constant, expressed as a function of the total concentrations of chelating agent and metal ion, takes into account all the different protonated species according to the protonation equilibria summarized on Equation (4), and the complex formation equilibrium (Equation 5):
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Being the complex formation constant described as:
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The mass balance equation for total ligand can then be expressed by Equation (7):
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that, using the protonation constants of equilibria (4), is converted in:
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At this point, the complex formation constant [Equation (6)] can be written as:
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and the effective stability constant βeff can be determined as:
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Interestingly, Equation (10) is formally identical to Equation (2). As such, all the considerations made above, regarding the values of log K necessary to reach a given percent of the total metal transformed in the complex form (f = 0.25, 0.50, 0.75, and 0.99 respectively) for different M0 values, are valid, as well as the values reported in Table 2.

With base on the literature protonation constants reported in Table 4, we could calculate the representative curves of log D(H) values as a function of pH for all the eight ligands in study. The corresponding trend lines are presented in Figure 1. In Table 4 are also depicted the complex formation constants for the mentioned ligand toward several metal ions of interest.


Table 4. Protonation and complex formation constants of the amino carboxylic ligands considered in this study.
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[image: Figure 1]
FIGURE 1. The log D(H) functions for the amino carboxylic ligands considered in this study (Table 3), calculated with the literature protonation constants presented in Table 4.


These functions constitute the basis for determining the behavior of each ligand. In fact, if we present Equation (10) in its logarithmic form (Equation 11) we can see that function F(H) is obtained by adding to log D(H) the log βeff required for the transformation of the given % of total metal ion in the complexed form.

[image: image]

F(H) representation will then be the basis for the evaluation of the chelating ability of the ligands of interest on Nurchi's method. For a clear elucidation of the method, we will now describe, in detail, the procedure applied to the system NTA/Cd2+, with M0 = 2 × 10−5 M and R = 50. In such a case, the value of log βeff to reach 25% of complexed Cd2+ is 2.53, for 50% is 3.00, for 75% is 3.48 and is 5.00 for 99% (Table 1). These values, added to the function D(H) for NTA reported in green in Figure 2A, allow the calculation of the F(H) functions for NTA corresponding to 25, 50, 75, and 99 % of complex formation reported in different colors in the same Figure 2A. The value log βCdNTA = 9.8 is reported as a straight line parallel to the pH axis. This line intersects the 25% F(H) function at pH = 2.79, the 50% F(H) function at pH = 3.15, the 75% F(H) function at pH = 3.58 and the 99% F(H) function at pH = 5.05. It means that the log βCdNTA = 9.8 determines a conditional constant at pH = 2.79 that allows the 25% complexation of total cadmium, and so on till the 99% of complexation at pH = 5.05.


[image: Figure 2]
FIGURE 2. (A) The D(H) function for NTA is reported in red, the F(H) functions for the system Cd-NTA with total cadmium 2 × 10−5 M and R = 50 are reported for the 0% of complex formation (green), 25% (light blue), 50% (pink), 75% (red) and 99% (blue). (B) Speciation plot for the system Cd-NTA with [Cdtot] = 2 × 10−5 M and [NTAtot] = 1 × 10−3 M (R = 50).


The same information can be obtained from the speciation plot, calculated with Hyss program (Alderighi et al., 1999) for the referred system (Figure 2B), where can be easily seen that the formation curve of the cadmium complex reaches 25% at pH = 2.79, 50% at pH = 3.15, 75% at pH = 3.87 and 99% at pH = 5.05.

The advantage of the proposed method based on the F(H) function is most evident in Figure 3 were the log βMNTA's of NTA with all the metal ions reported in Table 3 are represented as straight gray lines. Figure 3 gives at a glance the pH ranges at which the complexation of each metal ion takes place, that could be deducted in a very laborious way from the corresponding speciation plots created for all the metal ions with NTA, HIMDA, EDDG, EDDS, and EDTA, from the stability constants reported in Table 4 (summary in Supplementary Figure 1).


[image: Figure 3]
FIGURE 3. The F(H) functions of NTA (total metal ion concentration 2 × 10−5 M and R = 50) for 0% of complex formation (green), 25% (light blue), 50% (pink), 75% (red), and 99% (blue). The straight gray lines correspond to the log βLM of the indicated metal ions with NTA.


It is clearly inferred, from Figure 3, that Fe3+, the metal ion with the strongest stability constant (log βLM = 15.87), is already complexed at low pH values (25% at pH 0.3 and 99% at pH 1.2) and the complex formation happens in a narrow range (0.9 pH units from 25 to 99%). On the contrary, Ca2+, the metal ion with the lowest stability constant (log βLM = 6.57), is complexed at higher pH values (25% at pH 5.8 and 99% at pH 8.3) and the complex formation happens in a broader pH range (2.5 pH units from 25 to 99%).

The range of complexation increases as the complexation occurs in a flatter part of curve D(H), and so of curve F(H). As mentioned above, once calculated the D(H) curve for a given ligand, the F(H) curves at different M0 and R values can be easily derived by adding to the D(H) values the proper values of log βeff.

Using the proposed method and with base on the complex formation constants reported in Table 4, we could compare the binding ability of the four ligands for which literature data are available for all the chosen metal ions (NTA, HIMDA, EDDS, EDDG), and the corresponding F(H) plots are presented in Figure 4. For simplifying the discussion, we collected from these plots the pH range of complex formation for the eight metal ions and the four ligands, i.e., the pH of the intersection points of log βLM with the F(H)25% and the F(H)99% (Table 5). Lower intervals correspond to a stronger complex. As a first step, a comparison can be made between the structurally similar NTA and HIMDA: the lack of the third carboxylic group in HIMDA drastically reduces its binding ability, in a marked extent with Hg2+ and in a minor extent in Mn2+, Cd2+, Zn2+ and Fe3+, being Cu2+ practically unaffected. In case of Cu2+ we hypothesize that this is due to the fact that this metal ion may form a stable square planar complex with HIMDA, structurally similar to that with Pd2+ (BIACDD structure, Supplementary Figure 3). The comparison between EDDS and EDDG shows a slightly higher coordination capability of EDDS for all metal ions, except for Hg2+. Presumably, the longer arms connecting two of the carboxylic groups favor the coordination of the larger mercuric ion.


[image: Figure 4]
FIGURE 4. The F(H) functions for the ligands HIMDA, EDDS, EDDG and EDTA with the metal ions in Table 3, at [Mtot] 2 × 10−5 M and R = 50, are reported for the 0% of complex formation (green), 25% (light blue), 50% (pink), 75% (red) and 99% (blue).



Table 5. pH range of complex formation (from 25 to 99%) for different metal ions with the indicated chelating agents.
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EDTA is also reported, as being one of the most used chelating agents. From the plots presented in Figure 4, and data on Table 5, we can see that EDTA is, among all the evaluated ligands, the most efficient chelator for all the metals considered. Although, in case of Cu2+ and Hg2+, NTA can be used with the same expected rate of success in terms of metal remediation.

This preliminary screening gives evidence of the superiority of EDTA, immediately followed by NTA among the examined ligands, and of the inability of HIMDA to act as a ligand for environmental remediation. EDDS, and in a lower extent, EDDG can instead be used, even if with a lower capability.

We must remember that the results here reported assumed the presence of a free metal ion in the soil in contact with the washing solution. In reality, the metal ion is usually complexed by the inorganic and organic components of the soil, and the complex formation reaction is, in reality, a competition between the chelating agent and the soil ligands for the target metal ion. Since the hydroxide formation constitutes probably the most competitive reaction, we checked the validity, or the limits, of our assumptions recalculating the speciation plots (Supplementary Figure 2) this time using a model that included the hydroxide formation constants [Supplementary Table 1, from Baes and Mesmer (Baes and Mesmer, 1976)]. As can be observed, in the generality of the cases, the inclusion of hydrolysis equilibria does not change the speciation plots. Only in the case of Hg2+ and Fe3+ the formation of hydroxides is apparent at high pH values. In particular, the formation of the weak complex between HIMDA and Hg2+ is completely hindered, and partially the formation of the complex with EDDS. In this way we can conclude that the action of neglecting the competitive reactions of hydrolysis can be considered valid in the majority of situations. Furthermore, HIMDA can form with Fe3+ complexes with different protonation degrees, instead of the unique assumed complex, but this ligand presents peculiar features that differentiate it from amino poly-carboxylic ligands.

To sum up, we can say that Nurchi's method provides a primary fundamental picture of the main features of the complexing ability of a given chelator as the minimum pH values at which it can operate and the competition among the present metal ions, but most importantly permits a preliminary screening between a set of potential ligands. This treatment can act as a guide in the design of metal chelators specific for target metal ions by showing the behavior of existing ligands characterized by selected binding groups, as, for example, mercapto ligands for mercury.



CONCLUSION

The method here proposed allows determining both the suitability of the ligand for scavenging the target metal ions, and the minimal concentration of ligand to be used, minimizing the adverse effects on essential metal ions. This is particularly relevant when studying the real application of a washing ligand to a specific soil, knowing the total concentrations of metals to be removed before the experimental determination of its behavior. For that purpose, the use of databases of stability constants is highly recommended, together with speciation programs.

We would remember here that different approaches have been proposed in the literature to assess the sequestering ability of ligands toward metal cations, which can be complementary to the here proposed method. The reviews by Bazzicalupi et al. (2012) and by Crea et al. (2014) examine these treatments and thoroughly discusses their pros and cons. The necessity to use suitable data, obtained in the possible similar conditions to those of soils under treatment and the necessity of reliable stability constants must be stressed. In essence, inefficient treatments and severe procedural errors can sometimes derive from the use of bad/unreliable data. Besides allowing a preliminary screening of the binding ability of chelating agents toward the target polluting metal ions, and those typical of the soils, the proposed method can be applied in the multiple uses of chelating agents, spanning from biomedical to industrial applications. As an example, we can envisage its use on the evaluation of the role of different biomolecules, as for example bacterial metallophores, on metal uptake and homeostasis in living organisms. This information is paramount for different actions, namely, for the development of new strategies for the fight of antibiotic resistant pathogenic bacteria.
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In this work, an innovative screening platform based on MicroNIR and chemometrics is proposed for the on-site and contactless monitoring of the quality of milk using simultaneous multicomponent analysis. The novelty of this completely automated tool consists of a miniaturized NIR spectrometer operating in a wireless mode that allows samples to be processed in a rapid and accurate way and to obtain in a single click a comprehensive characterization of the chemical composition of milk. To optimize the platform, milk specimens with different origins and compositions were considered and prediction models were developed by chemometric analysis of the NIR spectra using Partial Least Square regression algorithms. Once calibrated, the platform was used to predict samples acquired in the market and validation was performed by comparing results of the novel platform with those obtained from the chromatographic analysis. Results demonstrated the ability of the platform to differentiate milk as a function of the distribution of fatty acids, providing a rapid and non-destructive method to assess the quality of milk and to avoid food adulteration.

Keywords: milk, microNIR, chemometrics, quality control, new methods, multiparametric analysis


INTRODUCTION

Milk is one of the most investigated food matrices worldwide and the analyses usually aim at estimating its chemical composition, in order to evaluate its quality (Hambraeus, 1984; Cunsolo et al., 2017). In particular, the quality of milk is mainly related to the fatty acid content (Napoli et al., 2007; Zhou et al., 2014), as well as the amount of lactose, proteins, and vitamin D. The increasing demand from consumers for innovative dietary products has globally led to an increasing request of procedures and methods to detect adulteration of food matrices (Cossignani et al., 2011; Materazzi et al., 2012). In particular, adulteration of milk mainly consists of the addition or the illegal use of additives or molecules, including melamine (Balabin and Smirnov, 2011), sugars (Kamboj et al., 2020), urea (Mabood et al., 2019), and formalin (Saha and Thangavel, 2018).

Therefore, a method which could assess the quality of a food product and perform a multicomponent characterization at the first level test represents an important issue when dealing with the monitoring of food quality or human health. For this reason, innovative screening systems, able to rapidly process samples without requiring any pretreatment or clean up, in a non-destructive way, are becoming more and more recommended (Dunn et al., 2011; Risoluti et al., 2016, 2019a,b,c; D'Elia et al., 2018). Reference analytical procedures for milk analyses usually require chromatographic techniques, such as High Performance Liquid Chromatography associated to Mass Spectrometry (HPLC-MS) (Chotyakul et al., 2014; Aiello et al., 2015; Rocchetti et al., 2020), Gas Chromatography coupled to Mass Spectrometry (GC-MS) (Marchetti et al., 2002; Materazzi and Risoluti, 2014; Teng et al., 2017), and Nuclear Magnetic Resonance (NMR) (Garcia et al., 2012; Crea et al., 2014; Santos et al., 2016; Aiello et al., 2018).

Spectroscopic techniques are widely recognized as solvent-free, fast, and easy-to-use tools to perform the chemical investigation of different matrices without destroying samples (Oliveri et al., 2011; Materazzi et al., 2017a,b; Véstia et al., 2019). In particular, NIR spectroscopy associated with chemometric analysis proved its high potential in multicomponent analyses, at low costs and without requiring the supervision of specialized personnel (Kurdziel et al., 2003; Migliorati et al., 2013; Kordi et al., 2017; Materazzi et al., 2017c; Mees et al., 2018). NIR spectroscopy has been largely proposed for the investigation of milk with the aim of providing innovative and rapid methods for the detection of lactose, proteins, carotenoids, and fatty acid contents (Jankovskà and Šustovà, 2003; Numthuam et al., 2017; Risoluti et al., 2017; Wang et al., 2019; Soulat et al., 2020). In addition, NIR spectroscopy allows users moving out of the laboratory and performing prediction of analytes in complex matrices (Navarra et al., 2003; Bretti et al., 2013; Paiva et al., 2015; Basri et al., 2017; da Silva et al., 2017; Modrono et al., 2017; Risoluti and Materazzi, 2018; Risoluti et al., 2018a,b) by means of portable instruments that directly analyze milk and provide the results (De Angelis Curtis et al., 2008; Bian et al., 2017; Ferreira de Lima et al., 2018). Despite these instruments permitting the transfer of validated methods directly on site, they do not provide a tool enabling consumers to rapidly check the product by itself for application to real situations.

Based on these considerations, this work proposes a novel method based on a miniaturized spectrometer, the MicroNIR OnSite, for the multicomponent analysis of milk for food quality control. This platform uses chemometric tools to develop models of prediction that, once validated, provide the fast and accurate characterization of milk specimens in a “click,” using a contactless and wireless miniaturized instrument that can be installed on a consumer's smartphone.



MATERIALS AND METHODS


Experimental
 
Analytical Workflow

Milk specimens were provided by different producers in Italy and included cow, goat, and donkey milk, as well as rice milk. In addition, samples were selected considering their different amounts of fats and treatments and considering whole, skimmed, and low-fat milk and UHT milk. For each sample, about 1 ml of milk was directly analyzed by the MicroNIR equipped with a special accessory for liquids; no sample pre-treatment was necessary. A detailed list of the investigated samples is reported in Table 1.


Table 1. List of the investigated milk specimens.

[image: Table 1]

Chemometric analysis was performed by Principal Component Analysis in order to evaluate correlations among measurements and to provide a rapid tool able to identify the adulteration of milk as a function of the fats contents.

Calibration and validation of the platform was obtained by dividing the data set of measurements in the training set and evaluation set, while the prediction of real samples was achieved by processing 17 additional samples not previously included in the dataset and thus processed as an independent batch. This step is strictly required, in order to guarantee the results are not bath-dependent and to ensure reproducibility and effectiveness of the platform.



MicroNIR On-Site Spectrometer

The MicroNIR On-Site is a portable spectrometer device operating in the NIR region of the spectrum (900–1,700 nm) and distributed by Viavi Solutions (JDSU Corporation, Milpitas, USA). It is specifically the latest version of the ultracompact MicroNIR from Viavi and represents the real update in the field of the miniaturized device, moving out of the laboratory. In fact, it is provided by two different pieces of software (JDSU Corporation, Milpitas, USA): the first is the MicroNIR Pro software that allows trained users to collect samples and develop a model of prediction; the second is the MicroNIR OnSite-W system for real-time prediction of samples and it is suitable even for untrained users.

Calibration of the instrument was obtained prior to the acquisition of the sample, by means of a special accessory that permitted the registration of a dark reference (total absorbance) and a white reference (total reflectance) using Spectralon. The instrumental settings included a nominal spectral resolution of the acquisitions at 6.25 nm and an integration time of 10 ms, for a total measurement time of 2.5 s per sample. Chemometric analysis was performed by V-JDSU Unscrambler Lite (Camo software AS, Oslo, Norway). Ten spectra for each sample were collected in order to ensure heterogeneity of the measurement and the mean was considered for the chemometric analysis. The investigation of samples' correlation was first performed by Principal Component Analysis and the models of prediction were developed by the mean of Partial Least Square regression algorithms.





RESULTS AND DISCUSSION

The feasibility of innovative techniques to address specific issues strictly relies on the standardization of the method on reference samples as representative as possible of those to be processed. To this aim, a reference dataset of samples was considered by processing a number of different kinds of milk, such as cow, goat, and donkey, with different fatty acid contents. In addition, milk specimens after UHT treatments were also included, in order to provide a comprehensive method able to be used for a variety of products. With the aim of avoiding a batch dependent response of the analytical platform, different batches of the same milk and different providers were considered.

Spectra in the NIR region were recorded by the MicroNIR OnSite device, as reported in Figure 1, and chemometric pre-treatments were investigated in order to separate samples according to the different types of milk.


[image: Figure 1]
FIGURE 1. Collected spectra of milk specimens.


Mathematical transformations usually recommended for spectroscopic data (Barnes et al., 1989) were evaluated; in particular, scatter-correction methods were applied, such as Standard Normal Variate transform (SNV) (Geladi et al., 1985), Multiplicative Scatter Correction (MSC), Mean Centering (MC) (Wold and Sjöström, 1977), and normalization (Savitzky and Golay, 1964). In addition, spectral derivation techniques, including Savitzky-Golay (SG) polynomial derivative filters (Rinnan et al., 2009) were considered. Among the investigated spectra pre-treatments, combination of the baseline correction, first derivative transform, and Multiplicative Scatter Correction (MSC) were used to highlight differences among spectra and thus to separate samples according to the different chemical compositions.

Results of the NIR spectra interpretation from Sýasic and Ozaki (2001) were confirmed, as shown in Figure 2, where the graph of the loadings vs. components PC1 and PC4 is reported.


[image: Figure 2]
FIGURE 2. Graph of the loading factors vs. principal components PC 1 and PC4.


Therefore, the preliminary Principal Component Analysis performed on the entire dataset of measurements shows a good accordance among samples belonging to the same class (Figure 3) and shows a distribution of the samples as a function of the increasing fatty acid content (Figure 4).


[image: Figure 3]
FIGURE 3. Principal component analysis performed on all the collected samples.



[image: Figure 4]
FIGURE 4. Principal component analysis performed on all the collected samples from cow milk with different fats content.


This behavior led us to develop a quantitation model by considering a Partial Least Square Regression algorithm in order to develop a model of predicting milk that permits the rapidly evaluation of its origin and its quality. As required for the validation of analytical methods, all the collected spectra were divided into a training set (about 75% of samples) and evaluation set (about 25% of samples), and a number of parameters were assessed in order to calculate the model's performances.

Among these, the Root Mean Squared Errors (RMSEs) and the correlation coefficient (R2) were estimated in calibration and cross-validation by using seven latent variables, while precision and sensitivity were calculated to provide fast and accurate outcomes when dealing with real samples analysis.

As reported in Figure 5, the model allows users to simultaneously differentiate whole, semi-skimmed, and skimmed milk and to identify the different origins.


[image: Figure 5]
FIGURE 5. PLS model for fat quantitation in milk specimens.


As a consequence, the model may recognize the milk quality as a function of the belonging cluster of the spectra and preliminarily addresses the subsequent analyses.

The prediction ability of the model was evaluated by estimating the figures of merit and satisfactory outcomes may be observed; in fact, the correlation values were never lower than 0.99 in calibration or in cross-validation.

In addition, accuracy, precision, the slope, and the Root Mean Square Error (RMSE) were calculated considering seven latent variables. Results are summarized in Table 2.


Table 2. PLS model for milk: estimation of the figures of merit in calibration and cross-validation.
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Satisfactory performances of the model may be observed, leading to errors in cross-validation no higher than 0.002 g/mL and accuracy values no lower than 97.1%. Precision of the method was also calculated and suitable outcomes were obtained, resulting in precision values about 74.6%.


Feasibility of the Platform

Prediction of the real samples was performed by processing 17 milk specimens commercially available in the Italian markets, in order to evaluate the platform performances. Samples were analyzed by the MicroNIR On-Site and spectra were processed by the optimized chemometric model. Good accordance among measurements was observed from MicroNIR outcomes, as reported in Table 3. The graph of the measured vs. predicted samples provided for a correlation coefficient of about 0.996, as all the samples were correctly predicted by the model, confirming the promising application of the platform.


Table 3. Results obtained from the novel platform for independent real samples.

[image: Table 3]




CONCLUSIONS

In this work, a novel analytical platform based on NIR spectroscopy and chemometrics is proposed for the monitoring of milk quality. The novelty of the platform is strictly related to the innovative MicroNIR On-Site device which can be used to collect samples and to perform the prediction in few seconds, even by untrained personnel with an automated platform available on a smartphone. Reliability of this novel test was assessed by processing independent real samples, confirming the feasibility of this novel platform. In addition, the model was validated by estimating the characteristic figures of merit, such as the accuracy, slope, precision, and the RMSE, demonstrating its suitability for application as a screening test for consumers for food monitoring.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

SM and RR conceived the study and interpreted the data by chemometrics and GG performed the analyses. The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.



REFERENCES

 Aiello, D., Furia, E., Siciliano, C., Bongiorno, D., and Napoli, A. (2018). Study of the coordination of ortho-tyrosine and trans-4-hydroxyproline with aluminum(III) and iron(III). J. Mol. Liq. 269, 387–397. doi: 10.1016/j.molliq.2018.08.074

 Aiello, D., Materazzi, S., Risoluti, R., Thangavel, H., Di Donna, L., and Mazzotti, (2015). A major allergen in rainbow trout (Oncorhynchus mykiss): complete sequences of parvalbumin by MALDI tandem mass spectrometry. Mol. Biosyst. 11, 2373–2382. doi: 10.1039/C5MB00148J

 Balabin, R. M., and Smirnov, S. V. (2011). Melamine detection by mid- and near-infrared (MIR/NIR) spectroscopy: a quick and sensitive method for dairy products analysis including liquid milk, infant formula, and milk powder. Talanta 85, 562–568. doi: 10.1016/j.talanta.2011.04.026

 Barnes, R. J., Dhanoa, M. S., and Lister, S. J. (1989). Standard normal variate transformation and detrending of near-infrared diffuse reflectance spectra. Appl. Spectrosc. 43, 772–777. doi: 10.1366/0003702894202201

 Basri, K. N., Hussain, M. N., Bakar, J., Khir, M. F. A., and Zoolfakar, A. S. (2017). Classification and quantification of palm oil adulteration via portable NIR spectroscopy. Spectrochim. Acta Mol. Biomol. Spectrosc. 173, 335–342. doi: 10.1016/j.saa.2016.09.028

 Bian, X., Zhang, C., Liu, P., Wei, J., Tan, X., Lin, L., et al. (2017). Rapid identification of milk samples by high and low frequency unfolded partial least squares discriminant analysis combined with near-infrared spectroscopy. Chemom. Intell. Lab. Syst. 170, 96–101. doi: 10.1016/j.chemolab.2017.09.004

 Bretti, C., Crea, F., De Stefano, C., Foti, C., Materazzi, S., and Vianelli, G. (2013). Thermodynamic properties of dopamine in aqueous solution. acid-base properties, distribution, and activity coefficients in NaCl aqueous solutions at different ionic strengths and temperatures. J. Chem. Eng. Data 58, 2835–2847. doi: 10.1021/je400568u

 Chotyakul, N., Pateiro-Moure, M., Saraiva, J. A., Torres, J. A., and Pérez-Lamela, C. (2014). Simultaneous HPLC–DAD quantification of vitamins A and E content in raw, pasteurized, and UHT cow's milk and their changes during storage. Eur. Food Res. Technol. 238, 535–547. doi: 10.1007/s00217-013-2130-7

 Cossignani, L., Blasi, F., Bosi, A., D'Arco, G., Maurelli, S., Simonetti, M., et al. (2011). Detection of cow milk in donkey milk by chemometric procedures on triacylglycerol stereospecific analysis result. J. Dairy Res. 78, 335–342. doi: 10.1017/S0022029911000495

 Crea, F., Falcone, G., Foti, C., Giuffrè, O., and Materazzi, S. (2014). Thermodynamic data for Pb2+ and Zn2+ sequestration by biologically important S-donor ligands, at different temperatures and ionic strengths. New J. Chem. 38, 3973–3983. doi: 10.1039/C4NJ00830H

 Cunsolo, V., Saletti, R., Muccilli, V., Gallina, S., Di Francesco, A., and Foti, S. (2017). Proteins and bioactive peptides from donkey milk: the molecular basis for its reduced allergenic properties. Food Res. Int. 99, 41–57. doi: 10.1016/j.foodres.2017.07.002

 da Silva, N. C., Cavalcanti, C. J., Honorato, F. A., Amigo, J. M., and Pimentel, M. F. (2017). Standardization from a benchtop to a handheld NIR spectrometer using mathematically mixed NIR spectra to determine fuel quality parameters. Anal. Chim. Acta 954, 32–42. doi: 10.1016/j.aca.2016.12.018

 De Angelis Curtis, S., Kurdziel, K., Materazzi, S., and Vecchio, S. (2008). Crystal structure and thermoanalytical study of a manganese(II) complex with 1-allylimidazole. J. Therm. Anal. Calorim.. 92, 109–114. doi: 10.1007/s10973-007-8747-7

 D'Elia, V., Montalvo, G., Garca Ruiz, C., Ermolenkov, V. V., Ahmed, Y., and Lednev, I. K. (2018). Ultraviolet resonance Raman spectroscopy for the detection of cocaine in oral fluid. Spectrochim. Acta Mol. Biomol. Spectrosc. 188, 338–340. doi: 10.1016/j.saa.2017.07.010

 Dunn, J. D., Gryniewicz-Ruzicka, C. M., Kauffman, J. F., Westenberger, B. J., and Buhse, L. F. (2011). Using a portable ion mobility spectrometer to screen dietary supplements for sibutramine. J. Pharm. Biomed. Anal. 54, 469–474. doi: 10.1016/j.jpba.2010.09.017

 Ferreira de Lima, G., Cardoso Andrade, S. A., da Silva, V. H., and Araújo Honorato, F. (2018). Multivariate classification of UHT milk as to the presence of lactose using benchtop and portable NIR spectrometers. Food Anal. Methods 11, 2699–2706. doi: 10.1007/s12161-018-1253-7

 Garcia, C., Luts, N. W., Confort-Gouny, S., Cozzone, P. J., Armand, M., and Bernard, M. (2012). Phospholipid fingerprints of milk from different mammalians determined by 31P NMR: towards specific interest in human health. Food Chem. 135, 1777–1783. doi: 10.1016/j.foodchem.2012.05.111

 Geladi, P., MacDougall, D., and Martens, H. (1985). Linearization and scatter-correction for near-infrared reflectance spectra of meat. Appl. Spectrosc. 39, 491–500. doi: 10.1366/0003702854248656

 Hambraeus, L. (1984). Human milk composition. Nutr. Abstr. Rev. 54, 219–236.

 Jankovskà, R., and Šustovà, K. (2003). Analysis of cow milk by near-infrared spectroscopy. Czech J. Food Sci. 21, 123–128. doi: 10.17221/3488-CJFS

 Kamboj, U., Kaushal, N., and Jabeen, S. (2020). Near infrared spectroscopy as an efficient tool for the qualitative and quantitative determination of sugar adulteration in milk. J. Phys. Conf. Ser. 1531:012024. doi: 10.1088/1742-6596/1531/1/012024

 Kordi, B., Kovacevi, M., Slobod, T., Vidovi, A., and Jovi, B. (2017). FT-IR and NIR spectroscopic investigation of hydrogen bonding in indole-ether systems. J. Mol. Struct. 1144, 159–165. doi: 10.1016/j.molstruc.2017.05.035

 Kurdziel, K., Głowiak, T., Materazzi, S., and Jezierska, J. (2003). Crystal structure and physico-chemical properties of cobalt(II) and manganese(II) complexes with imidazole-4-acetate anion. Polyhedron 22, 3123–3128. doi: 10.1016/j.poly.2003.07.004

 Mabood, F., Ali, L., Boque, R., Abbas, G., Jabeen, F., Haq, Q. M. I., et al. (2019). Robust Fourier transformed infrared spectroscopy coupled with multivariate methods for detection and quantification of urea adulteration in fresh milk samples. Food Sci. Nutr. 8, 5249–5458. doi: 10.1002/fsn3.987

 Marchetti, L., Sabbieti, M. G., Menghi, M., Materazzi, S., Hurley, M. M., and Menghi, G. (2002). Effects of phthalate esters on actin cytoskeleton of Py1a rat osteoblasts. Histol. Histopathol. 17, 1061–1066. doi: 10.14670/HH-17.1061

 Materazzi, S., Gregori, A., Ripani, L., Apriceno, A., and Risoluti, R. (2017b). Cocaine profiling: Implementation of a predictive model by ATR-FTIR coupled with chemometrics in forensic chemistry. Talanta 166, 328–335. doi: 10.1016/j.talanta.2017.01.045

 Materazzi, S., Peluso, G., Ripani, L., and Risoluti, R. (2017c). High-throughput prediction of AKB48 in emerging illicit products by NIR spectroscopy and chemometrics. Microchem. J. 134, 277–283. doi: 10.1016/j.microc.2017.06.014

 Materazzi, S., and Risoluti, R. (2014). Evolved gas analysis by mass spectrometry. Appl. Spectrosc. Rev. 49, 635–665. doi: 10.1080/05704928.2014.887021

 Materazzi, S., Risoluti, R., Pinci, S., and Romolo, F. S. (2017a). New insights in forensic chemistry: NIR/Chemometrics analysis of toners for questioned documents examination. Talanta 174, 673–678. doi: 10.1016/j.talanta.2017.06.044

 Materazzi, S., Vecchio, S., Wo, L. W., and De Angelis Curtis, S. (2012). TG-MS and TG-FTIR studies of imidazole-substituted coordination compounds: Co(II) and Ni(II)-complexes of bis(1-methylimidazol-2-yl)ketone. Thermochim. Acta 543, 183–187. doi: 10.1016/j.tca.2012.05.013

 Mees, C., Souard, F., Delported, C., Deconinck, E., Stoffelen, P., Stévigny, C., et al. (2018). Identification of coffee leaves using FT-NIR spectroscopy and SIMCA. Talanta 177, 4–11. doi: 10.1016/j.talanta.2017.09.056

 Migliorati, V., Ballirano, P., Gontrani, L., Materazzi, S., Ceccacci, F., and Caminiti, R. (2013). A combined theoretical and experimental study of solid octyl and decylammonium chlorides and of their aqueous solutions. J. Phys. Chem. B 117, 7806–7818. doi: 10.1021/jp403103w

 Modrono, S., Soldado, A., Martínez-Fernández, A., and de la Roza Delgado, B. (2017). Handheld NIRS sensors for routine compound feed quality control: real time analysis and field monitoring. Talanta 162, 597–603. doi: 10.1016/j.talanta.2016.10.075

 Napoli, A., Aiello, D., Di Donna, L., Prendushi, H., and Sindona, G. (2007). Exploitation of endogenous protease activity in raw mastitic milk by MALDI-TOF/TOF. Anal. Chem. 79, 5941–5948. doi: 10.1021/ac0704863

 Navarra, M.A., Materazzi, S., Panero, S., and Scrosati, B. (2003). PVdF-based membranes for DMFC applications. J. Electrochem. Soc. 150, A1528–A1532. doi: 10.1149/1.1615607

 Numthuam, S., Hongpathong, J., Charoensook, R., and Rungchang, S. (2017). Method development for the analysis of total bacterial count in raw milk using near-infrared spectroscopy. J. Food Saf. 37:e12335. doi: 10.1111/jfs.12335

 Oliveri, P., Di Egidio, V., Woodcock, T., and Downey, G. (2011). Application of class-modelling techniques to near infrared data for food authentication purposes. Food Chem. 125, 1450–1456. doi: 10.1016/j.foodchem.2010.10.047

 Paiva, E. M., Rohwedder, J. J. R., Pasquini, C., Pimentel, M. F., and Pereira, C. F. (2015). Quantification of biodiesel and adulteration with vegetable oils in diesel/biodiesel blends using portable near-infrared spectrometer. Fuel 160, 57–63. doi: 10.1016/j.fuel.2015.07.067

 Rinnan, A., van den Berg, F., and Engelsen, S. B. (2009). Review of the most common pre-processing techniques for near-infrared spectra. Trends Anal. Chem. 28:10. doi: 10.1016/j.trac.2009.07.007

 Risoluti, R., Fabiano, M. A., Gullifa, G., Vecchio Ciprioti, S., and Materazzi, S. (2017). FTIR-evolved gas analysis in recent thermoanalytical investigations. Appl. Spectrosc. Rev. 52, 39–72. doi: 10.1080/05704928.2016.1207658

 Risoluti, R., Gregori, A., Schiavone, S., and Materazzi, S. (2018a). “Click and Screen” technology for explosives detection on human hands by portable MicroNIR/Chemometrics platform. Anal. Chem. 90, 4288–4292. doi: 10.1021/acs.analchem.7b03661

 Risoluti, R., Gullifa, G., Battistini, A., and Materazzi, S. (2019b). “Lab-on-click” detection of illicit drugs in oral fluids by microNIR–chemometrics. Anal. Chem. 91, 6435–6439. doi: 10.1021/acs.analchem.9b00197

 Risoluti, R., Gullifa, G., Battistini, A., and Materazzi, S. (2019c). MicroNIR/Chemometrics: A new analytical platform for fast and accurate detection of Δ9-Tetrahydrocannabinol (THC) in oral fluids. Drug Alcohol Depend. 205:107578. doi: 10.1016/j.drugalcdep.2019.107578

 Risoluti, R., and Materazzi, S. (2018). MicroNIR/Chemometrics assessement of occupational exposure to hydroxyurea. Front. Chem. 6:228. doi: 10.3389/fchem.2018.00228

 Risoluti, R., Materazzi, S., Tau, F., Russo, A., and Romolo, F. S. (2018b). Towards innovation in paper dating: a MicroNIR analytical platform and chemometrics. Analyst 143, 4394–4399. doi: 10.1039/C8AN00871J

 Risoluti, R., Piazzese, D., Napoli, A., and Materazzi, S. (2016). Study of [2-(2′-pyridyl)imidazole] complexes to confirm two main characteristic thermoanalytical behaviors of transition metal complexes based on imidazole derivatives. J. Anal. Appl. Pyrol. 117, 82–87. doi: 10.1016/j.jaap.2015.11.018

 Risoluti, R., Pichini, S., Pacifici, R., and Materazzi, S. (2019a). Miniaturized analytical platform for cocaine detection in oral fluids by MicroNIR/Chemometrics. Talanta 202, 546–553. doi: 10.1016/j.talanta.2019.04.081

 Rocchetti, G., Gallo, A., Nocetti, M., Lucini, L., and Masoero, F. (2020). Milk metabolomics based on ultra-high-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry to discriminate different cows feeding regimens. Food Res. Int. 134:109279. doi: 10.1016/j.foodres.2020.109279

 Saha, D., and Thangavel, K. (2018). Rapid detection of formalin in milk by Fourier-transform Near-infrared spectroscopy. J. Agric. Res. 55, 772–774. doi: 10.5958/2395-146X.2018.00143.6

 Santos, M. P., Pereira-Filhos, E. R., and Colnago, L. A. (2016). Detection and quantification of milk adulteration using time domain nuclear magnetic resonance (TD-NMR). Microchem. J. 124, 15–19. doi: 10.1016/j.microc.2015.07.013

 Savitzky, M. J., and Golay, E. (1964). Smoothing and differentiation of data by simplified least squares procedures. Anal. Chem. 36, 1627–1639. doi: 10.1021/ac60214a047

 Soulat, J., Andueza, D., Graulet, B., Girard, C. L., Labonne, C., Aït-Kaddour, A., et al. (2020). Comparison of the potential abilities of three spectroscopy methods: near-infrared, mid-infrared, and molecular fluorescence, to predict carotenoid, vitamin and fatty acid contents in cow milk. Foods 9:592. doi: 10.3390/foods9050592

 Sýasic, S., and Ozaki, Y. (2001). Short-wave near-infrared spectroscopy of biological fluids. Quantitative analysis of fat, protein, and lactose in raw milk by partial least-squares regression and band assignment. Anal. Chem. 73, 64–71. doi: 10.1021/ac000469c

 Teng, F., Wang, P., Yang, L., Ma, Y., and Day, L. (2017). Quantification of fatty acids in human, cow, buffalo, goat, yak, and camel milk using an improved one-step GC-FID method. Food Anal. Methods 10, 2881–2891. doi: 10.1007/s12161-017-0852-z

 Véstia, J., Barros, J. M., Ferreira, H., Gaspar, L., and Rato, A.E. (2019). Predicting calcium in grape must and base wine by FT-NIR spectroscopy. Food Chem. 276, 71–76. doi: 10.1016/j.foodchem.2018.09.116

 Wang, Y., Guo, W., Zhu, X., and Liu, Q. (2019). Effect of homogenisation on detection of milk protein content based on NIR diffuse reflectance spectroscopy. Int. J. Food Sci. Technol. 54, 387–395. doi: 10.1111/ijfs.13948

 Wold, S., and Sjöström, M. (1977). Chemometrics: theory and applications. Am. Chem. Soc. Symp. Series 52, 243–282. doi: 10.1021/bk-1977-0052.ch012

 Zhou, Q., Gao, B., Zhang, X., Xu, Y., Shi, H., and Yu, L. (2014). Chemical profiling of triacylglycerols and diacylglycerols in cow milk fat by ultra-performance convergence chromatography combined with a quadrupole time-of-flight mass spectrometry. Food Chem. 143, 199–204. doi: 10.1016/j.foodchem.2013.07.114


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Risoluti, Gullifa and Materazi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 07 December 2020
doi: 10.3389/fchem.2020.580489






[image: image2]

Early Diagnosis of Type 2 Diabetes Based on Near-Infrared Spectroscopy Combined With Machine Learning and Aquaphotomics

Yuanpeng Li1,2†, Liu Guo3†, Li Li4, Chuanmei Yang1, Peiwen Guang5, Furong Huang5*, Zhenqiang Chen5*, Lihu Wang1 and Junhui Hu1


1College of Physical Science and Technology, Guangxi Normal University, Guilin, China

2Guangxi Key Laboratory Nuclear Physics and Technology, Guangxi Normal University, Guilin, China

3Guangdong Hongke Agricultural Machinery Research & Development Co., Ltd., Guangzhou, China

4First Affiliated Hospital of Jinan University, Guangzhou, China

5Guangdong Provincial Key Laboratory of Optical Sensing and Communications, Department of Optoelectronic Engineering, Jinan University, Guangzhou, China

Edited by:
Anna Napoli, University of Calabria, Italy

Reviewed by:
Roberta Risoluti, Sapienza University of Rome, Italy
 Jelena Muncan, Kobe University, Japan

*Correspondence: Furong Huang, furong_huang@163.com
 Zhenqiang Chen, tzqchen@jnu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Analytical Chemistry, a section of the journal Frontiers in Chemistry

Received: 06 July 2020
 Accepted: 03 November 2020
 Published: 07 December 2020

Citation: Li Y, Guo L, Li L, Yang C, Guang P, Huang F, Chen Z, Wang L and Hu J (2020) Early Diagnosis of Type 2 Diabetes Based on Near-Infrared Spectroscopy Combined With Machine Learning and Aquaphotomics. Front. Chem. 8:580489. doi: 10.3389/fchem.2020.580489



Early diagnosis is important to reduce the incidence and mortality rate of diabetes. The feasibility of early diagnosis of diabetes was studied via near-infrared spectra (NIRS) combined with a support vector machine (SVM) and aquaphotomics. Firstly, the NIRS of entire blood samples from the population of healthy, pre-diabetic, and diabetic patients were obtained. The spectral data of the entire spectra in the visible and near-infrared region (400–2,500 nm) were used as the research object of the qualitative analysis. Secondly, several preprocessing steps including multiple scattering correction, variable standardization, and first derivative and second derivative steps were performed and the best pretreatment method was selected. Finally, for the early diagnosis of diabetes, models were established using SVM. The first overtone of water (1,300–1,600 nm) was used as the research object for an aquaphotomics model, and the aquagram of the healthy group, pre-diabetes, and diabetes groups were drawn using 12 water absorption patterns for the early diagnosis of diabetes. The results of SVM showed that the highest accuracy was 97.22% and the specificity and sensitivity were 95.65 and 100%, respectively when the pretreatment method of the first derivative was used, and the best model parameters were c = 18.76 and g = 0.008583.The results of the aquaphotomics model showed clear differences in the 1,400–1,500 nm region, and the number of hydrogen bonds in water species (1,408, 1,416, 1,462, and 1,522 nm) was evidently correlated with the occurrence and development of diabetes. The number of hydrogen bonds was the smallest in the healthy group and the largest in the diabetes group. The suggested reason is that the water matrix of blood changes with the worsening of blood glucose metabolic dysfunction. The number of hydrogen bonds could be used as biomarkers for the early diagnosis of diabetes. The result show that it is effective and feasible to establish an accurate and rapid early diagnosis model of diabetes via NIRS combined with SVM and aquaphotomics.
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INTRODUCTION

Pre-diabetes refers to abnormal fasting glucose or impaired glucose tolerance that has not yet reached the diagnostic criteria for diabetes. It is the only reversible stage in the course of type 2 diabetes (Yu et al., 2013). One study has indicated that there will be 472 million people in the world with diabetes by the year 2025 (Xiaomin et al., 2016). Patients have no specific symptoms in the early stages of type 2 diabetes. Once diagnosed, the majority of cases have serious complications associated with them that will affect the patients' physical and mental health (Fukuda and Mizobe, 2017). Therefore, it is important to develop methods for the early diagnosis of type 2 diabetes so that appropriate diet and lifestyle interventions can be provided at an early stage to reduce the incidence of diabetes and control the condition of pre-diabetes.

At present, the screening test for pre-diabetes involves fasting plasma glucose (FPG), urine glucose, hemoglobin A1C (HbA1C), and gene testing. The detection of FPG and urine glucose is not easy to operate, is time-consuming, and has a low cost, but the missed diagnosis rate is high. The HbA1c detection method has little variability, and the result is not affected by eating time and short-term lifestyle factors. However, there is no unified diagnostic standard associated with the HbA1c detection method, which does not represent the current blood glucose level and easily results in misdiagnosis (Vajravelu and Lee, 2018). Genetic testing methods are varied and are selected according to particular requirements, but there are still legal and social ethics issues (Etchegary et al., 2010; Prior et al., 2012). Glucose tolerance test (OGTT) methods have the advantages of objectivity and accuracy, which is the “gold standard” for the diagnosis of pre-diabetes. However, the testing is complicated and time-consuming, causes great discomfort and increases the unnecessary psychological burden on patients, and is not suitable for large-scale population screening. Therefore, the development of fast, simple, and accurate methods is urgently required.

Patients with symptoms can undergo diagnostic methods, such as FPG, glucose tolerance tests, and glycated hemoglobin tests. However, these cannot be applied to large-scale screening (American Diabetes Association, 2012; Rosella et al., 2015; Mainous et al., 2016; Nakagami et al., 2017). Additionally, biomarkers have been investigated and applied to the early diagnosis of diabetes in a study by Lina et al. in 2013 that focused on the examination of whether there is a potential biomarker of T2DM in urine. The research showed that the expression of three types of polypeptides decreased in diabetes patients. It was further determined that these three polypeptides were fragments of histidine trimer nucleotide-binding protein 1 (HINT1), bifunctional aminoacyl tRNA synthetase (EPRS), and agrin precursor protein (CLU) and that they could be used as potential biomarkers for type 2 diabetes (Lina et al., 2013). In 2017, Hsiao-Feng et al. used laser doppler blood flow measurements and spectroscopic analysis to study different microcirculation effects and applied them to the early diagnosis of diabetes. Relative energy contribution and Doppler frequency shifts were found to decrease sequentially from the healthy group to the pre-diabetes group to the diabetes group. This shows that the relative energy contribution and Doppler frequency shift have a certain correlation with the progression of diabetes (Hsiao-Feng et al., 2017). In 2020, Yuanjie et al. used a wearable active acetone biosensor for the non-invasive diagnosis of pre-diabetes. Breath acetone on the order of ppm was measured, which showed that the sensor had a good response (Yuanjie et al., 2020). In new biomarker detection, laser doppler and acetone biosensors have been used in the early diagnosis of diabetes, and have made some progress, but these research results are very preliminary (Yuanjie et al., 2020).

Near-infrared spectroscopy (NIRS), as a non-destructive, rapid, and green analytical technique, has been widely used in the biomedical field (Workman, 1993; Beć et al., 2020). Metabolic or compositional changes occur during disease progression in most cases, beginning with abnormal changes in the molecular structure of tissue cells or humoral metabolism, and no obvious clinical symptoms are observed until the middle or late stages of disease onset. Consequently, analyzing the concentration and structural changes of proteins, fats, and water in human tissues, cells, and body fluids using NIRS, which is a more objective, reliable, and accurate tool has been proposed for the early diagnosis of diseases (Sakudo, 2016). The main component of blood is water, and other components include protein, lipid, sugar, and additional organic compounds. These substances have strong infrared activity, but the information of other components can be easily obscured owing to the strong absorption of water. Due to the influence of water absorption, NIRS has strong overlapping characteristics, and it is difficult to find the fingerprint features related to disease development. Besides, due to individual differences and instrument noise, it is difficult to detect subtle differences in the peak position of NIRS. To reduce the influence of these factors and extract useful information, it is necessary to combine spectral information with a machine learning method to establish a diagnostic model for the accurate diagnosis of pre-diabetes, which can reduce the influence of these factors and extract effective information (Huazhou et al., 2020).

In recent years, a novel approach called aquaphotomics has been proposed by Tsenkova (2005, 2009). This approach provides a new view of NIRS analysis. It allows analysis of NIR absorption changes of water and other substances as interference factors, and the changes in water absorption patterns associated with the occurrence and development of diseases can be determined by an extended water mirror approach (EWMA). Tsenkova et al. analyzed the number of body cells in the milk produced by cows with mastitis and healthy cows, and collected a large amount of milk component data and observed the changes in water absorption patterns in NIRS for the fast and accurate diagnosis of mastitis (Atanassova et al., 2009). Kinoshita et al. predicted whether a panda was in estrus by observing the changes in 12 water matrix coordinates—WAMACS in the urine of female pandas using the aquaphotomics method (Tsenkova, 2009; Kinoshita et al., 2012). For exploring the potential diagnostic information from serum samples, temperature-dependent near-infrared (NIR) spectroscopy was developed to obtain the spectral change of water reflecting the interactions in serum solution, and chemometric methods were employed to discriminate the patients of diabetes and heart disease. However, there have been no reports concerning the diagnosis of pre-diabetes using aquaphotomics.

The present work aims to develop a rapid and accurate diagnosis of pre-diabetes. A model for the diagnosis of pre-diabetes was established, which combined NIRS and a support vector machine (SVM). The changes in water absorption patterns in the blood of normal, pre-diabetic, and diabetic patients were extracted using the aquaphotomics method, which not only provides immediate insight for the occurrence and development of diabetes but also provides a novel method for the diagnosis of pre-diabetes that can hopefully be used for early diagnosis.



MATERIALS AND METHODS


Materials and Sample Preparation

A total of 147 blood samples comprehensively diagnosed as healthy, pre-diabetic, or type 2 diabetic by 2-h post-load blood glucose (2hPG) of OGTT and FPG were collected from the Department of Endocrinology, First Affiliated Hospital of Jinan University. Peripheral blood samples were preserved (about 1 mL), kept in an anticoagulant tube (test tube treated with an anticoagulant to prevent blood from clotting), and stored in a −20°C refrigerator. All the peripheral blood samples are collected on the same day and spectral acquisition was performed immediately. Blood samples were collected from 53 healthy (24 males and 29 females, with an average age of 44 ± 12 years), 46 pre-diabetic (18 males and 28 females, with an average age of 47 ± 10 years), and 48 type 2 diabetic (25 males and 23 females, with an average age of 49 ± 12 years) patients. All specimens were from the same ethnic group with the same socioeconomic background, and all specimens were collected in accordance with relevant laws and regulations.

In the early morning of the second day, venous blood was collected from the patients and the FPG test was performed. Also, the OGTT test was performed on all subjects, and venous blood was collected after 2 h of glucose loading, and the venous blood glucose level was measured. During the OGTT test, subjects would sit and rest, and drinking coffee, tea, and other substances was prohibited. The detailed results of the blood glucose analyses are provided in Table 1.


Table 1. Blood glucose information includes 2 h post-load blood glucose (2 hPG) and fasting plasma glucose (FPG).
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In this study, the diagnostic criteria for type 2 diabetes and pre-diabetes used the standards formulated in the “Guidelines for Prevention and Treatment of Type 2 Diabetes (2013 Edition)” as the reference basis (Diabetes Branch of Chinese Medical Association, 2014): (1) normal blood glucose: FPG <7.0 mmo1/L and (or) 2hPG <7.8 mmol/L; (2) diabetes: FPG > 7.0 mmol/L and (or) 2hPG > 11.1 mmol/L (patients with a diagnosis of diabetes); (3) pre-diabetes mellitus (PDM): FPG range: 6.1 ≤ FPG < 7.0 mmo1/L and (or) 7.8 mmol/L < 2hPG ≤ 11.1 mmol/L.

In this study, the sample set was divided into a training set and a prediction set at a ratio of 3:1 by using a random selection method and repeating sampling 10 times. The random division ensures that the sample sets generated every time by setting random seeds were different and can be compared with the results of multiple runs because the method remarkably influences the model robustness, and an optimal sample set was obtained. The division of the blood samples into the training set and the prediction set is presented in Table 2.


Table 2. Division of blood samples into the training set and prediction set.
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Collection of Near-Infrared Spectra

NIRS were acquired using a grating NIR spectrometer (XDS Rapid Content Analyzer, Foss, Denmark) with transmission accessories. The spectra acquisition range was 400–2,500 nm, and the detectors were Si (400–1,100 nm) and PbS (1,100–2,500 nm). When acquiring NIRS of the blood samples from a group of healthy, pre-diabetic, and diabetic patients, 1-mL sample portions were placed in a quartz cuvette (optical path of 1 mm), and spectra were recorded at a wavelength increment of 2 nm in the range of 400–2,500 nm. The spectral data of each sample were measured in triplicate and averaged. The laboratory temperature was 24 ± 1°C and the relative humidity was 41%.

Data preprocessing is an important factor to improve prediction accuracy (Byrne et al., 2016). Random noise is often a component of the original data, resulting in differences between the true and the measured value. To eliminate errors as much as possible, it is necessary to weaken and even eliminate various disturbance factors through various data processing methods, which lay the foundation for next data processing. Therefore, it is very necessary to preprocess the original spectra. In this study, spectral data were preprocessed by a first derivative, a second derivative, a multiple scattering correction (MSC), and a standard normal variable transform (SNV) which can be used to reduce or even remove the influence of various interference factors.



Support Vector Machine (SVM)

SVM is a machine learning method that was developed based on dimensional theory and the statistical learning theory of Vapnik (1995). SVM is used to investigate pattern recognition and regression prediction problems with small sample sizes and can solve many practical problems, such as small sample size, nonlinearity, and high-dimensional problems. The problems of poor generalization ability and the difficult convergence of neural networks were solved by SVM. In recent years, good progress has been made in studies on disease diagnosis by using NIRS combined with SVM (Sylvain and Cecile, 2018; Afara et al., 2020).

In the SVM method, different kernel functions can generate different SVM algorithms. A radial basis function (RBF) kernel function is used to realize the modeling classification of SVM because it can process nonlinear problems. RBF is a scalar function that is symmetric along the radial direction. It is usually defined as a monotonic function of the Euclidean distance between any point x in the space and a certain center xc, which can be recorded as k(||x-xc||), and its effect is often local, that is, when x is far away from xc, the value of the function is very small (Sánchez, 2003). Moreover, several optimization algorithms have been adopted to optimize the internal parameters of the model, obtain better results, and increase model robustness. Kernel function optimization is mainly solved by using penalty parameter C and kernel function parameter g. Parameter optimization is implemented based on the principle of minimum mean square error. The two parameters, namely, the selected kernel function type and support vector type, determine the optimization performance of the model. No universally agreed method has been reported for the optimization of SVM parameters worldwide. At present, the common methods include test method, grid search (GS), genetic algorithm (GA), and particle swarm optimization (PSO) (Sánchez, 2003; Peng-Wei et al., 2004).

Principal component analysis was used for dimension reduction to decrease model complexity (Abdi and Williams, 2010). The data after dimension reduction determined the data of principal components with a cumulative contribution rate higher than 99%, which are used as the input of the SVM model. Moreover, the kernel function was used for SVM modeling because RBF can accurately process nonlinear problems. The penalty parameter c and kernel function parameter g were used as two important parameters of RBF. These two parameters have important control impacts on model complexity, approximation error, and measurement accuracy of the model (Schlkopf and Smola, 2001; Aljarah et al., 2018; Li et al., 2019; Yalsavar et al., 2019). The penalty parameter c in the SVM model represents the degree of the penalty of an incorrect classification under linearly inseparable situations. This parameter adjusts the preferred weights of two indexes (interval and classification accuracies) in the optimization direction. This problem is equal to the prohibition of incorrectly classified samples (overfitting) when c tends to be infinitely large. The accurate classification of samples is ignored, and the maximum interval is pursued when c tends to be 0. Relevant solutions are then not obtained, and the algorithm does not converge (underfitting). The kernel function parameter g is the first r (γ) in Equation (2), and the default value is 1/k where k is the number of categories. The value of γ is used to set the “spread” of the function when RBF is utilized as the kernel. This condition applies the data mapping distribution to the new characteristic space. The value of γ is negatively correlated with the number of support vectors which influences the training and prediction speeds.

[image: image]
 

Aquaphotomics

Water, as a natural biological matrix, is composed of small molecules with a great capacity for hydrogen bonding. Water alters the absorption pattern according to the physical and chemical properties of biological systems (Tsenkova, 2008). The basis component of blood is water, and the water absorption pattern will change due to the changes in material metabolism in the human body with disease. Consequently, changes in water absorption patterns of the blood can be used to diagnose the disease. The 12 water absorption bands - WAMACS in the NIR range are presented in Table 3 (Tsenkova, 2009; Tsenkova et al., 2015, 2018; Bázár et al., 2016).


Table 3. Water absorption pattern in NIR range.

[image: Table 3]

As water is susceptible to disturbance factors, analyzing the spectral changes of water and living systems subjected to these factors can be used to study the water matrix and other molecules in the water. The spectral ranges of water absorbance bands called water matrix coordinates (WAMACS), where specific water absorbance bands related to specific water molecular conformations (water species, water molecular structures) are found with the highest probability (Tsenkova, 2009). For the first overtone of water (1,300–1,600 nm), 12 WAMACs (labeled Ci, i = 1, 12) have been experimentally discovered (each of 6–20 nm in width) and they have been confirmed by overtone calculations of already reported water bands in the infrared range (Tsenkova, 2009). The combination of the activated water bands, at which the light absorbance gets influenced by the perturbations, depicts a characteristic spectral pattern called a water spectral pattern (WASP), which reflects the condition of the whole water molecular system. It contains a huge amount of physical and chemical information for the solution because the water hydrogen bonding network is easily influenced by any kind of even subtle perturbations (Kinoshita et al., 2012) including the solutes. At the moment, even without the assignment and understanding of water absorbance bands, WASPs can be used as holistic (bio)markers for system functionality.

The trajectory of the water absorption pattern obtained under a specific disturbance can be used as a spectral pattern in the multidimensional space of the water matrix coordinates, that is, as a spectral biological indicator to distinguish substances and explain the difference in function and the structural characteristics of the two. The application of water absorption patterns in disease diagnosis can be used as a biological indicator to help us better understand the role of water in life systems, and for disease diagnosis (Mengli et al., 2015; Xiaoyu et al., 2019).

Graphically, WASP is presented as an aquagram, which is a radial graphic of the normalized absorbance of characteristic water bands. The values for the aquagram on the coordinate axis can be obtained according to Equation (1) (Tsenkova et al., 2015). Here, Aλ is the absorbance after multiplicative scatter correction (MSC) applied on the first derivative overtone region, μλ is the mean value of all spectra, and σλ is the standard deviation of all spectra at wavelength λ.
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Evaluation of Model Parameters

Accuracy, specificity, and sensitivity are used as important evaluation indexes for the SVM models. The calculation equations of different parameters are expressed as follows:
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In Equation (4), TPR is the sensitivity, and FPR is the specificity. TP represents the number of positive samples in the verification set that are accurately classified by the model, and FN represents the number of positive samples in the verification set that are incorrectly classified by the model. FP is the number of negative samples in the verification set that are incorrectly classified by the model. TN is the number of negative samples in the verification set that are accurately classified by the model.




RESULT AND DISCUSSION


Spectral Analysis

NIRS of the blood and water samples are shown in Figure 1 and the raw spectra of the blood samples are shown in Figure 1A. In the figure, there are two main absorption peaks at 1,452 and 1,951 nm in the NIR region, which are in accordance with the fingerprint region of water as reported in the literature. The absorption peak at 1,452 nm is the first overtone of the O-H stretching vibration in water, and that at 1,951 nm is the combination of O-H stretching and bending vibrations in water (Sakudo, 2016; Bishop and Neary, 2018; Pasquini, 2018).


[image: Figure 1]
FIGURE 1. NIR spectra of the blood samples: (A) raw and (B) average spectra.


In addition to water as the main component of blood, cholesterol, triglycerides, glucose, proteins, and other organic compounds are found in blood, but the absorption region of these substances are masked by the absorption of water molecules. The shape and trend of the NIRS of the healthy group, pre-diabetes group, and diabetes group are very similar, but the absorption intensity is dissimilar (shown in Figure 1B). It can be observed that the absorption intensity is healthy group > diabetes group > pre-diabetes group in the 400–1,200 nm region, and at 1,452 nm it changes to healthy group > pre-diabetes group > diabetes group, which is probably due to the changes in water and other organic compounds caused by changed blood glucose concentration.



Result of SVM Model

The results of the SVM model based on different preprocessing methods are shown in Table 4. It was concluded that the first derivative had the best preprocessing effect, so the first derivative was chosen as the preprocessing method for this data. GS, GA, and PSO were used to optimize c and g in this study. The optimum c and g values were selected based on the principle of highest accuracy, which is gained by cross-verification of the leave-one-out method. It follows from Table 5 that the model has the best effect under the condition of GA (c = 11.62, g = 0.009346) optimization. The accuracy, specificity, and sensitivity are: 97.22%, 95.65% (22/23), 100% (13/13), respectively with the prediction set.


Table 4. Results of SVM model based on different preprocessing methods.
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Table 5. Results of SVM model based on different optimization algorithms.
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The optimal results of the healthy, pre-diabetic, and type 2 diabetic patient samples are shown in Figure 2. The 3D diagram of the optimization results for c and g using the GS methods is shown in Figure 2A. The contour map in Figure 2A projected onto a 2D plane is shown in Figure 2B. The contour map shows that c and accuracy rate gradually increase, and the gradient gradually converges from left to right. The highest accuracy rate of interactive verification is 90.99% when the penalty parameter c = 16 and the kernel function parameter g = 0.006801. The optimization results using GA are shown in Figure 2C. The accuracy rate continuously increases when the population evolution algebra increases from 0 to 30, and the population reaches its saturation point at 30. Therefore, c = 11.62 and g = 0.009346 are the optimal results with the highest accuracy rate of the interactive verification of 92.80% when the population evolution algebra is 30. The optimization results for PSO are shown in Figure 2D. Results show that the accuracy rate is saturated at all times when the population evolution algebra is between 0 and 100. Therefore, c = 1.5 and g = 1.7 are the optimal results with the highest accuracy rate of the interactive verification of 89.58% when the population evolution algebra is between 0 and 100.


[image: Figure 2]
FIGURE 2. Optimization result map for healthy, pre-diabetic, and type 2 diabetic samples: (A,B) optimization result map for GS; (C) optimization result map for GA; and (D) optimization result map for PSO.


Graphs for the estimated class values (y axis) vs. the number of samples (x axis) are shown in Figure 3. The best fit between the true and predicted values of the training set is shown in Figure 3A. The fitting effect of the true value and predicted value of the prediction set is shown in Figure 3B, and only one outlier sample is found.


[image: Figure 3]
FIGURE 3. Graphs for the estimated class values (y axis) vs. the number of samples (x axis). (A) Training set. (B) Prediction set.




Result of Aquaphotomics

The average and corresponding different spectra of healthy, pre-diabetic, type 2 diabetic, and pure water in 1,300–1,600 nm are shown in Figure 4. It shows that the spectra of healthy, pre-diabetic, and type 2 diabetic almost overlapped, except at 1,450 nm where large differences were observed. The resulting spectra obtained by subtracting the healthy spectra from the pre-diabetic and type 2 diabetic spectra showed a maximum negative peak at 1,412 and 1,476 nm, which are attributable to the stretching vibration peak of water molecules without hydrogen bonds (1,412 nm) and water molecules with three hydrogen bonds (1,476 nm) (Tsenkova, 2009; Tsenkova et al., 2018; Xueguang et al., 2018). Error bars represent the fluctuation range of absorbance of different individuals. Due to the influence of noise and individual variation, it was difficult to diagnose diabetes in the early stages when the differences from the raw spectra were barely visible, but in the range of individual differences, the difference between pre-diabetes and type 2 diabetes can be observed from the differential spectra.


[image: Figure 4]
FIGURE 4. Average spectra of the blood samples in the 1,300–1,600 nm region: (A) raw spectra; (B) difference spectra of pre-diabetes and type 2 diabetes.


Figure 6A shows the results of the second derivative of the raw spectra and the corresponding different spectra of the healthy, pre-diabetic, and type 2 diabetic samples. The second derivative spectra can effectively expand the resolution of the spectra and find the differences among the spectra of healthy, pre-diabetic, and type 2 diabetic. More distinctive peaks appeared after the second derivative transformation, including a maximum positive peak centered at 1,382 nm and a maximum negative peak centered at 1,416 nm. The peak at 1,382 nm was ascribed to the solvent layer of water and 1,416 nm was ascribed to water molecules without hydrogen bonds (Tsenkova, 2009; Tsenkova et al., 2018; Xueguang et al., 2018). The resulting spectra obtained by subtracting the healthy spectra from the pre-diabetic and type 2 diabetic spectra showed the differences at 1,408 nm (water molecules that do not contain hydrogen bonds), 1,416 nm (water molecules without hydrogen bonds), 1,448 nm (the solvated layer of water), 1,462 nm (water species containing two hydrogen bonds), 1,470 nm (unknown) (Tsenkova, 2009; Tsenkova et al., 2018; Xueguang et al., 2018). Error bars represent the fluctuation range of absorbance of different individuals. In the range of individual differences, the difference between pre-diabetes and type 2 diabetes can be observed from the corresponding different spectra of the second derivatives.

In general, NIRS are highly correlated and cause data redundancy to a certain extent. Principal component analysis (PCA) was applied to the NIRS of all samples from 1,300 to 1,600 nm because of its ability for data reduction. Figure 5A presents the three-dimensional score plots, which show the projection of raw data onto the 3D plane of the first three principal components of PCA. The cumulative explained variance of the first three principal components was 99.98%, indicating that the first three principal components were able to reflect most of the essential characteristics of the raw data. As shown in Figure 5A, from healthy, pre-diabetes, and type 2 diabetes, there was a trend along the PC2-coordinate from negative to positive values, suggesting that as diabetes progresses the original water structures of the whole blood were gradually disrupted. The water structures of the pre-diabetes gradually approached the water structures of the type 2 diabetes as diabetes progressed. Figure 5B is the loading plot of the first three principal components of PCA. PC3 showed higher loading values at 1,416 nm, whereas the loading values of PC1 and PC2 mainly were highest at 1,374, 1,382, 1,392, 1,448, 1,470, and 1,522 nm. In addition to the aforementioned distinctive peaks, the peak at 1,416 nm represented water molecules without hydrogen bonds and 1,522 nm was strongly bound water, water species with four hydrogen bonds absorbed in 1,482–1,495 nm (Esquerre et al., 2009; Gowen et al., 2009; Tsenkova, 2009).


[image: Figure 5]
FIGURE 5. PCA results of NIR spectra (1,300–1,600 nm) collected from all samples. (A) PCA 3D score plot. (B) PCA loading plot.


Several studies have shown that there are 12 characteristic bands in the first overtone region of water (1,300–1,600 nm). As shown in Table 3, there were eight peaks, including 1,344, 1,374, 1,382, 1,408, 1,406, 1,448, 1,462, and 1,470 nm, in the NIRS of healthy, pre-diabetes, and type 2 diabetes samples found within these 12 characteristic bands. Each band corresponded to a peak, except for the two peaks in the C5 region. The 12 characteristic wavelengths were selected (1,344, 1,374, 1,382, 1,392, 1,408, 1,416, 1,448, 1,462, 1,470, 1,522, 1,556, 1,578 nm) according to the results of spectral variance analysis. PCA analysis to construct aquagrams for the evaluation of water structural changes in whole blood shows how diabetes progresses. The selected 12 characteristic wavelengths were the WAMACs of the entire complex system of the whole blood in healthy, pre-diabetes, and type 2 diabetes patients, and the changes in absorbance of these 12 characteristic wavelengths corresponded to the WASP of the samples.

The radar chart called an “aquagram” was drawn according to Equation (2) above as shown in Figure 6B. Error bars represent the fluctuation range of absorbance of different individuals. Within the error fluctuation range as shown in Figure 6B, water absorption patterns for the early diagnosis of diabetes are feasible and the differences were observed in aquagrams. The aquagrams of the healthy, pre-diabetes, and diabetes groups are clearly biased differently. The healthy group has the strongest absorbance at six WAMACS of 1,344 nm (anti-symmetric stretching fundamental frequency vibration), 1,374 nm (symmetrical and anti-symmetrically stretching fundamental frequency vibration), 1,382 nm (solvent layer of water), 1,392 nm (trapped water), 1,408 nm (water molecules that do not contain hydrogen bonds), and 1,416 nm (water molecules without hydrogen bonds).The absorbance of blood in the diabetes group was evidently closer to the center of the aquagram, and that in the pre-diabetes group was far away from the center of the aquagram in the 1,448 nm region (the solvated layer of water). In addition, the average intensity of absorbance of the pre-diabetic group at 1,462 nm (water species containing two hydrogen bonds) and 1,470 nm (unknown) was stronger than the diabetes group, while the absorbance of blood in the diabetes group at 1,522 nm (water species containing four hydrogen bonds), 1,556 nm (unknown) and 1,578 nm region (unknown) was stronger than that in the pre-diabetes group.


[image: Figure 6]
FIGURE 6. Second derivative spectra and aquagram: (A) average and difference spectra in the 1,300–1,600 nm region; (B) aquagram of healthy, pre-diabetes, and type 2 diabetes samples in 12 fingerprint regions of water.


The 1,462 and 1,470 nm bands are found in sugar-water systems, and are also similar to the bands we found in the region above 1,500 nm (Esquerre et al., 2009; Gowen et al., 2009; Tsenkova, 2009). Also, the result shows that there is a trend in the increased concentration in the aquagrams of water-sugar solutions which is consistent with the findings of Bázár et al. (2015). The error bars on the aquagram show a large overlap between different classes, but there is no overlap in the 1,416 nm band. Therefore, judging the progress of diabetes by the number of hydrogen bonds is affected by individual differences to a certain extent, except at 1,416 nm (water molecules without hydrogen bonds) where large differences were observed without overlap.

It can be observed that the symmetric and antisymmetric stretching fundamental frequency vibrations of the water molecules are much stronger in the healthy group. Water molecules without hydrogen bonds indicated that the Van der Waals force played a significant role in the water molecules of blood, which showed that healthy people had normal blood glucose metabolism. In this case, the H in the hydrogen bonds of glucose that participates in the formation of hydrogen bonds is almost negligible, and only a small amount of H in hydrogen bonds of water molecule participates in hydrogen bonding. Therefore, the absorbance of blood in the healthy group at 1,408 nm (water molecules without hydrogen bonds) and 1,416 nm (water molecules without hydrogen bonds) was higher than that in the pre-diabetes group and diabetes group.

The number of hydrogen bonds contained in the water species are in the order of diabetes group > pre-diabetes group > healthy group, indicating that as the blood glucose metabolic dysfunction becomes more serious, the H in blood glucose replaces the H in water to participate in the formation of hydrogen bonds (shown in Figure 7). This indicates that the hydrogen of -OH in glucose competes with the hydrogen of -OH in water. The water environment in human blood has been changed by the aggravation of abnormal blood glucose metabolism. The H of -OH in glucose replaces the H of -OH in water to participate in hydrogen bonding and forms many glycosylation products such as glycated hemoglobin and glycated albumin (Yun, 2009). The interaction between high concentrations of blood sugar and other blood components in the long-term leads to serious effects on the health of the human body owing to the further aggravation of the disorder of glucose metabolism. Therefore, the number of non-bonded water molecules can be used as a biomarker for the early diagnosis of diabetes.


[image: Figure 7]
FIGURE 7. Hydrogen bond interaction: (A) schematic diagram of hydrogen bonding between water molecules; (B) replacement effect of glucose on water in blood glucose.





DISCUSSION

According to the results of the SVM model, the accuracy of the early diagnosis of diabetes can reach 97%. However, the model is not interpretable and cannot explain the process of diabetes occurrence and development, nor can confirm whether blood composition has changed, resulting in the corresponding changes of spectral characteristics. However, the difference in water absorption patterns of blood among the healthy group, pre-diabetes group, and diabetes group can be visually observed using the aquaphotomics method. With the intensification of blood glucose metabolism disorders, the water environment in the blood changes significantly. The H of -OH in glucose slowly replaces the H of -OH in water to participate in hydrogen bonding. The progress of diabetes can be observed in water absorption patterns at 1,408, 1,416, 1,462, and 1,522 nm which are assigned to water molecules with a different number of hydrogen bonds. The displacement effect of glucose on water has been discovered and experimentally verified in aqueous glucose solution (Brady and Schmidt, 1993; Yun, 2009; Cong et al., 2012; Xiaoyu et al., 2017; Sae et al., 2018; Arai and Shikata, 2019; Beganović et al., 2020). Therefore, it is speculated that this phenomenon is also applicable to complex solution systems such as blood, and this experiment has observed the displacement effect of glucose on the water in blood, and is applied to the early diagnosis of diabetes.

Pre-diabetes is a condition defined as having blood glucose levels above normal but below the defined threshold of diabetes. It is considered to be an at-risk state, with a high chance of developing diabetes (Tabák et al., 2012). While pre-diabetes is commonly an asymptomatic condition, it is always present before the onset of diabetes. The elevation of blood sugar is a continuum and hence pre-diabetes cannot be considered an entirely benign condition. Therefore, pre-diabetes is a necessary stage for diabetic patients. The early diagnosis of diabetes is an important way to reduce morbidity, complications, and mortality, and has important significance for the clinical evaluation and prevention of diabetes (Cefalu et al., 2014; Yi et al., 2014; Huang et al., 2016; Khokhar et al., 2017).

This study, different to those conducted previously, has used near-infrared spectroscopy combined with machine learning and aquaphotomics for the early diagnosis of diabetes. The diagnosis accuracy has reached 97%. Differences in water absorption patterns were analyzed, and the specific features of the water spectra that can be used as a biomarker for the early diagnosis of diabetes were found. Besides, the occurrence and development of diabetes were explained at the molecular level. Specifically, as the disorder of blood glucose metabolism intensifies, the water environment of blood changes significantly. The H of -OH in glucose replaces the H of -OH in water to participate in hydrogen bonding, and the severity of diabetes can be reflected via the number of hydrogen bonds contained in the water species.



CONCLUSION

In this study, the near-infrared spectra of blood samples from healthy, pre-diabetes, and diabetes groups were collected and it was found that the raw near-infrared spectra were not significantly different. However, after the second-order derivative was used to improve the spectral resolution, significant differences were found in the 1,400–1,500 nm region, which shows that water absorption patterns could be used for the early diagnosis of diabetes. Therefore, NIRS combined with machine learning and aquaphotomics were used for the early diagnosis of diabetes in this paper. The results show that the optimization of different preprocessing methods and optimization algorithms (GS, GA, PSO) can greatly improve the accuracy rate of the SVM model, and a high accuracy rate of 97% was obtained by the SVM model for recognizing the healthy, pre-diabetes, and diabetes groups. Difference of water absorption patterns in blood was analyzed by aquaphotomics method, and results show that the number of hydrogen bonds contained in the water species decreased in the order of diabetes group > pre-diabetes group > healthy group, which indicated a significant change in the water environment between the groups. Owing to the dysfunction of the blood glucose metabolism, the H of -OH in glucose replaces the H of -OH in water to participate in hydrogen bonding, and the severity of the diabetes can be reflected via the number of hydrogen bonds.
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The evolution of the field of element speciation, from the targeted analysis for specific element species toward a global exploratory analysis for the entirety of metal- or metalloid-related compounds present in a biological system (metallomics), requires instrumental techniques with increasing selectivity and sensitivity. The selectivity of hyphenated techniques, combining chromatography, and capillary electrophoresis with element-specific detection (usually inductively coupled plasma mass spectrometry, ICP MS), is often insufficient to discriminate all the species of a given element in a sample. The necessary degree of specificity can be attained by ultrahigh-resolution (R >100,000 in the m/z < 1,000 range for a 1 s scan) mass spectrometry based on the Fourier transformation of an image current of the ions moving in an Orbitrap or an ion cyclotron resonance (ICR) cell. The latest developments, allowing the separate detection of two ions differing by a mass of one electron (0.5 mDa) and the measurement of their masses with a sub-ppm accuracy, make it possible to produce comprehensive lists of the element species present in a biological sample. Moreover, the increasing capacities of multistage fragmentation often allow their de novo identification. This perspective paper critically discusses the potential state-of-the-art of implementation, and challenges in front of FT (Orbitrap and ICR) MS for a large-scale speciation analysis using, as example, the case of the metabolism of selenium by yeast.
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INTRODUCTION

For decades, hyphenated techniques combining the selectivity of chromatography or capillary electrophoresis with an atomic absorption (AAS), fluorescence (AFS), microwave plasma source emission (MIP AES), or inductively coupled plasma mass spectrometry (ICP MS) detectors remained a standard tool for speciation analysis (Lobinski, 1997; Szpunar et al., 2003). Their success was based on the detector's selectivity for the target element and on the baseline separation of the target species from other species of the same element.

The increasing detection sensitivity has put in evidence the fact that, in many cases, chromatography, even multidimensional, was unable to ensure the molecular specificity of the analytical signal measured. When all the complexes of an element with proteins and low-molecular-weight biological ligands have to be determined within one run, the chromatographic peak capacity becomes insufficient to offer the baseline separation of all its compounds of interest; in addition, risks, inherent to chromatography, of incomplete recoveries, and species transformation occur (Lobinski et al., 2010). This has been leading to the shift of paradigm in speciation analysis. Rather than by chromatography, the specificity is more and more often ensured by the separation of ions, characteristic of the individual metal complexes, in a mass spectrometer. Electrospray MS, which has been considered for a long time as a technique complementary to ICP MS and used to confirm or enable the species identification, is becoming a standalone tool for speciation analysis. It can be used in direct (infusion) mode or coupled to HPLC sample introduction and is able to produce data on tens or hundreds of element species in a single mass spectrum.

The use of electrospray MS as a standalone technique for speciation analysis imposes conditions on its performance, especially in terms of resolution and mass accuracy. Not only should the target species ion be separated from the ions of other species of the same element, but also it should be separated from any other ion produced by the ionization of other concomitant molecules. Complex natural mixtures may contain several hundreds of thousands of molecules with close mass differences spread over a wide mass range (Palacio Lozano et al., 2020). The resolution of at least 0.1 mDa is necessary to allow the separation of all the generated ions (Kim et al., 2006). Moreover, the baseline separation of the ions is a sine qua non-condition for the sub-ppm mass accuracy, which is important for the confident assignment of individual molecular compositions (empiric formulae) within a mass spectrum.

The demanded figures of merit can only be obtained by MS techniques based on the Fourier transformation of an image current of the ions moving in an Orbitrap or an ion cyclotron resonance (ICR) cell (Marshall and Hendrickson, 2008). The image current is detected as a function of time and is recorded as a composite sum of sinusoidal waves with different frequencies, referred to as a transient. A Fourier transform is applied to this signal to convert it to the m/z domain and produce a mass spectrum. Consequently, detailed compositional profiles, with many thousands of unique molecular (empiric formula) assignments, can be obtained from a single mass spectrum. Dedicated data mining procedures have to be used to extract metal speciation-related data from global datasets. Furthermore, multistage fragmentation and the analysis of the dissociation patterns offer data enabling the structural characterization of element species and their unequivocal identification (Dernovics and Lobinski, 2008a).

The emerging paradigm in speciation analysis is therefore based on the assumptions that (i) large numbers of species of metal/metalloids can be ionized in parallel with all the other organic matrix constituents; (ii) all the ions can be ultimately separated in a mass spectrometer; (iii) the molecular masses can be measured with accuracy allowing the unambiguous determination of the empiric formula; (iv) information on element-species of interest can be extracted from large data sets, and (v) these metal species can be structurally characterized by multistage fragmentation and unambiguously identified.

When implemented to a real case study, however, this hypothetical workflow raises a number of practical questions that are discussed below using an example of speciation of selenium following its metabolism by yeast. Such a process leads to hundreds of selenium species of which the identity still remains limited.



INTEREST IN THE IDENTIFICATION OF THE PRODUCTS OF THE SELENIUM METABOLISM BY YEAST

Selenium is an essential element for human and animal nutrition (Rayman, 2012). The addition of Se to the diet through supplements or fortified food/feed is increasingly common owing to the often suboptimal content of Se in staple foods in many countries (Fairweather-Tait et al., 2011; Rayman, 2012). The popular basis of such supplements is Se-rich yeast (Fagan et al., 2015) produced by growing different yeast varieties, usually Saccharomyces cerevisiae and Candida utilis, in the presence of selenite or selenate. Protein-incorporated selenomethionine is the primary selenium species produced in S. cerevisiae (Fagan et al., 2015), whereas selenohomolanthione is the most abundant species (ca. 80%) produced by C. utilis (Bierla et al., 2017). In either case, in a good-quality yeast, selenium is metabolized completely to organic forms and plethora of LMW (<1,000 Da) species, referred to as selenometabolome, are produced. Its detailed characterization is essential for the control of the reproducibility of the fermentation process, variance of different strains, and traceability of the product's origin (Ward et al., 2019). Furthermore, as some of the metabolites may have superior beneficial activity (and, on the other hand, others can be toxic), the motivation of the producers to offer a well-characterized unique product is evident. Also, it is important for the consumer to understand differences between formulations available on the market.



CHARACTERIZATION OF THE SE-RICH YEAST METABOLOME: STATE-OF-THE-ART

The selenium non-proteic metabolome constitutes between 10% and more than 90% of the total selenium present. It is isolated with quantitative recovery by extraction with water or water-ethanol mixture. The extraction is reproducible within a few percent in terms of retention time of selenium species and their peak intensity is demonstrated by HPLC-ICP MS. The extract is sometimes pre-concentrated by freeze-drying and often fractionated by size exclusion (SEC) and/or anion-exchange chromatography (AEC). The analysis can be carried out either directly (by infusion) or by coupling of HILIC/reversed-phase HPLC to ESI MS. The water-soluble high molecular weight (proteic) species can be eliminated by 3-kDa cutoff filtration before the analysis. Table 1 summarizes the mass spectrometry-based procedures which have contributed to the characterization of the metabolome of the Se-rich yeast. The analyses have been carried out by TOF MS or Orbitrap MS.


Table 1. Summary of the mass spectrometry reports of the characterization of the Se-rich yeast metabolome.

[image: Table 1]

The literature reports show a steady increase in the number of detected and confirmed species with a clear lack of the definitive confirmation of the identity, and thus speciation. Indeed, the progress in terms of the identification of the detected compounds has been largely unsatisfactory. Recent studies (Gilbert-López et al., 2017; Ward et al., 2019) show that only a small fraction of the detected, previously unreported compounds could be identified. This clearly demonstrates the need for analytical methods allowing the large-scale speciation analysis of the Se-rich yeast metabolome. A further tangible progress is unlikely to be possible without the implementation of FT ICR MS into the speciation protocols, the improvement of the multistage fragment analysis, and a re-design of the upstream chromatographic fractionation approaches.



ULTRAHIGH-RESOLUTION HIGH MASS ACCURACY MS: RESOLVING POWER AND ACCURATE MASS MEASUREMENT

The unique species identity assignment can only be attained if the ions of interest can be separated from all those produced by any other molecule present. In a landmark thought experiment, Marshall et al. considered all the possible elemental compositions CcHhNnOoSs, where c, h, n, o, and s are the numbers of the respective elements in the molecule structure. They concluded that for even-electron ions (M+H)+ and (M–H)−, mass resolution and accuracy of 0.1 mDa are generally sufficient to yield a unique elemental composition for molecules of up to 500 Da, even in the most complex natural mixtures (Kim et al., 2006). Consequently, for a broadband accurate (sub-ppm) mass measurement, the discrimination of the difference of one electron (0.5 mDa) is sufficient for the assignment of a unique empiric formula to an m/z 300 molecule (Kim et al., 2006). For the metal speciation analysis, this conclusion is likely to be valid even for higher m/z and/or for lower resolution values because (i) not all theoretically possible elemental compositions are chemically possible and (ii) the presence of a heteroelement, often with a characteristic isotopic pattern, is a potent discriminatory factor.

Figure 1A demonstrates that in order to distinguish the species with one electron mass difference, a resolution of 1,400,000 is necessary at m/z 400; it increases with the m/z of the target molecules. Standard 7T FT ICR MS instruments offer resolution of ca. 750,000 for m/z 400 although it can be doubled to reach 1,500,000 (m/z 400, 4 s transient signal) (Cho et al., 2017). The highest resolutions reported for m/z 400 in real sample measurement conditions, 1,200,000 (3-s transient, magnitude mode) and 2,700,000 (for a 6.3-s transient, absorption mode), were reported using a 21-T FT ICR instrument (Palacio Lozano et al., 2020). The resolutions of the new Orbitrap MS models are comparable with the 7-T FT ICR; the highest reported resolution at m/z 400 was 841,000 (absorption mode, 3-s transient) (Schmidt et al., 2018). It is worth noting that these resolutions can be improved by instrumental and/or data processing techniques; the acquisition of full transients for custom-designed signal processing allowed a resolution of 3.5 M at m/z 600 (6-s transient) in a model experiment using Orbitrap Lumos (Tsybin et al., 2019). The resolving power decreases when m/z increases (linearly for FT ICR and as square root for Orbitrap). It is proportional to the scan duration, which may favor the chromatographic fraction collection and infusion over HPLC sample introduction. The molecular mass determination provides hypotheses on the identity of the detected selenium compound. Indeed, the higher the accuracy, the shorter the list of candidate molecular formulas (Figure 1B) varying from 1 to 2 candidates for low m/z (150) and from 32 to 3,447 candidates for higher m/z (900) with the respective mass accuracy at 0.1 and 10 ppm (Kind and Fiehn, 2006). The compound's identity has, however, to be verified by the targeted fragmentation of the ion in question, which also provides the structural information on the molecule.


[image: Figure 1]
FIGURE 1. Principal aspects of selenium speciation by ultrahigh-resolution mass spectrometry: (A) theoretical resolution necessary for the baseline resolve of equimolar mixtures of species of different m/z; (B) number of possible molecular formulas for different m/z at different levels of mass accuracy (according to Kind and Fiehn, 2006); (C) comparison of mass errors observed for different Se-adenosyl derivatives (m/z 300–700 Da) in FT Orbitrap MS (Lumos, transient 2.4 s, resolution 1 M) and FT ICR MS (7 T, transient 12.6 s for resolution of 1 M); (D) multistage (MS4) fragmentation of a previously unreported Se species using QqOrbitrap MS. A high-resolution mass spectrum (FT ICR MS) having allowed the detection of the species an shown in inset; (E) example chromatograms generated from the same data set targeting different sets of selenium isotopes (red line—77, 78, and 80, black line—78, 80, and 82). Masses of the selenium species identified in the peaks: 1—348.0199, 431.0569, 449.0674, 453.0387, 487.0144, 471.0492; 2—364.0147; 3—344.0250, 362.0364; 4—416.0459; 5—332.0246, 387.0671, 433.072, 455.0544, 471.0194; 6—404.04677; 7—442.0365; 8—521.0886, 637.0819; 9—475.0830; 10—713.0985, 388.0510, 446.0567, 346.0406; 11—418.0615; 12—681.0100. The compounds are not retention time but mass resolved.




IDENTIFICATION OF SELENIUM SPECIES BY ULTRAHIGH-RESOLUTION HIGH MASS ACCURACY MS IN SE-RICH YEAST


Ionization of Selenospecies: Infusion vs. HPLC MS

Selenium compounds are typically analyzed as protonated [M+H]+ species. As discussed above, ultrahigh resolutions can be readily obtained only for several second transients which require sample introduction by infusion. However, in contrast to the examples of complex matrix analysis, such as petroleomics, reports of selenium speciation in the infusion mode are rare, and none of them concerned a raw unprocessed extract (Casiot et al., 1999; McSheehy et al., 2002). The main reason is a big excess of the concomitant matrix species with regard to the selenium analyte concentration and the consequent suppression of the Se-species ionization efficiency which requires the isolation and purification of the analytes. An additional difficulty is the separation of polar selenium species from the matrix salts. Consequently, various chromatographic methods have been coupled to UHR MS, utilizing separation steps to reduce matrix effects for low-ion-yield species. In particular, the high efficiency of HILIC for the studies of polar selenium compounds should be noted (Aureli et al., 2012; Ouerdane et al., 2013).



FT ICR MS Detection of Se Species

Figure 1C shows that the mass accuracies reached by a 7-T FT ICR obtained for 7 Se-adenosyl derivatives (m/z 300–700 Da) are 0.1 ± 0.1 ppm. The mass accuracy errors obtained by Orbitrap MS may be an order of magnitude higher. The inset in Figure 1D shows a mass spectrum obtained for a previously unreported compound at m/z 418.0630 obtained at 1 M resolution and 0.2 ppm mass accuracy (7 T, 2 s transient). This molecular mass corresponds to a unique combination of C, H, S, N, and Se atoms giving the molecular formula of C14H19O5N5Se.



Orbitrap MSn Species Identification

Data-dependent acquisition MSn mode usually fails for selenium speciation unless HPLC is carried out for a sample having undergone multistage purification and enrichment. Concentrations should be high enough to allow the fragmentation even if performed in targeted mode (Ward et al., 2019). Hence, as a rule, MS2 (and especially MS3 and MS4) runs in selenium speciation studies are targeted. In this context, an ion trap instrument with high-accuracy fragment measurement is essential for the structure confirmation and elucidation (Dernovics and Lobinski, 2008a). Figure 1D shows an MS4 insight into the structure of a novel selenium compound detected by FT ICR MS. The numerous MS4 fragments of various sizes allow one to put forward hypotheses regarding the composition of ions at the M3 and M2 levels and to validate or reject them as a function of fitting the exact molecular mass. The big number of fragments at the different MS stages, their empiric formula measured with reasonable high accuracy (<3 ppm), and the unique empiric formula of the parent ion obtained owing to the ultrahigh mass accuracy of the FT ICR MS measurement make feasible the unique structure assignment in most cases.




AUXILIARY TOOLS FOR SELENIUM LARGE-SCALE SPECIATION ANALYSIS

Even if, technically speaking, high-resolution high-accuracy MS detection is sufficient to carry out large-scale metabolomics, some particular features of the system facilitate data analysis and allow the validation of the obtained results.


Selenium Isotopic Pattern Recognition

As demonstrated above, selenium compounds can be assigned the empiric formula on the basis of a single isotope molecular mass. However, the distinct natural isotopic distribution of selenium is a precious and widely used tool to assist the detection and unambiguous confirmation of the presence of selenium-containing compounds in complex data sets. Selenium has six stable isotopes with detectable distribution: 74Se (0.86%), 76Se (9.23%), 77Se (7.60%), 78Se (23.69%), 80Se (49.80%), and 82Se (8.82%) which can be detected in mass spectra by a unique isotope envelope pattern. The selenium metabolome is also known to contain (about 5 times fewer in number) compounds with two selenium atoms per molecule which requires the search for another characteristic pattern. The pattern to be recognized is distorted by the contribution of minor isotopes of other elements in the molecule (e.g., 13C, 15N, 34S) and suffers from the spectral interferences in the case of insufficient resolution in a complex matrix. A development trend in large-scale selenium speciation is an automatic generation of isotope-pattern selective chromatograms on the basis of a set of parameters such as the number and choice of isotopes, intra-isotope mass defect, and isotope ratio intensity. The definition of the data mining parameters greatly influences the result obtained (Bierla et al., 2018; Gao et al., 2018) as shown for the example chromatograms generated from the same data set using 2, 3, or 5 most abundant selenium isotopes (Figure 1E). Any choice of the parameters carries a certain risk of false negatives or false positives, and a critical evaluation of the generated results is necessary. Also, the detection of the isotopic pattern includes adducts such as [M+Na+], [M+K+], and [[image: image]] that have to be identified (e.g., by their co-occurrence after the chromatographic separation) and eliminated by data treatment (Ward et al., 2019).



Selenium/Sulfur Homology

A particularity of selenium speciation studies is the fact that selenium shares similar chemical properties with those of sulfur and competes with sulfur in biological processes. As a rule, a selenium species is likely to be accompanied by its sulfur analog which offers multiple opportunities for the analysis of high-resolution high-accuracy MS data sets. As the sulfur metabolic pathways in yeast are known (Mapelli et al., 2012), lists of putative selenium metabolites for targeted analysis can be made. The accurate mass difference measurement allows the identification of the S–Se homologs in data sets. Also, as demonstrated elsewhere (Casiot et al., 1999) the easier availability of sulfur standards allows the validation of the identification of their selenium analogs.



Lessons From the Chemistry

The observed multitude of detected selenium species is likely to come from the unspecific oxidation and the formation of Se–Se and/or Se–S bonds. The moment in which the oxidation occurs (production process, storage, extraction) is unknown. The acquisition of a chromatogram in the reducing conditions offers direct access to the identity of the–SeH containing original species and facilitates the interpretation of data.




OUTLOOK

Ultrahigh resolution mass spectrometry is likely to be the ultimate tool for speciation analysis as it inherently offers the required species specificity in complex matrices as demonstrated by recent studies of metal porphyrins in crude oils (Palacio Lozano et al., 2020) or metallophores in the environment (Boiteau et al., 2019). The instrumental power of state-of-the-art FT instruments (ICR and Orbitrap) seems to be sufficient for large-scale selenium speciation in a biological matrix, especially that the Se isotopic pattern can be exploited to improve data mining. However, the potential of FT ICR MS, and especially HPLC-FT ICR MS for the detection of Se species, is still largely unexplored. MS coupled to prior separation is required to differentiate structural isomers of species with the same elemental composition whereas ion mobility MS is expected to provide meaningful complementary data regarding the presence of conformers. Whereas, the large-scale mapping of the entire yeast metabolome is within the reach of high-resolution high-mass-accuracy MS, the quantification of all the individual species by this approach seems to be a remote goal. Its achievement requires the availability of individual standards of the Se species to be quantified.
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Chemometric techniques were applied to the study of the interaction of iron(III) and tannic acid (TA). Modeling the interaction of Fe(III)–TA is a challenge, as can be the modeling of the metal complexation upon natural macromolecules without a well-defined molecular structure. The chemical formula for commercial TA is often given as C76H52O46, but in fact, it is a mixture of polygalloyl glucoses or polygalloyl quinic acid esters with the number of galloyl moieties per molecule ranging from 2 up to 12. Therefore, the data treatment cannot be based on just the stoichiometric approach. In this work, the redox behavior and the coordination capability of the TA toward Fe(III) were studied by UV-vis spectrophotometry and fluorescence spectroscopy. Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) and Parallel Factor Analysis (PARAFAC) were used for the data treatment, respectively. The pH range in which there is the redox stability of the system Fe(III)–TA was evaluated. The binding capability of TA toward Fe(III), the spectral features of coordination compounds, and the concentration profiles of the species in solution as a function of pH were defined. Moreover, the stability of the interaction between TA and Fe(III) was interpreted through the chemical models usually employed to depict the interaction of metal cations with humic substances and quantified using the concentration profiles estimated by MCR-ALS.

Keywords: tannic acid, iron(III), chemometric techniques, spectrophotometry, fluorescence, coordination compounds


INTRODUCTION

Tannic acid (TA) is a naturally derived polyphenolic compound. It belongs to the class of hydrolyzable tannins (Barbehenn and Peter Constabel, 2011; Rhodes, 2020) that are natural polymers derived from the vegetable kingdom. TA possesses diverse bonding abilities. It is able to complex or cross-link macromolecules through multiple interactions, such as hydrogen and ionic bonding and hydrophobic interactions (Heijmen et al., 1997; Shutava et al., 2005; Erel-Unal and Sukhishvili, 2008). It can also coordinate metal ions through the oxygenated functions and the coordination capability was exploited to form TA–metal networks (Ejima et al., 2013; Guo et al., 2014). The molecule of TA is based on a α/β-D-glucopyranose skeleton whose hydroxyl groups are partially esterified by gallic acid (GA, 3,4,5-trihydroxybenzoic acid). The GA molecules form chains composed of two or more units linked together by ester bonds. The chemical formula for commercial TA is often given as C76H52O46, which corresponds to decagalloyl glucose, with a 1,701.20 g mol−1 molecular weight, but in fact, it is a mixture of polygalloyl glucoses or polygalloyl quinic acid esters with the number of galloyl moieties per molecule ranging from 2 up to 12 depending on the plant source used to extract the TA (Arapitsas et al., 2007). Despite this, TA is used successfully in many application fields without further purification or separation of the single components (Albu et al., 2009; Gülçin et al., 2010; Ejima et al., 2013), suggesting that the main chemical properties of the commercial products are quite similar.

The TA shows affinity toward iron cations since its numerous oxygenated functions. A work of J.D. Hem, published in the 1960, titled “Complexes of ferrous iron with tannic acid” (States and Printing, 1960) attests that this capability is known for a long time. Notwithstanding, the interpretation of the interaction between the Fe(III) and TA in aqueous solution still presents many deficiency. There are ambiguous information about the redox behavior of Fe(III) in the presence of TA as a function of pH. It is known that TA shows reduction capability toward the Fe(III) cation (States and Printing, 1960), as it is common for polyphenolic molecules (Kipton et al., 1982), and its reduction capability is higher in acidic conditions (States and Printing, 1960). Nevertheless, some recent works dealing about the complexation of iron cations by TA reported the formation of coordination compounds of Fe(III) and TA at very low pH (Sungur and Uzar, 2008; Fu and Chen, 2019).

Modeling the interaction of Fe(III)–TA is a challenge, as can be the modeling of the metal complexation upon natural macromolecules, such as Humic Substances (HS) (Filella and Hummel, 2011). Unlike HS, however, TA shows a restricted variety of binding sites. TA can interact with metal cations through the phenolic groups, which only differ each other for the position in the polymer structure. Moreover, it is possible to assign to TA a molecular weight mean value, which allows calculating a theoretical value of the molar concentration and, therefore, using experimental protocols usually suitable for low-molecular-mass ligands. A previous study was conducted on the protogenic properties of TA (Ghigo et al., 2018) revealing that its protogenic behavior can be explained by a model that supposes the presence of gallic acid and of three different types of phenolic functions. The protonation constants estimated correspond to the dissociation of different types of phenolic groups but cannot be attributed to a protogenic function with a univocal position in the ligand molecule (Ghigo et al., 2018) as well as for low-molecular-mass ligands. The work was carried out combining potentiometry, UV-vis and fluorescence spectroscopy, as well as ab initio calculations. The experimental data were treated by both thermodynamic and chemometric approaches, and the Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) technique turned out to be useful in the interpretation of the spectroscopic data and, in particular, in differentiating the contribution of GA on the fluorescence spectra of TA.

In this work the redox behavior and the coordination capability of the TA toward Fe(III) were studied by UV-vis spectrophotometry and fluorescence spectroscopy. Unfortunately, the use of potentiometry for the study of the Fe(III)–TA system is not allowed because of the low solubility of the coordination compounds formed. The concentration permitted are in the order of 10−5 mol L−1, values not proper for the potentiometric technique sensitivity.

Since TA is actually a mixture of different polymeric structures, the most conventional hard-modeling methods, based on molar concentration and mass/charge balance equations, may not be the best way to define the type and the strength of the interaction between TA and Fe(III); therefore, chemometric ways (soft-modeling methods) were tested. Since MCR-ALS technique turned out useful for the interpretation of TA protonation (Ghigo et al., 2018), it was used also here for the spectroscopic data treatment, together with Parallel Factor Analysis (PARAFAC). MCR-ALS and PARAFAC are probably the most used multivariate analysis methods to study chemical solution equilibria (de Juan and Tauler, 2003; Jaumot et al., 2011; Ruckebusch and Blanchet, 2013). These methods obtain to recover information without any assumption about the stoichiometry of the species involved or law that governs the chemical reaction. The aim of the work was to evaluate (i) the pH range in which there is the redox stability of the system Fe(III)–TA, (ii) the binding capability of TA toward Fe(III), (iii) the spectral features on coordination compounds, and (iv) the concentration profiles of the species in solution as a function of pH. The stability of the interaction between phenolic moieties of the TA and Fe(III) was interpreted through the chemical models usually employed to depict the interaction of metal cations with humic substances.



MATERIALS AND METHODS


Chemicals

TA (puriss.), 1-10-phenanthroline (≥99%), iron(III) nitrate nonahydrate (ACS reagent, ≥98%), potassium nitrate (≥99.0%), nitric acid (65%), and sulfuric acid (95–97%) were from Sigma-Aldrich (St. Louis, Missouri, USA). A stock solution of Fe(NO3)3 1 × 10−3 mol L−1 was prepared dissolving iron(III) nitrate nonahydrate in HNO3 0.01 mol L−1 in order to avoid the precipitation of metal hydrolytic species. A stock solution of TA 1 × 10−3 mol L−1 was prepared daily in ultrapure water, to avoid the degradation of the organic compound. Potassium hydroxide and hydrochloric acid solutions used as titrant, or for adjusting pH, were prepared by diluting Merck (Darmstadt, Germany) concentrated products. The concentration of the potassium hydroxide solution was assessed by standardization against potassium hydrogen phthalate (Sigma-Aldrich). The purity and the title of the used acids were evaluated by pH-metric titrations. Ultrapure water (Milli-Q, Millipore) was used to prepare all the solutions.



Apparatuses

A Metrohm (Herisau, Switzerland) potentiometer (model 713, resolution of ± 0.1 mV) was used for pH measurements. It was coupled with Metrohm 765 Dosimat burettes (minimum deliverable volume of ± 0.001 cm3) and equipped with Metrohm combined glass electrodes (mod. 6.0259.100). The temperature control (25.0 ± 0.1°C) was achieved by means of water circulation, in the outer chamber of the titration cell, from a thermocryostat (mod. D1-G Haake, Victoria, Australia).

The absorption spectra were recorded with a Jasco (Cremella, LC, Italy) double-beam spectrophotometer UV-vis, model V-550, equipped with Hellma (Jena, Germany) quartz cuvettes (1.000 cm optical path length). In order to record the spectra as a function of pH, the solutions under alkalimetric titration were transferred to and from the optical cell by a peristaltic pump (model SP311, VELP Scientifica, Usmate, MB, Italy).

A Varian (Segrate MI, Italy) Cary Eclipse fluorescence spectrofluorometer was used to record the fluorescence excitation–emission matrix (EEM) spectra with Hellma cuvettes (1.000 × 1.000 cm optical path lengths).



Procedures

The electrode couple was daily calibrated in terms of H+ concentration by titrating a 5 × 10−3 mol L−1 HCl solution at the working ionic strength (0.001 mol L−1, KNO3) with standard KOH. In this way, we can assess the slope and the formal potential E0 of the Nernst equation in conditions like those of the sample solutions under study. In order to avoid O2 and CO2 contamination during the titration, a stream of purified N2 was bubbled in the titration cell.

The spectrophotometric titrations were carried out on 50 ml of solutions of Fe(III)–TA, with cation concentrations included between 2.0 × 10−5 and 8.0 × 10−5 mol L−1 and metal-to-ligand ratios comprised between 1:1 and 3:1. The titrant was 0.1 mol L−1 KOH standard solutions. The TA concentration was calculated based on the formal molecular weight. The ionic strength was 0.001 mol L−1, and it was obtained considering the different ionic components of the solution and the eventual addition of potassium nitrate to reach the exact value. The addition of higher amount of salt would have been preferable in order to maintain the ionic strength at a fixed value during the titration process, but it was not possible because it leads to the formation of a solid purple compound, probably for salting out effect. The titrations were conducted from pH ~3.5 to pH 8.5 because, as explained below, this is the pH range in which it is possible to exclude the presence of redox equilibria. The spectra were recorded in the wavelength range 400–900 nm and a baseline was taken in air before each absorbance measurement. Each absorbance spectrum was taken against the reference cuvette filled with Milli-Q water. UV-vis spectra were also recorded on solutions with different metal-to-ligand ratios, at fixed pH, in order to estimate the metal binding capacity of TA.

The fluorescence EEMs were taken with excitation wavelengths in the range of 200–500 nm, at 10 nm intervals, and emission wavelengths from 250 to 600 nm. A 10 nm bandpass was adopted on both excitation and emission. Solutions with Fe(III) 5.0 × 10−6 mol L−1 and TA 5.0 × 10−6 mol L−1, at pH 4.0, 4.2, 4.4, 5.2, 5.7, 5.9, 6.2, 6.7, 7.1, and 8.1, or with only TA 5.0 × 10−6 mol L−1, at pH 4.0, 5.0, 6.0, 7.0, and 8.0, were analyzed. The pH of the solutions was adjusted with KOH. The Raman signal of water was taken as a reference for signal stability within different measurements.



Data Handling


Calibration Data Analysis

The electrode calibration data were elaborated by the ESAB2M program (De Stefano et al., 1987) in order to refine the electrode parameters: formal potential E0, Nernstian slope, and analytical concentration of reagents.



Multivariate Curve Resolution–Alternating Least Squares Regression (MCR-ALS)

The UV-vis spectra were evaluated by Multivariate Curve Resolution–Alternating Least Squares regression (MCR-ALS) chemometric approach, whose goal is to decompose the collected data into their pure chemical components, by providing their spectra and their concentration profiles (Tauler, 1995; de Juan et al., 2000; Jaumot et al., 2005, 2015; Ruckebusch and Blanchet, 2013). The MCR-ALS approach has been deeply used in several applications such as, for instance, voltammetry (Serrano et al., 2020), UV-vis (Veselinović et al., 2012; Ghigo et al., 2018), IR (Shariati-Rad and Hasani, 2009), Raman (Andrew and Hancewicz, 1998; Lyndgaard et al., 2013), hyperspectral imaging (Piqueras et al., 2011; Laborde et al., 2021), NMR (Huo et al., 2004), EPR (Abou Fadel et al., 2014; Berto et al., 2019), GC-MS (Lebanov et al., 2020), UHPLC (Wehrens, 2011), etc. It is particularly helpful in case of measurements following Lambert-Beer's law, i.e., in case the collected overall spectra consist in a linear combination of the spectra of their pure components. Briefly, MCR-ALS deconvolution is made as follows (Equation 1):

[image: image]

where X represent the collected data matrix, C is the matrix of the pure concentration profiles, ST is the transposed matrix of the pure spectra, and E is the residuals (error) matrix. Therefore, each x collected spectrum constituting the X matrix can be written, as follows (Equation 2):
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where c1, ⋯ , cn represent the concentrations of the n pure components/chemical species for the evaluated x mixture, while s1, ⋯ , sn stand for the spectra of the n pure components. Consequently, this approach can be easily extended to all the collected spectra of the samples included into the X matrix. The first step of MCR-ALS decomposition is represented by the initial estimation of the set of pure concentrations C or the pure spectra S. This initial estimation can be performed by means of several algorithms such as, for instance, Evolving Factor Analysis (EFA) (Maeder, 1987), Evolving Windowed Factor Analysis (EWFA) (Keller and Massart, 1991), Orthogonal Projection Approach (OPA) (Sánchez et al., 1994), and SIMPLISMA (Windig et al., 2012). It has to be noted that it is useful to spend some time in obtaining satisfactory initial estimates since, if they show a good quality in terms of results, ALS algorithm (that consists in a repeated application of multiple least squares regression) will need a quite small number of iterations before reaching a convergence. In fact, once an initial estimate of, for instance, S has been obtained, the initial C matrix is calculated by ALS by minimizing the residuals E. The described process is performed several times until an optimal convergence value is obtained. Furthermore, several constraints can be adopted in the MCR-ALS calculation in accordance with the chemical and physical properties of the samples and the data under investigation (Wehrens, 2011). They are functions that can be applied separately to the estimates of the spectra or the concentration profiles on every step of the algorithm, aiming to minimize the overall error. In the case of UV-vis spectra, for instance, a non-negativity constraint can be applied to both the pure concentration profiles (i.e., no negative concentrations) and the pure spectra (no negative signals). Further constraints can be implemented such as, for instance, (i) a closure constraint, which is usually adopted for the contribution profiles and aims at conserving the mass balance (i.e., the overall sum of the concentrations of the chemical compounds in the mixture is constant); (ii) a unimodality constraint, which is employed to let the reconstituted signals having only one maximum; (iii) a normalization constraint, whose goal is to normalize the pure spectra or the concentration profiles of the n components to a specific reference value; (iv) an angle constraint, which can be set in order to enhance the contrast among the obtained solutions (Windig et al., 2012).



Parallel Factor Analysis (PARAFAC)

The fluorescence EEMs were elaborated by Parallel Factor Analysis (PARAFAC, also known as canonical decomposition, CANDECOMP) chemometric approach (Carroll and Chang, 1970; Smilde, 1992; Bro, 1997). PARAFAC is undoubtedly one of the most frequently used approach for deconvolving EEM (Leurgans and Ross, 1992; Murphy et al., 2013). PARAFAC's main goal is the identification of the independent species (named components) that are present into the collected data (in this case, EEM). This is achieved by performing a decomposition of the trilinear multi-way data arrays, but the PARAFAC approach can be adopted also with higher-order arrays [since it belongs to the group of multivariate modeling known as multi-way methods (Murphy et al., 2013)]. The PARAFAC approach is particularly helpful when evaluating EEM data since the independent components that are obtained during the decomposition can be chemically interpreted. In fact, EEM data follow Lambert–Beer's law since the measured fluorescence shows a quite linear correlation with the concentrations of the N chemical compounds constituting the analyzed samples. Consequently, EEM data can be considered as trilinear since emission and excitation spectra are independent of one another, and the recorded fluorescence can be seen as a sum of the signals of the different N components.

The overall PARAFAC trilinear decomposition is, as follows (Equation 3):
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where a, b, and c represent the three terms that are provided by the decomposition, while eijk represents the residual array (i.e., the difference between the original three-way dataset and the one that has been obtained after the PARAFAC decomposition). i, j, and k stand for the three modes of a three-way dataset so that, for EEM data, the element xijk represents the ith sample (mode 1) for the jth emission variable (mode 2) and the kth excitation variable (mode 3). Finally, n is the number of independent species/components that can extracted from the original data during the deconvolution process. Therefore, each n component has its own i, j, and k values for each sample, emission wavelength, and excitation wavelength. The analyst must define the proper number of n components composing the EEM data by evaluating when they significantly deviate from Lambert–Beer's law (Bro, 1997; Murphy et al., 2013).





RESULTS


Redox Behavior

The instability of TA in alkaline conditions was previously tested (Ghigo et al., 2018). The UV-vis spectra at alkaline pH showed the instability of TA for pH higher than 8.5.

The TA also shows reducing capability, particularly in acidic conditions, and this could lead to the reduction of Fe(III) to Fe(II) present in solution as reported by Kipton et al. (1982) for GA and its homologs. In order to assess this redox behavior and to identify the pH threshold below which the phenomenon can happen, some experiments were carried out. A series of solutions of Fe(III) 2.0 × 10−5 mol L−1, 1,10-phenantroline 6.5 × 10−5 mol L−1, and TA 4.0 × 10−5 mol L−1 were prepared. The pH was controlled adding H2SO4 1.0 mol L−1 or KOH 1.0 mol L−1, in order to prepare solutions with pH comprised between 1.8 and 8.5. The UV-vis spectra of the solutions were recorded after 2 h from the preparation, the time needed for a stable color development. For the solutions in which the Fe(III) was reduced to Fe(II), the red color appeared because of the formation of the complex Fe(II)-1,10-phenantroline that shows an absorption maximum at about 510 nm. The spectra collected highlighted that the reduction of Fe(III) to Fe(II) induced by TA starts for pH lower than 3.5. It is possible to observe in Figure 1 that for pH 3.57, the signal typical of the complex Fe(II)-1,10-phenantroline is absent, whereas for pH 3.15, it is clearly detectable, although the solutions are kept in the presence of oxygen. For this reason, the investigation of the coordination capability of TA toward Fe(III) was conducted in the pH range 3.5–8.5. This result agrees with the statements reported by Kipton et al. (1982).


[image: Figure 1]
FIGURE 1. Absorption spectra recorded on solutions of Fe(III)/1,10-phenantroline/TA with concentrations 2.0 × 10−5, 6.5 × 10−5, and 4.0 × 10−5 mol L−1, respectively, at different pH, after 2 h from the preparation.




UV-Vis Spectra

Absorption spectra of Fe(III)–TA systems were recorded on solutions with different metal-to-ligand ratios. The spectra recorded on a solution with metal-to-ligand ratios 1:1 as a function of pH are shown in Figure 2. It is possible to note that the intensity of the absorption band with the maximum at 570 nm increases as the pH of the solution rises, until ~pH 5. After this value, there is a shift of the absorption band toward lower wavelengths and the color of the solution changes from dark purple to wine-red. This behavior is similar for all the Fe(III)–TA ratios studied.


[image: Figure 2]
FIGURE 2. Absorption spectra recorded on a solution of Fe(III)/TA with concentration 2.00 × 10−5 and 2.01 × 10−5 mol L−1, respectively, at different pH values.


The absorption maxima can be easily compared with those of catechol reported before. Sever and Wilker (Sever and Wilker, 2004) reported the wavelength maxima (λmax) for mono-, bis-, and tris-catecholate defined by themselves and by other authors. The Fe(III)–mono-catecholate complex shows two maxima at about 430 and 700 nm, but the bands are not well-defined, whereas the Fe(III)–bis-catecholate complex shows a better characterized absorption spectrum and, in particular, the scientists agree on the presence of a band at about 570 nm with an extinction coefficient ranged between 3,000 and 3,500 mol−1 L cm−1. Sever and Wilker (Sever and Wilker, 2004) observed that the deep blue–violet bis-catecholate was followed by a transformation to a wine-red colored species (isosbestic point at 547 nm), increasing the pH, and they supposed the formation of a tris-catecholate species. The Fe(III)–tris-catecholate complex has a band comprised between 470 and 490 nm with an extinction coefficient ranging between 3,700 and 4,320 mol−1 L cm−1 (Avdeef et al., 1978; Kipton et al., 1982; Sever and Wilker, 2004). This description is in accordance with what happens in the Fe(III)–TA system under study (Figure 2). The spectra of the species formed between pH 3.5 and 5 is coherent with a bis-catecholate coordination type. While the shift of the absorption maximum toward lower wavelengths with the pH increase is coherent with the Fe(III)–tris-catecholate spectral features, but it is not possible to exclude the deprotonation of a coordinated water molecule.



Binding Capacity

Since the polymeric structure, TA can coordinate more than one Fe(III) cation. In order to evaluate the maximum number of iron cations that can be coordinated by a mole of TA, Job's plot method was used. Based on the spectral behavior, in the pH range comprised between 3.5 and 4.5, there is probably only a complex species; therefore, Job's method can be applied. Nine solutions of Fe(III) and TA with a total nominal concentration of 2.00 × 10−5 mol L−1, but with different molar fraction of the two components, were prepared, and the pH was adjusted at 4.0 with KOH. The absorption spectra of the solutions were recorded and the absorbance at 570 nm was plotted toward the molar fraction of Fe(III). The plot is reported in Figure 3A. The maximum of Job's plot is positioned at a molar fraction of 0.8, suggesting that TA can coordinate at most four Fe(III) cations. This result agrees with the observation that the Fe(III)–TA solutions with increasing metal-to-ligand ratio, from 1:1 to 5:1, at similar pH (pH ~4.0), showed absorbances that rise linearly with the metal-to-ligand ratio until a ratio of 4:1 (see Figure 3B). Therefore, the number of chromophores increases linearly with the concentration of Fe(III) until there are available binding sites. For molar ratios higher than 5, the precipitation occurs.


[image: Figure 3]
FIGURE 3. (A) Job's plot for solutions with a total concentration of 2.00 × 10−5 mol L−1 and pH = 4.0. (B) Absorbance at 570 nm of Fe(III)/TA solutions at pH ~4 with different molar ratios (TA concentration 2.00 × 10−5 mol L−1). (C) Absorbance at 570 nm of Fe(III)/TA solutions at pH = 4.0 as a function of the total mol of Fe(III) per total mass of TA.


The data collected for Job's plot can be represented as absorbances vs mol Fe(III) per gram of TA in solution. As it is possibly observed in Figure 3C, the maximum absorbance value was reached for a ratio of 2.35 × 10−3 mol of Fe(III) per gram of TA. This notation allows the avoidance of the calculation of a molar concentration of TA, which may be considered as a forcing if we are working with a natural polymer such as TA.



Fluorescence Spectra

Fluorescence EEMs were taken on solutions containing TA and TA with Fe(III) at different pH. Figure 4 shows some fluorescence EEMs recorded on the two different systems. The fluorescence signals are quite different. The contour plots highlight that the emission peak of TA, located at excitation/emission wavelengths (Ex/Em) of 210/360 (i.e., peak A), is no longer visible in the presence of Fe(III). The solution containing the cation shows a defined emission peak at 260/358 nm (i.e., peak B), corresponding to the second emission peak of TA (Ghigo et al., 2018). The peak of TA at 325/395 nm (i.e., peak C), which is characteristic of pH higher than 8, is visible in both conditions, with and without the metal cation. A quenching effect of Fe(III) was previously detected on fluorescence signals of dissolved organic matter (DOM) (Poulin et al., 2014) and of soluble bio-organic substances (SBO) isolated from the organic fraction of solid urban wastes (Ballesteros et al., 2017). These results are (quite) confirmed by PARAFAC modeling. PARAFAC was performed by means of in-house code involving R software (version 4.0.2) (R Core Team, 2020) and the R packages staRdom (Pucher et al., 2019) and eemR (Massicotte, 2019). Two distinct PARAFAC models have been built, firstly on the EEM data involving the solutions containing only TA and then on those containing TA with Fe(III) (experimental details are reported in Procedures paragraph). EEM data were pre-processed. Different data pre-processing approaches were tested, before and after calculating the PARAFAC models, such as the removal of Raman and Rayleigh scattering and the Inner-Filter Effects (IFE—traditionally occurring when the chromophores absorb the excitation light). Only the removal of Raman and Rayleigh scattering provided good and interpretable results; therefore, only these results were reported. The removed scatter areas have also been interpolated [by means of splines (Lee et al., 1997)] to fasten the calculation. Both the PARAFAC models were built by calculating 50 starting models in order to achieve the global minimum, 5,000 maximum number of iteration steps, and a convergence value (tolerance) of 10−6. Non-negativity constraints were selected for all the modes, and both B and C modes were rescaled to a maximum fluorescence of 1 for all the evaluated components. Core consistency, R2, and number of iterations and residuals were evaluated as diagnostic parameters to define the proper number of components. The noisiness of the modeled components was considered, too (Bro, 1997; Murphy et al., 2013). Split-half analysis could not be performed since the number of evaluated samples was relatively low. The first PARAFAC model evaluating the solutions containing only TA provided a 2-component model (reported in Figure 5) showing an overall R2 of 0.921. The first component showed the excitation/emission peaks of TA, located at wavelengths of 210/360 nm. A shoulder peak is observed for the excitation spectrum around 260 nm, too. On the other hand, the second component showed the excitation/emission peaks that are characteristic of pH higher than 8, around 325/405 nm (actually, the original spectra of TA above pH = 8 showed an emission peak at 395 nm). Consequently, the PARAFAC model supported the results observed by evaluating the EEM data by indicating the existence of two different components with peculiar emission and excitation peaks.


[image: Figure 4]
FIGURE 4. Contour plots of fluorescence EEMs recorded as a function of pH on water solutions of TA 5.0 × 10−6 mol L−1; Fe(III)/TA 5.0 × 10−6 /5.0 × 10−6 mol L−1, respectively.



[image: Figure 5]
FIGURE 5. Excitation (orange line) and emission (blue line) profiles of the first (A) and second (B) components of the PARAFAC model that was built on the solutions containing only TA.


The second PARAFAC model calculated on the solutions containing TA with Fe(III) provided a 1-component model (reported in Figure 6) showing an overall R2 of 0.833. In the present case, the solution containing the cation provided a component with an emission/excitation peak at 260/370 nm, roughly corresponding to the emission peak B of TA. In the present case, the peak C of TA at 325/395 nm, which is characteristic of pH higher than 8, is not noticed.


[image: Figure 6]
FIGURE 6. Excitation (orange line) and emission (blue line) profiles of the first component of the PARAFAC model that was built on the solutions containing TA with Fe(III).




MCR-ALS Results

MCR-ALS was performed once again by means of in-house code involving R software (version 4.0.2) (R Core Team, 2020) and the R package mdatools (Kucheryavskiy, 2020). The UV-vis spectra obtained on solutions with metal/ligand molar ratio 1:1 were analyzed by MCR-ALS technique. SIMPLISMA algorithm was employed to calculate the initial estimates, non-negativity constraints were selected for both the concentration profiles and the spectra, while a closure constraint was adopted for the concentration profiles by setting an overall concentration equal to 2.00 × 10−5 mol L−1. A total of 150 maximum number of iteration steps and a convergence value (tolerance) of 10−6 were defined, too. Two independent components were observed as the optimal number of components for the MCR-ALS model, involving an overall cumulative explained variance of 93.02% (consisting of 65.28% of explained variance for the first component, and 27.74% of explained variance for the second component), showing an R2 equal to 0.926. The profiles of the calculated pure spectra and pure concentrations are reported in Figures 7A,B. The molar extinction coefficients of the two species (hereinafter, component 1 = MTA1, component 2 = MTA2) were also estimated: [image: image]. The molar extinction coefficients of the species MTA1 is in good agreement with the values usually proposed for the bis-catecholate complexes (Sever and Wilker, 2004).


[image: Figure 7]
FIGURE 7. Component 1 (blue line) and component 2 (orange line) pure concentrations (A) and pure spectra (B) profiles for the developed MCR-ALS model.




Chemical Model

The impossibility to define a real molar concentration of TA hinders defining thermodynamic parameters to quantitatively describe the chemical system because these parameters are based on the ratio of the molar concentration of the species in solution. Since this condition is an analogous with HS, the “single-site model” proposed by Hummel for HS (Hummel, 1997) was borrowed in this work to formalize the Fe(III)–TA interaction. Based on this model, a conditional formation constant that quantitatively expresses the strengthening of the interaction between the TA and the metal cation can be expressed as (Equation 4):

[image: image]

where [MTA] is the molar concentration of the metal bound to TA, [M] is the molar concentration of the free metal cation, and (TA)total is the concentration of total TA in solution expressed as mass per unit of volume (g L−1). The cK is a conditional value that depends on both pH and solution component concentration. The simplest model proposed by Hummel is based on six assumptions (Hummel, 1997): (1) The metal ion M forms only 1:1 complexes with ligand sites L of the macro-molecule. The macro-molecule has several functional groups S. The number of S is not specified in the model but is assumed to be fixed within the pH and metal concentration range where the model is applied. (2) For each metal ion M under study, only one kind of ligand site L predominates within the parameter range where the model is used. (3) The complexing strength of the ligand sites L is constant and does not vary with the location within the macro-molecule; i.e., the influence of different substituents and varying stereochemistry on L is ignored. (4) Chemical changes of the macro-molecules have no influence on the number of active ligand sites available for metal complexation. (5) The functional groups involved in metal binding do not undergo any proton exchange reactions in the pH range of interest. (6) There are no interactions between functional groups S of the macro-molecule, i.e., electrostatic effects that change the binding characteristics of S are ignored.

Based on the model, the concentration of the macro-molecules is in relation with the concentration of the ligand sites through the Site Complexation Capacity (SCC – mol g−1),

[image: image]

The SCC can be defined also as the maximum number of moles of metal cation bound per unit of mass of macro-molecule at metal saturation. For the case under study, the SCC can be defined considering the results obtained by Job's plot method. Each mole of TA can bind four moles of Fe(III); therefore, the SCC results in 2.35 × 10−3 mol of Fe(III) per gram of TA (Figures 3A,C) and, for a nominal molar TA concentration of 1.0 × 10−5 mol L−1, the concentration of the ligand sites is [L]total = 4.0 × 10−5 mol L−1. Based on the spectral features and on the value estimated for [L]total, it is reasonable interpret that the nature of L should correspond to a bis-catecholate group.

The concentration of the species in solution estimated by MCR-ALS, for each pH value, was hence used to calculate cK applying Equation (4). Two conditional formation constants were defined, one for each of the two species detected, and Equations (6) and (7) were used:

[image: image]

[image: image]

where [MTA1] and [MTA2] are the concentrations of the two complex species, defined by MCR-ALS, and [M] is the concentration of the non-complexed metal cation. The values of logcK obtained were then plotted as a function of pH (Figure 8). The logcK linearly increases with pH until pH ~5. This behavior is expected because the assumption number 5 of the Hummel's model, which asserts that the functional groups L involved in metal binding do not undergo any proton exchange reactions in the pH range of interest, is not true for TA. In the pH range 3.5–5.0, the coordination of the binding sites involves the proton exchange reaction and at least a fraction of binding sites dissociates for competition of metal cation toward the proton. On the other hand, the pH 5 corresponds to the maximum formation of the first species and to the start point of formation of the second one, and between pH 4.5–6, it is possible to observe an inflection point of the alkalimetric titration.


[image: Figure 8]
FIGURE 8. Values of [image: image] as a function of pH (some experimental points corresponding to the curve inflection were excluded).


Rearranging Equations (6) and (7) as reported below (Equation 8), and combining Equation (8) with the mass balance (Equation 9), it is possible to define the concentration of the complex species as a function of the total concentration of the cation ad of the total amount of TA:

[image: image]
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With the absorbance being proportional to the concentration of the chromophore and having additive property, it is possible to write Equation (10) as follows:

[image: image]

By the application of Equation (11), it was possible to foresee the absorbance values for solutions containing Fe(III) and TA having a metal-to-ligand ratio 1:1, at a defined pH. Equation (11) was employed to calculate the absorbance at pH 4.0 of the solutions containing increasing amount of metal cation to validate the chemical model proposed. The parameters used for the estimation of [image: image] were: [image: image], [image: image], [image: image], [image: image], (TA)total, and (M)total. The relative differences between experimental and calculated values ranged between 12 and 5.2%, revealing a quite good prediction capability.




DISCUSSION

The pH range in which the system Fe(III)–TA is not affected by redox reactions and the binding capability of TA toward Fe(III) were defined. The UV-vis spectrophotometry and the chemometric tools used to analyze the spectroscopic data recorded on the metal–ligand system turned out useful to interpret the chemistry of the system and allowed to evaluate the spectral features and the concentration profiles of the species in solution as a function of pH. In particular, the application of the MCR-ALS technique allowed obtaining quantitative information. The impossibility to define a molar concentration of the ligand prevents the use of hard-modeling methods for the analysis of the dataset; moreover, the necessity to work with a very restricted concentration scale limits the range and the techniques of investigation. These conditions strongly affect the possibility to define a speciation model and to achieve thermodynamic parameters that explain the chemistry of the system, but the approach here used enabled us to quantitatively interpret the behavior of Fe(III) in the presence of TA. The capacity of MCR-ALS to apply constraints contributed to define the chemical meaning of the mathematical solutions. Then, the MCR-ALS results were used to formalize the parameters that control the chemical system having the possibility to overcome the definition of an exact stoichiometry and a molar concentration of the ligand through the application of the chemical modeling proposed for HS.

The combination of the chemometric tools with the formalism used to interpret the metal cation interaction with HS could be a useful way to model those chemical systems in which the ligands are characterized by a not well-defined mass. This work reports a first exploratory application and the methodology needs to be tested further on different chemical systems, but the development of this approach could lead to formulate models with a good predictive capacity as it is already possible to do for the chemical systems that treat low-molecular-mass ligands.
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The decontamination of water containing toxic metals is a challenging problem, and in the last years many efforts have been undertaken to discover efficient, cost-effective, robust, and handy technology for the decontamination of downstream water without endangering human health. According to the World Health Organization (WHO), 180 million people in the world have been exposed to toxic levels of arsenic from potable water. To date, a variety of techniques has been developed to maintain the arsenic concentration in potable water below the limit recommended by WHO (10 μg/L). Recently, a series of technological advancements in water remediation has been obtained from the rapid development of nanotechnology-based strategies that provide a remarkable control over nanoparticle design, allowing the tailoring of their properties toward specific applications. Among the plethora of nanomaterials and nanostructures proposed in the remediation field, graphene-based materials (G), due to their unique physico-chemical properties, surface area, size, shape, ionic mobility, and mechanical flexibility, are proposed for the development of reliable tools for water decontamination treatments. Moreover, an emerging class of 3D carbon materials characterized by the intrinsic properties of G together with new interesting physicochemical properties, such as high porosity, low density, unique electrochemical performance, has been recently proposed for water decontamination. The main design criteria used to develop remediation nanotechnology-based strategies have been reviewed, and special attention has been reserved for the advances of magnetic G and for nanostructures employed in the fabrication of membrane filtration.

Keywords: arsenic, graphene, potable water, magnetic nanomaterials, nanofiltration membrane, nanoadsorbent, remediation


INTRODUCTION

Arsenic is a ubiquitous element, present in all environmental compartments as well as in living organisms (Merian et al., 2004). It is a component of the earth's crust, minerals, and soils, and it is used as a wood preservative, a component of fertilizers and pesticides, in the mining, metallurgical, glass-making and semiconductor industries. Arsenic toxicity has become a public health problem and an environmental question. The World Health Organization (WHO) estimated that about 180 million people in 50 countries have been exposed to toxic arsenic levels (at least 10 μg/L in drinking water) (International Agency for Research on Cancer IARC, 2012). Arsenic is included among class I carcinogens (International Agency for Research on Cancer IARC, 2012); its toxicity and bioaccumulation greatly depend on its chemical state and on the metabolic pathways in which it is involved (Costa, 2019). Acute and chronic toxicity mechanisms are well-studied, whereas the mechanisms that underlie arsenic-mediated carcinogenesis, including epigenetic alterations, remain largely unknown (Costa, 2019; Nurchi et al., 2020). Arsenic is a metalloid, with four oxidation states (−3, 0, +3, +5), and it exists in a variety of inorganic and organic forms with different toxicity levels, depending on its speciation.

Speciation in aqueous solutions is mostly controlled by redox potential (Eh) and pH. Potential-pH diagrams (Brookins, 1988) show that arsenic in water exists mainly in trivalent or pentavalent form.

Under oxidizing conditions (high Eh values), the As (V) species prevail, and their distribution is related to their pH. In natural pH environments (i.e., 4 < pH < 8), As(V) is present as H2As[image: image] and HAs[image: image](Cassone et al., 2018), and the presence of other metal cations must be considered in the natural waters (Nordstrom et al., 2014; Cardiano et al., 2018; Chillè et al., 2018; Giuffrè et al., 2020). Speciation studies performed in presence of Ca2+ and Mg2+ highlighted the fact that the distribution of As(V) is strongly influenced by the high concentration of these cations and, in sea water, As (V) is mainly present as CaAs[image: image] (46.8%) and MgHAs[image: image] (31.8%), while in fresh water, the main species are HAs[image: image] and H2As[image: image] (31% each), together with CaHAs[image: image] (25.8%) (Chillè et al., 2018).

Under reducing conditions (low Eh values), arsenic mainly exists as As (III) and (Cassone et al., 2018) the oxoanions distribution is associated with the pH; up to pH ≈ 9, As (III) is present as arsenous acid H3AsO3, whereas its anion H2As[image: image] represents the stable species for 9 < pH ≤ 11. As (III) can also interact with different classes of chelators (Cassone et al., 2019, 2020; Chillè et al., 2020a,b).

Recently, the techniques developed for arsenic removal, such as membrane filtration, coagulation, adsorption, ion exchange, have been implemented by nanotechnology-based strategies (Ungureanu et al., 2015; Siddiqui et al., 2019). Here, we discuss and summarize (Table 1) the literature on technological advancements in arsenic remediation using graphene-based materials.


Table 1. Graphene-based Nanoadsorbents and Membranes.

[image: Table 1]


Graphene-Based Materials Employed for Arsenic Remediation

Graphene-based materials (G) include numerous carbon nanomaterials with different morphology, size, shape, chemical surface, and physical-chemical properties (Georgakilas et al., 2012; Yang et al., 2016; Siddiqui and Chaudhry, 2018; Neri et al., 2019; Cordaro et al., 2020; Kokkinos et al., 2020). The G family includes several members such as graphene oxide (GO), reduced graphene oxide (RGO), and their derivatives (e.g., functionalized G and G nanocomposites). Native G showed many remarkable properties, but its poor processability together with the production difficulty on a large scale limited its practical use (Neri et al., 2015b). The development of new derivatives hosting additional functional groups is the main strategy for developing G for practical applications (Neri et al., 2015a). The modification/functionalization processes tune the intrinsic features and allow the assembly of G in various structures (Figure 1).


[image: Figure 1]
FIGURE 1. (A) Graphene-based materials (graphene, graphene oxide, reduced graphene oxide and engineered graphene). (B) Schematic representation of GO-iron nanohybrid (GFeN) and the proposed mechanism involved for arsenic removal. (C) Representative example of hierarchically porus 3D assembly (G-CNT-Fe 3D) and the related SEM image (D) “Reproduced with permission of (Vadahanambi et al., 2013), (Copyright 2020), American Chemical Society”.


GO and its composites, in the form of membranes, thin films, paper-like materials, have increasing use in water decontamination, due to their unique physicochemical features (Siddiqui and Chaudhry, 2018).

DFT calculations pointed out that pristine GO binds strongly to heavy metals, like As and Pb, with binding energy of −4.5 and −4.7 eV, respectively, and weakly to Hg (Panigrahi et al., 2018).

The capability of GO to adsorb As species is directly affected by GO oxidation, and its increase from 1.98 to 1.35 (C/O ratio) prompted the As (III) maximum adsorption capacity from 123 to 288 mg/g (Reynosa-Martínez et al., 2020).

The use of GO-based chromatographic stationary phases has allowed the simultaneous separation of different types of arsenic species, avoiding multiple analyses (Reid et al., 2020). Porous GO functionalized with hyperbranched polyethyleneimine (PEI-GO) was proposed for arsenic-selective solid phase extraction (SPE) column. PEI increased the sorption capacity by interacting with both As (III) and As (V) through complexation and electrostatic interactions, respectively (Ahmad et al., 2018).

GO-functionalized silica microspheres (GO@SiO2) was investigated for metal speciation analysis of two inorganic arsenicals (arsenite and arsenate) and two organic arsenicals (monomethyl arsenic MMA and dimethylarsenic DMA). No retention by the native GO@SiO2 column was observed for the tested arsenicals, that are anions around pH 6.0, as they may be electrostatically expelled. To improve their retaining behaviors, aromatic quaternary ammoniums were added to electrostatically attract arsenic anions. The separation performance of GO@SiO2 was compared with that of G@SiO2, showing a negligible difference in retention time and resolution, confirming no affinity of oxygenated groups on pristine GO to arsenic anions (Cheng et al., 2018; Zhao et al., 2018).

One of the main concerns related to the use of GO-based materials is the problem of recovery after adsorption, which was resolved using magneto-responsive GO (Hemmati et al., 2018). Iron compounds were reported to form cross-linking with the oxygen functionalities on the surface of carbon materials (Su et al., 2017a). The incorporation of magnetic nanoparticles in GO prevents the aggregation and eases the separation by using an external magnetic field. A comparative study highlighted the fact that As removal was more effective using Fe3O4-GO composite (M-GO) than Fe3O4-reduced GO composite (M-RGO), due to the difference in the amount of oxygenated functional groups (Yoon et al., 2016).

Magnetic nanoparticles decorated with β-cyclodextrins-functionalized GO (β-CDs-GO@Fe3O4 NPs) were proposed as scalable adsorbents of As (III)/As (V) for their excellent water dispersibility and magnetic properties due to the combination of the individual advantages of both materials (Kumar and Jiang, 2017). A nanocomposite based on chitosan and magnetic GO (CMGO) showed the best As (III) adsorption capacity (45 mg/g) at pH 7 (Sherlala et al., 2019).

To increase the water stability, magnetite and GO were encapsulated inside a non-toxic alginate bead (mGO/bead) and the adsorption of Cr (VI) and As (V) from multicomponent systems and contaminated wastewater was evaluated. mGO/bead showed excellent performance (80–100% removal) and recyclability in a complex mixture of heavy metals (Vu et al., 2017).

GO-iron nanohybrid (GFeN) systems were prepared by a sol-gel process for the concurrent removal of As(III)/As(V), without previous oxidation of As(III) to As(V) (Das et al., 2020). As(V) absorption involves electrostatic interactions as well as surface complexation with corrosion products, whereas only surface complexation leads the As(III) absorption. Adsorption capacity was high for both As (V) and As(III) species (Table 1) without iron leaching while it decreased in the presence of [image: image] and [image: image] ions. GO acts as a reservoir for the electrons released during the oxidation of Fe0, allowing the electrons to come back to Fe NPs (Figure 1B).

Magnetite partially reduced GO (Mag-PRGO) nanocomposite obtained via laser vaporization-controlled condensation method (Bobb et al., 2020) was exploited to remove As(V). Mag-PRGO showed the ability to remove 100% of As(V) up to 100 ppm final concentration (pH range 4–6), without the loss of iron ions in solution.

GO and ferrocene were used for the preparation of smart magnetic graphene (SMG) by a solvent-free microwave-induced process (Gollavelli et al., 2013). Upon irradiation, GO became graphene and ferrocene decomposed to metallic Fe core (~5 nm in size). SMG showed a maximum As(V) absorption capacity of 3.26 mg/g (Table 1), starting from an arsenic concentration of 5.0 ppm.

Adsorbent systems containing two or more metals or metal oxides were designed to improve arsenic adsorption performance. Graphene nanoplates (GNPs) supported with Fe-Mg binary oxide (La et al., 2017b) or spinel CuFe2O4 (La et al., 2017a) showed a significant As(V) adsorption. The better adsorption capacity was reached at low pH values, due to the protonation of OH, which attract As(V) oxyanions, whereas the decrease of net positive charge, at higher pH values, leads to a decrease of As(V) adsorption ability. Both systems showed a relevant selectivity toward arsenic anions compared to other ion species.

Fe@Cu&GO systems fabricated by coprecipitation of CuO and Fe3O4 on GO surface showed good values of absorption for both As(III)/As(V) (Table 1) with a competitive adsorption of phosphate ions (Wu et al., 2019). As(III) adsorption was independent from pH variation, whereas As(V) adsorption decreases under alkali conditions.

Considering the ability of Gadolinium (Gd) oxonium to form binary compounds with arsenic species and its sizeable magnetic moment, a Fe-GO-Gd system (Lingamdinne et al., 2020) was tested for As(V) adsorption. Both ion exchange surface complexation and electrostatic interactions allowed As(V) removal. The adsorption ability decreased in the presence of competitive ions ([image: image], [image: image], and [image: image]) and after four adsorption/desorption cycles, probably due to the leak of Fe and Gd ions from the GO surface.

Multifunctional magnetic graphene (MG@PDA@PGMA-AET), prepared by surface-initiated ICAR ATRP, was investigated for simultaneous adsorption and sequential elution of As(III) and As(V) (Wang et al., 2019). As(V) oxyanions were absorbed by electrostatic interactions by protonated functional groups of MG@PDA@PGMA-AET, conversely neutral H3AsO3 species were absorbed by chelation mechanism with –OH, –SH and –NH2 groups. The speciation analysis demonstrated a quantitative and simultaneous adsorption of both arsenic species (Table 1), using MG@PDA@PGMA-AET as column packing material.

The heterogeneous Fenton-like system (M-RGO) was proposed for the degradation of 4-aminophenylarsonic (p-ASA) and for the adsorption of arsenic species from wastewater (Wu et al., 2020). Removal rate of 89.8% for total As and 98.8% for p-ASA were estimated at neutral pH value.

Mn-Al-Fe RGO based hybrid system (MAF-RGO) was proposed to remove arsenic species by electro-sorption and reduction process (Penke et al., 2020). Relevant maximum sorption values for both As(III)/As(V) (Table 1) were estimated by the Freundlich model. Interestingly, the irradiation of MAF-RGO with white light (> 420 nm) increased two-fold the arsenic loading.

Macro/micro/meso porous structures guarantee an excellent permeation of gas and solution, promoting active interior sites. Moreover, 3D G systems are characterized by major mechanical stability avoiding the aggregation phenomenon typical of graphene layers (He et al., 2020). G-CNT-Fe 3D nanohybrid (Figure 1C), composed of CNTs vertically standing on G surface and FenOm NPs dispersed on CNT and G surfaces, (Vadahanambi et al., 2013) showed a higher performance to capture As(III) species compared to 2D iron-decorated G system. The high surface-to-volume ratio and the mesoporous morphology facilitated the molecular diffusion and the accessibility of iron oxides, which acted as arsenic interactions sites.

Mesoporous 3D G aerogels (GA) homogenously decorated with Fe3O4 NPs (Ye et al., 2015) showed a higher maximum adsorptive capacity (Table 1) compared with 2D Fe-G systems and porous Fe3O4. To keep the chemical structure of GO sheets and avoid the damage of oxygen groups, porous 3D magnetic GO hydrogel (MGOH) was prepared by generation of chemical bubbles mixing GO, Fe3O4 NPs, and polyacrylamide hydrochloride (PA) at room temperature (Liang et al., 2019). MGOH showed good maximum adsorption capacity values (Table 1) with one of the fastest adsorption speeds, reaching equilibrium within only 2 min for both As(III)/As(V) species.

Arsenic capture ability of engineered carbon nanospheres (CNs) with a mesopore/macropore structure depends on the amount of loaded FenOm (Su et al., 2017b). FenOm content of 7 and 13 wt% resulted in a maximum adsorption capacity of 246 and 416 mg/g for As(III), and 93 and 201 mg/g for As(V), respectively; at higher FenOm content a significant decrease in absorption capacity was observed, probably due to the formation of Fe oxide agglomerates that block the pores.



Graphene-Based Membranes for Arsenic Remediation

Nanofiltration membranes technology is a promising environment-friendly alternative to the conventional adsorbent materials or ion exchange resins (Shukla et al., 2018), providing the rejection of arsenic pollutants by low-cost filtration operations at low transmembrane pressure, through systems suitable to avoid fouling (i.e., cross-flow module) (Sen et al., 2010; Pal et al., 2014). Nanofiltration membranes suitability is mainly affected by the Donnan exclusion principle (Dresner, 1972; Bowen and Mukhtar, 1996; Jye and Ismail, 2017).

The structure and the porosity of polysulfone (PSU)-based membranes including GO can be tuned by exploiting PSU hydrophobicity and GO hydrophilicity (Rezaee et al., 2015; Shukla et al., 2018).

Pure PSU membrane exhibited a sponge-like system with a dense skin layer and a few pores with drop-like ends; the addition of 0.5 (w)% GO resulted in the formation of finger-like pores with closed ends. Further GO loading resulted in a drastic drop of the sponge-like structure, while the pores appeared open-ended and even bigger in size. The negatively charged surface was active in Donnan repulsion of negatively charged pollutants. With an increase in pH, the negative charge of the membrane surface increases, and the predominant arsenate species becomes the divalent ion ([image: image]), enhancing the rejection performances (Rezaee et al., 2015). Although the rejection performance is negatively influenced by the contemporary presence of cations and anions, a higher efficiency of the PSU/carboxylated-GO membrane to reject mixed metal ions solutions than that of pure PPSU was evidenced (Shukla et al., 2018). PSU-based membranes containing GO were prepared also by interfacial polymerization (Pal et al., 2018b). The polyethersulfone (PES) membrane was covered with polyamide, and the residual acid groups belonging to the polyamide-matrix were used to bind a GO layer. This membrane was able to selectively remove ionic As(V) (Table 1), retaining useful metal ions of drinking water, without GO losses in the permeated stream. An economic industrial scale-up was also considered (Pal et al., 2018a).

A PAN-based electrospun composite containing GO and γ-Fe2O3 was developed by electrospinning of PAN in DMF with GO and γ-Fe2O3 (Tripathy and Hota, 2019). PAN-GO-γ-Fe2O3 membrane exhibited high affinity toward As(V) removal (36.1 mg/g) and the presence of anions such as chloride, nitrate, and sulfate do not affect the efficiency, whereas phosphate anions' copresence strongly decreases As(V) chemisorption. As(V) adsorption is proposed as an electrostatic attraction and surface complexation mechanism, operated by the -C-OH and Fe-O groups present on the membrane surface, able to form a complex with arsenate species H2As[image: image].

GO-manganese ferrite membranes (PES-GMF, from 0.5 to 2 wt% content) were prepared by dispersing GO-manganese ferrite (GMF) in a polymer mixed matrix of polyvinylpyrrolidone (PVP) and polyethersulfone (PES) that acted as a pore former and support, respectively. GO induced a pore size increase, although high GMF content prompted the agglomerates' formation due to dipole-dipole interactions. GMF increased the membrane hydrophilicity, and the addition of 2 w% of GMF resulted in an increased membrane water flux of 46% in the pure PES membrane. A pH-dependent efficiency was detected: in acidic conditions the electrostatic attraction prevails—positively charged GMF and As(V) in the form of H2As[image: image]; in alkali conditions the electrostatic rejection occurs (due to the deprotonation of GMF and As(V) in form of HAs[image: image]. The maximum As(V) adsorption capacity of 75.5 mg/g was found for the membrane loaded with 2% GMF (Shahrin et al., 2019).

The adsorptive processes based on electrostatic interactions are suitable only for As(V) species rejection whereas for As(III) removal the affinity of thiolated groups grafted onto engineered membranes was exploited.

A complex 3D porous membrane was synthesized by using GO, single-walled carbon nanotubes (SWCNT) and an antimicrobial PGLa peptide (Viraka Nellore et al., 2015) and tested for the removal of toxic As(III), As(V), Pb(II) and for the disinfection of pathogenic bacteria. Nanofiltration of multiple metal ions solution containing both As(III) and As(V) (10 ppm) and bacteria revealed that 96% of As(III) and 92% of As(V) were rejected from the membrane (Table 1). Although As(III) ions are difficult to remove through nanofiltration, they exhibit high affinity for thiolated groups of glutathione. As a confirmation of the binding affinity of thiolated proteins and As(III), an efficient GO-based membrane suitable for As(III) preconcentration in column phase processes was reported (Ahmad et al., 2020). GO and Bovine Serum albumin (BSA) solution was vacuum-filtered through a cellulose nitrate paper (0.22 μm) to obtain a self-standing polymer-laminated GO membrane (PLGO). BSA was physisorbed onto the GO sheets through electrostatic interactions inducing the formation of interlayer nano capillaries on the membrane surface. PLGO exhibited a maximum adsorption capacity of 140 mg/g, which is about three times higher than that of GO. The presence of other metal ions in solution slightly influences the As(III) selectivity. The recovery and reuse of the membrane do not affect the adsorption efficiency, confirming their usefulness for pre-concentration and speciation of As(III).

A Dispersive Micro-Solid Phase Extraction (DMSPE) membrane was developed by deposition of Al2O3/GO onto a membrane filter through a vacuum filtration procedure (Baranik et al., 2018). The membrane quantitatively binds As(V) deprotonated species (i.e. H2As[image: image] and HAs[image: image]) thanks to the high concentrations of surface hydroxylic groups with a pH-dependent performance.




DISCUSSION

The selected case studies showed the high potentiality of G nanotechnology to remove As from contaminated water. It is worth noting the ability of engineered graphene to effectively remove complex mixtures of organic and inorganic pollutants from water and its remarkable antimicrobial activity (Karahan et al., 2018).

Although some nanotechnological tools for water purification are already marketed (Khan and Malik, 2019), the use of G in water purification, in particular for As remediation, must be implemented to advance G nanotechnology from lab to the market. Specifically, major concerns such as safety, economic feasibility, and aggregation phenomena, especially in scaled up water purification systems, need to be reasonably addressed. To minimize the health risk, safety issues require a careful evaluation (Caccamo et al., 2020) with the implementation of in-vivo studies. The lack of standardized ways for G univocal characterization and the different fabrication methods make the replication of G published results difficult (Piperno et al., 2018). Characterization of G should be carried out by standardized ways to support the new laws for their regulation. REACH (Registration, Evaluation, Authorization, and Restriction of Chemicals) in the European Union is being updated for nanomaterial regulation. Finally, for commercial applications, G would need to be manufactured in standardized way and reduced cost considering that water scarcity is a serious problem in underdeveloped countries.
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Silica oxides nano- and microparticles, as well as silica-based materials, are very abundant in nature and industrial processes. Trace metal cation binding with these bulk materials is generally not considered significant in speciation studies in environmental systems. Nonetheless, this might change for nanoparticulate systems as observed in a previous study of Pb(II) with a very small SiO2 particle (7.5 nm diameter). Besides, metal binding by those nanoparticles is surprisingly characterized by a heterogeneity that increases with the decrease of metal-to-particle ratio. Therefore, it is interesting to extend this study to investigate different trace metals and the influence of the nanoparticle size on the cation binding heterogeneity. Consequently, the Cd(II), Pb(II), and Zn(II) binding by two different sized SiO2 nanoparticles (Ludox LS30 and TM40) in aqueous dispersion was studied for a range of pH and ionic strength conditions, using the combination of the electroanalytical techniques Scanned Stripping ChronoPotentiometry and Absence of Gradients and Nernstian Equilibrium Stripping. The coupling of these techniques provides the free metal concentration in the bulk (AGNES) and information of the free and complex concentration at the electrode surface for each Stripping Chronopotentiometry at Scanned deposition Potential (SSCP). A recent mathematical treatment allows the reconstruction of a portion of the metal to ligand binding isotherm with the included heterogeneity information using the full SSCP wave analysis. In this work, we observed that the Zn(II) binding is homogeneous, Cd(II) is slightly heterogeneous, and Pb(II) is moderately heterogeneous, whereas the results obtained with the 7.5 nm diameter nanoparticle are slightly more heterogeneous than those obtained with the one of 17 nm. These findings suggest that the Zn(II) binding is electrostatic in nature, and for both Cd(II) and Pb(II), there should be a significant chemical binding contribution.

Keywords: trace metal, binding heterogeneity, SiO2 nanoparticles, SSCP, AGNES


INTRODUCTION

The mobility and the bioavailability of trace metal elements (TME) in aquatic systems are largely mediated by their interaction with organic ligands, such as humic matter, exopolymeric substances, and/or inorganic surfaces, such as clays, silicates, aluminum, iron, and manganese (hydro)oxides (Buffle, 1988; Lead and Wilkinson, 2006).

Physicochemical heterogeneity is an intrinsic characteristic of most of these natural particles (Riemsdijk and Koopal, 1992; Duval et al., 2005; Duval and Gaboriaud, 2010), which generally arises from the diverse structures and morphologies of the particles, their polyfunctional chemical binding sites, and the polyelectrolytic nature of the particle charge. Accordingly, the metal ions binding/adsorption toward these natural particles is chemically heterogeneous, with binding association or adsorption constants that increase with the decrease of the metal-to-ligand ratio. This heterogeneity was initially estimated using the empirical Γ parameter of a Freundlich-type isotherm, which averages all contributions, covalent and electrostatic into a single descriptor (Filella and Town, 2001).

Later, the modeling of metal ion adsorption in mineral surfaces was refined by the separation of electrostatic and chemical binding contributions within the framework of surface complexation models [Dzombak and Morel (1990), CD-Music (Hiemstra and Van Riemsdijk, 1996)]. Similarly, the modeling of metal ion binding by natural organic matter was improved by the introduction of complexation codes that consider both an electrostatic contribution and a chemically heterogeneous metal ion binding by either a sum of discrete sites WHAM (Tipping, 1994) or a continuous site distribution (NICA) (Kinniburgh et al., 1996; Milne et al., 2003).

The experimental study of chemical heterogeneity in natural systems is complicated due to the low levels of trace metals and the complex interplay between those and the different ligands in solution. Recently, we proposed a new methodology in Pinheiro et al. (2020a) to investigate trace metal binding heterogeneity based on the full wave analysis of the electroanalytic technique of Stripping Chronopotentiometry at Scanned deposition Potential (SSCP). From the conversion of the experimental data obtained at the electrode surface, it is possible to recover a portion of the binding isotherm at realistic environmental trace metal concentrations.

The objective of this work is to apply this novel methodology to study the surprising metal binding heterogeneity of silica nanoparticles, first reported for Pb(II) ions by Goveia et al. (2011). The origin of this phenomenon remains uncertain, since at first sight one did not expect a significant chemical heterogeneity from metal binding to amorphous SiO2 nanoparticles considering their chemically homogeneous composition and monodisperse particle size distribution. Several electrokinetic (Allison, 2009) or aggregation (Škvarla and Škvarla, 2017) studies reported a gel-like layer at the silica/solution interphase, namely, a gradual distribution of the component material from the particle core to the particle/water interphase. For charged particles, the presence of a water- and ion-permeable surface layer implies a tridimensional distribution of functional sites. An electric field spans from the bulk electrolyte solution to the inner part of the particle, likely generating a spatially dependent metal complexation heterogeneity. Several types of chemical metal complexes may be formed at the particulate interfaces, such as the monodentate or bidentate complexes that may occur at the orthosilicic acid sites in the SiO2 nanoparticle. Additionally, structural impurities occluding the silica surface may arise from the synthesis of silica, which are depicted, e.g., by the isomorphic substitution of one Si by one Al atom (Bergna and Roberts, 2005).

In this work, we applied a methodology consisting first in a qualitative diagnosis of the effects of heterogeneity on the SSCP wave (Town and van Leeuwen, 2004; Town, 2008; Rotureau, 2014; Rotureau et al., 2016) according to (i) the nature of the metal ions, where we used Pb(II), Cd(II), and Zn(II), (ii) the physicochemical conditions of the medium, namely, the pH and ionic strengths of the solution, and (iii) the variation of particles size, using nanoparticles of 8 and 17 nm radius. Second, the quantitative reconstruction of the low coverage fraction of the binding isotherm contained in the SSCP wave is achieved using the mathematical treatment developed by Pinheiro et al. (2020a).



MATERIALS AND METHODS


Reagents

The chemicals used in the present work were of analytical reagent grade and used as received, unless stated otherwise. All solutions were prepared with ultra-pure water (18.3 MΩ cm, Milli-Q systems, Millipore-waters). The nitric acid 65% (suprapur) and the standard stock solutions of mercury nitrate (1,001 ± 2 mg L−1), cadmium nitrate (999 ± 2 mg L−1), lead nitrate (999 ± 2 mg L−1), and zinc nitrate (1,000 ± 2 mg L−1) were purchased from Merck. Cd(II), Pb(II), and Zn(II) solutions were prepared from dilution of the certified standard. Ludox® TM40 [40% (w/w) suspension in water] and LS30 [30% (w/w) suspension in water] colloidal silica (SiO2) were purchased from Aldrich. Sodium nitrate electrolyte solution (10, 30, and 100 mM), MES [2-(N-morpholino)ethanesulfonic acid] buffer (200 mM), and MOPS [3-(N-morpholino)propanesulfonic acid] buffer (200 mM) were prepared from solids (Merck, suprapur and Merck >99%, respectively). The pH adjustments were performed using nitric acid (Merck, suprapur) and sodium hydroxide (100 mM standard, Merck) solutions.

Potassium thiocyanate, hydrochloric acid, and potassium chloride, all p.a. from Merck, were used to prepare the solution for the re-dissolution of the mercury film. Solutions of ammonium acetate [NH4CH3COO (1,000 mM)/CH3COOH (1,000 mM)] (Merck) were prepared monthly and used without further purification.



Electrochemical Apparatus

An Ecochemie Autolab PGSTAT10 and μAutolab potentiostats (controlled by GPES 4.9 software from EcoChemie, the Netherlands) were used in conjunction with a Metrohm 663 VA stand (Metrohm, Switzerland). A three electrode configuration was used comprising a Hg thin film plated onto a rotating glassy carbon (GC) disk (2 mm diameter, Metrohm) as the working electrode, a GC rod counter electrode, and an Ag/AgCl reference electrode from World Precision Instruments DRIREF-5 (electrolyte leakage <8 × 10−4 μl h−1). A Denver Instrument (model 15) and a Radiometer analytical combined pH electrode calibrated with Titrisol buffers (Merck) were used to measure pH.



Preparation of the GC Substrate

Prior to deposition of the Hg films, the GC electrode was conditioned following a previously reported polishing/cleaning procedure (Monterroso et al., 2004). In brief, the electrode was polished with alumina slurry (grain size 0.3 μm, Metrohm) and sonicated in pure water for 60 s to obtain a renewed surface. Then, an electrochemical pre-treatment was carried out using a 50× cyclic voltammetric scan between −0.8 and +0.8 V at 0.1 V s−1, in NH4CH3COO (1,000 mM)/HCl (500 mM) solution. The surface area of the GC electrode was measured by chronoamperometry in 1.124 mM ferricyanide/1,000 mM KCl solution (purged for 300 s). Before the measurements, the solution was stirred for 30 s (2,000 rpm) and followed by a resting period of 120 s. The parameters used were: E = 0.5 V and t = 3 s, and the measured response was the current I as a function of time t. The electrochemically active area of the GC electrode was calculated from the slope of I vs. t−1/2 Cottrell equation (diffusion coefficient of ferricyanide D = 7.63 × 10−10 m2 s−1). The electrochemically active area obtained was (3.334 ± 0.062) × 10−6 m2 (two polishing experiments, each with four replicate determinations). When not in use, the bare GC electrode was stored dry in a clean atmosphere.



Preparation of the Hg Electrode

The thin Hg film was prepared ex-situ in 0.12 mM Hg(II) nitrate in nitric acid 0.73 mM (pH 1.9) by electrodeposition at −1.3 V for 700 s at a rotation rate of 1,000 rpm. The charge associated with the deposited Hg (QHg) was calculated by electronic integration of the linear sweep stripping peak of Hg, for v = 0.005 V s−1. The electrolyte solution was ammonium thiocyanate 5 mM (pH 3.4). The stripping step began at −0.15 V and ended at +0.4 V (Rocha et al., 2007).



SSCP and AGNES-SCP Measurements

Stripping chronopotentiometric measurements were carried out in 20 ml 10, 30, and 100 mM NaNO3 solutions containing a concentration of 5.0 × 10−4 mM of the following individual metals: Cd(II), Pb(II), and Zn(II). The experimental conditions used were: deposition time (td) 45 s, oxidizing current (Is) 2 × 10−6 A, applied until the potential reached −0.30 V, and electrode rotation speed 1,000 rpm. All solutions were purged for 20 min at the beginning of every experiment and for 20 s (assisted by mechanical stirring of the rotating electrode) after each stripping chronopotentiometry (SCP) measurement. Measurements were made for a range of deposition potentials, from the foot to the plateau of the SSCP wave, i.e., from −1.25 to −1.00 for Zn(II), from 0.85 to −0.60 V for Cd(II), and from −0.70 to −0.40 V for Pb(II). The free metal ion concentration was determined by the AGNES-SCP according to the procedure developed by Parat et al. (2011). The measurements were performed by applying a deposition potential E1 of −1.085, −0.655, and −0.465 V, for Zn(II), Cd(II), and Pb(II), respectively, and for a period of time t1 ranging between 240 and 300 s. All measurements were carried out at room temperature (21–23°C).




THEORY

The theoretical basis for SCP and its use in SSCP are well-established in the literature. Therefore, the reader is referred to the supporting information and reference (van Leeuwen and Town, 2002) for more details on the theoretical aspects of the technique. The principles and key equations relevant for the present work in brief are evoked here. The SCP measurement comprises two steps. During the first stage, metal ions are accumulated at the electrode by application of a constant deposition potential (Ed) for a given time (td). Then, the metal is re-solubilized by imposing a constant oxidizing current (Is), and the resulting analytical time (τ) is directly proportional to the quantity of total accumulated metal. SSCP waves are obtained from a series of SCP measurements achieved at different Ed and by plotting the data couple (τ, Ed).

Considering the formation of a labile 1:1 metal complex, ML, between the electroactive metal ion M and the ligand L:

[image: image]

where ka and kd are the association and dissociation rate constants, respectively. The system is dynamic at bulk level if the rates for the volume reactions are fast on the experimental time scale, t:

[image: image]

where [image: image]. For labile complexes, the rates of dissociation/association are sufficiently high relative to the experimental timescale, to maintain full equilibrium between complexed and free metal (van Leeuwen and Town, 2002; Town and van Leeuwen, 2003). Under conditions of sufficiently excess of ligand (as typically used in stripping experiments), [image: image] is approximately constant, and we can define [image: image], where K represents the stability constant of ML, and [image: image] represents the total ligand concentration in the bulk solution (mM).


For Homogeneous and Labile Metal Binding Systems

For a given potential, the deposition current, [image: image], originating from reduction of the metal ion of interest is given by:

[image: image]

where [image: image] is the total metal concentration in the bulk solution (mM), A is the electrode surface area, [image: image] is the mean diffusion coefficient of the metal ion (m2 s−1) given by:

[image: image]

and [image: image](m) is the thickness of the diffusion layer, which is expressed by, for a RDE (Levich, 1962):

[image: image]

The characteristic time constant for the deposition process τd (s) for a mercury drop or film electrode is defined by:

[image: image]

where θ is the free metal surface concentration ratio for a given deposition potential, and VHg (m3) is the volume of the mercury electrode.

Then, the equation for the SSCP wave for a fully labile complex ML, τ, is given by:

[image: image]

Thermodynamic complex stability constants, K′, can be retrieved from the shift in the half-wave deposition potential, ΔEd, 1/2 between the SSCP curve with metal only and the one after addition of ligands (DeFord and Hume, 1951):

[image: image]

where [image: image] and [image: image] are the limiting wave heights in the absence and in the presence of ligands, respectively. R is the gas constant, F is the Faraday constant, n is the number of electrons involved in the reduction/oxidation processes, and T is the temperature.



For Heterogeneous Metal Binding Systems

SSCP is also able to provide an evaluation of the chemical heterogeneity through the changing slope of the SSCP wave. For heterogeneous ligands systems, constructing SSCP curves involves also probing a range of metal complexes with various stability constants along the slope of the wave. At the foot of the wave, the weaker metal complexes dissociate to release the free metal toward the electrode, whereas by going closer to the top of the wave, the stronger ones start to contribute to the electrochemical signal. As a result, the SSCP wave is more elongated regarding the homogeneous case, and the extent of the spreading out of the wave reflects the degree of heterogeneity, as can be observed for the metal/humic acid curves in Pinheiro et al. (2020a).



Wave Analysis in Heterogeneous Metal Binding Systems and Computation of cM(0, td) and cML(0, td) at the Electrode Surface

The concentrations cM(0, td) and cML(0, td) are determined for every experimental point of the SSCP curves in the region of the slope portion (Pinheiro et al., 2020a).

As detailed in Serrano et al. (2007), the free metal ion concentration at the electrode surface can be evaluated by coupling the amount of reduced metal accumulated in the electrode together with the Nernst equation. Under the conditions where a RDE is used, the equation becomes (Pinheiro et al., 2020a):

[image: image]

where u1/2 is 1.5936 (Rocha et al., 2015), and [image: image] is the deposition half-wave potential in the system with only metal.

The determination of cML(0, td) arises from the balance of the arriving flux of metal species at the electrode times the electrode area with the time variation of the accumulated number of moles, which gives the following differential equation:

[image: image]

In this expression, ε corresponds to the coefficient diffusion ratio [image: image], and ζ stands for a new variable:

[image: image]

The total metal concentration at the electrode surface [image: image] is thus given by the sum of [image: image] and [image: image]. Along the SSCP wave, the [image: image] varies from the bulk value ([image: image]) in the very beginning of the wave to very close to zero in the plateau. Since the total ligand concentration is in excess over the total metal, investigating the individual points along the wave is analogous to performing a bulk metal titration at fixed ligand concentration.

In Equation (10), the bulk free metal ion concentration [image: image] is experimentally determined using the AGNES technique for which the theoretical and experimental details are recalled in the supporting information.




RESULTS

To investigate qualitatively the binding heterogeneity from the SSCP waves, two normalization operations are needed. First, each point of the SSCP wave (τ) is divided by its limiting value (τ*), thus obtaining a dimensionless y-axis (τnorm) normalizing the differences in transport (diffusion coefficients of the different species) and total metal concentrations. Then, the so-obtained τnorm in the presence of ligand is subtracted point by point from the metal only calibration yielding the potential difference (ΔE = Ed,tit–Ed,cal). This procedure normalizes the potential shift regarding the different metal standard potential reductions, thus allowing the comparison of the three metals in the x-axis.

Due to the experimental errors, it is necessary to ignore at least the points below 0.05 and above 0.95 in the y-axis after normalization (Pinheiro et al., 2020a). Nevertheless, it was observed that in some cases, it is required to neglect more points due to the influence of point scattering in the derivative computation (Equation 10).


Evaluation of the Heterogeneity for the Different Metal Ions

The results obtained are presented as raw SSCP waves (A; τ vs. Ed) and double normalized curves (B; τnorm vs Ed,tit-Ed,cal). Each figure contains the information corresponding to a daily experiment comprising a pH titration (three different pH values) at a fixed ionic strength for a metal ion in the presence of nanoparticles. This originates 18 figures corresponding to three metals, three ionic strengths, and two particle sizes. Figures 1–3 presented in this section show the results for Zn, Cd, and Pb in the presence of the TM40 nanoparticle at 10 mM NaNO3, whereas the other 15 double normalized curves can be found in Supplementary Figure 1.


[image: Figure 1]
FIGURE 1. (A) Experimental SSCP waves for the zinc only at pH 4 (calibration) and in the presence of SiO2 nanoparticles (TM40) obtained at 10 mM NaNO3, pH 6.00, 6.50, and 7.00 for a total Zn concentration of 5 × 10−4 mM and particle concentration of 0.3 wt%. The lines represent the analytical simulation of the experimental results as described in the theoretical section. (B) The normalized analytical times τnorm derived from the SSCP waves plotted against Ed,tit–Ed,cal.
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FIGURE 2. (A) Experimental SSCP waves for the cadmium only at pH 4 (calibration) and in the presence of SiO2 nanoparticles (TM40) obtained at 10 mM NaNO3, pH 7.00, 7.50, and 8.00 for a total Cd concentration of 5 × 10−4 mM and particle concentration of 0.3 wt%. The lines represent the analytical simulation of the experimental results as described in the theoretical section. (B) The normalized analytical times τnorm derived from the SSCP waves plotted against Ed,tit–Ed,cal.



[image: Figure 3]
FIGURE 3. (A) Experimental SSCP waves for the lead only at pH 4 (calibration) and in the presence of SiO2 nanoparticles (TM40) obtained at 10 mM NaNO3, pH 5.50, 6.00, and 6.50 for a total Pb concentration of 5 × 10−4 mM and particle concentration of 0.3 wt%. The lines represent the analytical simulation of the experimental results as described in the theoretical section. (B) The normalized analytical times τnorm derived from the SSCP waves plotted against Ed,tit–Ed,cal.


As described in the theoretical section, the heterogeneity of the metal binding system modifies the slope of the experimental SSCP waves (left side of Figures 1–3) as compared with the analytical simulation of the homogeneous case (lines) based on the equilibrium bulk situation measured by AGNES. In Figure 3A, a deviation can be observed between the experimental calibration points and the theoretically simulated line. In over 18 experiments performed, we have seen these phenomena only twice; thus, the theoretical simulations were used in our calculations. Similar deviations have been described for pseudopolarograms by Omanović and Branica (2003); hence, a correction reported therein is necessary if a majority of the calibrations present this shape.

The B panels of the three figures give a double normalized representation of the impact of metal binding heterogeneity on SSCP curves as explained above. A homogeneous case is represented by a perfectly vertical alignment, whereas a heterogeneous situation is materialized by a progressive shifting along the y-axis. An increase of the shift in the x-axis with pH indicates a greater binding strength (K′) along the lines of the DeFord–Hume theory (DeFord and Hume, 1951).

In some situations, such as the pH 5.5 Pb case, and several other examples in Supplementary Figure 1, one observes two parts in the curve, initially showing a homogeneous tendency (vertical), followed by a marked inclination at higher Ed,tit–Ed,cal values.

The three metal ions tested show a markedly different behavior. For Zn, the metal interaction with SiO2 can be considered as quite homogeneous, with a minor deviation as compared with the fully homogeneous case. In contrast, the lead binding to silica nanoparticle shows a significant heterogeneity, whereas cadmium case corresponds to a slightly heterogeneous system with abundant examples of the two-part curves.



Impact of pH and Ionic Strengths on the Heterogeneity

The shifting operating at the x-axis upon increase of pH or decrease of ionic strength is due to the higher binding affinity of the metal for the silica particle owing to the increased number of binding sites by deprotonation or the lower screening effect of the electrolyte, respectively. The expected increase of binding strength with pH is observed for all metal cases. In the case of Pb, the heterogeneity degree also increases with pH (from 5.5 to 6.5) as depicted in Figure 3B for Ludox TM40 and Supplementary Figure 1 for Ludox LS30 at 10 mM ionic strength. This pH dependency of the heterogeneity is still observed although less evident for the higher ionic strengths. For Cd (Figure 2B and Supplementary Figure 1) this increase in heterogeneity with pH cannot be observed clearly in the double normalized figures, probably due to experimental errors in the measurement coupled with the smaller heterogeneity evidenced by these cations. Since Zn shows an almost homogeneous behavior, it was not expected to observe significant variations of heterogeneity with pH for this metal. Increasing the ionic strength does not affect the concentration of deprotonated groups in the nanoparticles, but: (i) it does provide a greater screening effect of the particle charges, thus decreasing the electrostatic ion accumulation, and (ii) it impacts the activity coefficients of both ligand and metal ions, thus reducing the covalent binding.



Influence of the Particle Size on the Heterogeneity

The Ludox LS30 and TM40 nanoparticles are chemically identical, being only different in their physical characteristics as presented in Table 1 (supplier information).


Table 1. Physical characteristics of the Ludox nanoparticles.

[image: Table 1]

In this section, we analyze only the Pb results since this is the metal ion that presents the highest binding heterogeneity. Figure 5 shows the double normalized curves at 10 mM ionic strength for both nanoparticles at pH 5.5, 6.0, and 6.5. We can observe that there is a difference in the x-axis at the low τnorm where the TM40 values are more negative than the LS30 ones. This indicates a higher TM40 binding strength in the bulk, which is confirmed by the stability constant values presented in Table 2.


Table 2. Deprotonated ligand concentrations for the Ludox nanoparticles at 10 mM ionic strength and respective bulk Pb thermodynamic binding constants computed from AGNES results.

[image: Table 2]

At pH 5.5, results suggest that the LS30 is more heterogeneous than the TM40; however, for the higher pH values, this representation does not show meaningful differences. The double normalized representation is not able to discriminate between the Pb/Ludox particle binding heterogeneities; hence, it is necessary to start using the more quantitative full wave analysis to achieve a better discrimination. Figure 6 shows the result of this analysis for the same points presented in Figure 5. One of the best ways to investigate heterogeneity from the full wave analysis results is to draw the electrode surface stability constant K0′ ([image: image]/[image: image]) computed from Equations (9, 10) as function of the total metal surface concentration, [image: image], and compare this with the bulk equilibrium parameter (K[image: image]). A homogeneous system will have a constant K′, whether in the surface or bulk, whereas a heterogeneous system will show a K0′ decrease with increasing [image: image].

Figure 6A (TM40 and LS30) depicts a situation where both systems have a pronounced heterogeneity. Since they also have quite different bulk stability constants, it is interesting to normalize these curves by their respective K[image: image] (Figure 6B). By doing so, we observe that the relative heterogeneity of the two systems is clearly different. Pb/TM40 presents a quasi-homogenous behavior between 5 and 3 × 10−4 mM, and below this value, it becomes strongly heterogeneous, whereas Pb/LS30 depicts a strong relative heterogeneity in all the concentration range, albeit with significantly more experimental point scattering.




DISCUSSION


Methodological Aspects of Heterogeneity Analysis

One of the main advantages of electroanalytical techniques, namely, SSCP, is the ability to scan the low surface coverages that are relevant in environmental systems, where the ligands are usually in excess over the metal ions. In this work, the highest degree of coverage is 4% of deprotonated sites for Pb in the presence of LS30 at pH 5.5- and 10-mM ionic strengths.

A fast and informative way of obtaining direct qualitative information at low surface coverage on the system heterogeneity is to apply the double normalization of the SSCP wave (Figures 1–5). However, like the Γ parameter of the Freundlich isotherm, this normalized description does not discriminate the electrostatic and chemical binding contributions.


[image: Figure 4]
FIGURE 4. The normalized analytical times τnorm derived from the SSCP waves of Pb in the presence of TM40 silica nanoparticles plotted against Ed,tit–Ed,cal for the three pH 5.50, 6.00, and 6.50 for a total Pb concentration of 5 × 10−4 mM and particle concentration of 0.3 wt%, at ionic strengths of 10 (A), 30 (B), and 100 mM (C).



[image: Figure 5]
FIGURE 5. Comparison between the normalized transition times τnorm derived from the SSCP waves of 5 × 10−4 mM Pb in the presence of TM40 (0.3 wt%) and LS30 (0.1 wt%) SiO2 nanoparticles plotted against Ed,tit–Ed,cal for the three pH 5.50, 6.00, and 6.50 at ionic strength of 10 mM.



[image: Figure 6]
FIGURE 6. Stability constants at the electrode surface (K0′) and bulk solution (K[image: image]) (A) and K0′ normalized by K[image: image] (B) as function of surface total metal concentration for 5 × 10−4 mM Pb in the presence of TM40 (0.3 wt%) and LS30 (0.1 wt%) silica particles for the three pH 5.50, 6.00, and 6.50 at ionic strength of 10 mM.


This qualitative approach can be improved by applying a quantitative full SSCP wave analysis that allows a better interpretation of the experimental data as exemplified by the study of the effect of particle size on the heterogeneity in Figure 6 than the qualitative equivalent in Figure 5.

To advance further into the differentiation of the electrostatic and covalent contributions, it is necessary to interpret the experimental data by fitting the results with pertinent physicochemical models. In a future work, our goal will be to obtain the electrostatic properties of the nanoparticle from protolytic titrations at different ionic strengths. Hence, to determine the electrostatic descriptors, an electrostatic model will be used, namely, the one recently proposed by our group (Pinheiro et al., 2020b). This model applies a Poisson–Boltzmann equation considering particles with an impermeable core and a permeable shell, thus taking into account the permeable gel-like layer present in the SiO2/solution interphase (Allison, 2009). Then, the covalent part of the binding will be initially described using a surface complexation model comprising the contribution of mono and bidentate silanol groups and, if necessary, a contribution of stronger aluminum hydroxide groups originating from the aluminum impurity present in the SiO2 nanoparticles (Bergna and Roberts, 2005).



Evaluation of the Heterogeneity for the Different Metal Ions

There is a striking difference between the Pb (Figure 3) and Zn (Figure 1) binding heterogeneities with the SiO2 nanoparticles. Pb shows a significant heterogeneity in all conditions, whereas Zn is almost homogeneous at lower pH and higher ionic strengths, showing a small heterogeneity at higher pH and lower ionic strengths.

The Pb heterogeneity starts at lower pH, already evident at pH 5.5, where there are less deprotonated groups (cL, T) available for covalent binding (Table 2) as well as a smaller electrostatic potential in the nanoparticle. No binding of Zn and Cd was observed in at this pH during the preliminary experiments.

One possible contribution to the Pb heterogeneity is given by the formation of bidentate complexes with the surface silanol groups. Schindler et al. (1976) reported values of log β2 of −17.23 and log K1 of −7.75 for the bidentate and monodentate complexes of Pb, whereas for Cd, only the monodentate complex is formed presenting a log K1 of −10.4, all values being measured at I = 1,000 mM.

The binding heterogeneity of the SiO2 nanoparticles is closer to the one observed in environmental mineral particles, such as clays or iron oxyhydroxides, than the strong chemical heterogeneity characteristic of the natural organic matter. In the case of metal association to clay minerals as reported by Rotureau (2014), cadmium displays homogeneous binding dominated by the formation of ion-pair complexes, whereas lead shows a relatively weak chemical heterogeneity, suggesting the formation of edge inner-sphere surface complexes.

Metal/humic matter systems are heterogeneous in nature due to the variety of chemical binding sites present in these colloids, resulting in values of Γ of 0.9–0.8 for Cd and 0.7–0.5 for Pb (Town et al., 2019) depending on the type of organic matter (fulvic, humic, NOM, etc.). In the double normalized curves, this would produce well-spread points with a linear dependency in the x-axis without vertical portions. The mixed curves observed for most of the Cd and some Pb samples are peculiar since it evidences a system that is heterogeneous for low metal-to-ligand ratios and becomes homogeneous for higher degrees of coverage.

Considering the chemically homogeneous nature of the particles, the experimental evidence presented suggests that Pb binding is predominantly covalent, the Zn binding is predominantly electrostatic (low heterogeneity), and the Cd binding is a combination of the two. To quantitatively clarify this aspect, we will carry out the modeling studies described in the previous section on the data presented in this work as future work.



Evaluation of the Heterogeneity for the Different Nanoparticle Sizes

When comparing the metal binding properties of nanoparticles of different sizes, the key aspect is to consider all the factors that may influence the complexation. In this case, one must consider mass particle concentration, the number of particles, their specific surface area, the permeable shell volume, and the total concentration of deprotonated binding groups as function of pH, as well as the associated surface and shell volume charge densities and potential profile in the shell volume.

Table 3 shows the values for both silica nanoparticles in the measured solutions computed using the manufacturer data. For the LS30 shell volume, we used the values given by Allison (2009) of 9 nm effective particle radius and 1.7 nm shell thickness computed at 10 mM ionic strength. In the absence of measured data for the TM40, we assumed, as a first order approximation, the same increase in radius (+1 nm) and the same shell thickness, i.e., 18 nm radius and 1.7 nm shell thickness.


Table 3. Comparison of nanoparticles properties in the measured solution.

[image: Table 3]

The physicochemical parameters presented in Table 3 suggest that both the Pb binding and heterogeneity would be larger for the TM40 than for the LS30. As commented in the results, Figure 6A shows that the bulk stability constants are effectively larger for the TM40; nonetheless, the binding heterogeneity is surprisingly larger in the case of the LS30. The normalization by the bulk stability constant, K[image: image], evidenced a homogeneous/heterogeneous behavior for the TM40 and a predominantly heterogeneous character for the LS30.

Therefore, the parameters given in Table 3 do not explain the larger heterogeneity of the LS30. One possible origin of the heterogeneity difference is the likely presence of aluminum impurities (Bergna and Roberts, 2005). Since the ratio area/volume is larger for smaller particles, it is likely that more Al impurities are present in the surface/shell volume of the LS30 than of the TM40. Another hypothesis for the difference in heterogeneity between the particles arises from the non-homogeneous charge distribution. Allison (2009) suggested that 2/3 of the charge lies in the core surface and 1/3 in the shell volume for the LS30. In this work, we approximated the TM40 shell volume by analogy with the smaller particle, which needs to be experimentally verified. On that point, we previously demonstrated the strong influence of the shell structure and ensuing charge profiles on the metal binding heterogeneity with a different core/shell nanoparticle system (Rotureau et al., 2016).

To tackle this new problem, it is necessary to carry out electrokinetic experiments, in addition to the protolytic titrations, of the two nanoparticles to be able to reconstruct the charge distribution between core surface and shell volume as well as the potential profile in the shell/solution interface, as described by Duval et al. (2005) for the humic substances. This procedure will allow us to obtain a proper electrostatic description of these nanoparticles, prior to application of a surface complexation model, as referred in the Methodological Aspects of Heterogeneity Analysis section.
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The search for novel surfactants or drug delivery systems able to improve the performance of old-generation antibiotics is a topic of great interest. Self-assembling amphiphilic calix[4]arene derivatives provide well-defined nanostructured systems that exhibit promising features for antibiotics delivery. In this work, we investigated the capability of two micellar polycationic calix[4]arene derivatives to recognize and host ofloxacin, chloramphenicol, or tetracycline in neutral aqueous solution. The formation of the nanoaggregates and the host–guest equilibria were examined by nano-isothermal titration calorimetry, dynamic light scattering, and mono- and bi-dimensional NMR. The thermodynamic characterization revealed that the calix[4]arene-based micellar aggregates are able to effectively entrap the model antibiotics and enabled the determination of both the species and the driving forces for the molecular recognition process. Indeed, the formation of the chloramphenicol–micelle adduct was found to be enthalpy driven, whereas entropy drives the formation of the adducts with both ofloxacin and tetracycline. NMR spectra corroborated ITC data about the positioning of the antibiotics in the calixarene nanoaggregates.
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INTRODUCTION

The entrapment of target molecules in drug delivery systems (DDSs) is an emerging approach employed to improve the therapeutic effectiveness of a drug (Patra et al., 2018). A DDS can enhance essential drug properties such as solubility and stability in water and may allow for repurposing existing drugs by identifying new applications (Pushpakom et al., 2019; Dinić et al., 2020). This could be the case of old-generation antibiotics, which could take advantage of suitable nanocarriers for overcoming problems associated with resistance phenomena (Kobayashi and Nakazato, 2020). Indeed, the transport of an antibiotic by a nanocarrier might improve the drug bioavailability and pharmacokinetics, change the mechanism of penetration in resistant bacteria with modified walls, and prevent the inactivation by bacterial enzymes and the clearance by efflux pumps as well as further causes of antibiotic resistance (Gupta et al., 2019; Lima et al., 2019; Pham et al., 2019; Eleraky et al., 2020).

In the search for novel DDSs, calix[n]arene macrocycles, a family of oligomers in which a number n of phenolic units are bridged by methylene groups (Figure 1), are attracting great attention. The possibility to functionalize the calixarene upper and lower rim with polar and apolar groups has provided a variety of amphiphilic derivatives with appealing assembly and recognition properties, in which the macrocycle cavity can also act as an additional recognition site. A variety of papers has described the potentialities of cationic or anionic calixarene-based micelles, vesicles, solid lipid nanoparticles, nanocapsules, etc. as DDSs (Lee et al., 2004; Consoli et al., 2018a; Wang et al., 2019).


[image: Figure 1]
FIGURE 1. Systems investigated: (A) From left to right: schematic representation of a calix[n]arene macrocycle, tetra-propoxy-p-tetra-(N,N-dihydroxyethyl-N-methylammonium)-methylene-calix[4]arene (MedeaC4prop), tetra-dodecoxy-p-tetra-(N,N-dihydroxyethyl-N-methylammonium)-methylene-calix[4]arene (MedeaC4dod), and tetra-dodecoxy-p-tetra-(N,N-dimethyl-N-hydroxyethylammonium)-methylene-calix[4]arene (CholineC4dod). (B) From left to right: ofloxacin, tetracycline hydrochloride, and chloramphenicol.


Polycationic calix[4]arene derivatives that self-assemble in nanoaggregates are promising nanocontainers for delivering antibiotics to bacteria due to their ability to establish electrostatic interactions with the negatively charged bacterial membrane (Formosa et al., 2012). Interestingly, it has been reported that the clustering of cationic groups by a calix[4]arene scaffold (Grare et al., 2007) and the assembly of quaternary ammonium salts in nanoaggregates (Lallemand et al., 2012) result in derivatives with higher antibacterial activity and reduced cytotoxicity to eukaryotic cells when compared with monomeric analogs (Mourer et al., 2009) and other known disinfectants (Grare et al., 2010).

Among the polycationic calix[4]arene amphiphiles, CholineC4dod (Figure 1), bearing choline groups and dodecyl aliphatic chains at the cavity upper and lower rim, respectively, turned out to be a promising nanocarrier for gene (Rodik et al., 2015) and drug delivery (Di Bari et al., 2016a,b). The micellar CholineC4dod system, in the form of colloidal solution (Granata et al., 2017) and hydrogel (Granata et al., 2020), was successfully used for ocular and skin drug delivery in in vivo animal models of uveitis and psoriasis (Filippone et al., 2020). Noteworthy, the presence of choline ligands makes CholineC4dod a promising candidate for the vehiculation of antibiotics into bacterial cells. In addition to generating a polycationic surface, the choline moieties could operate as further points of attack for bacterial cell penetration by binding the choline transporters (BCCT, Betaine-Choline-Carnitine Transporter family) present on the surface of bacteria such as P. aeruginosa (Lucchesi et al., 1998; Chen et al., 2010; Malek et al., 2011). With this in mind, we decided to investigate whether the amphiphilic CholineC4dod receptor is able to bind target molecules, such as known antibiotics, by non-covalent interactions in aqueous solution.

The determination of the strength and nature of the interactions of a drug with proper carriers, such as micellar assemblies, is essential for the design of novel medicines as well as for the modification or selection of shuttles for target-oriented drug delivery. However, a quantitative analysis of the species, binding affinity, as well as thermodynamic parameters for the recognition/inclusion of drugs in micelles has rarely been addressed (Bouchemal, 2008; Waters et al., 2012; Huang et al., 2020; Kaur et al., 2020).

The present work deals with the study of the binding features of the amphiphilic CholineC4dod receptor with three old-generation antibiotics (Figure 1) in neutral aqueous solution. The interactions of the polycationic derivatives MedeaC4dod and MedeaC4prop (Figure 1) with the same antibiotics were also investigated with the aim of developing new and efficient DDSs.

The examination of the solution equilibria and the determination of species, binding affinity as well as thermodynamic parameters in neutral aqueous solution were carried out using nano-isothermal titration calorimetry (nano-ITC). This is an invaluable technique for determining both stability constant and enthalpy change values for host–guest complex formation (Sgarlata et al., 2009a; Bonaccorso et al., 2012; Giglio et al., 2015) and/or self-organization of surfactants into micelles by a single experiment (Perger and Bešter-Rogač, 2007; De Lisi et al., 2009; Moulik and Mitra, 2009; Loh et al., 2016). Results from calorimetric experiments provided key information on the forces driving the molecular recognition processes involving calixarene-based micellar aggregates and model drugs in water at neutral pH. Dynamic light scattering measurements provided evidences of the nanoaggregate formation whereas mono- and bi-dimensional NMR experiments confirmed the drug–micelle interaction and supported the picture obtained from ITC results on the antibiotic positioning within the calix[4]arene-based micellar backbone. Ofloxacin, tetracycline, and chloramphenicol were selected as models of antibiotics affected by the onset of resistance phenomena with the aim of offering a contribution to the design and development of effective DDSs for the revaluation and use of old-fashioned antibiotics.



MATERIALS AND METHODS


Materials

All chemicals and solvents were purchased from Sigma-Aldrich (Milan, Italy) and used without purification. The hosts tetra-dodecoxy-p-tetra-(N,N-dimethyl-N-hydroxyethylammonium)-methylene-calix[4]arene (CholineC4dod) (Rodik et al., 2015, Granata et al., 2017) and tetra-propoxy-p-tetra-(N,N-dihydroxyethyl-N-methylammonium)-methylene-calix[4]arene (MedeaC4prop) (Consoli et al., 2018b) were synthesized as previously reported. The guests (chloramphenicol, ofloxacin, and tetracycline hydrochloride) were purchased from Sigma-Aldrich and used as received. MOPS salt was purchased from Sigma-Aldrich and was of the highest purity commercially available. High-purity water (Millipore, Milli-Q Element A 10 ultrapure water) and A grade glassware were employed throughout.



Synthesis and Characterization of MedeaC4dod

A solution of N-methyldiethanolamine (26 mg, 218 μmol) in THF (0.4 ml) was added to a stirring solution of tetra-dodecoxy-p-chloromethyl calix[4]arene (52 mg, 40 μmol) in THF (1.5 ml). The reaction mixture was refluxed for 24 h. After cooling, the suspension was diluted with THF (5 ml) and diethyl ether (15 ml) and centrifuged (4,000 rpm, 5 min). The precipitate was washed with a mixture of THF (2 ml) and diethyl ether (8 ml) and then with diethyl ether (3 × 5 ml) by repeated centrifugation (4,000 rpm, 5 min) and removal of the supernatant. The solid was dried under vacuum for 24 h to give a white powder (61 mg, 86% yield). NMR spectra were recorded on a Bruker 400-mHz spectrometer equipped with a 5-mm inverse detection gradient probe. Chemical shifts (δ, ppm) are relative to the residual proton solvent peak; coupling constant (J) values are given in Hz. 1H-NMR (MeOD): δ 0.89 (t, 12H, J = 7.2 Hz, 4 × CH3), 1.31 (br m, 64H, 32 × CH2), 1.46 (br m, 8H, 4 × CH2), 2.00 (br m, 8H, 4 × CH2), 2.95 (s, 12H, 4 × NCH3), 3.30–3.45 (overlapped, 12H, 2 × ArCH2Ar and 4 × CH2N), 3.49 (br t, 8H, 4 × CH2N), 3.88 (t, J = 7.2 Hz, 8H, 4 × OCH2), 3.90–4.10 (overlapped, 16H, 8 × CH2OH), 4.45–4.56 (overlapped, 12H, 2 × ArCH2Ar and 4 × ArCH2N), 7.05 (s, 8H, 8 × ArH). 13C-NMR (MeOD): δ 14.5 (q), 23.8, 27.8, 30.7, 31.0, 31.1, 31.2, 31.4, 31.8, 33.2 (t), 49.4 (q), 56.5, 56.8, 58.9, 64.2, 68.9, 77.0 (t), 122.9 (d), 135.1, 136.9, 159.7 (s). ESI-HRMS spectra were acquired on a Thermo Scientific Exactive Plus Orbitrap MS (source voltage 3.5 kV; capillary voltage 82.5 V; tube lens voltage 150 V). HR ESI-MS: (m/z) calcd for C100H176Cl3N4[image: image] [M-Cl−]+ = 1732.2316, found [M-Cl−]+ = 1732.2292; calcd for C100H176Cl2N4[image: image] [M-2Cl−]2+ = 848.6311, found [M-2Cl−]2+ = 848.6317.



Dynamic Light Scattering (DLS)

The samples were prepared by dissolution of CholineC4dod, MedeaC4dod, and MedeaC4prop (0.2 mM) in 10 mM MOPS buffer (pH 7.2). Size measurements were performed on a ZetaSizer Nano ZS90 Malvern Instrument (UK), equipped with a 633-nm laser, at a scattering angle of 90° and at 25°C. Each measurement was performed three times.



ITC Titrations

ITC titrations were carried out at 25°C with a nano-isothermal titration calorimeter (nano-ITC, TA Instruments) having an active cell volume of 988 μl and equipped with a 250-μl injection syringe. The reaction mixture in the sample cell was stirred at 250 rpm during the titration. Measurements were run in the overfilled mode to prevent possible issues from liquid evaporation or the presence of the vapor phase (Bundle and Sigurskjold, 1994; Hansen et al., 2011).

The power curve was integrated by using the NanoAnalyze software (TA Instruments) to obtain the gross heat evolved/absorbed in the reaction. The calorimeter was calibrated chemically by a test reaction (HCl/TRIS) according to the procedure previously described (Sgarlata et al., 2013). An electrical calibration of the instruments was also performed. All solutions were degassed with gentle stirring under vacuum for about 15 min before each titration experiment.

ITC measurements for the study of the interactions of the guests with the micellar aggregates were carried out titrating a solution of tetracycline (2 ÷ 2.5 mM), ofloxacin (2 ÷ 2.5 mM), or chloramphenicol (from 2 to 10 mM) into a CholineC4dod or MedeaC4dod solution (0.2 mM) in the micellar/aggregated form. The same conditions were used for the titrations of the antibiotics with MedeaC4prop host. Further experiments were carried out titrating a solution of tetracycline (2 ÷ 2.5 mM), ofloxacin (2 ÷ 2.5 mM), or chloramphenicol (from 2 to 10 mM) into a solution of CholineC4dod or MedeaC4dod in their monomeric form (2.5 μM).

Both host and guest solutions were prepared at pH 7.2, dissolving proper amounts of the compounds in 10 mM MOPS, in order to reproduce conditions for neutral pH aqueous solutions and minimize any heat contribution resulting from the interaction of the compounds with the proton.

Typically, at least three independent titrations were run for each host–guest system in order to collect a suitable number of points to obtain a satisfactory fit of the calorimetric curves. The heats of dilution were determined in separate blank experiments titrating solutions of each guest (prepared in MOPS buffer) into a solution containing MOPS buffer only.

The net heats of reaction, obtained by subtracting the gross heat by that evolved/absorbed in the blank experiments, were analyzed by HypCal (Arena et al., 2016). This software allows for the simultaneous determination of standard enthalpy and binding constant values and has been specifically designed for the treatment of data obtained from ITC instruments operating in overfilled mode. The thermodynamic parameters were obtained by optimizing the agreement between observed and calculated reaction heats. The optimization is performed by a non-linear least squares analysis, minimizing the objective function (U):

[image: image]

where Qobs is the observed heat for a given reaction step, corrected for the dilution (blank) effects, while Qcalc is calculated as:

[image: image]

where δn is the change in the number of moles of a reaction product and ΔH0 is the molar formation enthalpy of the reaction product. The sum is carried out over all the reaction steps; the squared residuals (Qobs – Qcalc.)2 are summed over all the titration points. Stability constant values and thermodynamic parameters were obtained analyzing simultaneously calorimetric data obtained from different titrations.



NMR Analysis

The samples were prepared by addition of chloramphenicol, ofloxacin, or tetracycline hydrochloride (2.1 mM) to a solution of CholineC4dod (1.4 mM) in MOPS/D2O (10 mM). All 1D- and 2D-NMR spectra were acquired on a Bruker Avance 400 spectrometer (1H NMR 400.13 MHz) at 297 K. Chemical shifts (δ) are expressed in parts per million (ppm), referenced to the residual proton water peak. The proton spectra were recorded with a water suppression program. In 2D-NOESY experiments, the mixing time was 360 ms with 2 s of recycle delay. Data were processed using the TopSpin 2.1 software (Bruker).




RESULTS AND DISCUSSION


Calix[4]arene Derivatives Preparation and Characterization

CholineC4dod (Rodik et al., 2015; Granata et al., 2017) and MedeaC4prop (Consoli et al., 2018b) were prepared and characterized as previously reported while MedeaC4dod was prepared by adapting the same synthetic procedure. Tetra-dodecoxy-chloromethyl-calix[4]arene derivative 1 reacted with N-methyldiethanolamine in THF (Figure 2) to give MedeaC4dod in high yield (86%). MedeaC4dod was characterized by high-resolution ESI-MS and 1D- and 2D-NMR spectra (Supplementary Figures 1–4) that clearly indicated the exhaustive tetra-functionalization of the calix[4]arene upper rim. The mass spectrum showed two ion peaks at 1732.23 and 848.63 relative to [M-Cl−]+ and [M-2Cl−]2+, respectively. The presence of one AX system for the ArCH2Ar groups of the macrocycle in the proton NMR spectrum was consistent with a cone conformation (Gutsche, 1989) and a fully symmetric structure, corroborated by the resonances of the N-methyldiethanolammonium substituents.


[image: Figure 2]
FIGURE 2. Synthesis of MedeaC4dod from the precursor 1.


Dynamic light scattering measurements showed that, in MOPS buffer (10 mM, pH 7.2), CholineC4dod and MedeaC4dod (0.2 mM) form nanoaggregates with mean hydrodynamic diameters of 7.0 and 7.5 nm, respectively (Supplementary Figures 5, 6). The length and dimensions of a single calixarene lead to the conclusion that these size values are consistent with the formation of a micellar-like structure. No well-defined aggregates were instead observed at the same concentration for MedeaC4prop, which bears shorter alkyl chains.



Solution Thermodynamics of the Drug–Micelle Systems

Depending on the type and site of interaction, a guest can arrange with a micellar system in different ways. It may be completely incorporated in the hydrophobic core by selective interaction with the aliphatic or bulkier chains, may penetrate up to a certain depth, or may be adsorbed on the micellar surface. Nano-calorimetric experiments were carried out to (1) evaluate whether selected model antibiotics are able to effectively interact with micellar aggregates formed by the polycationic amphiphilic calixarenes and (2) determine the binding parameters and driving forces for the molecular recognition equilibria involving drugs and micelles in aqueous solution at neutral pH.

The ITC study was carried out by titrating solutions of tetracycline, ofloxacin, and chloramphenicol into MedeaC4dod or CholineC4dod solutions at 0.2 mM concentration, in order to have the micellar aggregate into the calorimetric vessel at the tested conditions (Di Bari et al., 2016b).

A typical ITC titration for the tetracycline–CholineC4dod system in neutral aqueous solution (pH 7.2, MOPS) at 25°C is shown in Figure 3. ITC titration curves for the other drug-calixarene systems are shown in Supplementary Figures 7–11 together with the corresponding blank experiments (Supplementary Figures 12–14).


[image: Figure 3]
FIGURE 3. (A) ITC titration of tetracycline 2 mM into CholineC4dod 0.2 mM at 25°C in neutral aqueous solution (pH 7.2, MOPS). (B) Integrated heat data.


The curves clearly show that the net heat released/adsorbed when the antibiotics are titrated into a micellar calixarene solutions is remarkable (i.e., the gross reaction heat is significantly larger than the heat from blank experiments) and the integrated heat data exhibit a pattern that may be analyzed for obtaining thermodynamic parameters. Interestingly, the interaction of chloramphenicol with both the calixarene micellar systems is exothermic (Supplementary Figures 10, 11) while the reaction of the other two drugs with the same systems are endothermic, thus indicating that different driving forces are involved in the recognition process of these drugs in solution.

To assess whether the guest molecules are able to interact with the calixarene receptor regardless of its form (i.e., monomer vs. micellar aggregate) and hence to explore whether the formation of micelles is required for guest recognition, ITC measurements were also carried out titrating the drugs into MedeaC4dod or CholineC4dod solutions at a 500-fold lower concentration (2.5 μM) in order to deal only with the monomeric form. The overlap between blank experiments and titrations (Supplementary Figures 15–20) unambiguously revealed that, at this concentration, both the calixarenes are not capable of establishing any significant interaction with tetracycline, ofloxacin, and chloramphenicol as no detectable net heat is released/absorbed upon host–guest titration. This result highlights the key role played by the micellar assembly: the effective recognition/entrapment of the target guest cannot occur unless multiple host molecules are suitably aggregated to form a micellar-like arrangement.

ITC titrations were also carried out, at the same experimental conditions employed for the micellar aggregates, using MedeaC4prop, which has the same upper rim of MedeaC4dod but shorter alkyl substituents at the lower rim and, consequently, is not able to form micelles at the tested concentration (0.2 mM). The aim of these experiments is to (1) define the portion or rim of calixarene backbone actually involved in the interaction/recognition of the model drugs and (2) examine whether the guest is included into the calixarene cavity. The negligible heat values recorded in these ITC experiments (Supplementary Figure 21), the shape of the calorimetric curves (Supplementary Figure 22), and the basically full overlap between the heat rate from blank experiments and host–guest titrations (Supplementary Figure 23) indicated that no detectable reaction occurred in the calorimetric vessel upon titration and thus no binding interactions are observed in the presence of the non-aggregating MedeaC4prop host. Overall, these evidences proved that the guests are not included into the host cavity and do not interact with the four N-methyldiethanolammonium groups at the upper rim of the macrocyclic receptor in solution. While it may be expected that the charged groups at the upper rim cause a steric encumbrance that prevent the guest to enter the cavity, the lack of heat recorded upon titration allows one to rule out also other kinds of interactions between the guest and the calixarene polar head groups.

Since it was observed that all guests are not able to enter or interact with the host cavity and with the long alkyl tails at the lower rim when the calixarene is in its monomeric form, it may be concluded that the cooperative effect generated by the assembling in micelles is the boost for the efficient drug entrapment/interaction by both MedeaC4dod and CholineC4dod.

Data obtained by ITC measurements were analyzed using a model that assumes the formation of a 1:1 species between the guest and the micellar aggregate, in line with many research groups that employ the “one site” binding model for the refinement of the thermodynamic parameters of these systems (Maity et al., 2015; Banipal et al., 2017).

Calorimetric data were analyzed by HypCal (Arena et al., 2016), a software designed for the determination of binding affinity and ΔH values for the formation of host–guest or micelle–guest adducts. Multiple titrations were simultaneously refined by the program. A typical HypCal output for the adducts formed by tetracycline with the micellar aggregate based on CholineC4dod is shown in Supplementary Figure 24; for each titration, the overlap between observed and calculated values is displayed. The binding constants and the thermodynamic parameters for the micelle–guest complex formation are reported in Tables 1, 2 and shown in Figures 4, 5.


Table 1. LogK values and thermodynamic parameters for the interaction of CholineC4dod-based micelles and model drugs at 25°C in neutral aqueous solution (pH 7.2, MOPS buffer).

[image: Table 1]


Table 2. LogK values and thermodynamic parameters for the interaction of MedeaC4dod-based micelles and model drugs at 25°C in neutral aqueous solution (pH 7.2, MOPS buffer).

[image: Table 2]
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FIGURE 4. Thermodynamic parameters for the complex formation of CholineC4dod-based micelles with model drugs at 25°C in neutral aqueous solution.



[image: Figure 5]
FIGURE 5. Thermodynamic parameters for the complex formation of MedeaC4dod-based micelles with model drugs at 25°C in neutral aqueous solution.


Data reported in Tables 1, 2 show no relevant difference in the binding parameters for CholineC4dod and MedeaC4dod as the two calixarenes, although bearing a different polar head, have the same C12 aliphatic chains, which are functional to the micelle formation.

The binding affinity values for the adduct formation of the micellar aggregates with chloramphenicol and ofloxacin are similar, but the splitting of ΔG into ΔH and ΔS values enabled the highlighting of factors and forces that are not expressed in the free Gibbs energy value. Indeed, the binding of chloramphenicol to the calixarene-based micelles is enthalpically favored and driven (|ΔH| > |TΔS|) but entropically unfavored (Sgarlata et al., 2009b; Bonaccorso et al., 2012, 2017). The favorable enthalpic contribution may be due to the insertion of chloramphenicol within the micelle palisade layer by establishing CH–π, ion–π, and van der Waals interactions between the calixarenes and the aromatic ring and/or the nitro group of chloramphenicol (Choudhary et al., 2015; Mukhija and Kishore, 2017). This favorable enthalpic contribution could also be attributed to “frustrated” water molecules that leave the micelle core and create a new hydrogen bonding network with the bulk water molecules and the micelle surface.

Conversely, the interaction of ofloxacin with both calixarene-based micelles is an entropy-driven and favored (|ΔH| < |TΔS|) but enthalpy unfavored process. The entropic contribution is due to the desolvation of the guest as well as of the micelle surface upon guest binding to the micellar aggregate. These results suggest that ofloxacin should not be able to insert into the palisade layer of the micelles while (weakly) interacting with the positively charged exterior surface of the micelles. These interactions with the surface of the aggregates cause the release of water of hydration to the bulk solvent (large and positive entropy values). The enthalpic cost for desolvation (bonds breaking) results in a positive ΔH value.

The interaction of tetracycline with both the calixarene-based micelles is an entropy-driven and favorite (|ΔH| < |TΔS|) but enthalpy unfavored process, as already observed for ofloxacin. However, despite the fact that the general trend of the thermodynamic parameters is similar for these two antibiotics, ΔHtetracycline < ΔHofloxacin (2.41 vs. 23.50 kJ mol−1), the binding affinity of tetracycline to the micelles is larger (logKtetracycline = 5.1 vs. logKofloxacin = 2.5). The less unfavorable ΔH value observed for tetracycline, which eventually leads to a larger affinity for the micelles in solution, is probably due to cation–π interactions between the calixarene hydrophilic head and the aromatic rings of the tetracycline backbone, which advantageously balance the enthalpic cost for desolvation. As in the case of ofloxacin, the large and favorable entropic contribution is due to the release of water molecules from both the guest and the calixarene micellar aggregates (Choudhary et al., 2015; Mukhija and Kishore, 2017).



NMR Characterization of the Drug–Micelle Systems

NMR is one of the techniques used to gain deeper insight into micelle–drug interactions (Wong, 2006). Due to the accuracy and precision of a NMR spectrometer, a change of 0.01 ppm or greater in the proton resonance is considered a significant change. Thus, to confirm the binding features and interactions of the micellar calixarenes with the antibiotics and support the ITC results, we recorded mono- and bi-dimensional proton spectra of CholineC4dod in combination with chloramphenicol, ofloxacin, or tetracycline in neutral aqueous solution (MOPS/D2O).

The proton signals of chloramphenicol in the presence of the micellar CholineC4dod (Figure 6) showed an upfield shift of 0.106 ppm and 0.024 ppm for ArH (3′,5′and 2′,6′respectively), 0.036 ppm for CH-N (2), and 0.014 ppm for CH2OH (3). These evidences could be indicative of CH–π, ion–π, and van der Waals interactions between the calixarene and the aromatic ring and/or the nitro group of the chloramphenicol, in agreement with the higher upfield shift of the chloramphenicol ArH (3′,5′) near the nitro group. Nuclear Overhauser effect (NOESY) correlations between the chloramphenicol aromatic protons and the CH2 protons of the dodecyl chains at the calix[4]arene lower rim (Supplementary Figure 25) corroborated the insertion of the guest within the micelle palisade layer suggested by ITC analysis.


[image: Figure 6]
FIGURE 6. 1H-NMR spectra of chloramphenicol (A), ofloxacin (B), and tetracycline (C) alone and in the presence of CholineC4dod (A', B' and C' respectively), pD 7.4 (MOPS buffer/D2O), 297 K.


The interaction of ofloxacin with the micellar CholineC4dod was supported by the upfield shift of the antibiotic ArH (5, 0.034 ppm), N-CH2 (2′,6′, 0.065 ppm), N-CH (3′′, 0.02 ppm), O-CH2 (2′′, 0.026 and 0.044 ppm), and C-CH3 (0.037 ppm) protons (Figure 6). In NOESY experiments, the overlap of the ofloxacin N-CH2 (3′,5′) and N-CH3 signals with the resonances of CholineC4dod N-CH3 and MOPS buffering agent made difficult the exact signal assignment. Nevertheless, if we attribute the observed NOESY signals, which are absent in the spectra recorded with the other antibiotics, to the ofloxacin protons (Supplementary Figure 26), the correlations with the calix[4]arene ArH, ArCH2Ar, CH2N and CH2OH/ArOCH2 (overlapped) groups suggest that ofloxacin lies in a more external region of the micelle if compared to chloramphenicol. Beside cation–π and CH–π interactions, the electron-rich fluorine atom and the carboxyl group of the ofloxacin could establish ion–dipole and ion–ion interactions with the nitrogen atoms of CholineC4dod.

Overlapping phenomena made also difficult the assignment/detection of some tetracycline signals in the drug–micelle NMR spectra. Nevertheless, the clear-cut upfield shift of the tetracycline aromatic protons (0.19, 0.15, and 0.21 ppm for the protons in positions 8, 7, and 9, respectively) and C-CH3 protons (0.059 ppm) compared to the free tetracycline (Figure 6) suggested the existence of interactions between the calixarene hydrophilic heads and the aromatic rings on the tetracycline backbone in line with ITC evidences. The higher shift of the tetracycline proton in position 9 could also be ascribable to interactions between the OH group of tetracycline and the choline heads in the micelle surface. These data indicate a more superficial positioning of tetracycline in the micelle–drug adduct when compared to the other two antibiotics.




CONCLUSIONS

Calixarene-based micelles are promising DDSs and the assessment of what forces drive the drug recognition processes is a fundamental step to the design and development of increasingly efficient nanocarriers. Since there is a strong demand for antibiotic delivery systems that could be valid allies in the fight against antibiotic-resistant bacteria, which are a serious threat to the health of all living beings, we investigated the interaction of three old-generation antibiotics with polycationic calix[4]arene amphiphiles in neutral aqueous solutions.

At the tested conditions, the antibiotics successfully interacted only with the calix[4]arene derivatives able to form micellar aggregates evidencing that micelle formation is crucial for the guest recognition process to occur in solution. ITC measurements showed that the formation of the chloramphenicol–micelle adduct is always an enthalpically driven process while the adducts with ofloxacin and tetracycline are always entropically driven and enthalpically unfavored. Combined ITC and NMR analysis suggested a different location of the three antibiotics in the micelle backbone depending on their structure, charge, and functional groups.
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In recent years, the chemical speciation of several species has been increasingly monitored and investigated, employing electrospray ionization mass spectrometry (ESI-MS). This soft ionization technique gently desolvates weak metal–ligand complexes, taking them in the high vacuum sectors of mass spectrometric instrumentation. It is, thus, possible to collect information on their structure, energetics, and fragmentation pathways. For this reason, this technique is frequently chosen in a synergistic approach to investigate competitive ligand exchange-adsorption otherwise analyzed by cathodic stripping voltammetry (CLE-ACSV). ESI-MS analyses require a careful experimental design as measurement may face instrumental artifacts such as ESI adduct formation, fragmentation, and sometimes reduction reactions. Furthermore, ESI source differences of ionization efficiencies among the detected species can be misleading. In this mini-review are collected and critically reported the most recent approaches adopted to mitigate or eliminate these limitations and to show the potential of this analytical technique.
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INTRODUCTION

The IUPAC has defined the term “speciation analysis” as the “analytical activities of identifying and/or measuring the quantities of one or more individual chemical species in a sample.” It is also defined as “speciation of an element” the “distribution of an element amongst defined chemical species in a system.” Taking into account the development of the field and the wave of other -omic sciences, the term “metallomics” has been recently coined, defining “metallome” as the ensemble of metals and metalloids present in cells or tissues taking into consideration their nature, quantity, and localization.

To accomplish the complexity of this new research field, several new analytical methods have been developed, and integrated mass spectrometric tools were found to be fitting for this purpose.

In particular, for metallomics approaches, the combined use of chromatographic (or electrophoresis) separation and inductively coupled plasma-mass spectrometry (ICP-MS) is useful, whereas electrospray ionization-mass spectrometry (ESI-MS) allows the discrimination of species containing the same metal and to obtain structural elucidation.



ELECTROSPRAY IONIZATION

ESI has been developed as a soft ionization technique (Whitehouse et al., 1985) that gently takes into the gas phase metal–ligand complexes and allows gathering a wealth of information on their dissociation energetics, shapes, and fragmentation pathways. ESI-MS analyses require a careful experimental design as instrumental artifacts, such as adduct formation, source fragmentation, and sometimes reduction reactions, can occur.

Attention also must be paid to quantitative determination as differences in ionization efficiencies among the detected species can lead to misleading results. We here report the most recent approaches adopted to mitigate or eliminate these drawbacks. The potential of complementing ESI-MS results with quantum mechanical information and the coupling of the ESI sources with ion mobility (IM), high-resolution mass spectrometry (HR-MS), or tandem mass spectrometry (MS-MS) experiments, are also evidenced to provide unique information on the gas phase complexes.

The coupling of ICP and ESI sources with MS analyzers allows collapsing each ion into a single signal with a specific m/z value and precise intensity. This is immensely helpful to address the complex speciation problem associated with multiple complexation reactions that can take place in a solution. ESI as a “soft” ionization technique provides valuable information concerning the extracting ligands or complex stoichiometry, and ICP-MS analysis can give information only on the presence of the metal and on its abundance. However, one of the most debated arguments concerning ESI-MS spectra is the effective correspondence between the ionic species therein evidenced and the status of the correspondent ions or molecules in the bulk solution (Bongiorno et al., 2011a). Di Marco and Bombi (2006) have evidenced that perturbations of solution composition with respect to equilibrium take place during the ionization process. It is indeed common in the application of ESI-MS to ascertain differences between the relative abundance of the signals recorded in the spectra and the actual relative concentration of the species present in the condensed phase. These quantitative differences are due to differing gas-phase acidities/basicities, cation/anion affinities of the ionizing species, that lead to differing ionization efficiencies of the investigated species (Oss et al., 2010). Besides this, even large qualitative differences between solution phase and gas phase have been observed, self-assembly of alkali salts (Anacleto et al., 1992) or surfactant molecules being some of the most notable ones (Borysik and Robinson, 2012, Bongiorno et al., 2016). For these reasons, ESI requires a careful setup of experimental conditions to obtain reliable results. One of the most important parameters to optimize is the cone voltage that defines the so-called “soft and hard” ESI conditions (Bongiorno et al., 2011b). This potential is applied between the orifice and the skimmers. It can be useful, increasing ions' internal energy, to reduce the presence of residual clusters but can also lead to a more effective ion fragmentation and, therefore, to marked differences between abundances in solution and the gas phase (Indelicato et al., 2016). It follows that, despite the soft nature of ESI, fragmentation and/or polymerization phenomena may occur, and the spectra of species, that are sensitive to different instrumental parameters, may have different response factors (Espinosa et al., 2016). For this reason, a careful evaluation of the cone voltage has been crucial to determine polychalcogenids in solutions and to get reliable information for polysulfide ion speciation (Gun et al., 2004; Dorhout et al., 2017). Other authors (Wen et al., 2019) lowered cone voltages and temperatures to preserve the solution state at maximum.

The nature of solvents, cosolvents, and pH must be carefully evaluated as they are strongly related to ESI ionization efficiency. The introduction of methanol as a cosolvent is known to alter the solvent structure of water, leading to changes in both complexation kinetics and thermodynamics (Hawlicka and Swiatla-Wojcik, 2002; Accorsi et al., 2005; Wang et al., 2014). The pH variation directs the formation of protonated species and can have a strong influence on the relative abundance of formed complexes, leaving qualitatively unmodified the observed species (Espinosa et al., 2016). Besides this, the flux can have a small influence on the relative abundances of the aggregates (Bongiorno et al., 2005). Once these experimental factors are carefully defined, ESI-MS provides a reliable tool to extract quantitative information.



COUPLING ESI WITH MASS SPECTROMETRY ANALYZERS

The general approach followed by most of the authors developing ESI-MS methods to identify and characterize metallated species is represented in Scheme 1.
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SCHEME 1. ESI-MS workflow for metal speciation.


ESI sources have been coupled to several types of MS analyzers, and therefore, metal speciation experiments have been conducted in low-resolution MS, tandem MS (MS-MS), or high-resolution MS. However, there are some limitations for low-resolution MS for exploratory speciation analysis as evidenced by Bierla et al. (2018). Most of the drawbacks are due to slow scanning speed during HPLC runs, a blurred isotopic pattern due to background from concomitant species, and low sensitivity in full scan mode. It is possible to overcome these limitations by adopting multiple low-resolution analyzer systems (for MS-MS experiments) or adopting instruments with an increasing resolution power, such as time of flight (TOF), Fourier transform-orbital traps (FT-MS), and Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometers (de Hoffman and Stroobant, 2007). These different technological approaches lead to differing results in terms of resolution. Modern TOF instruments take advantage of a reflection grid to refocus ions in the space with the same mass, leading to a final resolution power of up to 50,000 full width at half maximum (FWHM). FT-MS traps ions in an orbital trap (generating a spindle-shaped electrostatic field). Ion masses are determined by applying the Fourier transform to the complex waveform of the image current, generated on the surface of the outer electrode by the ions orbiting in the trap. This approach leads to resolution of up to 1,000,000 FWHM. FT-ICR instrumentation takes the resolution a step further, up to and over 5,000,000 FWHM, but requires superconducting high field magnets to trap ions while Fourier transformation is applied to the waveform generated as image potential by the ions orbiting altogether in the magnetic field, each one with its own natural ion cyclotron resonance frequency.



ESI-MS-MS FOR METAL SPECIATION

In several cases, the MS-MS approach for metal speciation is sufficient, guarantees exceptional sensitivity, and is well-suited for quantitative analysis. At least two independent approaches have been described by Liu et al. (2018) for speciation determination and quantitation of arsenic and its metabolites employing MS-MS.

Tsednee et al. (2016) developed an analytical application for identifying several transition metal (Co, Cu, Fe, Ni, Zn) complexes with deoxymugineic acid or nicotinamide by tandem mass spectrometry (ESI-MS-MS). It monitored, by multireaction monitoring (MRM), the release of free metals from the corresponding metal–ligand complexes. This MS-MS method allowed easily separating metal species whose mass spectra peaks were clustered together.

Tie et al. (2015) shows that HPLC-ESI-MS-MS is a sensitive and accurate method for the identification and quantification of the speciation of selenium. They monitored Se-methyselenocysteine (Se-MeSeCys) and selenomethionine (Se-Met) in soybean proteolytic digests through MRM mode. The evaluation of the fragmentation pattern of precursor ions (m/z 184 for Se-MeSeCys and m/z 198 for Se-Met) led to the selection of fragments due to the neutral loss of ammonia. Therefore, the transitions at m/z values of 184→167 for Se-MeSeCys and m/z values of 198→181 for Se-Met were monitored.

Quantitation of the appropriate HPLC peaks shows that inorganic selenium absorbed by the soybean has been biotransformed mainly into Se-MeSeCys. This species represented 66.4% of the selenium in Se-protein and 29.2% of the total selenium in the soybean.



ESI COUPLED TO HIGH-RESOLUTION MASS SPECTROMETRY ANALYZERS

Although exploiting MS-MS sensitivity is still an actual approach, in metal speciation, it is far more common to take advantage of high-resolution sectors, which are capable of well resolving isotopic clusters even in multiply charged adduct peaks.

The most common application of the simplest high-resolution mass spectrometry technology is the development of screening methods. Several authors followed this route. Raymond et al. (2018) developed a screening method for the characterization of beryllium complexes with aminopolycarboxylate and some related ligands. The approach requires only tiny amounts of material in analyte solutions and provides a quick and safe strategy for screening beryllium complexes. With a similar setup, Jo et al. (2019) investigated metal speciation of palladium in Pd-catalyzed pharmaceutical processes to verify the removal of elemental impurities from the reaction product mixture. They used metal speciation data to provide both critical information on the fate of each elemental impurity and a deeper understanding of the catalytic mechanism investigated. Using an ESI-TOF device, Wen et al. (2019) semi-quantitatively detected more than 30 types of aqueous vanadium species with <5% relative error. This led to a straightforward unambiguous molecular formula and ionic composition determination. Indelicato et al. (2014) investigated by ESI-MS, tandem mass spectrometry (ESI-MS-MS), and energy-resolved mass spectrometry (ER-MS) some lanthanide-functionalized surfactants: the ytterbium and erbium salts of bis(2-ethylhexyl)-sulfosuccinate (AOT). Evaluating the cone voltage effect on the metallated surfactant aggregation, they obtained detailed information on the stability and structural features of positively and negatively singly charged metallated species evidencing the formation of very large aggregates containing up to 5 Yb3+ or Er3+ ions.

Finally, Feng et al. (2015) exploited a similar instrumental setup to identify Al species in a complex mass spectrum. The authors introduce a novel theoretical calculation method based on the relative intensity of Gaussian-shaped peak clusters found in the spectra. Changes in m/z and molecular formulas of oligomers in five typical poly aluminum chloride (PAC) flocculants were easily deduced.

Exploiting more complex MS experiments and adopting time-resolved ESI-MS, Cao et al. (2016) monitored the “one-pot” method for the synthesis of polyoxometalates (POMs), produced using silicotungstates and vanadium salts. These authors discovered that the reaction conditions, such as concentration, temperature, and reaction time, sensitively changed the speciation.

The latest development of TOF technology, the so-called ion mobility mass spectrometry (IMMS) allows correlating the time of flight (drift time) of the ions within a “high pressure” mobility sector to determine collisional cross-sections of several type of ions ranging from peptides, small and large clusters, up to protein complexes (Lapthorn et al., 2013, Bongiorno et al., 2014).

Davis and Clowers (2018) recently used this cutting-edge approach for the rapid speciation of uranyl complexes. The authors were capable of stabilizing simple uranyl complexes during the ionization process and ion-mobility separation to aid speciation and isotope profile analysis. They measured mobilities of different uranyl species in simple mixtures by promoting stable gas-phase conformations with the addition of sulfoxides [i.e., dimethyl sulfoxide (DMSO), dibutyl sulfoxide (DBSO), and methyl phenyl sulfoxide (MPSO)]. As an outcome, this setup allowed the determination of the reduced mobilities of uranyl salts.

Opposite to the fast sensitivity-oriented approach of quadrupole ESI-MS or ESI-(q)TOF experiments, the adoption of FT-MS high-resolution analyzers allows for the development of more complex gas-phase experiments, opening a wide range of investigations allowed by the trapping of the ions in the analyzer for times that arrive to seconds. Waska et al. (2016) exploited high-resolution FT-ICR to overcome ESI-MS artifact and to characterize the equilibria of the model ligand citrate, EDTA, 1-nitroso-2-naphthol, and salicylaldoxime with iron (Fe3+) and copper (Cu2+). This approach allowed the detection of the whole metal–organic compounds. A cosolvent effect was ascertained, and methanol-containing samples gave higher sensitivities compared to those containing only water. It is important, however, to underline that, in comparing conditional stability constants determined by competitive ligand exchange-adsorptive cathodic stripping voltammetry (CLE-ACSV) with that of FT-ICR-MS determination, a difference was found. Therefore, the FT-ICR-MS-derived conditional stability constants can only be compared between similarly processed sample types.

Mapolelo et al. (2009) exploited the high-resolution capabilities of a custom-built FT-ICR analyzer, coupled with an infrared multiphoton dissociation CO2 continuous wave laser to gather the most information on the interaction of naphthenic acids with divalent (Ca2+, Fe2+, Mg2+) or monovalent (Na+, K+) ions in produced waters. These authors evidenced calcium naphthenate deposits that consist mainly of a C80 tetraprotic acid known as ARN acid bound to Ca2+. It was also possible to identify low-molecular-weight ARN acids with a C60-77 hydrocarbon skeleton in one calcium naphthenate deposit.



ESI-MS AND QUANTUM MECHANICAL CALCULATIONS

As it is evidenced so far, the coupling of ESI-MS information with data obtained from synergistic techniques, such as ICP-MS, NMR, X-RAY, and CLE-ACSV, is common practice. It is not a surprise to find out that the information obtained from ESI-MS speciation experiments is often compared to results of Ab-Initio or DFT quantum mechanical calculations. ESI-MS detects species in the gas phase, in which weak solvent interactions are absent.

This allows building quantum chemical simple and realistic models that are not impacted by the complex solvation. Theoretical calculations can be more easily compared to experimental results, and the model geometry suggests the structural information that is lacking in an ESI-MS spectrum. Exploiting these synergistic features, Raymond et al. (2019) investigated gas-phase coordination chemistry of Be2+ with 1,2- and 1,3-diketone ligands. Their results evidenced the tendency of beryllium to form stable polynuclear species with oxido, hydroxido, or diketonato ligands bridging the metal centers. In ESI-MS spectra were evidenced ions corresponding to predominant bis-chelated beryllium complexes known to be formed with the monoanionic 1,3-diketonate ligands.

ESI-MS measurements, along with differential functional theory calculations, have been exploited (Kumar et al., 2016) to understand the speciation of various uranyl species with α-hydroxyisobutyric acid. Quantum chemical calculations evidenced that uranyl complexes with 3 ligands (ML3 with M = UO2 and L = α-hydroxyisobutyric acid) are more energetically favorable over the ML2, which, in turn, are more favorable than ML1. The relative abundance of ML1 < ML2 < ML3 species in ESI-MS suggest a qualitative correlation between calculated free energies and observed complex relative stabilities. A similar approach was adopted to investigate the speciation of uranium–mandelic acid complexes (Kumar et al., 2017) determining structures and free energies of the complexes that were in fair agreement with the ESI spectra. Based on the energetics of this latter study, the authors further predicted the formation of T-shaped dimeric uranyl complexes in the complexation process.



DESORPTION ESI AND AMBIENT MASS SPECTROMETRY APPLICATIONS

To enhance ESI capabilities, some authors have developed some ancillary devices to couple with ESI sources. Jaklová Dytrtová et al. (2016) developed an electrochemical device that takes advantage of the high reactivity of electrochemically generated metallic ions in statu nascendi. This is suitable for ionization of various organic compounds (e.g., lipids, lipoproteins, pesticides, drugs, metabolites, lipids, lipoproteins) in biological and other matrices. The applicability of the electrochemical device is demonstrated by the electrochemical activation of pesticide cyproconazole (Cyp) in a soil solution matrix via formation and separation of its adducts with Ag and Cu cations without chromatographic support.

Finally, desorption electrospray ionization (DESI), an ESI-related technique that allows ionizing samples in the open environment and introducing them into the mass spectrometer reducing sample manipulation, is gaining momentum. Some authors studied Ru+2 complexes (Perry et al., 2011) evidencing that, in the short time scales of DESI, it is possible to detect trace levels (pmol) of short-lived intermediates characterized by lifetimes in the order of milliseconds. In a more recent work, Kazimi et al. (2019) exploited DESI to investigate, in the solid phase, a gold-based drug actually in clinical trials for its anticancer properties: auranofin. Auranofin was reacted with thiol-containing amino acids to evaluate the ligand exchange/scrambling reactions. These latter results evidence how the DESI-MS technique can be a game-changer in monitoring the reactions involving coordination compounds in the solid state.



CONCLUSIONS

In conclusion, ESI-MS accompanied by its most recent variants, such as ambient MS (DESI), is proposing itself as a very informative method on metal complex–generated binding ligands, such as anions, bases, peptides, and proteins (see Table 1) The most important drawback of ESI-MS still lies in the possible difference between relative abundances of the species in the gas phase and in solution. This often requires validating the quantitative results with alternative spectroscopic techniques (Feng et al., 2015; Wen et al., 2019).


Table 1. Research articles summary, based on investigated metallic specie.

[image: Table 1]

ESI is especially informative when matrix or ion suppression effects are tolerable or negligible. When the matrix proves to be a serious drawback in the ESI determination of the speciated metals, the complementary information obtained by ICP-MS is still fundamental (Liu 2018). Some authors (Bierla et al., 2018) point out, however, that ESI-MS starts outpacing ICP-MS in terms of detection limits with the further advantage of the possibility to use the multiple reaction monitoring for quantification of adducts even in the case of incomplete separations. This increased sensitivity and the possibility of large-scale data acquisition is opening new opportunities even in tasks demanding high sensitivity, such as metallo-metabolomics and metallo-proteomics of body fluids and tissues of higher organisms (Bierla et al., 2018).
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Organic Copper Speciation by Anodic Stripping Voltammetry in Estuarine Waters With High Dissolved Organic Matter
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The determination of copper (Cu) speciation and its bioavailability in natural waters is an important issue due to its specific role as an essential micronutrient but also a toxic element at elevated concentrations. Here, we report an improved anodic stripping voltammetry (ASV) method for organic Cu speciation, intended to eliminate the important problem of surface-active substances (SAS) interference on the voltammetric signal, hindering measurements in samples with high organic matter concentration. The method relies on the addition of nonionic surfactant Triton-X-100 (T-X-100) at a concentration of 1 mg L−1. T-X-100 competitively inhibits the adsorption of SAS on the Hg electrode, consequently 1) diminishing SAS influence during the deposition step and 2) strongly improving the shape of the stripping Cu peak by eliminating the high background current due to the adsorbed SAS, making the extraction of Cu peak intensities much more convenient. Performed tests revealed that the addition of T-X-100, in the concentration used here, does not have any influence on the determination of Cu complexation parameters and thus is considered "interference-free." The method was tested using fulvic acid as a model of natural organic matter and applied for the determination of Cu speciation in samples collected in the Arno River estuary (Italy) (in spring and summer), characterized by a high dissolved organic carbon (DOC) concentration (up to 5.2 mgC L−1) and anthropogenic Cu input during the tourist season (up to 48 nM of total dissolved Cu). In all the samples, two classes of ligands (denoted as L1 and L2) were determined in concentrations ranging from 3.5 ± 2.9 to 63 ± 4 nM eq Cu for L1 and 17 ± 4 to 104 ± 7 nM eq Cu for L2, with stability constants logKCu,1 = 9.6 ± 0.2–10.8 ± 0.6 and logKCu,2 = 8.2 ± 0.3–9.0 ± 0.3. Different linear relationships between DOC and total ligand concentrations between the two seasons suggest a higher abundance of organic ligands in the DOM pool in spring, which is linked to a higher input of terrestrial humic substances into the estuary. This implies that terrestrial humic substances represent a significant pool of Cu-binding ligands in the Arno River estuary.
Keywords: Arno River estuary, copper, organic ligands concentration, speciation, trace metals, surface active substances, metal complexing capacity
INTRODUCTION
Copper (Cu) is an essential micronutrient in natural waters, required for the proper functioning of metabolic and respiratory processes for many aquatic species (Peers et al., 2005; Peers and Price, 2006; Annett et al., 2008; Glass and Orphan, 2012; Jacquot et al., 2014). It is also known for its toxic effects when exceeding a critical concentration threshold (Karlsson et al., 2010; Ytreberg et al., 2010) and thus is considered a specific pollutant of great ecotoxicological concern (Corcoll et al., 2019; Lopez et al., 2019). It is not the total copper concentration that is directly related to ecotoxicological effects but the fraction available for biological uptake (free and/or labile concentration) (Campbell et al., 2002; Sanchez-Marin et al., 2016; Zitoun et al., 2019). Therefore, for an accurate assessment of its potential impact on biota, the knowledge of Cu speciation, i.e., predicting the concentration of its bioavailable fraction, is of primary concern. The most important factor influencing Cu speciation in seawater is the concentration and quality (chemical structure) of the dissolved organic matter (DOM) (Sanchez-Marin et al., 2016). The range of copper concentrations between its necessity and toxicity is relatively narrow (Amin et al., 2013; Zitoun et al., 2019). However, the formation of strong complexes with organic ligands can reduce the bioavailable Cu fraction and, in most cases, maintains it in the optimal range (Buck et al., 2012; Whitby and van den Berg, 2015; Whitby et al., 2017). The presence of organic ligands is therefore of main significance in assessing the Cu bioavailability, with respect to both toxicity and necessity. Nevertheless, there is evidence that even organically complex copper is acquired by marine phytoplankton and bacteria (Semeniuk et al., 2015). Coastal areas and estuaries are the most relevant areas for Cu speciation studies because of the high potential for anthropogenic Cu contamination (e.g., Helland and Bakke, 2002; Blake et al., 2004; Louis et al., 2009) including secondary contamination by the release from sediment during estuarine mixing (e.g., Cobelo-Garcia and Prego, 2003). These areas are usually characterized by high concentrations of DOM from both allochthonous and autochthonous sources (Fellman et al., 2011; Retelletti Brogi et al., 2020), including biogenic thiol compounds and terrestrially derived humic and fulvic acids, which all form strong Cu complexes (Tang et al., 2000; Kogut and Voelker, 2001; Laglera and van den Berg, 2003; Shank et al., 2004; Whitby et al., 2017; Dulaquais et al., 2020). Besides regulating its bioavailable concentration, binding with these organic ligands in coastal waters is an important factor in Cu transport to the ocean (Helland and Bakke, 2002).
Due to experimental limitations of separation, extraction, and direct measurement of different metal-organic ligand complexes in seawater, an alternative approach based on complexometric titrations using electrochemical techniques (known as the determination of the metal complexing capacity of the sample) is preferentially used (Buck et al., 2012; Pižeta et al., 2015). As the concentration of metals in seawater is very low, various electrochemical techniques with low detection limits are commonly used, mainly stripping techniques: anodic and competitive ligand exchange adsorptive cathodic stripping voltammetry (ASV and CLE-AdCSV, respectively) (Sanchez-Marin et al., 2010; Buck et al., 2012; Omanović et al., 2015; Pižeta et al., 2015; Whitby et al., 2018). Knowledge about sources and chemical identity of detected ligands is scarce (Vraspir and Butler, 2009) and its acquisition is hindered by very complex chemical composition of natural DOM (Repeta, 2015). Useful qualitative information about the DOM pool in the aquatic environment (e.g., average aromaticity degree, molecular weight, and occurrence of humic-like, fulvic-like, and protein-like substances) can be gained indirectly via UV/Vis and fluorescence spectroscopic studies of its optically active fractions (colored and fluorescent dissolved organic matter, CDOM and FDOM) (Yamashita et al., 2011; Osburn et al., 2012; Lee et al., 2018; Galletti et al., 2019; Marcinek et al., 2020). Including this information in speciation studies could improve our understanding of the sources and composition of metal-binding organic ligands (Sanchez-Marin et al., 2010; Slagter et al., 2017; Watanabe et al., 2018; Wong et al., 2019; Whitby et al., 2020). However, these methods cannot characterize the binding sites or give information about nonfluorescent substances in DOM. This is possible by analyses of the molecular composition of DOM isolated from estuarine water (Minor et al., 2001; Minor et al., 2002; Dalzell et al., 2009; Abdulla et al., 2010; Zhang et al., 2018; Daoud and Tremblay, 2019; Thibault et al., 2019), e.g., using Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance spectroscopy (NMR) (Abdulla et al., 2010; Zhang et al., 2018) or direct temperature-resolved mass spectrometry (DT-MS) complemented with either size-exclusion chromatography (Minor et al., 2002) or wet chemical techniques (Minor et al., 2001), which provide qualitative and quantitative analyses of major functional groups and information about their distribution.
Voltammetric stripping techniques are particularly sensitive to the composition of the sample solution. The well-known interferences in natural samples are due to the adsorption of surface-active substances (SAS) on the surface of the working electrode (usually Hg-drop) (Sander and Henze, 1996; Batley et al., 2004; Hurst and Bruland, 2005). This is obstructing both deposition/adsorption and stripping steps in ASV and CLE-AdCSV, resulting in lower sensitivity and/or deformation of the resultant voltammetric peak (Boussemart et al., 1993; Scarano and Bramanti, 1993; Plavšić et al., 1994; Louis et al., 2008). The extent to which SAS adsorbs on the electrode surface depends on the sample composition and the type of SAS. The final negative effect of the SAS influence is the inaccuracy of speciation parameters (Louis et al., 2008). Given that SAS is a significant fraction of DOM in seawater (Ciglenečki et al., 2020), the analysis of samples with high DOM content is particularly challenging. At potentials < −1.4 V, desorption of SAS from the electrode surface occurs (Sahlin and Jagner, 1996). Therefore, for removing the interferences during measurement, the "desorption step" (DS) was proposed (Louis et al., 2008; Louis et al., 2009; Gibbon-Walsh et al., 2012), i.e., switching to very negative potentials (e.g., −1.5 V) for a short time (e.g., 1–3 s), at the end of the main deposition period. DS reduces the effects of interferences to a large extent and enables a better electrode response and the formation of a well-defined peak. However, in samples with high DOM content, adsorption interferences cannot be completely removed, and some effects still exist. Previous studies showed that nonionic surfactant Triton-X-100 (T-X-100) added to the sample has an influence on the redox processes of Cu (Krznarić et al., 1994; Plavšić et al., 1994) and helps in obtaining reliable Cu complexation parameters in model solutions (Omanović et al., 1996). Based on this evidence, we assumed that its adsorption properties could be beneficial also for Cu speciation in natural samples hindered by the adsorbed SAS.
The main objective of this study is to explore the ability of nonionic surfactant T-X-100 to eliminate SAS interferences on the mercury electrode in the presence of high concentrations of DOM, without disturbing the original chemical speciation of Cu in the sample. The method was tested using fulvic acid (obtained from the International Humic Substances Society, IHSS) as a model of natural organic matter. The benefit of the proposed method for copper speciation studies is demonstrated in samples from the Arno River estuary (Italy), characterized by high organic matter content (up to 5.2 mg L−1 of dissolved organic carbon, DOC) and significant anthropogenic copper concentration (up to 48 nM of total dissolved copper, DCu). Obtained complexation parameters (i.e., detected Cu-binding ligands) are complemented with UV/Vis and fluorescence measurements (PARAFAC analysis) of DOM present in the estuary.
MATERIALS AND METHODS
Study Area
The Arno River is 242 km long (the 5th largest river in Italy) and its catchment covers an area of 8,228 km2. The river flows into the Ligurian Sea about 10 km downstream from Pisa. The Arno River is impacted by various anthropogenic sources. Industrial activities like paper-mills, textile, electrochemical plants, and tanneries contribute to high levels of various inorganic and organic contaminants (Dinelli et al., 2005; Cortecci et al., 2009). For example, the Arno River accounts for 7% of the total DOC flux entering the western Mediterranean Sea, highlighting its relevant contribution (Retelletti Brogi et al., 2020).
For this study, the sampling was carried out at the Arno River estuary (Figure 1). The estuary region is 12 km long, highly stratified, and characterized by river flow extremes measured from 6 m3 s−1 during summer and up to 2000 m3 s−1 in winter [average discharge of 82.4 m3 s−1 (Retelletti Brogi et al., 2020)].
[image: Figure 1]FIGURE 1 | Sampling sites along the Arno River estuary (Pisa, Italy) (image source: Google Earth Pro).
The lower part of the estuary hosts numerous anchored recreational/sailing boats, whose antifouling paint is a source of copper (Cindrić et al., 2015). This can potentially have unfavorable biological effects on the ecosystem in the estuary and the coastal region. Sampling was carried out in the periods of the year when the most intensive nautical traffic and the highest biological activity was expected (September 27, 2015, and April 5, 2016). Surface samples were collected at 10 sites along the salinity gradient (Figure 1).
Samples Collection
Surface samples (depth ∼0.5 m) were collected using a van Dorn type 2.2 L horizontal water sampler (Wildco). Bottles for the sampling and sample storage for dissolved Cu measurement and Cu speciation analyses (FEP, fluorinated ethylene propylene, or PFA, perfluoroalkoxy, Nalgene) were previously cleaned with 10% HNO3 (analytical reagent grade), rinsed several times with ASTM Type I water (labeled hereafter as Milli-Q water, 18.2 MΩ, Millipore, USA), and finally filled with Milli-Q water until use. FEP/PFA bottles were thoroughly rinsed with the sample and 1 L of a sample was then immediately taken for on-board filtration. Samples for dissolved organic carbon (DOC), chromophoric dissolved organic matter (CDOM), and fluorescent dissolved organic matter (FDOM) analyses were collected into 2 L acid-washed polycarbonate bottles (Nalgene) and kept refrigerated and in the dark.
Vertical profiles of the main physicochemical parameters (salinity, temperature, pH, and dissolved oxygen) along the salinity gradient were measured in situ at each site using a Hydrolab DS5 multiparameter (CTD) probe. The CTD probe was calibrated before each campaign.
Samples Preparation
For the determination of dissolved Cu concentrations and Cu speciation studies (determination of Cu complexing capacity, CuCC), samples were filtered on-board using precleaned (acid + Milli-Q) 0.22 μm cellulose-acetate syringe filters (Minisart, Sartorius). For the analysis of total dissolved Cu concentrations, samples were acidified in the Lab with trace metal grade nitric acid (TraceSelect, Fluka) to pH < 2 and within the next few days UV-irradiated (150 W medium pressure Hg lamp, Hanau, Germany) directly in the FEP/PFA bottles for at least 24 h in order to decompose natural organic matter (Omanović et al., 2006; Monticelli et al., 2010; Cindrić et al., 2015). Samples for Cu speciation studies were kept at natural pH (pH = 8.2 ± 0.1) and stored in the fridge (+4°C) until analysis which was performed within 2 months.
Samples for DOC, CDOM, and FDOM were filtered in the laboratory (within 4 h of sampling) through a 0.2 μm pore size filter (Whatman Polycap, 6,705–3,602 capsules) and dispensed into 3 × 60 ml acid-washed polycarbonate (Nalgene) bottles, used as analytical replicates. DOC, CDOM, and FDOM were immediately measured after filtration. The filtration system (syringe + both filter types) was selected after several tests with Milli-Q water, since the filtered water showed no contamination with Cu or DOC, CDOM, and FDOM.
Determination of Dissolved Cu
Concentrations of dissolved Cu were determined by differential pulse anodic stripping voltammetry (DPASV). Measurements were carried out on Metrohm-Autolab (EcoChemie) potentiostat (PGSTAT128N) controlled by GPES 4.9 software in a three-electrode cell (663 VA Stand, Metrohm). Ag|AgCl|sat. NaCl electrode was used as the reference electrode, a Pt wire as the auxiliary, and a hanging mercury drop (HMDE) as the working electrode. The DPASV parameters used for the measurement of DCu are presented in Supplementary Table S1. Analyses were performed using a fully automated system consisting of the instrument, a home-made autosampler, and five Cavro XL 3000 syringe pumps (Tecan, United States). For the preparation of the project file for the GPES software, as well as for the treatment of the voltammograms and final calculations, the handling software was developed (https://sites.google.com/site/daromasoft/home/voltaa).
Concentrations of trace metals were determined by means of the standard addition method. A certified “Nearshore seawater reference material for trace metals,” CASS-5 (NRC CNRC), was used for the validation of the Cu analysis. The obtained value (±standard deviation) was 0.370 ± 0.030 μg L−1 (certified value is 0.380 ± 0.028 μg L−1).
Copper Speciation Analysis: Determination of Cu Complexing Capacity (CuCC)
For the determination of CuCC, the DPASV method was used (Louis et al., 2008). The experiments were performed using the same electrochemical system as described in the previous section (excluding the use of the autosampler). The parameters used for the DPASV measurements of electrolabile Cu are presented in Supplementary Table S1. In order to avoid the adsorption of Cu into the walls of cell compartments, a quartz cell was used (Cuculić and Branica, 1996). Three automatic burette systems were used to automate Cu titration (XL 3000 syringe pumps).
The titrations of natural samples were performed at a pH of 8.2 buffered with 0.01 M borate/ammonia buffer (the final concentration in the cell). The electrochemical cell was conditioned for ∼1/2 h with 15 ml of the sample before a new 10 ml aliquot of the sample was measured. The titrations were performed by measuring the ambient Cu concentration (without Cu addition) and by increasing Cu concentration up to the maximum of 300 nM of total Cu concentration ([Cu]T) (using 10−5 M and 10−4 M Cu stock solutions prepared by appropriate dilutions of an atomic absorption spectrometry standard solution, TraceCERT, Fluka). Each titration was composed of a total of 15 separate points (measured in triplicate), with the Cu concentrations equally distributed in logarithmic scale, i.e., similar increments in log [Cu]T (Garnier et al., 2004; Louis et al., 2009). Final points that deviated from the linear part of the titration curve were discarded, and thus some of the final titration curves were composed of less than 15 points (12–14). After each Cu addition, 30 min was estimated as enough time to reach the equilibrium conditions in the titration cell. For each Cu addition, 3 repetitive measurements were performed and peak intensities of all the points were thereafter used for the construction of complexometric curves. Before each titration, a Milli-Q test was performed to check the procedural blank. The concentration of Cu in Milli-Q was always below 0.1 nM. The theoretical background of the complexometric parameter calculation can be found elsewhere (Garnier et al., 2004; Omanović et al., 2015; Pižeta et al., 2015). Obtained complexometric curves were then treated by using the ProMCC software tool (Omanović et al., 2015). The number of ligand classes was estimated based on the shape of the Scatchard plot. For all titrations, the Scatchard plot showed a clear convex shape, indicating the presence of the 2-ligand classes. Complexation parameters were calculated by a nonlinear fitting of the Langmuir-Gerringa isotherm in a "logarithmic mode" (Omanović et al., 2015). The ambient speciation of Cu ([Cu2+] [CuL1] and [CuL2]) originally present in the water sample was calculated from the concentrations of total dissolved Cu ([DCu]), [L]i, and the conditional stability constants (logKi) of the Cu-binding organic ligands in the sample.
Model experiments with isolated organic matter (4 mg L−1 fulvic acid (FA), IHSS, batch 2S101F) were performed in organic-free, UV-digested seawater (UVSW) at the same pH as samples (pH = 8.2) adjusted with the borate/ammonia buffer. The UVSW was cleaned by MnO2 slurry following the common procedure (van den Berg, 2006).
Dissolved Organic Carbon (DOC) and Dissolved Organic Matter Optical Properties Measurements
The DOC concentration was determined by high-temperature catalytic oxidation using a Shimadzu TOC-VCSN carbon analyzer (Santinelli et al., 2015). Prior to oxidation, samples were acidified with 2 M high purity HCl and purged for 3 min with pure air to remove inorganic carbon. To achieve satisfying analytical precision (±1%), up to 5 replicate injections were performed. The instrument performance was verified by comparison of data with the DOC Consensus Reference Material (CRM) (Hansell, 2005) (batch #13/08-13, nominal concentration: 41–44 µM measured concentration: 43.2 ± 1.5 µM, n = 4). A calibration curve was measured with potassium hydrogen phthalate as the organic standard.
UV-Vis absorbance spectra were measured using a Jasco UV-visible spectrophotometer (Mod-7850) equipped with a 10 cm quartz cuvette, following the method reported by (Retelletti Brogi et al., 2015). Scans were performed at excitation wavelengths of between 230 and 700 nm. The spectrum of Milli-Q water, measured in the same conditions, was used as blank and subtracted from each sample. Absorbance spectra were treated by using the ASFit tool (Omanović et al., 2019). Absorbance at 254 nm (A254) was expressed as the absorption coefficient (a254) in m−1 (Stedmon and Nelson, 2015). The specific UV absorbance at 254 nm (SUVA254) was calculated by dividing the absorption coefficient at 254 nm by the DOC concentration (m2 g−1 C) and used as an indicator of the percentage of CDOM in the total DOM pool (Marcinek et al., 2020).
Fluorescence excitation-emission matrices (EEMs) were recorded using the Aqualog spectrofluorometer (Horiba-Jobin Ivon) in a 1 × 1 cm quartz cuvette as described in detail by (Retelletti Brogi et al., 2020). Briefly, EEMs were scanned at the excitation wavelength range of 250–450 nm with 5 nm increments and emission wavelengths ranged between 212 and 619 nm with 3 nm increments. Procedural blanks were checked by measuring EEM of Milli-Q water. Fluorescence intensities were normalized to Raman units (R.U.) using daily measured Raman peak of Milli-Q water (λex = 350 nm, λem = 371–428 nm) (Lawaetz and Stedmon, 2009). Parallel factorial analysis (PARAFAC) was applied to identify the different components in the FDOM pool by using the decomposition routines for EEMs drEEM toolbox (version 0.2.0 for MATLAB (R2016a) (Murphy et al., 2013).
RESULTS AND DISCUSSION
Study of SAS Influence on the Voltammetric Signal of Cu
Problem Description
Initial examinations of the samples for the determination of the Cu speciation using the DPASV method with high DOC concentration (>2 mg L−1) revealed that a characteristic Cu oxidation peak at the ambient Cu concentration is not present (even at relatively high Cu concentrations, e.g., 20–50 nM) and that an unusually high background current is obtained. The lack of a Cu oxidation peak was rather expected because the majority of the Cu present in the samples with a high DOM load is predicted to be complexed by strong organic ligands, which are not reducible at the applied deposition potential.
However, the unusually high background current, with one or two wide peaks, obtained in most of the samples, signified a potential problem. This is clearly visible in curve #1 in Figure 2A. In this example, the voltammetric procedure consisted specifically of only the deposition step at Edep = −0.5 V, in the sample without any addition, except the borate buffer. The high background current in voltammetric measurements as the result of adsorbed SAS is not unusual, as it was shown for several metals (Scarano and Bramanti, 1993; Louis et al., 2008; Pađan et al., 2019; Pađan et al., 2020). To overcome problems caused by SAS adsorption, a "desorption step" (DS) (the application of a very negative potential, e.g., −1.5 V, for a short period, e.g., 1–3 s), at the end of the deposition period was proposed (Louis et al., 2008). However, in our case, the application of DS did not provide the expected result due to the high content of organic matter, i.e., SAS present in the samples. Although a much better signal was obtained by applying a DS (curve #2, Figure 2A), the shape of the voltammogram at the potential range of the anodic Cu peak was still not adequate for the extraction of its intensity. The undefined wide stripping peak at the given potential was present even if the deposition of Cu was performed at potentials more positive than its redox potential; Edep = > −0.2 V (either with or without the DS). The problem of the strange background current was even more apparent when the measurements were performed with the addition of Cu. Without the DS, a totally undistinguishable voltammogram was obtained at 90 nM Cu concentration (curve #3, Figure 2A). Although considerably better, the scan with the DS still produced a wide and poorly resolved peak (curve #4, Figure 2A). Intensities extracted from such voltammograms would be questionable, and consequently, constructed complexation curves and obtained complexation parameters would be entirely unreliable.
[image: Figure 2]FIGURE 2 | (A) DPASV curves obtained at various scanning conditions, solution compositions, and Cu concentrations as indicated in the figure. (B) Pseudopolarogram of Cu obtained in sample taken at the site E4 (2015) with [Cu]T = 90 nM and with the addition of 1 mg L−1 T-X-100. The red dashed line illustrates the Cu pseudopolarogram without organic matter. Bottom plots represent the obtained voltammograms of pseudopolarographic measurements ([Cu]T = 90 nM) without the addition of T-X-100 but using the desorption step (C) and with the addition of 1 mg L−1 T-X-100 (D). Different colors represent voltammograms obtained at different deposition potentials.
To resolve the problem of the adsorbed layer of the SAS on the Cu voltammetric signal, the idea was to introduce a competitive adsorptive process. The used compound should have a competitive effect on SAS adsorption but not on the Cu speciation chemistry in the bulk of the solution. Thus, a nonionic surfactant Triton-X-100 (T-X-100) was chosen for this purpose, since it does not form a complex with Cu (Krznarić et al., 1994; Omanović et al., 1996; Plavšić et al., 2009). The modified procedure employed here consists of adding T-X-100 at a concentration of 1 mg L−1 to the sample being analyzed. It has already been shown by several authors that T-X-100 could be beneficial in resolving some of the voltammetric issues. For example, T-X-100 was used for the voltammetric determination of iodine in seawater samples (Luther et al., 1988; Žic et al., 2012), for the separation of poorly resolved redox processes of Cu and Cu-EDTA (Omanović et al., 1996), and for the enhancement of the Cu oxidation by destabilizing formed CuCl2− during the anodic scan (Plavšić et al., 1994). The benefit of adding T-X-100 to our samples is illustrated by curve #5 in Figure 2A. Compared to all other curves in the graph, a clearly resolved and narrow anodic Cu peak was obtained, from which extraction of Cu peak intensities is much more convenient.
For characterization of the interaction of metals with organic ligands, pseudopolarographic measurements (known also as stripping chronopotentiometry at scanned deposition potential, SSCP, or scanned stripping voltammetry, SSV) are proposed using either Hg (drop or film) or a solid electrode (Lewis et al., 1995; Luther III et al., 2001; Omanović and Branica, 2004; Town and van Leeuwen, 2004; Serrano et al., 2007; Domingos et al., 2008; Gibbon-Walsh et al., 2012; Bi et al., 2013; Town and van Leeuwen, 2019). The methodology has advanced in recent years, enabling the full characterization of the SSCP/pseudopolarographic waves (Serrano et al., 2007; Pinheiro et al., 2020) providing the heterogeneity of labile macromolecular metal-organic complexes. The full characterization of Cu complexes still has to be done using this methodology. As such, it is often used to make a "fingerprint" of the sample (Louis et al., 2008; Nicolau et al., 2008; Domingos et al., 2016). In Figure 2B, an example of the Cu pseudopolarogram obtained in an estuarine sample (E4, 2015) is presented, along with the illustrated pseudopolarogram representing the expected shape of labile inorganic Cu in the absence of organic matter (red dashed line). At this point, our goal with pseudopolarographic measurement is only to show the inherent complexity of Cu speciation by using ASV and adequately present the influence of SAS on its voltammetric behavior. The pseudopolarogram presented in Figure 2B served as an example of the sample "fingerprint" and to support the estimation of adequate deposition potential for the Cu complexation measurements (shaded region). Based on the basic features of presented waves (the shift of the pseudopolarograms toward negative potentials upon complexation with inorganic/organic ligands or its inclination) (Lewis et al., 1995; Serrano et al., 2007; Bi et al., 2013; Pinheiro et al., 2020), there is clear evidence that the reduction of various Cu-organic complexes occurs along the scanned deposition potentials. The increase of the intensity could be explained by the progressive reduction of various Cu-organic complexes (heterogeneous binding sites). Note that the presented pseudopolarogram was obtained with the addition of T-X-100. The corresponding voltammograms from which the pseudopolarogram was constructed are presented in the right bottom plot, clearly showing the fully resolved Cu peak at the same position. The construction of an analog pseudopolarogram in the sample without T-X-100 was not possible due to inadequate Cu anodic peaks, even with the applied DS step (left bottom plot). A clear difference between voltammograms with and without the added T-X-100 is shown here and is evident during Cu titrations as well (Supplementary Figure S1). It is interesting to point out the drop of the peak intensity of the point obtained at Edep = −1.5 V. Namely, from this to more negative potentials, the adsorption of T-X-100 strongly decreases (Omanović et al., 1996; Sander and Henze, 1996), and its benefit on the shape of Cu anodic peak weakens (top black voltammogram at right bottom plot).
Although the positive effect of the T-X-100 addition was significant, we kept the desorption step as a procedural parameter because it was found that it does not have a negative effect on the final voltammogram if applied for only 1 s. However, the potential of the DS should not be more negative than −1.5 V and it should be as short as possible to avoid complete desorption of T-X-100.
To verify the proposed method, additional test experiments were performed in "organic-free" seawater (UVSW) with and without added fulvic acid as a model of natural organic matter.
Verification of the Methodology
Organic-Free Seawater
As noted previously, it is very important that added T-X-100 does not have a competitive effect on Cu complexation by natural ligands (especially organic). If that was the case, the effect would be visible on titration curves and pseudopolarograms. According to the basic model experiments, presented in the following sections, this is not the case.
Titrations with increasing Cu concentrations were first performed in UVSW (i.e., in the absence of organic ligands) with and without added T-X-100. As shown in Figure 3A, normalized intensities (with and without added T-X-100) showed the same linear relationship with increasing concentration of Cu. Normalized intensities (the 1st derivative as an analytical signal) were used for better comparison. In both cases, well-resolved Cu anodic voltammograms were obtained (inset in Figure 3A) and there is no curvature shape at the foot of the titration curves, characteristic for titration of samples with organic ligands (Pižeta et al., 2015), indicating that there is no complexation of Cu by T-X-100. The small negative shift and a slightly narrower anodic peak obtained with T-X-100 could be explained by the destabilization of formed CuCl2- during the anodic scan (Plavšić et al., 1994).
[image: Figure 3]FIGURE 3 | (A) Copper titration curves obtained in UVSW (pH = 8.2) with and without the addition of 1 mg L−1 T-X-100 (for better comparison, the peak intensities were normalized on the highest value). Inset: Cu voltammograms with and without T-X-100 corresponding to Cu concentration indicated by the arrow. (B) Normalized pseudopolarograms obtained with and without the addition of 1 mg L−1 of T-X-100 (intensities normalized to the estimated limiting value).
Furthermore, in cases where Cu forms a complex with T-X-100, a shift and/or a change in the shape of pseudopolarograms at a potential range more negative than the reduction potential of inorganic Cu would be expected (Lewis et al., 1995; Omanović, 2006; Gibbon-Walsh et al., 2012; Pinheiro et al., 2020). However, the pseudopolarograms obtained with and without the addition of T-X-100 showed almost the same shape (Figure 3B). This is in slight contrast from the experiment performed by (Sahlin and Jagner, 1996) using striping potentiometry with a mercury film electrode with a fully saturated T-X-100 layer (1,000 mg L−1) in which a slight shift of the pseudopolarographic wave was observed. However, the concentration of T-X-100 used in their experiment was 1,000× higher (1 g L−1) than in our work and as such is not directly comparable. Therefore, based on our experiments presented in Figure 3, it can be assumed, with great confidence, that, at the concentration used in our work, T-X-100 did not form a complex with Cu and as such it works as "interference-free" for Cu speciation studies using ASV.
FA as a Model of Natural Organic Matter
Further examination of the proposed methodology using T-X-100 (1 mg L−1) was performed in UVSW with the addition of 4 mg L−1 of FA as a model of terrestrial organic matter showing considerable surface activity and 50 nM of added Cu (all experiments performed at pH = 8.2). The selected voltammograms are presented in Figure 4A and corresponding pseudopolarograms in Figure 4B. For comparison purposes, a voltammogram without FA (but with T-X-100) is presented by curve #1 in Figure 4A. In the sample with 4 mg L−1 FA and 50 nM of Cu and without the applied DS, a relatively high background current was obtained, with a relatively wide Cu peak (curve #2, Figure 4A).
[image: Figure 4]FIGURE 4 | (A) DPASV curves obtained in UVSW at various scanning conditions and solution composition as indicated in figure. (B) Pseudopolarogram of Cu obtained in UVSW at various scanning conditions and solution composition as indicated in the figure.
Compared to the poorly shaped Cu signal in the real estuarine sample presented in Figure 2A, this peak seems easily resolvable despite the curvature baseline under the peak. However, the voltammogram in the presence of FA without added Cu shows a small peak at a slightly more positive potential (curve #2′, Figure 4A), making the manual construction of the curvature baseline more complicated. The above-mentioned problem in the Cu intensity determination is more profound at the low Cu intensities, which correspond to the foot of the titration curve where strong complexing ligands dominate. This in turn may introduce a high uncertainty in the determination of the complexation parameters, making them ultimately unreliable (Omanović et al., 2010). By applying DS, a better resolved and higher Cu peak is obtained (curve #3, Figure 4A). It was shown that the main influence of the adsorbed FA occurs during the stripping step, with Cu-FA considered as a labile complex (Town, 1997). Due to the nature of the differential pulse technique, Cu oxidized during the applied pulse is being progressively concentrated in the vicinity of the electrode surface and immediately complexed by the accumulated organic ligands, causing the shift of the oxidation peak to a more negative potential (Town, 1998). This scenario is likely to occur taking into account the fact that the Cu complex with FA is directly reducible (Whitby and van den Berg, 2015). The lability of Cu-FA complexes and problems associated with DPASV measurement of Cu in the case of adsorbable ligands, such as FA, are already documented in the literature (Soares and Vasconcelos, 1994; 1995).
The Cu stripping peak was further improved by the addition of T-X-100 (curve #4, Figure 4A). The same shape and the peak potential in presence of FA, after the addition of T-X-100, as the one without added FA (curve #1, Figure 4A) indicate that T-X-100 practically eliminated the influence of the SAS adsorbed during the stripping step.
The problems associated with the stripping voltammetry of Cu in the presence of a high concentration of organic matter are reflected in the shape of the pseudopolarograms. As presented in Figure 4B, a clear reversible pseudopolarographic wave of Cu was obtained in the absence of FA. Upon the addition of FA, the form of the pseudopolarogram considerably changed. For all pseudopolarograms with added FA, the decrease of the intensity of the initial value without FA was around 20% at a high deposition potential (Edep = −1.5 V). However, in the potential range between −0.8 and −0.4 V, the decrease of the intensity was much higher: ∼ 40% in the presence of 1 mg L−1 T-X-100 and even ∼75% (w/o DS) and ∼65% (with DS) in the absence of T-X-100. The decrease of intensities at more positive potentials is already reported in the literature (Town and Filella, 2000; Gibbon-Walsh et al., 2012), indicating the complexation of the Cu with the added FA.
As mentioned earlier, the shift of the pseudopolarographic wave in the case of labile reversible Cu complexes, or those which are irreversibly reduced, could be used to determine the stability constants of formed complexes by using the so-called "chelate scale" (Lewis et al., 1995; Omanović, 2006; Gibbon-Walsh et al., 2012). With this in mind, the steep increase of intensities in pseudopolarograms without T-X-100 at potentials more negative than −0.9 V may indicate the presence of very strong organic complexes with high stability constants which are irreversibly reduced (Lewis et al., 1995; Branica and Lovrić, 1997; Gibbon-Walsh et al., 2012). This increase was not observed in experiments with Cu-FA performed using a gold-vibrating electrode (Gibbon-Walsh et al., 2012), whereas in experiments of (Town and Filella, 2000) or (Chakraborty et al., 2007), this range of deposition potentials was not scanned and could not be compared. If the metal-to-ligand ratio in the bulk of the solution used in the work of (Gibbon-Walsh et al., 2012) is compared to our ratio, the extent of the decrease of intensities at Edep range between −0.8 and −0.4 V in our experiment is larger than expected. This is probably caused by the above-discussed strong influence of accumulated FA on the stripping process, which is much stronger on a Hg electrode than on the vibrating Au-microelectrode. The observed increase of intensities toward more negative potentials could also be partially related to the decreasing FA adsorption. This is supported by the progressive shift of Cu peak potentials (up to ∼ Δ20 mV between −1.5 and −0.7 V) in voltammograms used for the construction of pseudopolarograms without DS (data not shown). With the applied DS, the shift was only ∼ Δ5 mV, which confirms that DS removes the accumulated FA to a great extent. There was "only" ∼ 40% decrease of intensity (of the initial value without FA) at Edep range between −0.8 and −0.4 V after the addition of T-X-100 (with no change in the Cu peak potentials across the scanned range), which is much closer to the values obtained by Gibbon-Walsh et al. (2012). Even after the addition of T-X-100, the small increase of intensities, from Edep = −0.9 V to more negative values, remained. This is also evident in the pseudopolarogram of the natural estuarine sample (Fig. 2B). It indicates that 1) there is still a portion of FA adsorbed during the deposition step or 2) a portion of the strong Cu-FA complexes are irreversibly reduced at this range of potentials (Lewis et al., 1995; Gibbon-Walsh et al., 2012). The detailed examination of Cu-FA interactions is beyond the scope of this paper and was not further studied.
Copper Speciation in the Estuarine Samples
Figure 5 presents all the results relevant for the Cu speciation study in samples collected for two different periods, the early spring and the late summer.
[image: Figure 5]FIGURE 5 | Measured parameters along the estuarine segment for two sampling periods. Uncertainties are expressed as 95% confidence intervals. Dashed lines represent the projected conservative trends.
Total Dissolved Copper
A strong decrease of dissolved copper (DCu) concentrations with increasing salinity was observed for both campaigns with a slightly different distribution in the salinity gradient (Figure 5A). For the late summer campaign (September 2015), which is characterized by a lower river discharge (as evident from the salinity at the first site, E1, and the salinity contour plot in Supplementary Figure S2) (Retelletti Brogi et al., 2020), there is an increase of Cu concentration at the site E3, most likely caused by an anthropogenic input of Cu. Namely, numerous boat anchorage sites are found in the part of the estuary that begins between sites E2 and E3 (Supplementary Figure S3). In the summer period, these locations were fully occupied by boats. Thus, the observed increase of Cu in that region could be ascribed to the leaching of the Cu from the boats' antifouling paints, in which Cu is used as the biocide component (Turner, 2010; Cindrić et al., 2015). In the spring campaign (April 2016), due to the absence of the anchored boats (Supplementary Figure S3), Cu input was low. In this period, removal of dissolved Cu along the salinity gradient is implied by its deviation from the conservative line. This is probably the result of the flocculation process, which is common at lower salinities (Sholkovitz, 1976; Waeles et al., 2008). The concentrations of dissolved Cu in the seawater end-member for both periods reached the range characteristic for a clean coastal and open Mediterranean Sea area (Oursel et al., 2013; Migon et al., 2020).
Dissolved Organic Carbon
DOC concentrations show clear conservative behavior along the salinity gradient in both campaigns, with decreasing concentrations toward the sea end-member. Removal and/or production of DOM have a small impact on the DOC concentration within the estuary, suggesting that the dilution of DOC in riverine water with marine water is the main process affecting DOC dynamics in the estuary. The DOC concentration is almost 2× higher in the late summer than in the spring campaign in the river end-member (5.2 mg L−1 in September 2015 in contrast to 3.3 mg L−1 in April 2016), whereas the sea end-member shows the same DOC values in both periods (∼0.8 mg L−1). In both periods, in the river end-member (at the E1 site), the measured DOC concentrations are in agreement with the DOC seasonal cycle observed in the river (Retelletti Brogi et al., 2020). High concentrations of DOC in the Arno River are the result of the weathering processes, especially during flood events, which primarily bring the terrestrial DOM, as well as the autochthonous production during spring and summer periods (Retelletti Brogi et al., 2020). Anthropogenic input of DOM also plays a role, because of the numerous anthropogenic activities in the upstream riverine region.
Copper-Binding Ligands and Estimation of Copper Bioavailability
Applying the adapted methodology for the determination of Cu speciation, well-shaped complexometric titration curves were obtained (examples are given in Supplementary Figure S4). Two classes of ligands were identified in all samples, denoted as L1 and L2, corresponding to a stronger and a weaker class of organic ligands, respectively. Concentrations of L1 ranged from 3.5 ± 2.9 to 63 ± 4 nM eq Cu, whereas L2 concentrations were higher and ranged from 17 ± 4 to 104 ± 7 nM eq Cu (Figures 5C,D). The concentration of both ligand classes decreased with the salinity, as was similarly observed for DCu and DOC. Along the estuary, the concentrations of ligands exceeded the corresponding total dissolved Cu concentrations, which are usually obtained in coastal regions (Bruland et al., 2000; Hurst and Bruland, 2005; Louis et al., 2009; Plavšić et al., 2009; Wong et al., 2018). The apparent stability constants (logKCu) of the two ligand classes ranged from 9.6 ± 0.2 to 10.8 ± 0.6 for L1 and from 8.2 ± 0.3 to 9.0 ± 0.3 for L2, without a noticeable difference between the two sampling periods (Figures 5E,F). The ranges of estimated constants are typical for estuarine and coastal regions obtained by the ASV method and reflect the so-called "detection window" (DW) of the method (Apte et al., 1988; Bruland et al., 2000; Pižeta et al., 2015).
One of the purposes of the determination of metal complexing parameters is to estimate the free metal concentration, which is considered to be the most bioavailable/toxic. Having in mind the potential overestimation of free Cu using the ASV method, as will be discussed later, we refer to it as "free" Cu (quoted). In our study, the estimated "free" Cu concentrations ranged from 50 to 250 pM, following the strong positive deviation from the projected conservative line. The obtained trends are the result of the estimated complexation parameters, along with the dissolved Cu concentration. These are fairly high values of "free" Cu, taking into account the fact that the estimated threshold toxicity level is around 10 pM (Sunda et al., 1987; Gledhill et al., 1997), but as already mentioned they are likely overestimated due to the methodological problems.
The measured concentrations of the stronger ligand class (L1) are similar to dissolved Cu concentrations. Although in some cases L1 was almost saturated with Cu at its ambient concentration, Cu was still mainly controlled by the abundance of strong ligand class (L1) with high stability constants: between ∼55 and 90% of dissolved Cu exists solely in the form of strong complexes.
Optical Properties of DOM
PARAFAC analysis applied to all the samples revealed 5 FDOM components. The components spectra were compared with previous studies by using the Openfluor database (Murphy et al., 2014) and identified as microbial humic-like (C1), terrestrial fulvic-like (C2), protein-like (C3), terrestrial humic-like (C4), and protein + PAH-like (polycyclic aromatic hydrocarbons) (C5). In both periods examined here, the protein-like component dominates the FDOM pool (Supplementary Table S2). This is in agreement with the two-year study performed in the Arno River (Retelletti Brogi et al., 2020). The average percentage of microbial humic-like (C1) and protein-like (C3) components is approximately the same in the two seasons (25.1% and 25.1% for C1 and 31.7% and 34.0% for C3 in spring and late summer, respectively), whereas terrestrial components (C2 and C4) represent a higher average percentage of the FDOM pool in spring (21.0% for C2 and 15.8% for C4) than in late summer (14.6% for C2 and 9.6% for C4) (Supplementary Table S2), due to the higher river discharge in spring. However, the highest difference is observed for the protein + PAH-like component (C5), whose average percentage in the whole FDOM pool was 6.4% in spring and 16.7% in late summer. This can be the consequence of intense touristic activity in late summer, i.e., extensive automobile and boat traffic in the area, introducing PAH-like DOM from the exhaust. SUVA254 supports a change in DOM pool between the two seasons, suggesting a higher percentage of chromophoric DOM in late summer than in spring (Supplementary Figure S5).
Linking Copper Organic Ligands with DOM Properties
The stability constants obtained in this study appear to be lower at midsalinity range than at the end-members for both ligand types (Figures 5E,F). However, considering the associated uncertainties, there is no clear statistical difference among them. Despite that, the obtained trends could indicate the change in the composition of the organic ligands at different salinities. A change in DOM composition in the salinity gradient is suggested by the decrease of SUVA254 and DOC normalized PARAFAC components toward the sea end-member (excluding the C5/DOC in spring) (Supplementary Figure S5), signifying the decrease of the chromophoric and fluorescent fraction in the DOM pool (the addition of nonchromophoric DOM and/or removal of chromophoric DOM). While the sum of the ligands (ΣL) correlates with the distribution of DOC, a254, and all PARAFAC components (r2 > 0.9), the obtained trends of stability constants in the salinity gradient do not show a strong link with any of the optical properties of DOM (CDOM/FDOM) (data not shown). Higher stability constants at a high salinity could be a consequence of the addition of organic ligands with stronger binding constants (Whitby et al., 2017) not visible by UV/Vis and fluorescent measurements. Another possibility is that removal of ASV-labile organic ligands occurs at a high salinity which could lead to a slight increase of conditional stability constants.
A different relationship between the sum of the ligands (ΣL) and the DOC is observed in spring and summer: the estimated slope of their relationship is ∼2× higher during spring than during summer (Figure 6A). Although the DOC, a254, SUVA254 and DOC normalized fluorescence intensities of all PARAFAC components (Supplementary Figure S5) are higher in late summer than in spring, the DOM pool in spring is more abundant with Cu-binding ligands. This can be linked to a higher percentage of terrestrial fulvic and humic components (C2 and C4, respectively) in the FDOM pool in spring (Figures 6C,E).
[image: Figure 6]FIGURE 6 | Relationship between the sum of organic ligands (L1+L2) and DOC (A) and the variation in the percentage of PARAFAC components (C1–C5) along the salinity gradient (B–F). Dashed lines represent the linear regression of the data.
This is in agreement with other studies performed in estuarine regions, which suggest that humic and fulvic acids are the major source of organic ligands in these environments (Kogut and Voelker, 2001; Yang and van den Berg, 2009; Whitby and van den Berg, 2015; Wong et al., 2018; Dulaquais et al., 2020). Along with the humic substances, it was found that biogenic thiourea-type thiols are abundant ligands in estuarine environments (Whitby et al., 2017). A strong positive correlation between ΣL and the dissolved Cu concentration is observed in our study, which is on average the same for both periods (Supplementary Figure S6), suggesting that Cu-binding ligands could be the driver of DCu estuarine geochemistry. The increase of the organic ligands in the midsalinity range (S = 15–30), in late summer, could be a biological response to Cu release in the boat anchorage area (Zitoun et al., 2019). In situ production mainly releases protein-like substances (Osburn et al., 2012) and in this study, the protein component does indeed show an increase in the midsalinity range in late summer, while in the spring this is not the case. However, a similar increase is observed for all other components, showing a positive correlation with ΣL. Even though in situ production can also cause the increase of humic-like components (Romera-Castillo et al., 2010; Marcinek et al., 2020), without additional biological information we cannot conclude that the correlation between ΣL and the DCu in late summer is related to any extent to a biological response to Cu-stress.
Evaluation of Derived Complexation Parameters and Anodic Stripping Voltammetry Method Limitations
The method of calculation of complexation parameters (free and/or inorganic Cu, ligand concentrations, and conditional stability constants) in natural samples using both ASV and CLE-AdCSV provides results which are "operationally defined" (Bruland et al., 2000). Namely, the derived apparent stability constants depend strongly on the applied DW, which is expressed as the "side reaction coefficient" (α) (Bruland et al., 2000; Buck et al., 2012; Pižeta et al., 2015). For ASV, α is much smaller than it is for the CLE-AdCSV method in which the ligand with known stability constants is used as a competing ligand. In our measurements, the calculated logα is 1.13 (the ratio of the sum of all inorganic Cu species vs. free Cu concentration), whereas for CLE-AdCSV, logα depends on the used competitive ligand type and its concentration, and for Cu, it is usually logα >3 (Bruland et al., 2000; Buck et al., 2012; Whitby et al., 2017; Wong et al., 2018). Thus, if compared to CLE-AdCSV, it might seem like the stronger class of ligands are underestimated (Dulaquais et al., 2020); however, this is the consequence of DW which is not comparable to these two methods. It should also be noted that theoretically the method for calculation of complexation parameters using ASV assumes that the measured signal corresponds purely to the inorganic Cu. However, it is known that, during the deposition time at the appropriate deposition potential, kinetically labile complexes are actually accumulated, which include not only fully labile inorganic Cu species but also a portion of the kinetically labile organic complexes (Town, 1997; Bruland et al., 2000; Town and van Leeuwen, 2004; Chakraborty et al., 2007; Gibbon-Walsh et al., 2012). To prevent the reduction of labile organic complexes as much as possible, the deposition potential should be selected at the most positive value at the range of limiting currents (top of the wave) of the Cu pseudopolarogram without the addition of organic ligands (shaded area in Figure 2B). It is generally assumed that stronger complexes are less kinetically labile than the weaker complexes, and as such, it is expected that this problem will more greatly impact the weaker class of ligands.
This problem is partly reflected in the estimated "free/bioavailable" Cu. However, as Cu exists mainly in the form of strong complexes at ambient concentrations, it could be considered that the contribution of kinetically labile complexes to the bioavailable fraction is not high. Despite these potential methodological problems in the estimation of free Cu (which is the basis for the assessment of Cu toxicity), it should be mentioned that some model toxicological experiments showed a very good agreement with the labile Cu estimated by ASV and its bioavailability/toxicity (Tubbing et al., 1994; Lage et al., 1996; Tait et al., 2016; Sánchez-Marín, 2020). Furthermore, the free Cu concentrations obtained by the ASV method in estuarine samples (Jones and Bolam, 2007; Louis et al., 2009) were found to correlate well with those predicted by WHAM VII modeling (Stockdale et al., 2015), highlighting a particular feature of the ASV method.
Overall, it should be noted that each of the currently most-utilized techniques for the estimation of metal speciation (and their bioavailability) in natural waters (diffusive gradients in thin films (DGT), CLE-AdCSV, and ASV) provide results that are essentially "operationally defined"; i.e., they are technique-dependent.
CONCLUSIONS
Here, we present an adapted ASV methodology of copper speciation in estuarine samples with high DOM concentration. The method relies on the addition of the nonionic surfactant T-X-100, which competitively inhibits the adsorption of DOM on the Hg electrode during the deposition and stripping steps. Tests performed with and without the addition of fulvic acid (FA) as a model organic ligand revealed that, at the concentration level used here (1 mg L−1), T-X-100 does not have any detectable influence on the redox process of Cu, labeling it "interference-free" for Cu speciation studies.
The proposed method improvement enabled the Cu speciation analysis in the Arno River estuary (Italy) characterized by high concentrations of both Cu and DOC. Mixing with the clean seawater leads to a decrease in their concentrations, reaching the value characteristic for a clean coastal region. Speciation analyses revealed the existence of the two types of organic ligands responsible for Cu complexation: a strong ligand class (L1) with a concentration level similar to that of dissolved Cu and a weaker one (L2) found at higher concentrations. The calculated free Cu concentrations in analyzed samples were above the toxicity threshold level. However, due to the ASV methodological specificities, these values might have been slightly overestimated. The sum of the ligand concentrations (ΣL) had the same linear relationship with dissolved Cu for both sampling periods. By contrast, a different relationship between ΣL and DOC was found in the two sampling periods, implying a change in the contribution of Cu-binding organic ligands to the DOM pool between seasons. The results indicate that the DOM pool comprised a higher percentage of Cu-binding ligands in spring than in summer, due to the higher percentage of terrestrial fulvic and humic components in the FDOM pool. However, as a separate quantification of specific ligand types was not performed, a direct link with detected the Cu-binding ligand classes was not possible to confirm. Assigning the exact type of the organic ligands able to complex Cu in the Arno River estuary demands more detailed studies with additional ligand characterization methods.
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A speciation study on the interaction between Ca2+ and ligands of biological interest in aqueous solution is reported. The ligands under study are l-cysteine (Cys), d-penicillamine (PSH), reduced glutathione (GSH), and oxidized glutathione (GSSG). From the elaboration of the potentiometric experimental data the most likely speciation patterns obtained are characterized by only protonated species with a 1:1 metal to ligand ratio. In detail, two species, CaLH2 and CaLH, for systems containing Cys, PSH, and GSH, and five species, CaLH5, CaLH4, CaLH3, CaLH2, and CaLH, for system containing GSSG, were observed. The potentiometric titrations were performed at different temperatures (15 ≤ t/°C ≤ 37, at I = 0.15 mol L−1). The enthalpy and entropy change values were calculated for all systems, and the dependence of the formation constants of the complex species on the temperature was evaluated. 1H NMR spectroscopy, MALDI mass spectrometry, and tandem mass spectrometry (MS/MS) investigations on Ca2+-ligand solutions were also employed, confirming the interactions and underlining characteristic complexing behaviors of Cys, PSH, GSH, and GSSG toward Ca2+. The results of the analysis of 1H NMR experimental data are in full agreement with potentiometric ones in terms of speciation models and stability constants of the species. MALDI mass spectrometry and tandem mass spectrometry (MS/MS) analyses confirm the formation of Ca2+-L complex species and elucidate the mechanism of interaction. On the basis of speciation models, simulations of species formation under conditions of some biological fluids were reported. The sequestering ability of Cys, PSH, GSH, and GSSG toward Ca2+ was evaluated under different conditions of pH and temperature and under physiological condition.
Keywords: Ca2+, biological ligands, speciation in biological fluids, sequestration, potentiometry, 1H NMR spectroscopy, mass spectrometry, thermodynamic parameters
INTRODUCTION
Calcium is the fifth most important element in the human body. It is indispensable for life, for the regulation of metabolism and maintenance of structure (Peterlik and Stoppler, 2004). It behaves like an intracellular “second messenger” in numerous processes, namely, neurotransmitter release, cellular proliferation and differentiation, and control of exocrine and endocrine secretions (Bringhurst and Potts., 1979; Broaudus, 1993). In human body, about 99% of total calcium (1.0–1.3 kg in adults) (Hluchan and Pomerantz, 2002) is found in the bones. The remaining part, 1%, is present in intra- and extracellular fluids. Free calcium concentration in the cell ranges between 10−6 and 10−8 mol kg−1. It is about 10−3 mol kg−1 in the sarcoplasm (Frausto da Silva and Williams, 2001a). The mean Ca2+ concentration in the plasma is 2.5 mmol L−1, of which about 50% is present as free ion; the remaining part is bound for 40% to plasma proteins and for 10% to citrate and phosphate. The rigid control of free calcium in the plasma is very crucial, as even small concentration changes can cause significant variations in the skeletal site, as well as intracellular free calcium, with harmful consequences for bone health (Peterlik and Stoeppler, 2004; Whedon, 1980). Calcium homeostasis is based on a dynamic equilibrium of its fluxes between three different body compartments, namely, extracellular fluid, intracellular one, and skeletal tissue. As regards the physiological role of calcium, it includes the control of many kinase reactions in metabolism, of dioxygen release in photosynthesis, and of dehydrogenases in oxidative phosphorylation (Frausto da Silva and Williams, 2001b). Ca2+ interacts preferably with oxygen donor groups. In the body fluids it can bind polymers, such as proteins, via carboxylate and phosphate sidechains. In the proteins, the main donor groups toward Ca2+ are represented by carboxylate and carbonyl centers (Frausto da Silva et al., 2001a).
Cys is one of the most important binding agents for metal cations in biological fluids (Laurie et al., 1979). Its concentration in normal human plasma is in the micromolar range (Brigham et al., 1960). The drug penicillamine, which has a very similar structure to Cys, was commonly employed in the treatment of Wilson’s disease (Walshe, 1956; Jones, 1991). GSH is a tripeptide consisting of the amino acids l-glutamic acid (Glu), Cys, and glycine (Gly). It exists in two forms: a reduced (GSH) and an oxidized one, i.e., dimer glutathione disulfide (GSSG) (Labib et al., 2016). GSH is ubiquitous antioxidant present in cells as well as in bacteria (Sies, 1999; Pompella et al., 2003; Kretzschmar et al., 2020; Meister and Anderson, 1983). In mammalian cells, concentrations greater than 12 mmol L−1 are reported (Dringen, 2000). Both GSH and its oxidized form, GSSG, are fundamental for the maintenance of the intracellular redox state (Shahid et al., 2020). They are considered biomarkers of oxidative stress in biological fluids as well as for the diagnosis of certain clinical disorders (Labib et al., 2016; Olmos Moya et al., 2017). The mechanism of antioxidant cellular defense in vivo is governed by GSH, oxidized continuously to disulfide glutathione (GSSG) (Davis and Hanumegowda, 2008). In healthy cells, the GSH form constitutes over 90% of glutathione (Labib et al., 2016). In addition to protecting cells from oxidative damage, GSH is involved in the complexation and transport reactions of metal ions (Olmos Moya et al., 2017). In blood, the normal values of GSH and GSSG are 3.8–5.5 and 0.2–0.5 μmol L−1, respectively (Labib et al., 2016).
Given all these aspects, reliable assessment of the speciation of biologically relevant ligands with Ca2+ is crucial to understand and to model the behavior of these systems. Ligands under study are reported in Figure 1. In this study, the experimental measurements were performed by different techniques: potentiometry, 1H NMR spectroscopy, MALDI mass spectrometry, and MS/MS. The potentiometric titrations were carried out at different temperatures, 15 ≤ t/°C ≤ 37 and I = 0.15 mol L−1 in NaCl. Some simulations of species formation under conditions of biological fluids were reported. The sequestering ability of all ligands understudy toward Ca2+ was evaluated under different conditions of pH and temperature.
[image: Figure 1]FIGURE 1 | Ligands under study.
MATERIAL AND METHODS
Materials
The solutions containing calcium metal cation were obtained by weighing and dissolving the corresponding salt, calcium (II) chloride dihydrate (purity >99%, Fluka/Honeywell, Charlotte, North Carolina, US). Afterward calcium solutions were standardized by titration with EDTA (Ethylenediaminetetraacetic acid disodium salt, BioUltra, ≥99%, Sigma-Aldrich/Merck, Darmstadt, Germany) standard solution. Ligand solutions were prepared by weighing and dissolving, without further purification, the following products: l-cysteine (purity ≥99.5%, Fluka/Honeywell, Charlotte, North Carolina, US), d-penicillamine (purity ≥97%, Alfa-Aesar/Thermo Fisher, Kandel, Germany), reduced glutathione (purity ≥98%, Alfa-Aesar, Thermo Fisher, Kandel, Germany), and oxidized glutathione (purity 98%, Sigma-Aldrich/Merck, Darmstadt, Germany). The purity of the ligands was checked by alkalimetric titration. It was found to be greater than 99%. Solutions of hydrochloric acid and sodium hydroxide were obtained by dilution of Fluka (Fluka/Honeywell, Charlotte, North Carolina, US) ampoules and afterward they were standardized with sodium carbonate (≥99.5%, Sigma-Aldrich/Merck, Darmstadt, Germany) and potassium biphthalate (≥99.5%, Sigma-Aldrich/Merck, Darmstadt, Germany), respectively. Both salts were previously dried in an oven at 110 °C. Solutions of sodium hydroxide were reprepared very frequently and were kept in bottles with soda lime traps. Solutions of sodium chloride were obtained by weighing the corresponding salt (puriss., Sigma-Aldrich/Merck, Darmstadt, Germany), previously dried in an oven at 110 °C. Distilled water (conductivity <0.1 μS cm−1) and grade A glassware were employed for the preparation of all the solutions.
Potentiometric Apparatus and Procedure
Two distinct systems were employed for the potentiometric titrations. In detail, the systems consist in an identical configuration consisting in an automatic dispenser Metrohm Dosino 800, a Metrohm model 809 Titrando potentiometer, and a Metrohm LL-Unitrode WOC combined glass electrode. Each potentiometric system was connected to a PC and the experimental titration data were acquired by the Metrohm TIAMO 2.2 software. It can control several parameters, such as e.m.f. stability, titrant delivery, and data acquisition. Estimated accuracy of this apparatus is ±0.15 mV and ±0.002 ml for e.m.f. and for readings of titrant volume, respectively.
Each titration consists in additions of volumes of NaOH standard to 25 ml of the solution containing Ca2+, ligand, and a supporting electrolyte (NaCl). Experimental details on potentiometric titrations are reported in Table 1. Glass jacket thermostated cells were employed for the measurements performed under different conditions of temperature (15 ≤ t/°C ≤ 37), by bubbling pure N2 in order to avoid CO2 and O2 inside the solutions and under magnetic stirring. For each measurement, an independent titration of HCl with standard NaOH was performed to calculate the standard electrode potential E0 and the pKw value, under the same experimental ionic strength and temperature conditions.
TABLE 1 | Experimental conditions for potentiometric and 1H NMR titrations at I = 0.15 mol L−1 in NaCl.
[image: Table 1]NMR Apparatus and Procedure
The spectrometer employed for the collection of 1H NMR spectra is a Varian 500 F T-NMR. 1,4-Dioxane was used as internal reference (δCHdioxane = 3.70 ppm); the chemical shifts are referred to tetramethylsilane (TMS). All the measurements were carried out in a 9:1 H2O/D2O solution at t = 25 °C. Presaturation technique was employed to suppress the water signal. Experimental details on 1H NMR titrations are reported in Table 1.
Mass Spectrometric Apparatus and Procedure
A water solution of 2 equivalents of each ligand (Cys, PSH, GSH, GSSG) was added dropwise to 1 mmol of CaCl2 dissolved in water with magnetic stirring for 2 h at room temperature. MALDI MS and MS/MS analyses were performed using a 5800 MALDI-TOF-TOF Analyzer (AB SCIEX) in reflection positive ion mode with a mass accuracy of 5 ppm. At least 5000 laser shots were typically accumulated with a laser pulse rate of 400 Hz and 1000 Hz in the MS and MS/MS mode, respectively. MS/MS experiments were performed using ambient air as collision gas with a medium pressure of 10−6 Torr and a collision energy of 1 kV, with a mass accuracy of 20 ppm. After acquisition, spectra were processed using Data Explorer version 4.0. MALDI MS and MS/MS experimental conditions were optimized using sinapinic acid (SA, 5 mg/ml in H2O/CH3CN 40:60, v/v; with 0.1% TFA) as matrix for all ligands. The sample loading was performed by dried droplet method for all ligands, spotting 1 μL of sample/matrix premixed solution (1:5, v/v ratio).
Calculations
Experimental data of potentiometric titrations were processed using BSTAC and STACO programs. They allow for obtaining the best speciation model for each system under study, the formation constant values of the species, and the parameters of a titration (standard potential E0, analytical concentration of the reagents, and junction potential). The parameters for the dependence of complex formation constants on temperature were obtained by LIANA program. More details on software employed in the refinement of the experimental data are reported in De Stefano et al. (1997). For 1H-NMR titrations, HypNMR software was employed to obtain protonation and formation constant values, as well as the individual chemical shift of each species, using the observed signals and assuming fast mutual exchange in the NMR time scale (Frassineti et al., 1995). HySS program was used to obtain the speciation diagrams and the formation percentages of the complex species (Alderighi et al., 1999).
RESULTS AND DISCUSSION
In the calculations, protonation constants of ligands understudy (Cardiano et al., 2008; Crea et al., 2008; Cardiano et al., 2013) and hydrolytic constant of Ca2+ were taken into account. They are reported in Supplementary Tables S1 and S2.
Potentiometric measurements were carried out under different conditions of temperature and metal-ligand ratios, to choose the most appropriate speciation model and to be able to refine the formation constants of the species in solution. The formation constants of Ca2+(M)-ligand(L) species are expressed as overall formation constants (β) and stepwise formation constants (K). The reactions are the following (charges are omitted for simplicity):
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Within the speciation studies, the most reliable model for a metal-ligand system is chosen by taking into account several factors, such as the simplicity of the model itself, the statistical parameters (standard and mean deviation on the fit), the variance ratio between the chosen model and others, and the formation percentages of the formed species (Filella, 2005).
Speciation Profiles and Aqueous Behavior
Formation constant values of Ca2+-Cys, PSH, GSH, GSSG species obtained via potentiometric measurements at different temperatures and I = 0.15 mol L−1 were reported in Table 2. The speciation pattern for all the systems includes only 1:1 M:L species. Cys, PSH, and GSH show a very similar behavior with the same speciation model including only two significant species, namely, MLH2 and MLH. For all three systems, the stability of complex species in terms of stepwise formation constants is between a minimum of 1.57 (MLH species for Ca2+-GSH system, t = 25 °C) and a maximum of 3.66 (MLH2 species for Ca2+-PSH system, t = 37 °C). In Figure 2A the speciation diagram of Ca2+-Cys species is depicted at I = 0.15 mol L−1 and t = 15, 37 °C. Under physiological conditions (t = 37 °C, I = 0.15 mol L−1), MLH2 species is formed in the range 2 ≤ pH ≤ 9 and reaches a metal fraction of 0.4 in the range 3 ≤ pH ≤ 7. The main complex species in the range 8 ≤ pH ≤ 10 is MLH with a maximum metal fraction corresponding to 0.3 at pH = 9.5.
TABLE 2 | Formation constants of Ca2+-Cys, PSH, GSG, GSSG species at different temperatures at I = 0.15 mol L−1 in NaCl.
[image: Table 2][image: Figure 2]FIGURE 2 | Speciation diagrams of Ca2+-ligand (L) systems at t = 15 °C (dotted lines) and t = 37 °C (solid lines), CM = 2 mmol L−1, CL = 4 mmol L−1, I = 0.15 mol L−1 in NaCl (A) L = Cys(B) L = PSH(C) L = GSH(D) L = GSSG.
Formation constants of Ca2+-PSH species are quite higher with respect to Ca2+-Cys ones. For example, stepwise formation constant values at t = 37 °C resulted between 3.58 and 3.66. The differences between stepwise formation constants of species formed by PSH and Cys with Ca2+, under physiological conditions, are ΔlogK = 1.3 for both MLH2 and MLH. The speciation diagram, represented in Figure 2B, refers to Ca2+-PSH system, under physiological conditions. MLH2 species is formed in the wide interval 2 ≤ pH ≤ 8, reaching a maximum metal fraction of 0.4; MLH species is present in the range 8 ≤ pH ≤ 10 with a lower metal fraction (0.2).
For Ca2+-GSH system, stepwise formation constant values at t = 37 °C are equal to 2.41 for both species. The differences between formation constants of Ca2+-PSH and -GSH species, under physiological conditions are ΔlogK = 1.2 for both. The speciation diagram, depicted in Figure 2C, refers to Ca2+-GSH system, under physiological conditions. It shows that MLH2 is the main complex species in the wide interval 2 ≤ pH ≤ 9, with a maximum metal fraction of 0.4, and MLH predominates in the range 8.5 ≤ pH ≤ 10, with a metal fraction of 0.3.
A separate discussion must be made for the system containing GSSG. As expected from the presence of the numerous protonable groups on molecule, the speciation model is very rich in complex species, namely, MLH5, MLH4, MLH3, MLH2, and MLH. Their stability is comparable to the values found for the other ligands already discussed. As an example, at t = 37 °C and I = 0.15 mol L−1, logK values, referring to stepwise formation constants, range between 2.27 and 3.56 for the five species. Speciation profile for Ca2+-GSSG system is represented in Figure 2D. Under physiological conditions, the less significant species is MLH one, while the most significant species is MLH2, which predominates in the pH range between 4.5 and 9 reaching metal fraction of 0.6. The most protonated species, MLH5, MLH4, and MLH3, predominant at pH < 4.5, reach maximum metal fractions equal to 0.65, 0.3, and 0.45, respectively. MLH species is significant only at pH > 9, with a metal fraction of 0.2.
1H NMR Spectroscopy
The interaction of ligands of biological interest with metal cations in aqueous solution had been already studied by our research group with several spectroscopic techniques, such as 1H NMR (Cardiano et al., 2008; Cardiano et al., 2011; Cardiano et al., 2013; Cardiano et al., 2016), UV-Vis (Falcone et al., 2011; De Stefano et al., 2014), Mössbauer (Cardiano et al., 2006), and Raman (Cassone et al., 2019). In the literature, there are some recent papers that report 1H NMR investigations on GSSH and PSH with metal cations other than Ca2+ (Sisombath et al., 2014; Kretzschmar et al., 2020). More in detail, Sisombath et al. report a complexation study on Pb2+ with PSH by 1H NMR analysis, in D2O solutions at pH = 9.6, at various M:L molar ratios. The data here reported are comparable with that reference and specifically it is possible to underline the same trend relative to the significant chemical shift of CH-2 (Δδ = 0.6 ppm) and of only one of the two -CH3.
In this paper 1H NMR spectra of Ca2+-Cys species, reported in Figure 3 at different pH values and t = 25 °C, show a chemical shift of the signals related to the proton in 2 and to the two protons in 3, indicated as H-2, Ha-3, and Hb-3, respectively for Cys. At pH < 8 there is a triplet for H-2 and a double doublet (dd) for Ha-3 and Hb-3. At pH > 8, the complexity of the signals increases wherein a multiplet for H-2, a dd for Ha-3, and a dd for Hb-3 are shown. The chemical shift of the H-2 proton to the increase of pH is approximately 0.8 ppm upfield due to the increase in the negative charge for the deprotonation of the carboxyl group and subsequently of the thiol group. A similar trend is evident for protons in 3; in this case the chemical shift is about 0.3 ppm. Much more interesting is the splitting of the signals into two different dd, which can be interpreted with greater rigidity of the ligand for the presence of a dianion or for the interaction with the metal cation as well. This AMX system is therefore due to the different magnetic properties of the two protons in 3 and consequent more complex coupling between the three protons H-2, Ha-3, and Hb-3. The interaction with Ca2+ is evident from the comparison with the corresponding chemical shift values of Cys alone, under the same experimental conditions.
[image: Figure 3]FIGURE 3 | 1H NMR spectra on solutions containing Ca2+ (M) and Cys(L) at CM = 7.5 mmol L−1, CL = 10 mmol L−1, t = 25 °C, I = 0.15 mol L−1 in NaCl, 1.94 ≤ pH ≤ 10.46.
1H NMR spectra of Ca2+-PSH, Ca2+-GSH solutions were reported in Supplementary Figures S2-S3. Both ligands evidenced a similar behavior to Cys, as their spectra NMR showed a significant shift in signals at the change of pH. The interaction of each ligand with Ca2+ is highlighted by the comparison with the corresponding chemical shift values of the ligand in the absence of the metal cation under the same experimental conditions. The comparison of the formation constant values obtained via potentiometric and 1H NMR measurements (see Table 3) shows satisfactory correspondence.
TABLE 3 | Comparison between the experimental formation constants of Ca2+− ligand species and protonation constants of GSSG obtained via1H NMR and potentiometry at t = 25 °C and I = 0.15 mol L−1.
[image: Table 3]Here the NMR analysis of the free GSSG ligand at different pH values is reported. 1H NMR spectra of GSSG in 10% D2O/H2O solution show only six signals due to the symmetry to the S-S bond. Table 3 shows the comparison between the protonation constant values obtained by potentiometric and 1H NMR measurements. It was possible to obtain the values relating to the first four protonation constants (LH, LH2, LH3, and LH4), while those relating to the LH5 and LH6 species were kept constant using the values obtained by potentiometry. The agreement among the results obtained by the two different techniques was excellent. 1H NMR spectra registered on Ca2+-GSSG solutions at t = 25 °C and I = 0.15 mol L−1, represented in Figure 4, show substantially the same signal pattern observed in the spectra relating to the solutions containing GSSG ligand (Supplementary Figure S4). In detail, at pH = 2.2 are present amide protons 4 and 13 at δ = 8.5 ppm (2 singlets), proton in 3 at 3.95 ppm (quartet), proton in 11 at δ = 3.85 ppm (multiplet), proton in 14 at δ = 3.22 ppm (multiplet), proton in 2 at δ = 2.93 ppm (dd), proton in 9 at δ = 2.50 ppm (multiplet), and proton in 10 at δ = 2.13 ppm (multiplet).
[image: Figure 4]FIGURE 4 | 1H NMR spectra on solutions containing Ca2+ (M) and GSSG(L) at CM = 8 mmol L−1, CL = 6 mmol L−1, t = 25  °C, I = 0.15 mol L−1 in NaCl, 2.23 ≤ pH ≤ 10.00.
The chemical shift values of the individual species were calculated on the basis of formation percentages of each species in solution. These chemical shifts, reported in Supplementary Table S3, were used to determine the values of the formation constants of the complex species. In Table 3 these formation constant values obtained by 1H NMR titrations were reported, together with potentiometric ones. It is possible to notice a good agreement among the values determined by the two different techniques. For Ca2+-GSSG species only the values referring to MLH2 and MLH species were refined, keeping constant ones obtained by potentiometry related to MLH5, MLH4, and MLH3 species. The speciation model considered for all the systems is also confirmed by the complete overlap of the experimental and calculated chemical shift values shown in Figure 5. It should be noted that, at pH > 8, 1H NMR spectra on the solutions containing ligands in the presence of Ca2+ show significant differences with respect to the corresponding free ligands. At pH > 8, differences of Δδ between 0.05 and 0.10 ppm were calculated on average for all ligands, except for GSSG. From this experimental evidence, it can be assumed that Cys, PSH, GSH, and GSSG could behave as divalent ligands, binding Ca2+ and giving rise to cyclic complexes.
[image: Figure 5]FIGURE 5 | Experimental (O) and calculated (O) chemical shift values (in ppm) vs. pH of (A) CH on Ca2+(M)-Cys(L) solutions, (B) CH3-a on Ca2+(M)-PSH(L) solutions, (C) CysCHα on Ca2+(M)-GSH(L) solutions, (C) CysCHα on Ca2+(M)-GSSG(L) solutions.
MALDI MS and MS/MS
Mass spectrometry combined with soft ionization methods as electrospray ionization (ESI) and matrix assisted laser desorption ionization (MALDI) is currently becoming a strategic approach to clarify structures and coordination sites in compounds where metals are chelated by biological ligands (Cardiano et al., 2009; Furia et al., 2014; Aiello et al., 2017; Aiello et al., 2018a; Chillè et al., 2020). MALDI-TOF/TOF-MS platforms can be used for the highly sensitive analysis of low molecular weight compounds (Aiello et al., 2020a) in complex matrices (Aiello et al., 2018b; Aiello et al., 2020b; Imbrogno et al., 2019; Salvatore et al., 2020). In order to investigate whether calcium binding by Cys, PSH, GSH, and GSSG induces formation of complexes, a water solution of 2 equivalents of each ligand was added dropwise to 1 equivalent of CaCl2 and complex association was analyzed by MALDI MS using sinapinic acid as matrix. Signals corresponding to complex ML with 1:1 stoichiometry are the most intense signals in the spectrum for all investigated systems. The molecular masses derived from these measurements are in good agreement with the calculated mass (within 5 ppm, Table 4). The simplest systems, represented by Ca2+-Cys and Ca2+-PSH, will briefly be discussed. Both ligands hold multiple donor sites that are capable of intramolecular stabilization of the metal-ligand species. The carboxylic acids, bearing donor groups in their α or β positions, generally act as bidentate ligands giving rise to cyclic structures (Aiello et al., 2018a; Falcone et al., 2013). Accordingly, the formation of [MLH]+ species suggests that Cys and PSH act as bidentate ligands giving rise to six-membered cycles (Figure 6). The simplicity of the MS/MS spectra suggests that only few fragmentation pathways are allowed for the decomposition of complexes. MALDI MS/MS spectrum of the system Ca2+-Cys (Figure 6A) reveals that the main fragmentation pathways of the precursor [MLH]+ (m/z 159.97, [CaC3H6NSO2]+) consist in the loss of low molecular species such as NH2 (m/z 144.96 [CaC3H5SO2]+) and CH2NH (m/z 130.95 ([CaC2H3SO2]+). However, some characteristic fragment ions can be found and correlate with the proposed structure. In particular, the formation of the ions of m/z 130.95 ([CaC2H3SO2]+), m/z 118.95 ([CaC2H7SO]+), and m/z 90.95 ([CaH3SO]+) arises from across ring fragmentation of a six-membered structure. Analogously, PSH leads to a cyclic structure ([MLH]+ of m/z 188.01 ([CaC5H10NO2S]+). Several distinguishing ion products were detected in the MS/MS spectra; all the peak assignments are described in Table 4 and Figure 6B. In agreement with the NMR data, it can be reasonably stated that Cys and PSH act as divalent ligands and that they bind the Ca2+ ion through O and S giving rise to six-membered cyclic complexes, as already observed for other ligands containing carboxylic and thiol groups (Cardiano et al., 2009).
TABLE 4 | Mass spectrometry data of Ca2+-L species, reported as m/z values, formula assignments, and MS/MS values for fragment ions.
[image: Table 4][image: Figure 6]FIGURE 6 | MS/MS spectrum of (A)Cys and (B)PSH in the presence of Ca2+.
GSH is a tripeptide bearing two free -COOH groups, a -NH2 group, and a -SH group; it provides a hydrophilic interface and a handle for further reactivity with other functional molecules as well as metal ions. The metal coordination ability of GSH is well documented, highlighting its multichelating nature. The speciation of both reduced and oxidized forms of GSH in MS/MS condition was considered. Information about molecular mass of the Ca2+-GSH as well as Ca2+-GSSG complex is easily obtained using 1:1 Ca2+-GSH molar ratios. The peak at m/z 346.04 corresponds to the ion [MLH]+ in which GSH is deprotonated (i.e., GSH2-) and therefore presumably bound to Ca2+via -COOH and -NH amino groups. The calcium complex of GSH (m/z 346.04 [CaC10H16N3SO6]+) decomposes to give, besides major H2O and CO2 and H2S losses, small abundances of w3b*, a3*, b2*, c2*, b1*, and d2a* calcium containing and z1 non-calcium product ions (Figure 7A). Product ions, which contain the C terminus, are formed by losses of residues comprised of only one amino acid, suggesting that the primary binding site for the Ca2+ is the N terminus of the peptide. The formation of the ion of m/z 125.98 ([C3H4CaNO2]+) and its counterpart m/z 219.05 [C8H13N2O3S]+ indicates that Glu is calcium-binding amino acid. The Ca2+-GSSG (m/z 651.10 [C20H31CaN6O12S2]+) complex decomposes giving a remarkably simple spectrum; it breaks down releasing Glu (m/z 522.06 [CaC15H24N5S2O5]+), Gly (m/z 576.07 [CaC18H26N5S2O10]+), and OH (m/z 635.60 [CaC20H31N6S2O11]+) as neutrals. The further formation of the most informative calcium containing products of m/z 619.76, m/z 346.04, and m/z 379.07 (Figure 7B) is also observed. The breakage of CH2-S and S-S bonds leads to the formation of the ions of m/z 379 and 346, respectively. Thereafter, both calcium containing species decompose giving rise to low intensity ion series. Appearance of small mass calcium containing ions, in MS/MS spectrum of Ca-GSSG peptide complex, is additional evidence that calcium binding is via N terminus of the peptide. Therefore, GSSG involves calcium in an “open” type complex, in which the metal ion is not coordinated from both glutamic acids, assuming a behavior like a simple amino acid. Finally, the simplicity of MS/MS spectra indicates that the binding of Ca2+ ions to GSH and GSSG is to the deprotonated glutamyl carboxylic residue and to the NH amino function. Ca2+-peptide complexes undergo fragmentations that are determined by the location of the Ca binding site.
[image: Figure 7]FIGURE 7 | MS/MS spectrum of (A)GSH and (B)GSSG in the presence of Ca2+.
Speciation in Biological Fluids
In order to evaluate the relevance of the systems under study under real conditions, two biological fluids were considered. The first application consists in the evaluation of formation percentages of Ca2+ complex species, by considering plasma concentration, temperature, and ionic strength conditions (t = 37 °C, I = 0.15 mol L−1, CCa = 2.5 mmol L−1, CCys = 0.01 mmol L−1; CGSH = 5.5 μmol L−1, CGSSG = 0.5 μmol L−1, CCl = 0.1037 mol L−1, CSO4 = 0.49 mmol L−1, CCO3 = 24.9 mmol L−1, CPO4 = 1.6 mmol L−1) (Lentner, 1983). In these conditions, at pH = 7.4 the main species is CaPO4, with a percentage of 60.9%. The most important species among ones under study are CaCysH2 and CaCysH, although their sum just reaches 10.3%, as shown in Figure 8A.
[image: Figure 8]FIGURE 8 | Ca-Cys, GSH, GSSG species in biological fluids at t = 37 °C, I = 0.15 mol L−1. (A) Plasma conditions (pH = 7.4); (B) lens water conditions (pH = 7.2); (C) lens cataractous water conditions (pH = 7.2).
The second application is based on lens aqueous solution. In the human eye the aqueous humor is located between the lens and the cornea. It is a gelatinous fluid where antioxidants, such as GSH and Cys, were investigated widely, since they serve as markers for eye diseases and infections. In the lens, the antioxidant GSH and ascorbic acid have unusually high concentration (Pescosolido et al., 2016). The functions performed by GSH with ascorbic acid in the lens are manifold. Among them, very important is the protection of protein thiol groups against oxidation agents and the detoxification of hydrophobic species in reactions catalyzed by glutathione S-transferase enzymes. In cataractous lens as well as in the aging lens, calcium concentration increases, and destruction of ascorbic acid and reduction of GSH content also occur (Chandorkar et al., 1980; Pescosolido et al., 2016). Accordingly, two different simulations were performed considering the composition of electrolyte and biological ligands in normal and in cataractous lens water. The obtained results are very different. Figure 8B represents the pie plot of Ca2+ complex species at pH = 7.2, by considering normal lens water concentrations (CCa = 0.01 mmol L−1, CCys = 0.0143 mmol L−1; CGSH = 3.28 mmol L−1, CGSSG = 0.095 mmol L−1, CCl = 0.79 mmol L−1, CAscorbic Acid = 1 mmol L−1) (Chandorkar et al., 1980; Königsberger et al., 2015). In this case, among species formed by Ca2+-ligands under study, those containing GSH form with higher percentages with a sum of 44.4%. The results significantly change by considering concentrations in cataractous lens water. Several studies reported that the level of reduced GSH in the lens decreases with the development of cataract (Kisic et al., 2012; Pescosolido et al., 2016). In this way over the years, GSH content reduces up to 73%, and GSSG content levels increase up to 18% (Pescosolido et al., 2016). Accordingly, the pie plot at pH = 7.2, under cataractous lens water conditions, was depicted in Figure 8C (CCa = 0.12 mmol L−1, CCys = 0.0143 mmol L−1; CGSH = 0.9 mmol L−1, CGSSG = 0.11 mmol L−1, CCl = 0.43 mmol L−1) (Chandorkar et al., 1980; Kisic et al., 2012; Königsberger et al., 2015; Pescosolido et al., 2016). In this case, percentage of CaGSHH2 species drastically decreases while remaining significant (from 41.9 to 18%); CaGSSGH2 increases slightly while resulting in an irrelevant species. These simulations confirm the need of knowledge of reliable formation constants at different conditions to predict the relevance of the species in real systems.
Dependence of Formation Constants on the Temperature
Formation constant values of the complex species reported in Table 2, obtained by potentiometric measurements at t = 15, 25, 37 °C, were analyzed for the determination of the formation enthalpy changes of the species, via the van't Hoff equation, already employed for several other systems (Cardiano et al., 2019; Cordaro et al., 2019; Foti and Giuffre, 2020; Giuffrè et al., 2019; Giuffrè et al., 2020):
[image: image]
where logβT is the formation constant at a specific ionic strength and temperature (expressed in Kelvin), logβθ is the formation constant at T = 298.15 K, and ΔH0 is the formation enthalpy change at T = 298.15 K in kJ mol−1, R = 8.314,472 J K−1 mol−1.
The values of formation enthalpy changes of all the species of Ca2+-Cys, -PSH, -GSH, and -GSSG systems are collected in Table 5, together with entropy and free energy values. They are also shown as bar plot in Figure 9, to better highlight the contribution to the formation free energy of the enthalpy and entropy thermodynamic parameters. Since the interactions between Ca2+ and the ligands understudy are mainly of electrostatic nature, it is expected that the entropic term gives the highest contribution to the free energy change, due to the orientation disorder given by the solvation water molecules. This was found for most species (except for MLH one formed by the interaction with Cys ligand, MLH2, and MLH ones containing GSSG ligand).
TABLE 5 | Thermodynamic formation parameters of Ca2+-Cys, -PSH, -GSH, -GSSG species at t = 25 °C, I = 0.15 mol L−1 in NaCl.
[image: Table 5][image: Figure 9]FIGURE 9 | Bar plot of ΔG, ΔH, and TΔS referring to Ca2+-Cys(A), Ca2+-PSH(B), Ca2+-GSH(C), and Ca2+-GSSG(D) species at t = 25 °C, I = 0.15 mol L−1 in NaCl, according to overall formation reaction.
Sequestering Ability
The sequestering capacity represents the tendency, in solution, of a ligand to complex metal cation forming metal-ligand species, which allow for reducing the concentration of the free metal cation in solution. The stability of the complex species formed in solution influences the concentration of the free metal ion. The higher the stability of the formed species, the lower the concentration of the free cation. Considering the whole pH range, different metal-ligand species are formed in solution; each of them contributes to the sequestration of the metal cation. In order to describe the sequestering capacity of a given ligand with respect to a metal cation, it is not enough to know the formation constant values and the formation percentages of the different metal-ligand species. It is necessary to consider that different metal-ligand systems, having formation constants different from each other, can show the same formation percentages at a given pH and vice versa. Furthermore, all the equilibria in which the ligand and the metal ion under study take part must be considered, namely, ligand protonation, metal ion hydrolysis reactions, and weak interactions with the background salt. For these reasons, an empirical parameter, pL0.5, was proposed, which represents the cologarithm of the ligand concentration necessary to sequester 50% of the metal cation present in traces. The traces are precisely the concentration conditions with which many metal cations are present in natural fluids. To evaluate for quantitative purposes the sequestering capacity of a ligand with respect to a metal cation, the following Boltzmann-type equation with asymptotes 0 for pL→ 0 and 1 for pL→∞ was used (Gianguzza et al., 2012; Falcone et al., 2013; De Stefano et al., 2016):
[image: image]
where χ is the sum of the molar fractions of the metal-ligand species and pL is the cologarithm of the total ligand concentration. This parameter depends on system conditions, such as temperature, pH, and ionic strength.
In order to evaluate the sequestering capacity of Cys, PSH, GSH, and GSSG ligands toward Ca2+, pL0.5 values at different pH and temperatures were calculated. The results obtained are reported in Supplementary Table S5. Figure 10 illustrates the sequestering capacity of Cys, PSH, GSH, and GSSG ligands toward Ca2+ under physiological conditions (pH = 7.4, t = 37 °C, I = 0.15 mol L−1). As can be seen, the sequestering capacities of the ligands toward Ca2+ under physiological conditions follow the order:
[image: image]
[image: Figure 10]FIGURE 10 | Comparison of sequestering ability of Cys, PSH, GSH, and GSSG toward Ca2+ under physiological conditions (pH = 7.4, t = 37 °C, I = 0.15 mol L−1).
By comparing these data with those relating to the stepwise formation constants of Ca2+-ligand species, obtained by potentiometric measurements under physiological conditions, it is possible to find a different order of stability for the MLH2 species:
[image: image]
and a further different order for the MLH species:
[image: image]
This underlines the importance of calculating the sequestering ability that, taking into account all the interactions, can be different with respect to the order of stability assessed for a single species and reveal the “real” trend of the ligands.
Literature Comparisons
In literature databases there are few thermodynamic data on interactions of ligands under study with Ca2+ (Martell et al., 2004; May and Murray, 2001; Pettit and Powell, 2001). As regards Ca2+-Cys system, a paper reports at t = 25 °C and I = 0.1 mol L−1 logβ = 1.92 for ML species and several ternary species with other ligands (Ramamoorthy and Manning, 1975). This only value cannot be compared with the results with this paper, since the speciation model is totally different. In the case of Ca2+-GSH system, a speciation model at t = 37 °C and I = 0.15 mol L−1 with four species, namely, MLH2, MLH, ML, and MLOH, with logβ = 20.68, 12.89, 3.84, -6.46, respectively, is reported (Touche and Williams, 1976). These values can be compared with ours, as regards the common species, i.e., MLH2 and MLH, in the same experimental conditions (logβ = 20.14, 11.66, respectively). The significant differences probably can be attributed to the different speciation model considered. In a paper of Singh, where formation constant values of GSH with several metal cations, namely, Ca2+, Mg2+, Cu2+, Pb2+, Ni2+, Zn2+, Co2+, Cd2+, and Mn2+, are reported, only one formation constant value referred to ML species was obtained for each system, including one containing Ca2+ (Singh et al., 2001). For this reason, this formation constant value cannot be compared with results here reported.
In a more recent paper, a fairly similar speciation model with three species was found, namely, MLH2, MLH, and ML, where logβ = 19.27, 11.08, 1.60, respectively (t = 25 °C, I = 0.15 mol L−1) (Cigala et al., 2012). In this paper, the values obtained under the same conditions for MLH2 and ML species are logβ = 20.39, 11.53, respectively. The agreement in this case, mainly for MLH species, is quite satisfactory.
CONCLUSION
The main purpose of this study was obtaining consistent speciation models and reliable thermodynamic data referring to Ca2+-bioligands systems, based on the results gained via different analytical techniques. Speciation models and stability formation constants obtained by potentiometry were confirmed by 1H NMR spectroscopy. Indeed, the comparative analysis of the chemical shift values of the studied bioligands allows for reasonably affirming that all of them act as chelating agents of Ca2+. MALDI MS confirmed the formation of complexes and MS/MS experiments and, moreover, indicated different complexing behaviors of the ligands toward Ca2+. The results suggest that Cys and PSH act as bidentate ligands giving rise to six-membered cycles via O and S; GSH and GSSG bind to Ca2+ ion via O and N. By potentiometry, formation constant values under different temperatures were evaluated. In this way were also obtained TΔS and ΔH values, necessary to calculate formation constants at different temperatures. The sequestering ability of Cys, PSH, GSH, and GSSG toward Ca2+ was evaluated under different pH and temperature conditions, with particular attention to those simulating biological fluids, evidencing an interesting trend.
Finally, obtained stability data were crucial to gain simulations under biological fluid conditions, as blood and lens water, and pointed out the importance of reliable thermodynamic data for simulations useful for applications to real systems, characterized by variable composition and pH.
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A novel flow injection microfluidic immunoassay system for continuous monitoring of saxitoxin, a lethal biotoxin, in seawater samples is presented in this article. The system consists of a preimmobilized G protein immunoaffinity column connected in line with a lab-on-chip setup. The detection of saxitoxin in seawater was carried out in two steps: an offline incubation step (competition reaction) performed between the analyte of interest (saxitoxin or Ag, as standard or seawater sample) and a tracer (an enzyme-conjugated antigen or Ag*) toward a specific polyclonal antibody. Then, the mixture was injected through a “loop” of a few μL using a six-way injection valve into a bioreactor, in line with the valve. The bioreactor consisted of a small glass column, manually filled with resin upon which G protein has been immobilized. When the mixture flowed through the bioreactor, all the antibody-antigen complex, formed during the competition step, is retained by the G protein. The tracer molecules that do not interact with the capture antibody and protein G are eluted out of the column, collected, and mixed with an enzymatic substrate directly within the microfluidic chip, via the use of two peristaltic pumps. When Ag* was present, a color change (absorbance variation, ΔAbs) of the solution is detected at a fixed wavelength (655 nm) by an optical chip docking system and registered by a computer. The amount of saxitoxin, present in the sample (or standard), that generates the variation of the intensity of the color, will be directly proportional to the concentration of the analyte in the analyzed solution. Indeed, the absorbance response increased proportionally to the enzymatic product and to the concentration of saxitoxin in the range of 3.5 × 10–7–2 × 10–5 ng ml−1 with a detection limit of 1 × 10–7 ng ml−1 (RSD% 15, S N−1 equal to 3). The immunoanalytical system has been characterized, optimized, and tested with seawater samples. This analytical approach, combined with the transportable and small-sized instrumentation, allows for easy in situ monitoring of marine water contaminations.
Keywords: FI-IA, algal toxins, saxitoxin, immunoanalytical system, microchip flow-chamber system
INTRODUCTION
The development of rapid and sensitive analytical methods for the determination of trace analytes in liquid samples is an important goal to be achieved in analytical chemistry. In the last decade, the demand for continuous monitoring systems has increased in clinical, pharmaceutical, and environmental chemistry, thus favoring an ever-greater development of high throughput in flow systems (Fintschenko and Wilson, 1998; Ishimatsu et al., 2020). Flow analysis methods have been widespread in the field of chemical analysis since the middle of the last century when Růžička and Hansen first introduced the term “Flow Injection Analysis (FIA)” (1975) (Růžička and Hansen, 1975). This is considered the cornerstone of a new paradigm in analytical chemistry (McKelvie, 2008). These publications gave rise to FIA and with it to an entire field of research that, over the following 3 decades, has involved thousands of researchers, which to date has resulted in more than 16,000 publications in the scientific literature (McKelvie, 2008; Rocha and Zagatto, 2020). This technique is generally based on straightforward and cost-effective manifolds with the possibility of being adapted to distinct analytical requests (Passos et al., 2015). Flow injection immunoassays (FI-IA), combining FIA technique with immunoassay (IA), provide specific detection and allow rapid and reliable determination. Immunological methods, which are based on the specific interaction between the antibody and antigen, exhibit some significant advantages over classical flow injection techniques such as simple layout, inexpensiveness, and, most importantly, sensitivity and specificity. The merits of the two methods are exploited simultaneously. The aforementioned system fits well with applications in the determination of different analytes in real samples. Pesticides (Krämer and Schmid, 1991), food (Waseem et al., 2013), tumor markers determination (Wu et al., 2006; Zhang et al., 2013), control of microbial growth (Wang et al., 2012), monitoring of chemicals in wastewater (Shi et al., 2018), and evaluation of harmful algal blooms in seawater samples (Shitanda et al., 2009) are among the most important and worthy of these applications. Algal toxins are harmful organic molecules released by naturally decaying or degrading unicellular algae (algal toxins are primarily produced in detrimental concentrations during harmful algal bloom) (Vilariño et al., 2013). This overcrowding can give rise to a phenomenon of accumulation in seawater animals (mollusks, shellfish, and fishes), causing intoxication along the entire food chain that involves cetaceans, birds, other mammals, and finally humans. Over the past few years, many different analytical approaches have been explored in the area of algal toxin detection from environmental samples, including liquid chromatography coupled with mass-spectroscopy (LC-MS) (Vilariño et al., 2013), high-performance liquid chromatography (HPLC) (Van Egmond et al., 1994), enzyme-linked immunosorbent assay (ELISA) (Micheli et al., 2002; Yu et al., 2002; Petropoulos et al., 2019), and electrochemical biosensors (Zhang et al., 2018). Most of the research has been focused on the saxitoxin (STX) and STX-related compounds, as they are found to be more common in neurotoxic paralytic shellfish toxins (PSTs) (Deeds et al., 2008). These PSTs represent a group of naturally occurring neurotoxic alkaloids. STX is the most researched PST to date, and since its discovery in 1957, 57 analogues have been described. Intoxication with PSTs may result in a serious and occasionally fatal illness known as paralytic shellfish poisoning (PSP) (Anderson et al., 1996; Falconer, 1993; Garcı́a et al., 2004): this illness manifests itself when PSTs reversibly bind voltage-gated Na+ channels in an equimolar ratio. This is mediated by the interaction among different functional groups: the positively charged guanidinium groups of STX interact with negatively charged carboxyl groups of the Na+ channel, thereby blocking the pore. The threat of PSP is not only a major cause of concern for public health but also deleterious to the economy. Outbreaks of PSTs often result in the death of marine life and livestock and the closure of contaminated fisheries. Moreover, the frequent disbursement required for running monitoring programs, together with the aforementioned critical issues, presents a major economic burden around the world (Guy and Griffin, 2009; Ferrão-Filho Ada and Kozlowsky-Suzuki, 2011). The officially prescribed and validated methods for STX detection in the European Union were the mouse bioassay (MBA), based on the injection of 1 ml test solution in live mouse and observing the time from injection to death (with a limit of detection ca. 40 mg STX eq/100 g shellfish) (Cusick and Sayler, 2013), and the Association of Official Analytical Chemists (AOAC) official method 2005.06 (Lawrence method) with a precolumn derivatization and fluorescence detection (LC-FLD) (He et al., 2005). The liquid chromatography postcolumn oxidation (PCOX) method was acknowledged by AOAC in 2011 as the official method. The Interstate Shellfish Sanitation Conference (ISSC, United States) certified two commercially available immunological methods-based products, namely, Abraxis ELISAs and Scotia LFAs as “Approved Limited Use Method for Marine Biotoxin” (Li and Persson, 2021). For drinking water, the American EPA listed Enzyme-Linked Immunosorbent Assays (ELISA) together with LC-MS for PST detection [United States Environmental Protection Agency (EPA), 2019]. In parallel, four immunological categories (immunoassay, immunosensor, lateral flow immunoassay, and radioimmunoassay) were developed for the detection of algal toxins in shellfish and water. These methods for PSTs are suitable for field testing because the extraction and detection are simple. They are also quick to perform and of relatively low cost per sample, need minimal equipment, and are relatively simple and sensitive. They are used widely in the food industry in a variety of countries, with rapid results enabling real-time decisions on the fate of harvested shellfish products (Anfossi et al., 2018; European Food Safety Authority (EFSA), 2009; Micheli et al., 2002). Recently, several interesting overviews about analytical methods developed for the detection of algal toxins are published with a comparison of the advantages and the limits. The conclusions of these overviews are important for developing fast screening methods that should be combined with highly sensitive and accurate analytical methods such as liquid chromatography/liquid chromatograph-mass spectrometry (LC/LC-MS) for confirming the results. LC/LC-MS is able to separate and detect all major PSTs in ranges between 14.95 and 299 and 1.5–8.97 ng L−1 (Dell’Aversano et al., 2005; Botana et al., 2013). Further developments of this technique have enabled detection limits in concentration ranges of 1.5–14.95 and 7.48–59.80 ng L−1, with excellent linearity; however, this technique was not applicable out of the laboratory (Halme et al., 2012; Cusick and Sayler, 2013). Tian et al. (2020) reported an overall vision about the recent progress of optical and electrochemical biosensors developed for the detection of shellfish toxins in food and drinking water, showing the advantages of the strategy, analyte, sensing unit, method, and property for their future application in field fast screening (Tian et al., 2020). For a prompt response to potential pollution of seawater, limited poor information is present about continuous monitoring of the health of seawater in terms of the presence of PSTs, in particular STX (Pöhlmann and Elßner, 2020). Innovative methods in aquatic toxins detection are mainly focused on the production of rapid, easy-to-use, and highly sensitive multianalyte detection for on-site detection of the dangerous agent (Campbell et al., 2011; Stroka, 2011). An easy-to-perform, high-throughput assay would be a highly valuable tool considering the increase in the number of samples to be processed by routine testing laboratories. In this article, we aim at demonstrating the applicability of the FI-IA technique connected to a microfluidic system to the determination of STX in seawater samples. This kind of microfluidic systems avoids using high volumes of samples and reagents. This allows decreasing the cost of chemical analysis and reducing wastes. Moreover, injecting the analyte directly in an enclosed environment averts interaction between analyte and external interferents, giving more reliable results and decreasing analytes loss. Lastly, the sample travels throughout the system in a short time range, thus giving high performance and reproducibility. The proposed FI-IA system consists of a bioreactor in line with a lab-on-chip (LOC) microfluidic system for reagents mixing and colorimetric detection (Figure 1 and Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Scheme of FI-IA approach where the bioreactor is in line with the lab-on-chip cartridge and connected to a laptop. In particluar, 1b: (A) offline incubation between STX, HRP-STX, and PAb; (B) injection of the mixture in the FI-IA system.
This monitoring tool allows a detection limit (LOD) for STX as low as 1 × 10–4 ng L−1, with a working range equal to 3.5 × 10–4–2 × 10–2 ng L−1 in seawater samples with a column shelf life of 38 sequential measurements directly in situ. The main feature of this system, as well as its greatest advantage, is the application of a small volume sample (25 µL loop), allowing for small consumption of reagents and reducing waste. The preliminary study, presented here, illustrates its potential of being used as a field-deployable portable analytical device able to work in situ and with continuous water samples without any treatment of the sample compared with the chromatographic and immunological methods reported previously. The high sensitivity, low detection limit, and short time of analysis make the proposed system suitable for field assays in which the speed of analysis is one of the most important parameters.
MATERIALS AND METHODS
Chemicals and Bioreagents
Saxitoxin (STX) 100 g L−1, horseradish peroxidase (HRP) 150 U mg−1, 3,3′,5,5′-tetramethylbenzidine (TMB, enzymatic substrate ready to use), and G protein immobilized on 4% agarose were purchased from Sigma-Aldrich (United States). Polyclonal antibodies anti-STX (PAb) AS111663 was purchased from Agrisera Antibodies (LiStarFish, IT). Sodium azide (NaN3), sodium phosphate (NaH2PO4), sodium carbonate (Na2CO3), sodium acetate (C2H3NaO2), and Patent Blue V (E131) were purchased from Sigma-Aldrich, United States. Buffer solutions used are 20 mM phosphate buffer solution, pH 7.4; 200 mM sodium carbonate buffer solution, pH 9.6; 1 mM acetate buffer solution, pH 4.4. All reagents are of analytical grade unless otherwise stated.
Lab-on-Chip Components
The microfluidic chip (PMMA) was fabricated at the Measurement Technology Unit, CEMIS-Oulu (University of Oulu, Finland) using the Arduino Nano Board (Arduino, IT) and spectrophotometric detector compatible with Arduino Board (Arduino, IT). The PMMA microfluidic chip was fabricated using a CO2 laser to carve PMMA (black and transparent) and bonded together by double-sided medical grade adhesive tape, 100 um thick. The channels were cut out of the adhesive tape and therefore had a defined depth; that is, they were 100 um deep. Herringbone structure was carved for an additional 100 um into the PMMA, yielding a maximum depth of 200 um.
Flow Injection Immunoassays System’s Components
The FI-IA system (Supplementary Figure S1) consists of a 25 µL loop (made in-house) and Rheodyne® Model 7125 syringe loading injector (United States), Glass Omnifit® column (length: 2.5 cm; seating capacity: 0.35 ml), and PTFE Frits (pores’ diameter: 25 µm) purchased from Omnifit® (Rockville Center, NY, United States). Gilson Minipuls® 3 pumps (model M312, Gilson, United States), four-way peristaltic pumps and their tubes (PVC pipes compatible with Gilson Minipuls®3), PVC pipes compatible with Gilson Minipuls® 3 (model: F117934, ø = 0.51 mm), PVC pipes compatible with Gilson Minipuls® 3 (model: F117936, ø = 0.76 mm), and PVC pipes compatible with Gilson Minipuls®3 (model: F117938, ø = 1.02 mm) were purchased from Gilson® (France). The column is packed with G protein immobilized on agarose beads (Sigma-Aldrich, United States).
Principle of Methods
The proposed FI-IA method (Figure 1) for STX quantification consists of an offline incubation of the sample containing STX (Ag) with fixed amounts of anti-STX antibody (Ab) and STX labeled with peroxidase (Ag*); in this mixture, a competition between Ag and Ag* for the binding sites of Ab occurs. After this step, the mixture is injected into a flow system where the separation of free Ag* and the antibody-bound tracer (Ab-Ag*) is performed in a column with the coated G protein. The competition mixture is injected through a six-way injection valve, the same type as those used in chromatography, equipped with a fixed volume loop (25 µL). The column is placed in line with the injection system. The microfluidic system is equipped with two inlet channels, the first one for the solution leaving the bioreactor and the second one for the enzymatic substrate, and a single outlet channel for the enzymatic product. In the proposed system, two microfluidic mixers are present where the solution, eluted by the bioreactor and containing the Ag*, mixes with the enzymatic substrate TMB. After the mixing zone, there is a serpentine incubation channel where TMB is oxidized by the enzymatic reaction. The formed enzymatic product is continuously read through the microchip optically clear channel, by a fixed wavelength filter (655 nm), present in the housing of the microfluidic system, to which a laptop is connected for online absorbance acquisition.
Proposed System
The complete microfluidic system consists of two peristaltic pumps, a 25 µL loop circuit, which includes a six-way injection valve, a bioreactor, an Arduino Nano Board, and a spectrophotometric detector compatible with the latter, and a microfluidic chip. Each inlet and outlet is linked using PVC tubes and the detector system is connected to a notebook. The microfluidic chip (Figure 2A) consists of four polymethacrylate (PMMA) surfaces (Figures 2A,a,b): the external plates are transparent and 0.25 cm thick, whereas the internal ones are black, opaque, and 0.5 cm thick (1.5 cm full-thickness). The microfluidic path (Figures 2A,c) is engraved by laser: it consists of a Y channel that connects the two inlets (one for the TMB-enzymatic substrate and the other for the analytes eluted from the bioreactor) and mixes the two entering flows by diffusion; a herringbone mixer that mixes the running solution further by mechanically imposing a “turbulent” flow regime; a coil path (which restores the laminar flow regime); the 1 cm long optical detection chamber (Figures 2A,c). The latter is then linked directly to the outlet. The microfluidic path has a depth of 100 µm, except for the herringbone mixer that has 100 µm depth and alternate 200 µm drops. Chip, detector, and valve are located in a 3D printed Acrylonitrile Butadiene Styrene (ABS) housing (Figure 2B).
[image: Figure 2]FIGURE 2 | Schematization of the microfluidic lab-on-chip system: (A) microfluidic bioreactor and components; (B) microfluidic chip detector housing (LED 655 nm and photodiode). In particular, in (A): (a) i) outlet; ii) substrate inlet; iii) sample inlet; (b) lab-on-chip components: i) top plate, ii) black PMMA herringbone etched plate, iii) microfluidic channels, and iv) clear bottom plate; (c) microfluidic mixing chamber, reaction channel, and optical paths.
Procedures for the Preparation for the Conjugation of STX With HRP
STX was conjugated to horseradish peroxidase (HRP) via the periodate reaction (Micheli et al., 2002). The STX-HRP concentration was evaluated using the Pierce Bicinchoninic Acid Assay, where bovine serum albumin (BSA) was used as a reference protein. The assay was performed on flat-bottom 96-well plate MaxiSorp (NUNC, Roskilde, Denmark) by adding 5 µL of BSA dilutions to 150 µL of BCA reagents to the well plate; following this step, 5 µL of sample was added to 150 µL BCA reagents, and then the whole plate was incubated for 30 min at 37°C and read spectrophotometrically at 570 nm in triplicate. The assay showed a conjugated STX-HRP concentration of 80 µg ml−1 of protein. The residual activity was defined by following the ABTS [2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) Sigma-Aldrich, United States] protocol adding 1 mM H2O2 and 14.6 mM ABTS on phosphate buffer 50 mM; the subsequent spectrophotometric measure at 403 nm showed a residual activity of 1.73 U mL−1 against 5.02 U mL−1 of native protein.
Bioreactor Column
The bioreactor consists of a borosilicate glass chromatography column (25 mm length, 0.35 ml bed volume) filled with G protein (immobilized onto 4% agarose bead, with a dynamic binding capacity of 20 mg human IgG mL−1), housing made.
Preparation of the Bioreactor and Its Storage
Column Packing
Omnifit® chromatographic column (see FI-IA System’s Components), applied in the FI-IA system, is packed by means of 40 mg of agarose particles activated by G protein and solubilized in 20 mM phosphate buffer, pH 7.4. The buffer solution is kept flowing for 1 h to make sure the column packing is as homogeneous as possible and stored at 4°C after the addition of 30 mM NaN3 prepared in phosphate buffer. Before using the bioreactor, it was washed with phosphate buffer for 15 min in order to remove all NaN3 present.
Column Preservation
When the analysis was over, packed chromatographic column is cleaned up with a solution of 30 mM of NaN3 in 10 ml of 20 mM phosphate buffer, pH 7.4, and then preserved at 4°C. This is done in order to avoid mold development or bacterial attacks.
Preparation of the FI-IA Microfluidic Tool
The system is assembled by connecting with its components (two peristaltic pumps, the “housing” part containing the detector and the injection valve, the bioreactor, and the microfluidic system). After the full system is assembled, the carrier buffer solution is left to flow for 60 min before starting the measurements. This is necessary to fill the whole system and eliminate any air bubbles trapped inside.
Sample Injection
A 200 µL of the solution, containing the sample and the immunoreagent (Ab and Ag*), is injected into the system using a microsyringe; in this way, the loop (25 µL) is being loaded with the sample solution. Then, 20 mM phosphate buffer solution, pH 7.4, as a carrier, is fluxed at 0.1 ml min−1, using the peristaltic pump, dragging the mixture through the column. As soon as the whole sample is injected, the loop is opened and kept that way for 4 min, thus beginning the analysis. The peristaltic pump, set to maximum flow speed, carries the immunocomplex and the other bioreagents through the bioreactor. Thus, all the volume flows through the column and gets to the microfluidic system, in which it gets mixed with the enzymatic substrate (TMB) and gets detected with the detector set at 655 nm. After 20 min from the previous injection and only when the system is cleaned (done directly while performing the analysis, after 10 min from the injection), it is then possible to proceed with the next injection.
FI-IA Procedure for Saxitoxin Determination
FI-IA procedure consists of two fundamental steps: offline incubation of the sample (or the standard) for the competitive assay and its injection in the “flow system.” The first step consists in the addition of solution containing the sample into a vial (or the standard, Ag) with a fixed amount (1:75,000 v v−1) of primary anti-STX polyclonal antibody (PAb) and STX-HRP (Ag*) (1:600 v v−1). The solution is then incubated for 2 h. In this condition, a competition reaction is carried out between Ag and Ag* toward the binding sites of the specific antibody (Ab). After the incubation step time, this mixture is injected through the flow system for the analysis (second step). Once the mixture passes through the bioreactor, all the antibodies are withheld by G protein and bioreagents that have not been caught by the antibody (large excess Ag*) are eluted from the column. These molecules proceed until they enter one of the two inlets of the microfluidic system, whereas in the other inlet, enzymatic substrate is flowing through. Later, both the solutions enter in the first microfluidic mixer, the T sensor, where they undergo a first mixing by diffusion. If the conjugated Ag* is present, a colorimetric variation, due to the development of enzymatic product (oxidized TMB, blue), will happen. Conversely, if the desired analyte (Ag) is absent within the sample, all the conjugated Ag* will remain bound to the antibody and will be retained inside the column, giving no colorimetric change. By increasing Ag concentration, competition will occur between Ag and Ag* for the binding of the antibody sites. The free Ag*, not retained in the bioreactor, will be eluted and will react with the enzymatic substrate (TMB), giving a colored enzymatic product proportional to the concentration of the sample (or the standard). After the first mixer, which links both the inlets into one microfluidic channel, a second mixer is present, the herringbone mixer, which further mechanically mixes analytes and reagents by changing flow’s nature from laminar to turbulent. After this last mixing procedure, a long microfluidic channel allows the flow to laminar flow once again, giving a further and definitive homogenization of the enzymatic product. Eventually, the fluids get to the detector chamber, in which absorbance is measured periodically at 1 s intervals.
Analytical Parameters Calculation
Measuring occurs by connecting the system to a notebook in line with the LOC. The notebook itself powers the Arduino Nano Board and the linked optical detector. Through a firmware implemented on the same board, the light source emits a light ray at fixed wavelength (655 nm) every second. With the same time range, the detector (placed in front of the source and on the same axis of the light ray) measures the intensity of the radiation. The enzymatic reaction which occurs between the enzymatic substrate (TMB) and the labeled antigen (Ag*), eluted from the column, produces a signal output. The intensity of the latter is directly proportional to the concentration of the eluted Ag* and directly proportional to the concentration of injected analyte sample. The unknown analyte concentration is determined by using a calibration curve previously built, analyzing standard samples of known concentration of the analyte itself.
FIA Peaks Analysis
Once collected from continuous analysis, data are plotted to give a peak-like shape of which height (H), width (W), and area (A) contain the analytical information of interest. Moreover, the detector gives a linear and instantaneous answer because once the microfluidic channel has been fully covered, analytes are homogeneously mixed thanks to diffusion and turbulent flow (which is then restored to laminar before entering the detector). Thus, there is no limitation in choosing one of the three parameters. In our experiment, height (H) at peak maximum is the desired parameter, and it coincides with absorbance maximum because it is easily measurable and strictly related to the detector’s reading, particularly with absorbance measuring. The response of this latter, achieved by detecting the amount of colored enzymatic product in the detection chamber, has a bell function-like shape. In fact, it is a usual procedure in FIA to treat these data by making a fit with a three-parameter Gaussian distribution (Růžička and Hansen, 1988). Thus, a no-linear fitting is made from collected and plotted data by using the following equation (Eq. 1):
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where a is the normalizing constant equal to [image: image]; b as doubled variance is equal to [image: image], where xi is the ith measure, [image: image] is the measures’ average, and x0 is desired value, which corresponds to the x-coordinate of the absorbance maximum of a determined peak. Thus, the desired parameter is x0, which enables us to determine the peak’s height and the absorbance maximum. Moreover, x0 is directly proportional to the concentration of the enzyme-antigen complex eluted from the column and proportional to the concentration of the injected analyte. Reproducibility measures have been conducted by subsequent injections of the same analyte. From the collected data, the relative standard deviation (RSD%) has been calculated and expressed in percentage terms.
FIA Peaks Analysis Applied to the Determination of STX
Absorbance response depends on concentration and gives a sigmoidal trend. This latter can be defined with a 3-parameter logistic function (Eq. 2), which is characteristic of immune-enzymatic assays.
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with a, b, and x0 values are equal to Eq. 1. Moreover, to allow a comparison between different calibration curves, obtained absorbance values have been converted as percentages by applying the following equation (Eq. 3):
[image: image]
where A is equal to the detected absorbance when the analyte is present; Asat and A0 are, respectively, absorbance values at the zero competition and at saturating concentration of the analyte.
The limit of detection (LOD) is estimated from the analysis of ten different samples in which the requested analyte is not present (blank); thus, with the obtained current values, the standard deviation (SD) is estimated. Thus, the results found were included in the formula (detection limit: LOD = ANC − 3σ) in which SDnc and ANC are the standard deviation and absorbance of the no competition point (no Ag), respectively.
Seawater Sampling
The calibration curve was achieved through a matrix matching method with surface seawater sampled from Santa Severa Bay (RM, IT) and Acquafredda bay (PZ, IT). The surface seawaters were sampled with 500 ml PET Water Sampling Bottles (Sterilin, Thermo Fisher Scientific, United States) about 50 m off the coast. The samples were filtered on Millex-GV (hydrophilic PVDF 0.22 µm membrane, Sigma-Aldrich, United States) and stored at 4°C until analysis. Seawater pH and conductivity were measured with a pH meter (Xs Instruments, Modena, IT). Santa Severa seawater showed a 7.85 pH and 57.00 mS conductivity, and Acquafredda seawater a 7.51 pH and 59.10 mS conductivity.
RESULTS AND DISCUSSION
Study of the of Operational Parameters
The aim of this study is to combine the selectivity and sensibility of the Fl-IA method with the repeatability and the continuous online analysis in microfluidic systems ready to use in the field. Before connecting the bioreactor to the chip, several parameters have been studied. Flow rate is one of the fundamental parameters needed to correctly operate this microfluidic system. Due to the structural features of the chip itself, the flow rate cannot be higher than 0.15 ml min−1, while the bioreactor is able to work at higher flow rates. The first set of tests has been carried out to determine the revolutions per minute (RPM) at which each peristaltic pump can operate with the most efficiency (Table 1) with different PVC tubes’ diameters.
TABLE 1 | Flow rate optimization parameters.
[image: Table 1]Tubes of 0.51 mm diameter with an RSD% equal to 2%, were used for the inlet flow, whereas for the outlet flow, larger pipes of 1.02 mm internal diameter were chosen to drop counter pressure interference. The best detector response (in variation of absorbance), reported in Figure 3A, has been obtained by studying three different flow rates according to mechanical limits (0.05, 0.075, and 0.10 ml min−1, respectively). The repeatability of the measurement, calculated on subsequent injections of the same dye dilution at 0.1 ml min−1 (good agreement between reproducibility and analysis time) is around 4%. The second set of tests has been conducted to evaluate the response of the microfluidic detector. Multiple injections of a blue food coloring (Patent Blue V E131) at different dilutions (1:100, 1:50, and 1:5 v v−1) have been used for the microfluidic detector evaluation since this latter is set at 655 nm. As can be seen in Figure 3B, dilution of 1:100 v v−1 gives a signal too weak to be acceptable. That is due to the low concentration of the analyte (the noise given by the moving flow is prevailing over the signal).
[image: Figure 3]FIGURE 3 | (A) Detector response (variation of absorbance) at fixed dilution of the colored substrate and different flow rates; (B) detector response (in variation of absorbance) at different dilutions and fixed flow rate (0.1 ml min−1).
HRP Concentration Optimization
The response of microfluidic system has been evaluated, by a simulation of the immune-enzymatic assay, by measuring of enzymatic substrate flowing in channels I and II of Figure 3B, several concentrations of antigen labeled with HRP (Ag*) and TMB substrate, respectively. As reported in Figure 3B, the enzyme was mixed with its substrate in the herringbone mixer giving the enzymatic product, TMBox, colored in blue and measured in the optical sensing channel. The LOD of TMBox of this system has been calculated measuring multiple sequential injections of different HRP concentrations (0.0001, 0.001, and 0.1 µg ml−1), in 20 mM phosphate buffer, pH 7.4, and mixed with a fixed amount of TMB substrate (enzymatic substrate ready to use, Sigma-Aldrich, United States). The results (Figure 4) showed that 1 ng ml−1 is the concentration limit for the sensitivity of the detector.
[image: Figure 4]FIGURE 4 | Gaussian regression of several responses [0.0001 (A), 0.001 (B), and 0.1 µg ml−1(C)], sequentially injected in the full system at 0.1 ml·min−1.
Up to 1 µg ml−1, the concentration of TMB is unstable (TMS is photosensitive) changing the color from blue to orange. A calibration curve of TMBox (from 0 to 1 µg ml−1) was realized using different concentrations of HRP and fixed amount of TMB substrate as such (Table 2). Each measure has been made in triplicate to evaluate the working range and the repeatability without stopping the flow (Figure 5).
TABLE 2 | Calibration curve parameters for TMBox in the function of the concentration of HRP using microfluidic system.
[image: Table 2][image: Figure 5]FIGURE 5 | Calibration curve of HRP in the microfluidic system using 0.1 ml min−1 flow rate.
FI-IA OPTIMIZATION USING BIOREACTOR
In order to develop the FI-IA system before its connection with the fluidic microchip, several analytical parameters (flow rate, antibody concentration, and interaction time in the bioreactor) were studied, collecting the solution eluted of the bioreactor up to a maximum volume of 200 µL. The solution was collected in tubes and read on the spectrophotometer at 655 nm (only TMBox) and 450 nm (after blocking with 100 µL of H2SO4).
Binding Curve and Competition Time Using Bioreactor
The concentration of PAb to be used in the competition step is one of the very important parameters to be able to obtain an assay sensitive to low concentrations of STX. For the binding study (Figure 6), several dilutions of anti-STX PAb (1:500,000, 1:100,000, 1:75,000, 1:50,000, 1:20,000, 1:10,000, 1:5,000 v v−1, and no PAb, corresponding to the maximum of absorbance) and fixed amount of STX-HRP (1:600 v v−1) were incubated in different vials at room temperature. After 2 h (data not shown), the mixture was injected into the flow system with an increase of flow rate (0.15 ml min−1 flow rate instead 0.1 ml min−1, optimized for the only microchip) using a loop of 25 µL. A slight increase in the flow rate was necessary to create the right pressure for eluting the solution from the bioreactor and for transporting it inside to the microchip (due to the differences in the diameter of the tubes and channels, respectively).
[image: Figure 6]FIGURE 6 | Binding curve for anti-STX PAb obtained with a fixed amount of STX-HRP (600 v v−1) in 20 mM phosphate buffer pH 7.4, after 2 h of incubation; flow rate, 0.15 ml min−1. The analysis was carried out using only bioreactor of the FI-IA system and the solution was collected.
After 3 min, a volume of 200 µL is eluted and collected in a vial in presence of 100 µL of TMB, the enzymatic substrate of HRP. After 1 min, the enzymatic reaction was blocked adding 100 µL of 1 mM H2SO4 causing the color turning from blue (TMox, 655 nm absorbance) to yellow (450 nm absorbance) and read spectrophotometrically.
In Figure 6, the absorbance is shown proportional to eluted STX-HRP from the bioreactor, not reacting with PAb (linked to G protein in the bioreactor) and inversely proportional to PAb. For the competition step, the selected dilution of PAb was equal to 1:75,000 v v−1, the 70% of the binding curve.
Concentration of STX-HRP Using Bioreactor
To establish the dilution of STX-HRP to use for the competition step, several amounts of STX-HRP were added to fixed dilution of PAb (1:75,000 v v−1), extrapolated for the binding study (Binding Curve and Competition Time Using Bioreactor).
The experiment was carried out using the same incubation times and procedures previously studied. Figure 7 reports the results obtained for several STX-HRP dilutions, where 1:600 v v−1 is selected (the absorbance respects the Lambert–Beer law with lower RSD% equal to 5%).
[image: Figure 7]FIGURE 7 | Selection of the STX-HRP dilution to use for the competition assay: 1:75,000 v v−1 dilutions of anti-STX PAb in 20 mM phosphate buffer pH 7.4, for 2 h at room temperature; flow rate, 0.15 ml min−1. The analysis was carried out using only the bioreactor of the FI-IA system.
Flow Optimization Using Bioreactor
The flow rate parameter has a significant influence on the retention of antigen-antibody complex by the G protein present in the bioreactor. Using the dilution selected in the previous study, 1:75,000 v v−1 of PAb and 1:600 v v−1 of STX-HRP, several flow rates are tested. Several flow rates were studied (Supplementary Figure S2), showing better results in terms of absorbance and reproducibility at 0.15 ml min−1.
Calibration Curve Using the Bioreactor
Calibration curve for STX determination in buffer (Figure 8) was obtained using the optimized parameters in the previous paragraph: 1:75,000 v v−1 of anti-PAB dilution, 1:600 v v−1 of STX-HRP, flow rate equal to 0.15 ml min−1, and competition time of 2 h at room temperature (data not shown). For this study, several concentrations of STX in buffer were prepared between 0 and 10−1 ng L−1. Every sample was prepared 15 min from each other in order to gain the best reproducibility due to the elution time of each solution and the washing time of the FI-IA system. A volume of 0.2 ml of samples was injected in the FI-IA system starting from the less concentrated solutions. After 3 min of elution time, the STX-HRP solution was collected in a vial with 100 µL of substrate TMB and left to react one more minute; the enzymatic reaction was blocked with H2SO4 lastly measured spectrophotometrically at 450 nm. Between measures, the system was washing in flow with 20 mM phosphate buffer NaH2PO4/Na2HPO4, pH 7.4, for 15 min, while the loop and the column were washed with approximately 0.4 ml of buffer every 5 min. The results indicate a “Hook Effect” (Supplementary Figure S3) for the higher concentrations of STX, a phenomenon due, probably, to the crowding near the antibody recognition sites and the difficulty of the toxin to be recognized for the formation of the immune complex. In fact, the signal response may decrease at extremely high concentrations as shown as a dip in the calibration curve range (Reverberi and Reverberi, 2007; Vashist and Luong, 2018). The results are demonstrated with a three-parameter logistic function trend, and the parameters are shown in Table 3 (calculated as reported in FIA Peaks Analysis Applied to the Determination of STX).
[image: Figure 8]FIGURE 8 | Calibration curve, using only bioreactor, for STX determination STX-HRP (1:600 v v−1) for the Anti-STX (1:75,000 v v−1) in 20 mM phosphate buffer pH 7.4, flow rate 0.15 ml min−1.
TABLE 3 | Summary of results obtained with FI-IA system in diluted seawater samples.
[image: Table 3]Seawater Matrix Effect Using Bioreactor
The system reliability was tested in a matrix matching method. The incubation protocol between STX and PAb in Calibration Curve Using the Bioreactor was performed in diluted seawater (1:3 v v−1 with double distilled water) and tested with different free STX concentrations. As a matter of fact, the matrix effect can influence the antigen-antibody interaction while performing analysis of STX concentration of 10–7, 10–6, 10–5, and 10–4 ng L−1 on seawater samples. Moreover, when concentrations values are higher than 10–4 ng L−1, a decrement of the signal (“Hook effect”) (Reverberi and Reverberi, 2007) may occur (Figure 9A) due to the crowding fo antigen vs. the antibodies immobilized on a small surface. The analytical parameters, extrapolated by the assay carried out in seawater, are reported in Table 3.
[image: Figure 9]FIGURE 9 | (A) Calibration curve for STX determination STX-HRP (1:600 v v−1) for the anti-STX (1:75,000 v v−1) in diluted seawater (1:3 v v−1 with double distilled water) using bioreactor. (B) Calibration curve for STX obtained using microfluidic FI-IA system.
CALIBRATION CURVE FOR THE FULL SYSTEM (BIOREACTOR AND MICROFLUIDIC CHIP)
Regarding the results (Tables 3,4) of the last set (which correspond with the fully operational microfluidic system linked with the bioreactor), linearity is acceptable in relation to the used HRP concentrations (Figure 9B). Keeping in mind absorbance’s values for each HRP concentration, it is possible to observe (Figure 9) a lesser dispersion of the enzyme inside the bioreactor, thus causing a decrease of concentration in the mixing chamber between the first and last measure. This is probably due to lower enzyme mobility given by the column’s packing. This kind of system shows a LOD of 1 × 10–7, 3.5 × 10–7–2 × 10–5 ng mL−1 as working range, and an overall 15 RSD% (Table 3). Moreover, microfluidic chip’s structural features bind the working flow rate.
TABLE 4 | Calibration curve parameters for the determination of STX using full system (bioreactor and microfluidic chip).
[image: Table 4]CONCLUSION
This article outlines for the first time a novel FI-IA bioreactor connected with a microfluidic chip for the determination of STX, an important and harmful biotoxin present in seawater. The proposed system gives the possibility of analyzing in several continuous samples, reading in an automated way the results. The resin bead–based bioreactor sample capacity allows analysis of up to 38 sequential samples to be performed before it needs to be changed. The preliminary study, presented here, illustrates its potential to being used as a field-deployable portable analytical device able to work in situ and with continuous water samples without any pretreatment for monitoring the health and safety status of marine environments tool to warn and protect against the consumption of contaminated marine produce.
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Sensitive and selective methods for the determination of urea in samples such as dairy products are important for quality control and health applications. Using ammonium ferric citrate as a precursor, Fe/N-codoped carbon dots (CDFeN) were prepared by a hydrothermal procedure and characterized in detail. CDFeN strongly catalyzes the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) by H2O2 to turn on an indicator molecular reaction, forming an oxidized tetramethylbenzidine (TMBox) probe with surface-enhanced Raman scattering, resonance Rayleigh scattering, and fluorescence (SERS, RRS, and FL) signals at 1,598 cm−1, 370 nm, and 405 nm, respectively. The urea aptamer (Apt) can turn off the indicator reaction to reduce the tri-signals, and the addition of urea turns on the indicator reaction to linearly enhance the SERS/RRS/FL intensity. Thus, a novel Apt turn-on tri-mode method was developed for the assay determination of ultra-trace urea with high sensitivity, good selectivity, and accuracy. Trace adenosine triphosphate and estradiol can also be determined by the Apt-CDFeN catalytic analytical platform.
Keywords: Fe/N-doped carbon dots, catalysis amplification, aptamer, surface-enhanced Raman scattering, resonance Rayleigh scattering, fluorescence
INTRODUCTION
Urea is a naturally occurring metabolite of nitrogen-containing compounds (Dervisevic et al., 2018). It has many applications and can be found in both fertilizer and dermatological cream. Because it can in some cases cause adverse effects, urea detection methods are common in clinical chemistry, agriculture, and biology. Currently, urea detection methods include surface-enhanced Raman scattering (SERS), colorimetric, electrochemical, and fluorescence (FL) approaches, (Safitri et al., 2017; Migliorini et al., 2018), most of which operate in a single mode with low sensitivity. The development of urea detection methods with enhanced sensitivity, such as highly sensitive SERS, FL, and resonance Rayleigh scattering (RRS) tri-mode reactions, has therefore attracted significant attention.
CDs are carbon-based nanomaterials with good water solubility and surfaces that can be easily functionalized with various organic polymers, inorganic moieties, or biological species (Karthikeyan et al., 2019). They have been widely used in chemistry, environmental science, food science, and biotechnology (Rong et al., 2018; Zheng et al., 2018). CDs can be doped with inorganic metal ions, which is an effective method for improving their optical and electrical properties. For example, Fe is an abundant element that is compatible with carbon-based materials. Fe-doped CDs (CDFe) are suitable for various prospective applications and can be made to fluoresce. Fluorescent CDFe have been prepared using a one-step hydrothermal carbonization method, with methylthymol blue sodium salt and FeCl3∙6H2O as precursors (Zhu et al., 2019). These CDFe were employed in a glucose/CDFe ratio FL sensing system to quantify H2O2 and glucose presence in the concentration ranges of 0–133 and 0–300 μM with limits of detection (LODs) of 0.47 and 2.5 μM, respectively. N and Fe-containing CDs (CDFeN) have been used to measure dopamine content by colorimetry and fluorometry (Wang et al., 2016). Furthermore, L-tartaric acid, urea, and FeCl3∙6H2O have been used as precursors in a solvothermal procedure to synthesize CDFeN for the immunosorbent spectrophotometric detection of carcinoembryonic antigens at levels as low as 0.1 pg/ml (Yang et al., 2017). Ethylenediamine tetraacetate and iron nitrate have been used as carbon and iron sources, respectively, to obtain CDFe through a one-step hydrothermal carbonization, which provided a favorable electron acceptor near the CDFe and produced high quenching efficiency (Zhuo et al., 2019). This FL response can quantify dopamine in the range of 0.01–50 μM with an LOD of 5 nM. However, to the best of our knowledge, there have been no reports on the use of a single precursor to prepare CDFeN or the catalytic amplification of tri-signals and their utilization to detect trace urea using an aptamer (Apt).
Apts are ideal for detecting target molecules, such as urea, as they bind to a chosen molecule. Moreover, they are easy to synthesize and modify, chemically stable, and can be stored for long periods. They have already been used to specifically capture metal ions and small organic molecules in recent trace substance analyses (Zhou and Rossi, 2017). For example, the use of a single-labeled multifunctional probe comprising a Cd(II)-specific Apt for measuring Cd(II) by FL with an LOD of 2.15 nM has been demonstrated (Zhu et al., 2017). A label-free fluorescent Apt sensor for tetracycline junction Apts and thiazole orange for the selective and sensitive FL detection of 0.05–100 μg/ml tetracycline has also been established (Sun et al., 2018). Furthermore, a label-free and off-FL method for the quantitative detection of 0.7–10 nmol/L kanamycin based on functional molecular beacons was recently developed (Zhu et al., 2018). The interaction between silver nanoparticles (AgNPs) and CdTe quantum dots to detect 0.1–30 nM adenosine has also been successfully demonstrated (Song et al., 2018). In conjunction with SERS, Apts can contribute significantly to the detection of trace urea.
SERS is a molecular spectroscopy technique based on Raman scattering and local surface plasmon resonance of nanoparticles. It has been used in numerous fields, including nanomaterial research, bioanalysis, and food testing (Chen et al., 2017b; Deng et al., 2017; Li et al., 2018b). Graphene oxide nanoribbons with a strong catalytic effect on the reduction of HAuCl4 by H2O2, forming gold nanoparticles with SERS activity, were developed (Li et al., 2018a). Coupling with an Apt reaction allowed for the quantitative analysis of 2–75 nmol/L Pb(II) with the molecular probe Victoria Blue B. The thickness of Fe2O3 coatings on Fe2O3 at graphene nanostructures was adjusted by changing the number of Fe2O3 atomic layer deposition cycles (Zhang et al., 2017). Fe2O3 was deposited on a graphene surface, and combination with an Apt yielded a simple, fast, and sensitive electrochemical Apt sensor for the detection of 1.0 × 10−11–4.0 × 10−9 M thrombin with an LOD of 1.0 × 10−12 M.
Dual-mode molecular probes (e.g., FL/colorimetry (Li et al., 2017), FL/light scattering (Liu et al., 2017), and FL/SERS (You et al., 2017)) also play a pivotal role in this experiment. They have attracted widespread attention owing to their simplicity while displaying higher sensitivity than traditional optical sensors. A SERS/FL dual-mode nanosensor with a signal transduction mechanism based on the conformational transformation of human telomeric G-quadruplex was developed (Liu et al., 2015). The nanosensor exhibited an excellent SERS/FL response to the complementary strand of the G-quadruplex. Based on T-Hg2+-T coordination chemistry, the sensor can be used to detect Hg2+ at an LOD as low as 1 ppt. Zou et al. (Zou et al., 2015) used graphene quantum dot tags to design a new dual-mode immunoassay method based on SERS and FL to detect tuberculosis through a newly developed linear comparison sensing platform for the antigen CFP-10. The sandwich-type immunoassay uses a dual-mode nanoprobe to recognize SERS signals and FL images in a highly sensitive and selective manner with an LOD of 0.0511 pg/ml. However, there have been few reports on tri-mode methods with the nanocatalytic amplification of signals. For example, Li et al. (Li et al., 2018b) reported the colorimetric/FL/SERS tri-mode sensing of nitrite based on a Griess-reaction-modulated gold nanorod–Azo–nanogold assembly. Colorimetric and FL detection were carried out in solution, whereas SERS was performed on a solid substrate, achieving LODs of 0.05, 0.01, and 0.0008 μM by their respective methods.
The gold nanoparticle-TMB-H2O2 (TMB = 3,3′,5,5′-tetramethylbenzidine) system can be used as an ultrasensitive colorimetric pH indicator, with the gold nanoparticles acting as a catalyst to mimic the function of horseradish peroxidase (Deng et al., 2016). In this catalytic reaction, the absorbance of the yellow product at 450 nm remained linear in the pH range of 6.40–6.60, and the LOD of urea was 5 μM. A nanoparticle-based urea FL sensing scheme has also been reported (Shao et al., 2015). Graphene quantum dots displayed pH-sensitive green FL upon photoexcitation at 460 nm, and urease-catalyzed urea hydrolysis led to a local increase in pH and gradual FL quenching. This approach can be used to quantify urea in the concentration range of 0.1–100 mM with an LOD of 0.01 mM SnO2 quantum dot/reduced graphene oxide composites were used to prepare enzyme-free ultrasensitive urea sensors (Dutta et al., 2014). These SnO2 quantum dots can be modified on the reduced graphene oxide layer, and urea can be detected by evaluating the sensor characteristics. The electrode prepared with the composite was sensitive to urea in a concentration range of 1.6 × 10−14–3.9 × 10−12 M with an LOD of 11.7 mM. SERS technology is a highly sensitive detection technology, and its signal enhancement mainly depends on the probe molecule and substrates. The structure and small scattering cross-section of urea molecules cannot directly produce SERS signals on gold or silver substrates. Therefore, urea molecules are ineffective as probe molecules. In this study, we developed an indirect method to detect ultra-trace urea. We found that CDFeN catalyzes the oxidation of TMB to form TMBox, an effective SERS probe. Furthermore, urea Apt can inhibit the catalysis of CDFeN and simultaneously reduce its FL. The prepared CDFeN was used to catalyze the formation of TMBox from H2O2-TMB, from which a novel, highly sensitive, and selective Apt reaction turn-on SERS/RRS/FL tri-mode analytical platform was developed for the detection of ultra-trace small organic molecules, as demonstrated herein with urea.
MATERIALS AND METHODS
Instruments and Reagents
Instruments
A Hitachi F-7000 FL spectrophotometer (Hitachi High-tech), TU-1901 dual-beam ultraviolet-visible spectrophotometer (Beijing General Analysis General Instruments), and DXR smart Raman spectrometer (Thermo, United States) with an excitation wavelength of 633 nm, laser power of 3.5 mW, slit width of 50 μm, and acquisition time of 5 s were used to measure the CD system signals. The following were used to synthesize and characterize the CD systems: a desktop centrifuge (Zhuhai Heima Medical Instrument); ultrasonic cleaner (Shanghai Kedao Ultrasonic Instrument); SYZ-550 quartz sub-boiling distilled water device (Jiangsu Crystal Glass Instrument Factory); 79-1 magnetic heating stirrer (Jiangsu Zhongda Instrument Factory); HH-S2 electric heating thermostatic water bath (Jintan Dadi Automation Instrument Factory); KP-216 air energy light wave furnace (Zhongshan Qiaokang Electric Manufacturing, rated power 1200 W); pH meter (Mettler-Toledo Instruments Shanghai); Nano-2s nanometer particle size and zeta potential analyzer (Malvern, United Kingdom); and an S-4800 field emission scanning electron microscope (SEM; Hitachi Hi-tech).
Reagents
Urea ssDNA Apt (Apturea) with the sequence 5′-3′ CAC AAG CAC AGA CAG CTG TTC CAC AT was acquired from Shanghai Biotech Biological, Shanghai, China. Ammonium ferric citrate (Sinopharm Group Chemical Reagent, Shanghai, China), 30% H2O2 (105 times dilution, Shanghai Chemical Reagent, Shanghai, China), 0.1 mol/L HCl, 0.1 mol/L Tris solution, 5.05 mmol/L pH 4.4 Tris-HCl (concentration based on the amount of HCl: 500 μL of 0.1 mol/L Tris and 505 μL of 0.1 mol/L HCl were prepared in 10 ml of ultra-pure water), and 0.5 mmol/L TMB (storage: 2–8°C, T818493-5 g, CAS: 54827-17-7, Shanghai McLean Biochemical Technology, Shanghai, China) were employed for synthesis and analyses. TMB (0.012 g) was weighed and dissolved in 100 ml of an ethanol solution (ethanol: water = 1:1) to obtain the stock solution. Water (44 ml) was added to an Erlenmeyer flask and combined with 2 ml of 10 mmol/L AgNO3, 2.0 ml of 100 mm/L trisodium citrate, 600 μL of 30% H2O2, and 600 μL of 0.1 mol/L NaBH4 added sequentially under stirring until the color turned blue. AgNPs were added to the analysis system as an SERS enhancement substrate. Without the addition of AgNPs, the system could generate very weak Raman signals. The prepared blue AgNP gel was then immediately transferred into a light-wave oven and heated at 250°C for 10 min to obtain an orange-red transparent AgNP gel. After cooling naturally, water was added to the product to obtain a total volume of 50 ml at a concentration of 4.0 × 10−4 mol/L AgNPs. All reagents were analytical grade, and all experiments employed secondary distilled water.
Preparation of CDFe and CDFeN
Ferric citrate or ammonium ferric citrate powder (0.02 g) was accurately weighed and dissolved in 30 ml of ultra-pure water. The dark yellow solution was then transferred to a polytetrafluoroethylene-based autoclave. After sealing, a hydrothermal reaction was performed in a muffle furnace at the optimal temperature of 180°C for 3 h. After the reaction was complete, ice water was used to cool the product to room temperature to obtain a brown solution. The brown-yellow solution was centrifuged at 10000 rpm for 10 min to remove the precipitate, and the supernatant was dialyzed against a dialysis bag with a molecular weight cutoff of 3,500 Da for 12 h to obtain 0.67 mg/ml CDFe or CDFeN, which was diluted for further use.
Optimization and Characterization of CDs
CD synthesis was optimized based on the product FL intensity. As shown in Supplementary Figure S1, FL was the strongest when the reaction was performed at 180°C for 30 min. The amount of precursor was selected according to the strength of the catalytic effect of the CDs. Generally, the amount corresponding to the maximum CD concentration and the maximum slope of the FL intensity curve of the TMB oxidation product were selected. The experimental results indicated that 0.02 g of ammonium ferric citrate yielded CDs with the best catalytic effect. Compared with reported procedures for the preparation of CDFe (Supplementary Table S1) (Faraji et al., 2018; Yue et al., 2019; Zhang et al., 2019; Yadav et al., 2020), our procedure is simpler and requires a shorter hydrothermal reaction time. In addition, only one reagent, ammonium ferric citrate, was used to prepare CDFeN.
Five molecular techniques were used to characterize the CDs. The FL intensity of different CDFe concentrations in a Tris-HCl buffer solution was measured. Under the conditions of voltage = 500 V, excitation slit = emission slit = 10 nm, and λex = 305 nm, the system generated a FL peak at 420 nm. With increasing CDFe concentration, the FL intensity gradually increased (Supplementary Figure S2A). The FL intensity of the CDFeN-Tris-HCl system at different concentrations was measured. The system generated an FL peak at 420 nm, which increased gradually in intensity with increasing CDFeN concentration (Supplementary Figure S2B). The CDFeN FL was stronger than that of CDFe due to the doped N element. The RRS intensity of the CDFe/CDFeN-Tris-HCl system with different concentrations was measured. Under the conditions of voltage = 350 V and excitation slit = emission slit = 5 nm, the system produced a strong RRS peak at 375 nm, the intensity of which gradually increased with CDFe/CDFeN concentration (Supplementary Figures S2C,D). The CDFeN RRS was stronger than that of CDFe due to the resonance between the large π-bond electrons and doped Fe electrons of the CDs. The UV-vis absorbance intensity of the CDFeN/CDFe-Tris-HCl system was measured. As the concentration of CDFeN/CDFe increased, an absorption peak appeared at 320 nm (Supplementary Figures S2E,F). The absorbance of both CDs was similar due to the low sensitivity of the spectrophotometric method.
A 0.025 g/ml CDFe solution (10 ml) was placed in a material tray, pre-frozen in a vacuum drying freezer cold trap for 5 h, and dried at 0.1 Pa for 24 h. The obtained solid sample and the precursor materials (ferrocene powder A, ferric ammonium citrate powder, and potassium bromide) were mixed in equal amounts and ground uniformly in an agate mortar to prepare powder tablets for infrared spectral analysis. The infrared spectra of ammonium ferric citrate (Supplementary Figures S2G) contained strong peaks at 3,189 cm−1 (O-H stretching); 1,616 cm−1 (C=C conjugate stretching); 1,394 cm−1 (CO2− symmetric stretching); 1,250 and 1,066 cm−1 (C-O stretching); and 909, 851, and 642 cm−1 (C=C-H bending). The infrared spectra of CDFeN (Supplementary Figure S2H) contained strong peaks at 3,411 cm−1 (O-H telescopic vibration); 1,617 cm−1 (C=C conjugate telescopic vibration), 1,384 cm−1 (CO2− symmetric telescopic vibration), 1,049 cm−1 (C-O telescopic vibration), 560 cm−1 (C-H out-of-plane bending), and 470 cm−1 (C=C-H bending). The infrared spectra of the CDs and the corresponding precursors were significantly different. The infrared peak at 3,411 cm−1 (O-H stretching vibration) indicated the presence of hydroxyl groups in the CDs, confirming that the precursor material was successfully modified and had good water dispersion. Raman spectra of both the CDFeN and CDFe solutions were examined, and no Raman peaks were observed. Using AgNPs in solution as a SERS substrate, weak SERS peaks were recorded (as shown in Supplementary Figures 2SI,J) at 1,160 and 1,620 cm−1 for CDFeN and 1,620 cm−1 for CDFe.
Experimental Procedures
In a 5 ml stoppered graduated test tube, 200 μL of a 0.67 μg/ml CDFe/N solution, 100 μL of a 0.1 mmol/L H2O2 solution, 100 μL of a 0.5 mmol/L TMB solution, 250 μL of a 5.05 mmol/L pH 4.07 Tris-HCl solution, 200 μL of a 0.1 μmol/L Apt solution, and an appropriate amount of a urea solution were added sequentially. Water was then added to obtain a final volume of 1.5 ml. The reaction was performed at 50°C in a water bath for 30 min and then terminated by placing it in an ice water bath. Subsequently, 400 μL of a 0.4 mmol/L AgNP solution and then water was added to reach a total volume of 2 ml. Finally, the SERS and FL/RRS spectra were acquired using a Raman spectrometer and FL spectrophotometer, respectively.
RESULTS AND DISCUSSION
Methodology
In the Tris-HCl buffer solution, the H2O2-TMB reaction was slow because the transfer of redox electrons is difficult between H2O2 and TMB. CDFeN is rich in π-electrons and Fe metal electrons, which can enhance the redox electron transfer to effectively catalyze the formation of large π-bond TMBox in the H2O2-TMB system and generate a strong FL signal to turn on the FL indicator reaction. Apturea and the CDs form a complex morphology that suppresses the catalytic performance of the CDs, which thus reduces the system FL signal to turn off the indicator reaction. Based on the three-dimensional structure of Apturea and its flexibility, the spatial structure formed by the extension of the nucleic acid chain in solution affords a large contact area with urea, causing the CDs to change to a free state. This restores the catalytic activity to turn on the reaction, leading to an increase in the FL signal of the system. Within 3.33–20 nmol/L, the change in FL intensity displayed a linear relationship with urea concentration and TMBox exhibited good SERS activity on the AgNP substrates; the SERS signal of the system linearly increased within this concentration range. Thus, two FL and SERS analysis methods for urea were developed based on this CDFeN catalytic amplification reaction. Because the formed TMBox results in AgNP aggregation, the RRS intensity also increased linearly with urea concentration. As a result, a simple, sensitive, Apt-mediated CDFeN catalytic reaction with SERS, FL, and RRS tri-mode signals was established for the determination of urea (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic of SERS/RRS/FL tri-mode method to detect ultra-trace urea coupling Apturea with CDFeN catalysis.
SERS Analysis of CD-H2O2-TMB-Apt-Urea Nanocatalytic Systems
The SERS signal mainly arose from the TMBox molecule when AgNPs were added to the analysis system as a substrate. AgNPs were added as a uniformly dispersed colloidal system, and probe molecules could be homogeneously adsorbed on the surface of bare AgNPs to produce SERS. No SERS signal was observed when only AgNPs were employed. Although changes in the chemical environment may cause a shift in the position of the SERS peak (e.g., the presence of urea), the observed SERS peak in this study is that of TMBox. In a pH 4.07 Tris-HCl buffer solution at 50°C in a water bath, CD catalyzed the oxidation of TMB by H2O2, and the TMBox exhibited SERS activity. The addition of Apturea can wrap around the CDs, which inhibits their catalytic ability and reduces the formation of TMBox and the corresponding SERS intensity. When the target molecule urea was added, it specifically bound to the corresponding Apturea and released the CDs, restoring their catalytic activity. The Raman spectrum was obtained with a light source power of 2.5 mW and slit of 25.0 μm. The SERS intensity at 1,598 cm−1, [image: image], was measured, the blank value [image: image] without the urea solution was recorded, and [image: image] was calculated. When AgNPs were added, stronger Raman peaks at 1,284, 1,356, and 1,598 cm−1 appeared. The CD systems showed strong Raman peaks at 1,183, 1,328, and 1,598 cm−1, and the SERS signal of the system increased linearly (Figures 2A,B).
[image: Figure 2]FIGURE 2 | SERS spectra of CD-H2O2-TMB-Apt-AgNP analysis system. A/B compared the catalytic effects between CDFe and CDFeN in the urea analysis system. (A): CDFe-H2O2-TMB-Tris-HCl-Apt-Urea-AgNPs system, a: 0.04 μg/ml CDFe+5.0 μmol/L H2O2+ 0.03 mmol/L TMB+0.51 mmol/L PH = 4.07 Tris-HCl+10 nmol/L Apt+ Urea+0.08 mmol/L AgNPs; b: a+3.33 nmol/L Urea; c: a+6.66 nmol/L Urea; d: a+9.99 nmol/L Urea; e: a+13.32 nmol/L Urea; f: a+16.65 nmol/L Urea. (B): CDFeN-H2O2-TMB-Tris-HCl-Apt-Urea-AgNPs system, a: 0.04 μg/ml CDFeN+ 5.0 μmol/L H2O2+ 0.03 mmol/L TMB+ 0.51 mmol/L PH = 4.07 Tris-HCl+10 nmol/L Apt+ Urea+0.08 mmol/L AgNPs; b: a+3.33 nmol/L Urea; c: a+6.66 nmol/L Urea; d: a+9.99 nmol/L Urea; e: a+13.32 nmol/L Urea; f: a+16.65 nmol/L Urea.
FL Spectra of Nanocatalytic and Apt System
CDs are fluorescent nanomaterials, and in this study, the FL peak height at 405 nm was monitored instead of the peak area to approximate the FL intensity. This method is not very precise, but the calculations are easy; this caused the problem related to the change in the slope of adjacent points at both ends of the linear range. For the CD-H2O2-TMB nanocatalytic system, within a 0.02 – 0.14 μg/ml CD concentration range, the FL intensity increased from CDs more strongly catalyzing the oxidation of TMB by H2O2 (Supplementary Figures S3A,B). For the Apt inhibition system CD-HCl-H2O2-TMB-Apt, the CDs are wrapped when Apturea is added, which inhibits the ability of the CDs to catalyze H2O2-TMB, reduces TMBox formation, and thus decreases the FL intensity. FL spectra of the CD-H2O2-TMB-Apt system were measured with voltage = 350 V and excitation slit = emission slit = 10 nm. With increasing Apturea concentration, the FL intensity of the system gradually and linearly weakened (Supplementary Figures S3C,D). For the FL intensity of the CDFe-Apt system, the conditions of voltage = 500 V, excitation slit = emission slit = 10 nm, and λex = 305 nm generated a FL peak at 395 nm. With increasing Apturea concentration, the FL intensity of the system gradually decreased. For the CDFeN-Apt system, the conditions of voltage = 500 V, excitation slit = emission slit = 10 nm, and λex = 310 nm generated a FL peak at 405 nm. With increasing Apturea concentration, the FL intensity of the system gradually decreased (Supplementary Figures S3E,F). Based on these results, Apturea can effectively wrap the CDs to linearly decrease the FL intensity of the system with increasing Apturea concentration, demonstrating the interaction between the CDs and Apturea, and the applicability of the CDs as FL probes to identify the interaction. For the CD-H2O2-TMB-Apt-Urea system, when the target molecule urea was added, urea and Apturea formed a stable conjugate and released the CDs, thus restoring their catalytic activity. As a result, the FL intensity of the system gradually increased. Under the conditions of voltage = 350 V, excitation slit = emission slit = 10 nm, and λex = 275 nm, the system generated a FL peak at 405 nm. Within 3.33 – 20 nmol/L, the FL intensity displayed a linear relationship with the urea concentration (Figures 3A,B).
[image: Figure 3]FIGURE 3 | FL spectra of CD-H2O2-TMB analysis system. Without H2O2-TMB probe, A/B compared the fluorescence between CDFe and CDFeN in the urea analysis system. (A): CDFe-H2O2-TMB-Tris-HCl-Apt-Urea system. a: 0.04 μg/ml CDFe+ 6.7 μmol/L H2O2+ 0.03 mmol/L TMB+ 0.84 mmol/L PH = 4.4 Tris-HCl+16.65 nmol/L Apt; b: a+3.33 nmol/L Urea; c: a+6.66 nmol/L Urea; d: a+9.99 nmol/L Urea; e: a+13.32 nmol/L Urea; f: a+16.65 nmol/L Urea; g: a+20 nmol/L Urea; (B): CDFeN-H2O2-TMB-Tris-HCl-Apt-Urea system, a: 0.04 μg/ml CDFeN+6.7 μmol/L H2O2+0.03 mmol/L TMB+ 0.84 mmol/L PH = 4.4 Tris-HCl+16.65 nmol/L Apt; b: a+3.33 nmol/L Urea; c: a+6.66 nmol/L Urea; d: a+9.99 nmol/L Urea; e: a+13.32 nmol/L Urea; f: a+16.65 nmol/L Urea; g: a+20 nmol/L Urea.
RRS Analysis of Nanocatalyst and Apt System
RRS is a synchronous FL scanning technology where the excitation light wavelength is equal to the emission light wavelength (Δλ = λem−λex = 0). The signal intensity mainly originates from the scattering of excitation light by nanoparticles. The degree of aggregation of particles in the system and changes in particle size cause signal changes. For the CDFe/CDFeN-Apt system, under the conditions of voltage = 400 V and excitation slit = emission slit = 5 nm, RRS peaks appeared at 370, 380 and 385 nm. The RRS intensity of the system gradually decreased with increasing Apturea concentration (Supplementary Figures S4A,B). Therefore, Apturea can effectively wrap the CDs to linearly decrease the RRS intensity of the system with increasing Apt concentration. In the absence of AgNPs, the CD-H2O2-TMB catalytic reaction of the system occurs, but the nanocatalyst CD concentration was low and the TMB concentration was very low (0.03 mmol/L). Thus, the TMBox molecules produced were low with a very weak RRS signal, resulting in weak overall RRS spectral intensities of the system. However, the CD-H2O2-TMB-AgNP system generated a strong RRS peak at 380 nm since the produced TMBox resulted in AgNP aggregation (Yao et al., 2019). As the CD concentration increased, the RRS intensity of the system gradually increased (Supplementary Figures S4C,D). For the CD-H2O2-TMB-Apt-Urea system, when the target molecule urea was added, urea and Apturea formed a stable conjugate and released the CDs. This restored the CD catalytic activity, causing the RRS intensity of the system to gradually increase. Under the conditions of voltage = 350 V and excitation slit = emission slit = 5 nm, the CD-H2O2-TMB-Apt-Urea system produced a scattering peak at 370 nm. Within 2.5–12.5 nmol/L, the RRS intensity had a linear relationship with urea concentration (Figures 4A,B).
[image: Figure 4]FIGURE 4 | RRS spectra of CD-Tris-HCl-Apt analysis system. A/B compared the RRS analysis system of urea using CDFe and CDFeN, respectively. (A): CDFe-H2O2-TMB-Tris-HCl-Apt-Urea-AgNPs system, a: 0.04 μg/ml CDFe + 6.7 μmol/L H2O2+ 0.03 mmol/L TMB+ 0.84 mmol/L PH = 4.4 Tris-HCl+16.65 nmol/L Apt+0.08 mmol/L AgNPs; b: a+2.5 nmol/L Urea; c: a+5 nmol/L Urea; d: a+7.5 nmol/L Urea; e: a+8.5 nmol/L Urea; f: a+12.5 nmol/L Urea. (B): CDFeN-H2O2-TMB-Tris-HCl-Apt-Urea-AgNPs system, a:0.04 μg/ml CDFeN + 6.7 μmol/L H2O2+ 0.03 mmol/L TMB+ 0.84 mmol/L PH = 4.4 Tris-HCl+16.65 nmol/L Apt+0.08 mmol/L AgNPs; b: a+2.5 nmol/L Urea; c: a+5 nmol/L Urea; d: a+6 nmol/L Urea; e: a+7.5 nmol/L Urea; f: a+10 nmol/L Urea; g: a+12.5 nmol/L Urea.
SEM and Laser Scattering of the System
SEM samples were prepared by dropping a small aliquot of each sample on the surface of a dried silicon wafer and allowing it to dry naturally. The average particle size of CDFe was approximately 50 nm (Figure 5A), and that of CDFeN was approximately 30 nm (Figure 5B). CDFe and CDFeN exhibited spectral peaks at 0.2, 5.2, and 5.5 keV corresponding to elemental Fe (Figure 5C, 5D); CDFeN also showed a weak peak at 0.45 keV corresponding to N. Due to the presence of N, the CDs exhibited excellent catalytic activity. When no urea was added, the Apturea in the system wrapped the CDFeN, thereby inhibiting CDFeN from catalyzing the oxidation of TMB by H2O2. As a result, fewer TMBox fluorescent probes were formed, and the extent of aggregation was low after adding AgNPs (aggregate size of 50 nm, Figure 5E). Upon addition of urea, CDFeN encapsulation decreased, and the catalytic effect of the system was restored. As a result, the number of TMBox fluorescent probes formed gradually increased, and the extent of AgNPs-TMBox aggregation increased in the system to reach a size of 70 nm (Figure 5F), resulting in a linear increase in RRS intensity.
[image: Figure 5]FIGURE 5 | SEM and energy spectra images of analysis system. (A): SEM of CDFe; (B): SEM of CDFeN; (C): energy spectrum of CDFe; (D): energy spectrum of CDFeN; (E): Analysis system without urea, 0.08 μg/ml CDFeN+ 5.0 μmol/L H2O2+ 0.03 mmol/L TMB+ 0.51 mmol/L pH 4.07 Tris-HCl+10 nmol/L Apt+0.08 mmol/L AgNPs; (F): Analysis system with urea. E+12.5 nmol/L Urea.
Particle size analysis was used to determine the particle size distribution of the nanoparticles in the system. With increasing urea concentration, the target molecule urea and Apturea formed a stable conjugate and released the CDs, which restored their catalytic activity. Therefore, the product TMBox gradually increased along with TMBox-AgNP aggregation. The particle sizes of the reaction product of the CDFeN-H2O2-TMB-Apt-Urea-AgNP system were 98, 110, and 130 nm, respectively (Figure 6), due to aggregation in the system.
[image: Figure 6]FIGURE 6 | Particle size distribution of CDFeN-H2O2-TMB-Tris-HCl-Apt-Urea-AgNPs system. a: 0.08 μg/ml CDFeN+ 5.0 μmol/L H2O2+ 0.03 mmol/L TMB+ 0.51 mmol/L Tris-HCl (PH = 4.07)+10 nmol/L Apt+ Urea+0.08 mmol/LAgNPs; b: a+5.0 nmol/L Urea; c: a+12.5 nmol/L Urea.
Optimization of Analysis Conditions
The effect of the experimental parameters on the SERS and FL signal intensities was systematically examined. As shown in Supplementary Figure S5 and in accordance with the experiments described in Section Optimization and Characterization of CDs containing 0.1 nmol/L urea, the use of a 0.51 mmol/L pH 4.07 Tris-HCl solution and 0.03 mmol/L TMB resulted in the strongest SERS signal. For the FL intensity, the optimized parameters were 5.0 μmol/L H2O2, 10 nmol/L Apturea, 0.07 μg/ml CDs, 0.08 mmol/L AgNPs, a water bath temperature of 50°C, and a reaction time of 35 min.
Working Curve
In this study, the FL, SERS, and RRS spectra of the CD-H2O2-TMB-Apt-Urea system were measured (Table 1). For the H2O2-TMB reaction, the catalytic effects of the two CDs (CDFe and CDFeN) were studied. The slope of the working curve corresponds to the catalytic ability of the CDs. The slope K of the working curve of the CDFeN-H2O2-TMB-Apt-Urea system was larger than that of the CDFe system, indicating that the former can be used for the FL detection of urea with a linear range of 3.33– 20 nmol/L and LOD of 1.0 nmol/L. Similar to FL, the SERS and RRS methods using the CDFeN system were more sensitive than CDFe according to the evaluated slopes. Of the three modes, FL is simplest, as it does not require the addition of AgNPs, whereas SERS is the most sensitive. Compared with other reported urea analysis methods (Table 2) (Liu et al., 2010; Kumar et al., 2015; Chen et al., 2017a; Momenzadeh and Azadbakht, 2017; Mansouri and Azadbakht, 2019; Yarahmadi et al., 2019), this SERS method is more accurate and precise.
TABLE 1 | The tri-mode analytical platform for assay of urea.
[image: Table 1]TABLE 2 | Comparison of reported Urea analysis methods.
[image: Table 2]Effects of Interfering Ions
The interference of coexisting ions on 10 nmol/L urea in the system was studied by RRS. The results indicated that 10 μmol/L K+, Cr6+, NH4+, Zn2+, SiO32−, Mg2+, CO32−, I−, Ca2+, and SO42−; 5 μmol/L Al3+, Mn2+, Ba2+, Hg2+, Cu2+, and HSA; and 2 μmol/L Co2+, Fe2+, NO2−, Fe3+, Br−, Cr3+, and BSA did not interfere with the measurement. The interference of coexisting ions on 10 nmol/L urea in the system was then investigated by the SERS method. Similarly, the results showed that 10 μmol/L Ba2+, K+, Cr6+, NH4+, Zn2+, SiO32-, Mg2+, Hg2+, CO32−, I−, and Ca2+; 5 μg/L Al3+, Co2+, Mn2+, Cu2+, HSA, and SO42-; and 2 μmol/L Fe2+, NO2−, Fe3+, Br−, Cr3+, and BSA did not interfere with the measurement. The interference of coexisting ions on 10 nmol/L urea in the system was studied by FL. The results indicated that 10 μmol/L K+, NH4+, Zn2+, SiO32−, SO42−, Mg2+, CO32−, and Ca2+; 5 μmol/L Al3+, Mn2+, Fe2+, Ba2+, Hg2+, Cu2+ and NO2−; and 2 μmol/L Co2+, Br−, I−, Cr3+, HSA, and BSA did not interfere with the measurement. Therefore, our method has good selectivity.
Real Sample Determination
Urea content determination plays an important role in the dairy industry, as its content in milk and dairy products should be less than 0.70 mg/g (Kumar et al., 2015). If the urea content in milk powder exceeds the normal range, consumption can lead to certain health problems. Thus, we detected the urea content in milk samples using our new method. Five milk samples were purchased from a supermarket and treated to obtain sample solutions according to an established method (Liang et al., 2019). The samples were then analyzed by the proposed method (the results are shown in Supplementary Table S2). The recovery rates were in the range of 96.4–106%, and the results of the proposed method for the determination of urea from milk samples were in agreement with the spectrophotometric method.
CONCLUSION
In this study, a single reagent was used as a precursor to synthesize stable Fe/N-doped CDs (CDFeN) by a hydrothermal procedure. The molecular and spectral characteristics of the CDFeN and their catalytic effect on the reaction of H2O2 and TMB were studied in detail using SERS, RRS, FL, and UV-vis absorption spectra. Apturea can adsorb onto the surface of the CDFeN to turn off the nanocatalytic tri-mode indicator reaction. When the target molecule urea is added, Apturea releases the CDFeN due to its specific binding, thereby restoring the CDFeN catalytic activity to turn on the indicator reaction. With increasing urea concentration, the change in SERS/RRS/FL signals were linear, which establishes our method as a highly sensitive Apt-mediated, doped-CD, catalytic amplification, tri-spectroscopic platform.
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The speciation of trace metals in an aquatic system involves the determination of free ions, complexes (labile and non-labile), colloids, and the total dissolved concentration. In this paper, we review the integrated assessment of free ions and labile metal complexes using Diffusive Gradients in Thin-films (DGT), a dynamic speciation technique. The device consists of a diffusive hydrogel layer made of polyacrylamide, backed by a layer of resin (usually Chelex-100) for all trace metals except for Hg. The best results for Hg speciation are obtained with agarose as hydrogel and a thiol-based resin. The diffusive domain controls the diffusion flux of the metal ions and complexes to the resin, which strongly binds all free ions. By using DGT devices with different thicknesses of the diffusive or resin gels and exploiting expressions derived from kinetic models, one can determine the labile concentrations, mobilities, and labilities of different species of an element in an aquatic system. This procedure has been applied to the determination of the organic pool of trace metals in freshwaters or to the characterization of organic and inorganic complexes in sea waters. The concentrations that are obtained represent time-weighted averages (TWA) over the deployment period.
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INTRODUCTION

Trace elements occur in a variety of chemical forms in natural aquatic systems. The dynamics of these natural systems induce transfers from one chemical form into another one, so that the relative importance of each of these chemical forms changes with time. In the water column, phytoplankton blooms can produce high amounts of organic compounds that can bind to trace elements forming very strong complexes, but, in the sediments, diagenetic processes influence the distribution of the trace element species much more. The mineralization of organic matter and the corresponding reduction of a suite of electron acceptors control the exchange between the dissolved and solid phases.

The chemical forms which are most interesting to be studied in solution are the free ion, the kinetically labile (usually weakly bound) complexes, the non-labile (usually strongly bound) complexes, and the colloidal fraction. Several studies demonstrated that the free ion and some labile complexes are the most easily assimilated by organisms and, hence, they constitute the bioavailable fraction (Schintu et al., 2010; Sondergaard et al., 2014; Kim et al., 2016; Vannuci-Silva et al., 2017). In natural aquatic systems, the bioavailable fraction is also the toxic fraction, when the element is considered as toxic, or the micronutrient fraction, if the element is an essential element. We must notice that some elements, such as Cu or Cd, may change from micronutrient at low concentration to a toxicant at higher concentrations.

It is, thus, clear that the total dissolved element concentration cannot be used to inform us about the bioavailable amount and, thus, neither about its risk for the ecosystem, if it is a toxic element, nor about the limitation of phytoplankton growth, if it is an essential element. Speciation techniques to distinguish between the various chemical forms of an element are, thus, definitely required. There exists no analytical technique that can measure all chemical forms of an element in solution, hence it is necessary to combine several methods to obtain a general picture. The free ion concentration is, for some elements, especially in open ocean water, extremely low. There are some techniques designed to specifically measure free concentrations like ISE, AGNES, and DMT although there are some restrictions related to the cations that can be analyzed, to the salinity range, or to the limit of detection (Bakker et al., 2000; Temminghoff et al., 2000; Galceran et al., 2004; Pesavento et al., 2009; Weng et al., 2011; Chito et al., 2012; Companys et al., 2017). Concentrations of labile complexes can be assessed using another set of techniques. Some of them, like ASV or SSCP (van Leeuwen and Town, 2003; Town and van Leeuwen, 2019; Cindric et al., 2020), are of voltammetric nature, but there is an increasing use of techniques based on membranes. These techniques involve the dissociation of the labile complexes followed by the non-reversible trapping of the released ions in a solid substrate such as a resin. The amount bound to the resin is afterwards measured with a specific element analyzer such as ICP-MS. An example of a technique that can pre-concentrate labile metal or metalloid complexes is the Diffusive Gradients in Thin-films (DGT) technique (Zhang and Davison, 1995). The labile fraction depends on the particular instrumental characteristics (van Leeuwen et al., 2005), since each technique defines an operational time window for the dissociation. Complexes that fit into this window are labile in this technique, but could be less labile in another one defining a shorter time scale. The direct determination of non-labile or strongly bound element complexes and colloids is more difficult. Since colloids have a size between 1 nm and 1 μm (compounds with a molecular weight of 300–500,000 Dalton), by using ultrafiltration membranes of appropriate pore sizes, one can distinguish between colloids of various dimensions (Waeles et al., 2008), nevertheless, such measurements are mostly very laborious. The concentrations of the colloidal fraction(s) can, then, be measured with a specific element analyzer, after mineralization of the colloidal particles.

Strongly bound element complexes, which are mainly complexes involving organic ligands, can be destroyed by intense UV-light in acidic conditions.

In freshwater, the total dissolved concentration can be directly measured with minor or no sample treatment, if a technique such as ICP-MS is used, but this is not possible when marine samples are involved. For marine samples, often a SeaFast pre-concentration technique (Wuttig et al., 2019) is applied to eliminate the salt matrix and to increase the low concentrations often encountered in seawater samples.

The direct measurement of natural, uncontaminated water samples is often not feasible for trace metals, which are typically present in very low concentrations close to the femtomolar (fmol L−1, pg L−1) range. An alternative is to use ex-situ pre-concentration techniques like Solid Phase Extraction (SPE) with ion-exchange resins (Pohl, 2006), which can even be coupled to fractionation schemes such as (ultra)filtration, in order to obtain information about different speciation pools. However, the use of in-situ pre-concentrating passive samplers like DGT represents an advantage in terms of minimization of contamination and perturbation of speciation due to sample transport and management in the lab.

In this paper, we will mainly focus on the bioavailable fraction of Cd, Co, Cu, Fe, Hg, Mn, Ni, Pb, and Zn in the water column of aquatic systems. This means that the concentration of the free ion plus that of the labile complexes will be addressed. A tool that responds to that requirement is the DGT technique, which consists of a hydrogel diffusive layer backed by a resin layer. The composition of the hydrogel and the resin will be adapted to the kind of chemical compound to be determined. The sampling of labile complexes (and sometimes free ions) of the different metals with DGT will be discussed in detail. In addition, different models that can provide information (about the meaning of cDGT and about the lability and dissociation constants of element complexes) are presented.



DIFFUSIVE GRADIENT IN THIN-FILMS TECHNIQUE

The DGT is a passive sampling technique and is preferred to other passive sampling techniques because its result is, in many instances, independent from the flow conditions in the aquatic system, in particular the turbulence. Indeed, the diffusive gel and filter in front of the binding layer define a region where diffusion is the only transport phenomenon. For more accurate determinations, a relatively small Diffusive Boundary Layer (DBL) in the sampled environment has to be added to the thicknesses of the diffusive gel and filter. A schematic drawing of the DGT is shown in Figure 1. The classic DGT device is composed of a cylindrical plastic molding (a cap and a piston base), holding together three successive layers, which are: a membrane filter, a diffusive hydrogel (polyacrylamide or APA hydrogel−0.8 mm thick), and a resin gel (binding Chelex®-100 binding resin−0.4 mm thick). The most common filters are 0.45 μm pore size cellulose acetate/HVLP Durapore−0.125 mm thick, but any filter membrane that is suitable for the element to be determined can be used. Hydrogels are used to guarantee a diffusive domain with a certain thickness where not only the analyte transport is diffusion controlled, but where also the dissociation of the labile complexes occurs. Hydrogels with several thicknesses can be used (0.2, 0.4, 0.8, 1.2 mm) and the thicker the diffusive domain, the longer the time that a complex has to dissociate. The characteristic time for an element M traveling through the diffusive domain equals:
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where Δg is the aggregate thickness of diffusive gel plus filter (i.e., the thickness of the material diffusion layer), δdbl indicates the thickness of DBL, and DM is the diffusion coefficient of the element (e.g., a metal) when assumed to be the same in solution as in the gel and filter. For well-mixed media, the DBL is small compared to the thickness of the diffusive gel and it can often be neglected.


[image: Figure 1]
FIGURE 1. Schematic drawing of the DGT device (Adapted from Averós et al., 2020).


For diffusive domain thicknesses of 0.5, 1.0, and 1.5 mm, a residence time in that domain of, respectively, 8, 33, and 75 min can be roughly estimated. Thus, the thicker the diffusive domain, the larger the labile fraction of metal species will be assessed. Hydrogels have distinct properties such as a high water content and controllable swelling behavior and are generally limited to two types for use in DGTs: polyacrylamide or agarose. They are synthesized via a polymerization process and, depending on the amount and type of cross-linker that is added, they will have smaller or larger pore-sizes (Zhang and Davison, 2000; Scally et al., 2006; Baeyens et al., 2011; Shiva et al., 2015; Turull et al., 2019). Polyacrylamide is the most commonly used gel, but for some elements that show interactions with this gel, it is replaced by agarose. A suite of resins can be used to bind the analytes (dos Anjos et al., 2017; Menegario et al., 2017).

A DGT device allows trace elements to diffuse through the diffusive gel and bind to the resin gel. Therefore, based on total amounts of accumulated elements on the resin gel during deployment, a labile solute concentration can be calculated using Fick's law, Equation (2), assuming a perfect sink condition (i.e., all ions arriving at the interface between the diffusive hydrogel and the resin gel are completely bound to the resin gel) and steady-state regime:
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where cDGT is the DGT-labile metal concentration in the water, M is the mass of trace element accumulated on the resin gel, A is the exposure area of the DGT device, and t is the DGT deployment time.

Notice that Equation (2) is based on the first Fick's law assuming a fixed effective concentration in the solution. Thus, when only free metal is present in the solution, cDGT stands for the total labile metal concentration in the solution and Equation (2) indicates that DGT allows this measurement with the knowledge of only one specific parameter of the analyte: the diffusion coefficient. When different metal species are present in the solution that can contribute to the transport and accumulation of the metal by dissociation, cDGT stands for the apparent or effective free metal concentration in a solution that would give rise to the same accumulation than the sample (Galceran and Puy, 2015; Puy et al., 2016).

cDGT can also be interpreted in terms of the real species present in the sample, as indicated in Equation (3) below. The lability degree, ξj, quantifies the contribution of a given complex MjL to the actual flux received by the DGT in comparison with the maximum possible flux of this complex if it was fully labile (local equilibrium fulfilled all throughout the diffusion domain or, equivalently, infinitely large dissociation rate constant; Galceran et al., 2001; Puy and Galceran, 2017). ξ ranges between 0, for inert complexes, to 1, for fully labile complexes. If there are h parallel complexes (Galceran and Puy, 2015; Puy et al., 2016; Zhao et al., 2020).
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where the normalized diffusion coefficients are
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By just taking all lability degrees at their maximum values (ξj = 1), Equation (3) reverts to the useful and widely-used concept of “maximum dynamic concentration” (Unsworth et al., 2006; Balistrieri and Blank, 2008; Bradac et al., 2009; Warnken et al., 2009; Davison and Zhang, 2012; Han et al., 2014; Zhang and Davison, 2015; Zhu and Gueguen, 2016; Macoustra et al., 2019; Cindric et al., 2020),
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We turn now our attention toward the assessment and implications of the DBL. The velocity of a liquid flow becomes zero at the interface with a solid phase. This suggests to approximate the transport of the species in the vicinity of the solid surface as if there was just diffusion of the species in a stagnant region (DBL) extending from the solid surface up to a distance (δdbl) where bulk concentrations are assumed to be restored by the flow and/or turbulences. With increasing rate of solution flow, the DBL layer becomes thinner, but it still exists even when the deployment solution for DGT devices is vigorously stirred. Therefore, to ensure optimal accuracy, DBL should be considered when calculating the concentration measured by DGT (Garmo et al., 2006; Warnken et al., 2006). It has been suggested that the thickness of the DBL can be assessed by using DGT devices with diffusive gels of different thickness. If DGT pistons equipped with different thickness of the diffusive gels, for example 0.40, 0.80, and 1.20 mm, are deployed in natural water systems, Equation (2) can be rewritten as:
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where the superscripts g and w refer to the diffusive gel (and filter) and water solution, respectively. The added subscript “e” stands for the extended definition of DGT given by Equation (6) [instead of Equation (2) where [image: image] was assumed; Davison and Zhang, 2016]. Equation (6) suggests that plotting 1/M vs. Δg enables the estimation of both cDGTe and δdbl, if the diffusion coefficients are known. If the behavior of 1/M vs. Δg is actually linear, the slope (s) and the intercept (b) are given by:
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However, a straight line assumes that cDGTe is constant vs. Δg, and this is not the case if the solution contains partially labile ML complexes, which dissociate more with increasing Δg. Fortunately, the DBL is a physical quantity that depends on the flow pattern in the vicinity of the solid surface, but it is essentially independent of the nature and quantity of the analyte used in Equation (6). Therefore, in field conditions the DBL could be assessed with an analyte that forms no complexes, for example an organic compound such as E2 (17 beta-estradiol) (Guo et al., 2019) or a metal that forms only very labile complexes in the studied aquatic system (Warnken et al., 2007). This DBL is, thus, also valid for all other analytes that are assessed in the same aquatic system.

For a turbulent system, when the DBL is only about 10% of the diffusive layer thickness (Δg is typically around 1 mm), the DBL can be considered negligible. In this case, Equation (2) can be simplified to:
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TRANSITION METALS

The elements most studied with the DGT technique are, without any doubt, transition metals such as Cd, Co, Cu, Fe, Mn, Ni, Pb, Zn, because they all have a good to strong affinity for the Chelex resin and polyacrylamide can be used as a suitable hydrogel (Zhang and Davison, 1995; Garmo et al., 2003; Scally et al., 2006; Gao et al., 2019). In some studies, mercury was also determined with Chelex resin and polyacrylamide but, in other studies, resins with thiol groups and agarose as the hydrogel were recommended (see the section Mercury Speciation). Therefore, mercury speciation will be separately discussed from the other transition metals. According to Bio-Rad Laboratories, the affinity order of the various metals for Chelex is Hg+2 >Cu+2 >>Pb+2 >Fe+3 >Ni+2 >Zn+2 >Co+2 >Cd+2 >Fe+2 >Mn+2, and the capacity of the resin is around 0.5 mmol/mL which means 15 μmol for a 0.4 mm thick standard resin gel. If the concentration of the trace metal in solution is 1 μmol/L, then after 1 day of DGT exposure with typical parameter values (D = 5 × 10−6 cm2/s; A = 3.14 cm2; diffusion domain thickness = 0.1 cm), the mass in the resin is 0.014 μmol. This means that just about 0.1% of the resin capacity is reached and that, assuming only this analyte present, it would take 1,000 days before capacity was reached.

[image: image]

There are three important factors that have an influence on the effective diffusion coefficients presented in Table 1, besides the temperature effect, which is expressed by Equation (10): the ionic strength of the solution, the pore size of the gel, and the size of the chemical compounds.


Table 1. Trace metal diffusion coefficients (in 10−6 cm2 s−1) in polyacrylamide gel (www.dgtresearch.com).

[image: Table 1]

In addition to diffusion, at low ionic strengths (e.g., <1 mmol/L), some electrostatic effects can modify the transport of the analytes. At these conditions, the gel could have a small positive charge (leading to Donnan partitioning of cations at the gel surface) which depresses the metal concentration at the gel surface (Warnken et al., 2005). This lower surface concentration has the effect of lowering the net diffusion coefficient measured from solution to the resin, while the diffusion coefficient in the gel itself is actually unchanged. Since only a small percentage of world's freshwater systems have an ionic strength <1 mmol/L, measurements of trace metals—in poorly complexing media—by DGT should be rather straightforward to interpret. Besides the commented (occasional) electrostatic effects of the gel, the resin, especially in the case of Chelex, exhibits a high negative charge which induces a Donnan partitioning at the resin/diffusive gel interface (Puy et al., 2014). This partitioning will have an important effect on the accumulation of elements which have non-negligible concentrations of partially labile charged complexes, which will be pre-accumulated or excluded (depending on the sign of the electrical charge) from the resin domain (where complexes can penetrate, Mongin et al., 2011; Uribe et al., 2011). The electrostatic effects of the resin charge are also very relevant when perfect sink is not fulfilled for the target ion (Altier et al., 2016). When the metal concentration drops to zero at the resin/diffusive gel interface and complexes are labile, this effect can be neglected. This can be checked by using DGT devices with a stack of resin disks which are eluted separately.

Hydrogels with different pore sizes can be prepared by varying the concentrations and type of crosslinker. Scally et al. (2006) and Shiva et al. (2015) studied the diffusion coefficients of transition metal ions in classic open pore gel (0.12% cross-linker; pore size >5 nm) and restricted pore gel (0.8% cross-linker; pore size <1 nm). They found for the open pore gel Dg/Dw ratios of about 85%, while for the restricted pore gel this ratio decreased to 60%. Thus, in restricted pore gel, the ion diffusion coefficient is about 70% of that in open pore gel. Since the radius of trace metal ions is smaller (<0.3 nm) than the restricted gel pore size (≈1 nm), the mechanism of retardation is likely due to the greater diffusional path length (tortuosity) within the restricted gel compared with the open pore gel (≈5 nm pore size).

Metal complexes are larger in size than metal ions, which can have an influence on their diffusion coefficients. Diffusion coefficient of Pb complexes decreased with increasing size of the ligand, in the order of diglycolic acid (DGA), nitrilotriacetic acid (NTA), fulvic acid (FA), and humic acid (HA) (Scally et al., 2006).

Diffusion coefficients of PbNTA and PbDGA showed a decrease of 20–30% in the open pore gel compared to that of the free metal, while this decrease is about 90% for PbHA. In freshwaters, fulvic species are generally more common and, for some metals, they may dominate the solution species. Provided they are sufficiently labile to dissociate while they traverse the diffusion layer and penetrate into the resin layer, which is usually the case, they will contribute to the mass of metal measured by open pore DGT with about 20% of the sensitivity of uncomplexed metal (Scally et al., 2006).

Several parameters have an influence on the Limits of Detection (LODs), such as the pre-conditioning/cleaning of all materials including filter, resin, and hydrogel, the quality of the chemical reagents (including the purity of water used for dilutions), the air quality in the laboratory and the measuring conditions (type of analysis instrument, stability of the instrument, background signal). Moreover, DGT-LODs are only indicative, because the longer the DGT is deployed in the aquatic system, the lower the LOD becomes. Nevertheless, it is useful to have an idea about the concentration levels of labile trace metals that can be measured for a fixed time period of deployment. In Table 2 we compare the blank value results of unexposed Chelex resin observed by Garmo et al. (2003) with those determined by Zhou and co-workers (Gaulier et al., 2021). The blank values are similar in both studies, except for Mn, Pb, and Ni while the STDs and LODs are similar, except for Co, Pb, and Fe. The largest variation, which is more than one order of magnitude, is observed for the LODs of Co and results from the large difference in standard deviation measured in the two cases.


Table 2. DGT blanks (with standard deviation STD) and Limits of Detection (LOD) for 24 h exposure time.

[image: Table 2]

Numerous surveys of labile trace metals have been successfully carried out in fresh- and sea-water environments, but we will present here one case study of trace metal speciation in each of those aquatic systems.


Speciation Results in Marine Water Ecosystems

In coastal areas, not only metal levels are generally higher than in offshore areas, but also other abiotic and biotic parameters are different, which can have an influence on the metal speciation. Therefore, the Oostende sampling site (see Figure 2), which is a coastal station at the Belgium coast that is heavily influenced by anthropogenic inputs, was selected for assessing the metal fraction that is labile (and, hence, also more bioavailable) and for comparing these labile metal fractions to those found in an offshore area in the Mediterranean Sea (Gao et al., 2019). Diffusive Gradients in Thin-films devices with different thicknesses of the diffusion domain allow one to provide information on the labile metal fractions at the coastal station and in the offshore area. The ratios of the field to blank concentrations in the Belgian Coastal Zone (BCZ) (Gaulier et al., 2021) are higher than in the Mediterranean Sea except for Cd (Baeyens et al., 2018). All ratios are higher than 8, except for Cd in the BCZ and Fe in the Mediterranean Sea, which are high enough to calculate accurate concentrations. The DGT concentrations of Cd and Fe in seawater can be very low, while, on the other hand, the blank values of the commercial Chelex resin in DGT can be high, resulting in those low ratios. However, when an acid pre-treatment of the resin is performed, all blank concentrations decreased and, for example, the field-to-blank ratio of Fe in the Mediterranean Sea became also higher than 10. During the same Mediterranean Sea cruise, the reproducibility of the DGT samplers was also investigated. For the classic (n = 5; hydrogel layer thickness is 0.8 mm) as well as the fast DGT (n = 2; no hydrogel layer) the relative standard deviations (RSD) for Cd, and Cu were below 20%. For Fe, that only could be determined with the fast DGT, the RSD was 33%.


[image: Figure 2]
FIGURE 2. Sampling station Oostende at the Belgium coast (Schlitzer, Reiner; Ocean Data View, https://odv.awi.de, 2020).


The DBL was taken as 0.2 mm (Guo et al., 2019). Total dissolved (TD) and labile metal (classic DGT, with a Δg = 0.8 + 0.125 mm) concentrations at the coastal station of Oostende are shown in Figure 3. As expected, labile concentrations are lower than TD concentrations. The labile concentrations (relative to the TD) are low for Pb and Cu, and high for Mn, as expected.


[image: Figure 3]
FIGURE 3. Total dissolved (TD) and labile (DGT) trace metal concentrations at station Oostende in the Belgian Coastal Zone (Gao et al., 2019).


Two metal-complex pools are considered: one, labeled inorganic MLin, for smaller molecules and another one, labeled organic MLorg. The normalized diffusion coefficients of these pools, are εin and εorg. The total dissolved amount can be considered as the summation of the free metal pool cM, the inorganic pool cML,in, and the organic pool cML,org.

[image: image]

Total dissolved metal concentrations (cT,M) and percentages of free metal, inorganic complexes and organic complexes were taken from the literature (see Table 3). Conditional stability constants (in excess of ligand) can be used, e.g., for the inorganic pool

[image: image]

Equation (3) can be invoked for this particular case, i.e., cDGT is split as a summation of the labile fractions, each weighted by its normalized diffusion coefficient εj. For the different configurations used in these experiments (no hydrogel, 0.4 and 0.8 mm thick diffusive hydrogel layer) DGTs, Equation (3) becomes:
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where ξj is the lability degree for each metal complex pool (j = in or org) for the different DGT configurations (superscripts g8, g4, or g0, see Table 3). Neglecting mixture effects (Altier et al., 2018), one can approximate the true ξ in a mixture of ligands (or pools, in this case) with the ξ computed for the case where there is only one ligand (i.e., one pool). Assuming excess of ligand and perfect-sink conditions, the lability degree can be written as a function of the dissociation rate constant (kd), the normalized diffusion coefficient of the complex and the thicknesses of the just-diffusion (gel disc and filter, Δg + δdbl), and of the reaction-diffusion (resin disc, δr = 0.4 mm) domains as derived in Uribe et al. (2011), where kd indicates the corresponding dissociation constant of the considered complex pool.

[image: image]

The thicknesses of the diffusion domain (Δg + δdbl) were computed with the filter thickness (0.125 mm), the DBL thickness (0.2 mm) and the corresponding diffusive gel thickness.


Table 3. Lability degrees (ξ) of metal complexes obtained in the Mediterranean Sea and in the Belgian coastal Zone (BCZ) (Gao et al., 2019).
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It is worth noticing that the lability degree is not entirely an intrinsic parameter of a complex. Even though ξj is a function of the dissociation rate constant and diffusion coefficient (which are, indeed, specific of the complex), it also depends on the geometric characteristics of the sensor (Δg) and the composition of the media (e.g., ligand concentrations). Nevertheless, the presence of concomitant complexes of the same element has usually a low influence on the total accumulation, since the impact of a complex on another one is mutually opposite (ca. 10% or lower), particularly under ligand excess conditions (see Altier et al., 2018).

Using Equations (2) and (13) to (16) with literature data on concentrations (see Gao et al., 2019 for details), the lability degrees and dissociation rates of the metal complex pools in the BCZ were derived. A value of εin = 1 was taken as well as a literature value of DML,org (Balch and Gueguen, 2015) for the organic pool.

Table 3 shows results for BCZ. As expected, labilities increase when increasing the thickness of the diffusive gel, when other factors are fixed. For a given metal and DGT configuration, the inorganic pool is always more labile than the organic one, as expected. Table 3 allows to suggest that the lability of the metal complexes might in general be higher in open sea (Baeyens et al., 2018) than in the BCZ. This could be related to the presence of strong ligands released from industrial activities in the harbor at the BCZ. The lability degrees of inorganic Cd, Ni, Co, and Cu complexes in the Mediterranean Sea are high (around 90%) for the classic DGT. Something alike happens with inorganic Zn complexes in the BCZ, while inorganic Cu and Pb lability degrees (in the classic DGT) drop to 68 and 51%, respectively. Labilities of organic Cu complexes are equal in the BCZ and in the Mediterranean Sea. Lability degrees of organic Fe complexes are higher in the BCZ than in the Mediterranean Sea.

In high ionic strength solutions, some drawbacks may occur. Perfect sink conditions are not always met, such as for example the DGT accumulation of Mn in seawater or in other solutions with high Ca or Mg concentrations (Altier et al., 2016). In that case, Mn concentration calculations should be carried out with a modified version of Equation (2), taking into account the competition of Mn with Ca and Mg ions for the resin sites, or via specific calibration curves of Mn (same solution composition and same exposure time as for field samples) accumulated on the DGT resin vs. the Mn concentration in seawater.



Speciation Results in Freshwater Ecosystems

Diffusive Gradients in Thin-films was used in-situ in the river Wyre (UK, see Figure 4), a pristine freshwater ecosystem with a high DOC level (15 mg/L), to study: (1) the equilibrium distribution of metal ions amongst three pools: simple inorganic complexes (free cation plus complexes with inorganic ligands), organic complexes with fulvic acid (FA), and non-dynamic (inert) metal species (particles, colloids); and (2) the rates of dissociation of the organic complexes. Diffusive Gradients in Thin-films devices were deployed with different diffusion layer thicknesses (0.3, 0.54, 1.34, and 2.14 mm) and with gels of different pore size (either polyacrylamide of normal pore size or restricted gel of small pore size) (Warnken et al., 2008). All samples, including dissolved trace metal samples and DGT eluant samples, were analyzed using a Thermo X7 series. Accuracy and precision were verified by analyzing the National Research Council Canada (NRCC) river water reference material, SLRS-4; the obtained values were within the 95% confidence intervals reported.


[image: Figure 4]
FIGURE 4. Sampling station at Garstang in River Wyre, Lancaster, UK (Google maps).


The seven spot samples collected during the DGT deployments and used to calculate the mean total dissolved metal concentrations had a RSD between 10% (Fe) and 43% (Mn). However, this is not a precision error, as replicate analyses were within 5%. Rather, it reflects the changes in concentration that are already taken into account in the integrating DGT measurements. The RSD (%) on the DGT measurements (n = 10) are between 11% (Ni and Pb) and 17% (Co and Cu). No RSD-values on the classic DGTs were reported, but we found during a cruise in the Southern Ocean (Baeyens et al., 2011) that they are generally lower (maximum of 21%), than the RSD-values on the restricted DGTs (maximum of 57%).

Labile metal concentrations of Mn, Fe, Co, Ni, Cu, Cd, and Pb were calculated assuming inorganic complexes to be fully labile and sharing the same diffusion coefficient as the free metal, while inert complexes did not contribute to the DGT accumulations. These calculations provided the inorganic and organic concentrations and the dissociation rate constant of the organic complexes.

To account for the reduced accumulation found with partially labile complexes, the authors used the approach of an extra diffusion length specific for each element and associated to the kinetic limitation. This length can be written in terms of the dissociation rate constant kd and concentrations of real species, as discussed in Warnken et al. (2007, 2008), Mongin et al. (2011), Uribe et al. (2011), Levy et al. (2012), and Puy et al. (2016). This approach can be seen as parallel to the treatment applied in section Speciation Results in Marine Water Ecosystems. Although either ξ or the extra kinetic limitation length depend on the thickness of the diffusive gel used in the DGT device, the number of unknowns is reduced to only kd and diffusion coefficients or concentrations because of these theoretical expressions. However, we have to notice that in Warnken et al. (2008), the expression for the extra kinetic limitation length in terms of the dissociation rate constant corresponds to a situation where the complex was not allowed to penetrate into the resin domain, which could be considered a limitation of this treatment. Table 4 shows the percentage distribution of (lumped) inorganic species, cM + cML,in (i.e., aggregating the free metal ion concentration with that of the inorganic complexes assumed fully labile and mobile), organic complexes, cML,org, and non-dynamic species, cnd (calculated as the difference between the total dissolved concentration minus those of the inorganic and organic complexes) in the Wyre river.


Table 4. Percentage distribution of lumped inorganic species, (cM + cML,in) organic Complexes, cML,org, and Non-dynamic Species, cnd in the Wyre river (Warnken et al., 2008) when taking DML,org as twice of those for isolated fulvic acid complexes.
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Taking diffusion coefficients of FA-complexes from diffusion cell experiments led to negative non-dynamic concentrations of Mn and Ni. The authors suggested that the mean diffusion coefficients obtained for the isolated FA in the diffusion cell might underestimate the mean diffusion coefficients of complexes that are binding the metals in the river water. So, they performed the final mathematical treatment applying a factor of 2 to all FA-complexes diffusion coefficients (Table 4). The non-dynamic fraction resulted generally in a higher amount than the colloidal fraction measured via ultrafiltration. This may indicate a non-negligible inert metal fraction. More than half of the total filtered Cd was not measured by DGT, consistent with a large colloidal or inert fraction. The authors concluded that Cd is less strongly bound to natural organic material than to extracted fulvic acid. Ni speciation was dominated by DGT-labile organic complexes, in contrast to model predictions made by WHAM6 suggesting that between 40 and 60% of the Ni would be present as inorganic species (Unsworth et al., 2006). Pb behaved quite different than Ni, with a dominant fraction of colloidal species (~97% of total dissolved Pb). The small remaining fraction (~3%) consisted mainly of free Pb and its inorganic complexes. Cu also showed a large inert colloidal fraction (~73%), with a non-negligible fraction bound to humic complexes. The authors could not completely compare with literature data for Fe, Co, and Mn. Fe species were found to be polydispersed (Horowitz et al., 1992) and strongly complexed (Gimpel et al., 2003). The predominant inorganic complexation of Mn agreed with previous results (Gimpel et al., 2003), and the abundances of organically complexed and colloidal Co reported in Table 4 were also consistent with previous work.

These two above-commented cases demonstrated that, in principle, it is possible to use a dynamic technique like DGT to obtain simultaneously information on the distribution of species and their rates of exchange. However, several difficulties such as the uncertainty in the diffusion coefficients of metal complexes, the nature of the organic ligands in the natural aquatic system, the stability constants of the metal–organic ligand complexes, etc., render it difficult to reach straightforward conclusions.




MERCURY SPECIATION

Mercury, as one of the most toxic elements in the environment, has lately attracted great attention due to its high toxicity and widespread occurrence (Morel et al., 1998). The most important chemical forms are elemental Hg, inorganic Hg, monomethylmercury (MeHg), and dimethylmercury (DMHg), which are all toxic, making mercury probably one of the most hazardous pollutants to aquatic biota (Akagi and Nishimura, 1991; Mason, 1995; Baeyens et al., 2003). It enters the environment from natural and anthropogenic sources, with coal-fired power plants, waste incinerators, and chlor-alkali plants as the most important ones (Turull et al., 2017b). Although mercury is essentially discharged in the inorganic form, it can be converted by sulfate reducing bacteria into methylmercury (MeHg), the most toxic mercury compound in the environment, bio-accumulated in plankton and biomagnified through the aquatic food chain (Mason, 1995; Storelli et al., 2002; Baeyens et al., 2003). The main exposure route of Hg to humans is through the consumption of marine fishery products (Oken et al., 2005). Fish and fish products account for most of the organic mercury in food. It is important to note that fish species can contain a broad range of mercury levels, even in the same aquatic environment.

Bioavailability depends on the chemical lability, but also on passive, active or facilitated cellular interaction with both Hg2+ and MeHg, a mechanism which is not yet completely understood (Schaefer and Morel, 2009; Faganeli et al., 2014). Due to the fact that Hg bioavailable species cause ultimately damage to human and ecosystems health, clearly more research into Hg bioavailability is needed (Bradley et al., 2017). Size-fractionating filtration to determine dissolved Hg is often employed to describe the labile fraction that interacts with biota (Faganeli et al., 2003). Similarly, the easily reducible (labile) fraction of Hg2+ (referred to as reactive Hg) is used as proxy for photo- and bioreduction, and biomethylation (Horvat et al., 1999). Likewise, experiments of methylation and demethylation potential are based on the assumption that the added non-complexed Hg species is bioavailable (Hines et al., 2006). Moreover, the ratio between MeHg and total mercury (THg) in various aquatic systems is sometimes used to compare the methylation potential, and thus, by extent, the bioavailability of the precursor, although methylation may occur also extracellularly and abiotically (Hines et al., 2006).

Diffusive Gradients in Thin-films has been increasingly used to evaluate lability and, by approximation, bioavailability of and potential exposure to Hg species (Amirbahman et al., 2013; Fernández-Gómez et al., 2015). Hg2+ and MeHg in natural waters are often present in femtomolar (fmol L−1, pg L−1) concentrations, which require ultra clean passive sampling methods and very sensitive, precise analytical procedures. Diffusive Gradients in Thin-films technique is capable of long-term passive accumulation of labile Hg species onto a binding resin, effectively pre-concentrating inorganic Hg and MeHg at such ultralow concentrations in aquatic environments, thus avoiding issues associated with trace metal sampling (Docekalova and Divis, 2005; Clarisse and Hintelmann, 2006; Gao et al., 2014).

The combination of the polyacrylamide diffusive gel and Chelex-100 resin gel, which is commonly used in DGT for the assessment of most trace metals as seen in section Transition Metals, has also been applied for the determination of labile Hg concentrations (mainly inorganic Hg) in the aquatic environment (Cattani et al., 2008), but several drawbacks appeared. The polyacrylamide gel showed a high affinity for mercury and was therefore replaced by an agarose gel (Docekalova and Divis, 2005). Moreover, the adsorption efficiency of the Chelex-100 resin for Hg is also controversial. Docekalova and Divis (2005) compared the Hg pre-concentration by a DGT containing a Chelex-100 resin with one containing a Spheron-Thiol resin (Slovák et al., 1979). They concluded that they were able to assess ionic mercury and labile mercury complexes with both resins, but the Chelex-100 resin had a lower accumulation rate than the Spheron-Thiol one (Gao et al., 2014). Moreover, Cattani et al. (2008) reported that using Chelex-100 as the resin gel in the DGT, only 50–58% of the Hg could be recovered from their solution, while this was 83–97% with the Spheron-Thiol resin. Other thiol-based resins such as mercaptopropyl (Howard and Khdary, 2004; Merritt and Amirbahman, 2007; Clarisse et al., 2009) or dithiocarbamate-based resins (Lansens et al., 1990; Goubert-Renaudin et al., 2007) have been investigated, all with good success, for the pre-concentration of inorganic and organic mercury species at ng L−1 level. However, many of them are not or no longer commercially available due to interrupted production; only 3-mercaptopropylsilica (3-MFS) and Purolite S924 are still commercially available (Gao et al., 2011; Bratkic et al., 2019; Reichstädter et al., 2020). However, individual research groups have synthesized new home-made resins for assessment of Hg and other trace metal in aquatic systems (Gao et al., 2011; Turull et al., 2017a; Elias et al., 2020; Reichstädter et al., 2021). Due to the very strong binding between the functional groups of the resin and Hg, the elution procedures for Hg are also different from those for other trace metals (elution procedures can be found in Table 5). It is clearly shown that aqua regia digestion of resin gels produced the most uniform and efficient elution results. Employment of higher HCl concentrations also improve the elution of Hg.


Table 5. Extraction procedures for dissolved labile mercury.
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Diffusive Gradients in Thin-films determination of mercury is, compared to DGT determination of other trace metals, still under development. Therefore, the validation of the whole methodology is strongly recommended. Considering the instruments used for Hg analysis, it varies from one laboratory to another due to available facilities. Cold Vapor coupled with Atomic Absorption Spectrometry (CV-AAS), ICP-AES, and ICP-MS are commonly used devices in several studies (see Table 5).

Due to the higher toxicity of organic mercury species, especially methylmercury (MeHg), it is important to detail speciation of the Hg compounds in environmental samples. However, in aquatic systems, MeHg occurs at ultra-low concentration levels, which makes the DGT a promising technique for its assessment. Only a few studies have been published on MeHg determination using DGT samplers, which contained polyacrylamide diffusive and Spheron-Thiol resin gel (Liu et al., 2012; Tafurt-Cardona et al., 2015). In their studies, high uncertainties were obtained for water concentration estimates. Diffusion coefficients in the gel appeared to be variable and this might be linked to the employment of polyacrylamide, since it was reported that this gel binds inorganic mercury and MeHg (Docekalova and Divis, 2005; Gao et al., 2014). Moreover, the utilization of thiourea to elute the Hg species from the gel can strongly interfere the ethylation reaction of MeHg (see Table 6), which is a key step for the measurement of MeHg using Cold Vapor-AAS or Headspace-Gas Chromatography-Atomic Fluorescence Spectrometry. Alternatively, agarose was employed as a diffusive gel in the DGT, while detection was carried out with IC-ICP-MS to avoid an ethylation reaction after the thiourea elution. Moreover, a SPE step was used to extract MeHg from thiol-based resin gels (Table 6).


Table 6. Extraction procedures for dissolved methylmercury.
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Mercury speciation using the DGT has been applied in diverse environments including freshwater (Gao et al., 2011, 2014; Hong et al., 2011; Fernández-Gómez et al., 2014; Tafurt-Cardona et al., 2015; Bretier et al., 2020), seawater (Hong et al., 2011), sediments (Amirbahman et al., 2013; Noh et al., 2016; Bratkic et al., 2019), and paddy soil (Liu et al., 2012). Care must be taken for the selection of the diffusion gel and the accurate determination of diffusion coefficients to obtain meaningful results. Due to different selection of diffusive gels, either polyacrylamide or agarose, the diffusion coefficients for different mercury species vary from one study to another. The diffusion coefficient in water and the hydrogels should theoretically decrease as: water > agarose diffusive gel > polyacrylamide diffusive gel > bisacrylamide-crosslinked polyacrylamide (restrictive) diffusive gel, and this due to the decrease of the gel pore size (Davison and Zhang, 2016). The pore size of the polyacrylamide gel is around 10 nm, with a range of 5–20 nm (Zhang and Davison, 1995; Scally et al., 2006) and the one of the agarose is around 40 nm, with a range of 35–47 nm (Zhang and Davison, 1999; Fatin-Rouge et al., 2004). Therefore, it is logic that the diffusion coefficients of mercury species in agarose gel are larger than those obtained in polyacrylamide diffusive gel. Although speciation of bioavailable mercury is technically feasible, careful selection of hydrogel and binding resin for the DGT and appropriate lab processing and analysis should be warranted. Also, biofilm formation with agarose gel is still problematic for long deployment times, which are sometimes necessary due to the very low in-situ concentrations of MeHg.



SATURATION/COMPETITION EFFECTS

Diffusive Gradients in Thin-films devices were initially designed to obtain linear accumulations of metals in natural unpolluted waters using deployment times of the order of days. However, too long deployments or deployments in highly contaminated waters can cause saturation effects. These are clearly evidenced by recording the time dependence of the accumulation. Saturation effects lead to downwards deviations of the accumulation indicating that the flux is decreasing with time and the accumulation proceeds out of steady state.

The arising of saturation effects is, then, a phenomenon that depends on the deployment time, the concentrations of the target analyte in the sample, the effective capacity of the resin disc and the affinity of the analyte for the resin sites.

As for the effective capacity, it depends not only on the amount of resin used in the disc, but also on the presence of competing cations. Indeed, natural samples usually consist of mixtures of multiple analytes and ligands. Protons and other concurrent metal cations compete with each other and with the probe metal ion(s) for the binding to the resin sites. The subsequent decrease in the concentration of available (free) resin sites leads to a drop in the effective rate of association between the analyte and the resin (Jimenez-Piedrahita et al., 2017) and to a decline in the rate of metal accumulation in the DGT device. At longer times, the accumulation approaches the effective equilibrium value between the resin and the bulk solution concentration:

[image: image]

where cT,R, [image: image], and KMR are the total concentration of resin sites, the concentration of sites occupied by M at equilibrium, and the metal-resin binding constant, respectively. The previous equation strictly holds when only the species M is bound to the resin. In a general situation, it should be substituted by a suitable competitive isotherm. In the particular case of competition between M and protons with a stoichiometric exchange ratio of 1:1, the intrinsic value of KMR may be replaced with a conditional (effective) value that depends on pH and incorporates the decrease in the number of available sites due to protonation. The competitive effect is, then, interpreted as a lowering of this effective binding constant as pH decreases, which leads to a lower value of [image: image] and, consequently, to a more significant curvature of the accumulation plot at low deployment times. Equation (17) is included here as an example of how the effective binding capacity of the resin may be significantly lower than the absolute (intrinsic) binding capacity (i.e., [image: image]) depending on the environmental conditions of the sample.

Moreover, a significant concentration of dissolved ligands with an affinity high enough to compete with resin sites for the binding of the probe ion(s) (Mongin et al., 2013) might also lower the effective strength of the resin, leading again to a curvature of the mass accumulation vs. t plot as it approaches the equilibrium value:

[image: image]

where cR is the concentration of free resin sites and [image: image] is the effective binding constant of the complex with the high-affinity ligand. The larger the value of [image: image], the sooner the accumulation deviates from linearity.

Any of the previous two phenomena leads to a departure from the linear accumulation regime (at shorter times than expected for a significant saturation of the resin) and to an underestimation of the actual species concentration in solution. Mongin et al. (2013) reported some guiding contour plots to help define the range of experimental conditions (pH, [image: image]) where the linear accumulation regime prevails. As an example, the relative error in the calculation of cDGT with the steady-state, perfect-sink (linear) Equation (2) remains below 5% (as compared with an “exact” value computed from numerical simulation results) after 10 h of deployment at pH 7 or higher in solutions containing a strong (but fully labile) complex with [image: image]. For partially labile systems, the range of deployment times where the linear behavior is valid becomes multiplied by 1/ξML.



CDGT AS A TIME-WEIGHTED AVERAGE CONCENTRATION

Another issue of practical interest is the elucidation of the relationship between the measured value of cDGT and the value of the bulk concentrations averaged over the deployment time. Temporal variations in the concentration of pollutants are frequent in natural waters as a result of the dynamics of natural and anthropogenic cycles. The integrative nature of DGT passive samplers suggests that they can provide time-weighted average (TWA) concentrations of the analytes over the deployment time, in contrast with conventional grab sampling (which yields a snapshot of the sampling site at one particular moment; Allan et al., 2007; Dunn et al., 2007; Huang et al., 2016, 2017). The response of DGT devices to changes in concentration during the deployment time has been studied both theoretically and experimentally through DGT deployments in solutions of different concentrations during controlled time periods (Altier et al., 2019). The results indicate that, if the duration of a pulsed fluctuation is much longer than the characteristic time to reach steady state (ca. 10 min in the standard DGT configuration), the transient effects can be neglected. Divergences between cDGT and the metal concentration increase as the duration of successive concentration jumps decreases, although the errors may cancel out in the case of regular, periodical fluctuations.

When transient effects are negligible and the deployment takes place under perfect-sink conditions (linear accumulation regime), it can be seen that cDGT corresponds to the time-weighted average of the labile concentration in the sample (Altier et al., 2019). This general result, together with the expression of cDGT in terms of the concentration of real species, Equation (3), leads to a general equation for the interpretation of cDGT in fluctuating systems. For a sample containing a mixture of h different ligands:

[image: image]

where angle brackets are used to denote averages over time. This equation can be seen as applying averages to Equation (3). The approximation in the last r.h.s. of this equation was carried out under the assumption that the dependence of the lability degrees with concentration is negligible (which is reasonable in excess of ligand conditions). In the particular case of only one strong ligand, where the free metal concentration can be neglected, the previous equation simplifies to:

[image: image]

Equation (20) allows to correct cDGT in order to obtain a better estimation of the metal concentration in the sample when the diffusion coefficient and the lability degree of the complex are known, as has been shown for the case of Ni in solutions with nitrilotriacetic acid (Altier et al., 2019).



CONCLUSIONS

Diffusive Gradients in Thin-films has evolved, since the pioneering work of Davison and Zhang (1994), to become a mature technique for in-situ measurement of the availability of metal cations, anions and, more recently, organic compounds in natural waters, soils, and sediments. In addition to the simplicity of this technique, an attractive characteristic is its ability to determine labile concentrations from the knowledge of the diffusion coefficient of the target analytes and the thickness of the diffusive domain (DBL+filter+hydrogel layer). The diffusive domain regulates the metal flux arriving to the resin gel, so that the association rate constants between the target analyte and the resin sites do not influence the accumulation.

Deployment of DGTs in freshwater and seawater allowed the characterization of inorganic and organic trace metal complexes. Labile fractions varied for each element according to the conditions in the aquatic environment (load and nature of organic ligands, redox and pH conditions, ionic strength, etc.). Using DGT devices with different thicknesses (together with complementary techniques) opens the way to an even more detailed characterization of the trace metal availability in natural media. Mercury speciation has benefited from new binding agents and improved elution and detection of the accumulated amount, although more work is still needed.

Amongst further developments to improve the speciation of inorganic species in the aquatic environment, we can highlight: (1) lowering the detection limits for open ocean, by lowering the blanks or by increasing the amount accumulated on the resin e.g., by using ultra-thin diffusive domains; (2) better knowledge of major groups of organic ligands with performant organic analytical instruments; (3) more efficient binding materials for the different analytes; and (4) combination of complementary techniques to build up an integrated description of equilibrium and dynamic speciation.
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92.00 (12/13)
92.00 (12/13)
92.00(12/13)
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Gs 16.00
GA 11.62
PSO 1.500

The bold font represents the best results.

9 CV accuracy (%)
0.006801 90.99
0009346 92.80

1.700 9580

Accuracy (%)

97.22
97.22
91.66

Sensitivity

95.56 (22/23)
95.65 (22/23)
9131 (21/23)

Specificity

100.0 (18/13)
100.0 (13/13)
92.00(12/13)
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Blood sugartarget ~ Max  Min  Average  Standard deviation

2 hPG(mmol/L) 118 5.40 9.10 1.14
FPG(mmol/L) 7.60 37 5.09 0.674
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Total samples
Training set
Validation set

Total
samples

147
11
36

Healthy
group

53
40
13

Pre-diabetes
group

46
35
11

Diabetes
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48
36
12
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WAMSCs Range (nm) Characteristic wavelengths (nm)

c 1,336-1,348 1,344
c2 1,360-1,366

c3 1,870-1376 1,874
c4 1,380-1,390 1,382
cs 1,398-1,418 1,408, 1,416
cé 1,420-1,428

cr 1,434-1,444

c8 1,448-1,454 1,448
co 1,460-1,488 1,462
cto 1,472-1,482 1,470
ci1 1,482-1,495

ci2 1,506-1,516

WAMAGCS, water matrix coordinates.

v, Symmetric stretching of first overtone of water.
vz, bending of first overtone of water.

v3, asymmetric stretching of first overtone of water.
So-4, (Ho0)4—s.

Assignment

vs
Water shell

vi+ s

Water shel

So

Water hydration

St

v+

Sz

Ss

S

Strongly bonded water or v,

References

Kondepati et al., 2008
Robertson et al., 2008
Roggo et al., 2007
Ludwig, 2001
Donis-Gonzalez et al., 2016
Cao et al., 2006
Cattaneo et al., 2009
Kalinin et al., 2013
Jaenicke and Lilie, 2000
Diller, 1992

Gowen et al., 2009
Xantheas, 1995,
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Year  Instrument Sample Resolution Sample introduction  Nr of species Ref.
(aqueous (transient)
extract) prior
fractionation
2002 QTOF MS SEC/AEC Infusion: 1 min (60 5 out of 8 identified (out ~ McSheehy et al., 2002
(QSTAR? Pulsar, AB/MDS cycles of 15) of 8 detected)
SCIEX)
2006 Q-TOFMS SEC RP nanoHPLC (08s) 7 identified Garcia-Reyes et al., 2006
(QSTAR XL, Applied (5 novel)
Biosystems)
2008 LTQ-Orbitrap MS SEC/AEC 60,000 at m/z 400 8 dentiied Dernovics and Lobinski,
(Thermo Fisher Scientific) (6 novel) 20080
2008 LTQ-Orbitrap MS SEC 60,000atm/z400  HILIC (1s) 9 identified Dernovics and Lobinski,
(Thermo Fisher Scientific) 2008a
2009 LTQ-Orbitrap MS AEC 60,000atm/z400  HILICor RPHPLC (1s) 9 detected Dernovics et al., 2009
(Thermo Fisher 8identified
Scientificany) 5 novel
2010 LTQ-Orbitrap MS None* 30,000 RPHPLC 10 identified Rao et al., 2010
(Thermo Fisher Scientific)
2012 LTQ-Orbitrap Velos None 2D (SEC-RP)HPLC 49 identified Preud’homme et al., 2012
(Thermo-Fisher Scientific) 30 novel
2012 LTQ-Orbitrap Velos SEC HILIC or RP HPLC 64 detected Amaudguilhem et al.,
(Thermo-Fisher Scientific) 52 identified 2012
9 novel
2017  TOF MS SEC HPLC 108 detected Gilbert-Lépez et al., 2017
(Agilent TOF 6210)
2019 Q-TOF MS Ultrafiltration HPLC (1s) 188 detected Ward et al., 2019
(Agilent 6545) 14 identified out of 129

novel

*75% ethanol.
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Ligand Species logp *

t=15C t=25C t=37°C
Cys MLH, 2122+001°  2076+0.03°  20.10+ 0.06°
MLH 1262003 1250004 1214006
PSH MLH, 20864008  21.30+008  21.650.08
MLH 1300008 1337009  1389:008
GSH MLH, 2039£005  19.97£008  20.14£001
MLH 1163006  11.02:007  11.66+002
GSSG  MLHs 2088009  30.18:009  30.45:006
MLH, 28284006  2816+000  27.77 0,06
MLH, 2540006  2512:008 2473006
MLH, 21.64 + 0.04 21.19 + 0.07 20.66 + 0.04
MLH 12.66 + 0.03 12.15 + 0.08 11.62 + 0.05
logk®
Cys MLH, 245 2.46 232
MLH 220 234 226
PSH MLH, 207 289 366
MLH 225 283 358
GSH MLH, 1.77 1.89 2.41
MLH 1.81 1.57 241
GSSG  MLHs 1.90 271 356
MLH, 248 284 299
MLHz &7 29 3.05
MLH, 272 275 275
MLH 2.80 253 227

“Overal formation constants.
°295% of confidence interval.
°Stepwise formation constants.
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'H NMR 25 5-10
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rotonation measurements for GSSH ligand.

C/mmol
L

2-6
510
G o

ML

0.33-2
0.75-1.5

pH range

2-10
2-10.5
2-10.5
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(M-Cys)H)"

(M-PSH)H]*

(M-GSHH]*

(M-GSSGH)*

Formula

[CaCaHeNSOZ]*
[CaCsHsS0,)"
[CaC2H,S0,]"
[CaCH;80,*
[CaH:SO}+

[CaOH)*
[CaCsH1oNO.S]*
[CaCsHs0:8]"
[CaCaHy028]"
[CsH-O)"

[CaOH)*
[CaCioH16NsSOe]
[GaCyoH16NsSOs]*
[CaCioH1aN3Og]
[CaCatHigNsSO.)*
[CaCsH1iN,S04]"
[CaCsHi5NSOs]"
[CeH11N-0:8]"
[CaHiNOZ"

[CaOH]"
[CaCaoHs1NsO12S,)+
[CaCaoMoiNeSz011)*
[CaCzoHs1N6S2010]"
[CaCiH2sNsS2010]
[CaCy5H2aNsS:04]"
[CaC12H19NaS-0q]"
[CaCioH12N:SOg] "
[CaC1oH14N3Og]"
[CaCgH11N-SO,]"
[CaHiNOI"

m/z

159.97
144.96
130.95
118.95
90.95
56.97
188.01
156.96
161.00
83.05
56.97
346.04
330.04
312.05
302.05
271.01
219.06
191.04
12598
56.97
651.10
635.60
619.76
576.07
522.06
379.07
346.04
312.06
271.01
125.98

Appm

5.0
4.5
6.0
53
4.8
4.0
6.0
4.5
55
53
4.8
5.0
4.5
55
5.1
4.8
4.7
4.1
39
53
4.0
4.2
4.8
52
41
4.7
5.3
55
4.8
39
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Ligand

PSH
GSH

GSSG

Species

MLH,
MLH
MLH,
MLH
MLH,
MLH
LH
LH,
LH,
LH,
LHs
LHo
MLHs.
MLH,
MLH,
MLH,
MLH

*Overall formation constants.
b505% of confidence interval

"HNMR
204 @P
124 (1)
210 @°
1215
20.49 (8
109 (3)
93P
1835 (9)
22.22 (4)
25.43 (6)
27.467
28.987
3018
28.16
25.12
21.21 (6P
12.04 (7)

logp™

Potentiometry
20.76
12.50
2060
1215
1997
11.02
9618
18.442
22212
25319
27.467
28.987
3018
28.16
25.12
21.19
12.16
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Concentration (ug ml™)

0
0.1
0.5
1

<Absorbance>

0.06 + 0.04
0.47 + 0.08
1.70 + 0.04
1.90 +0.18

RSD (%)
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Internal tube
diameter, (o) (mm)

0.51

0.76

1.02

RPM

1.00
1.18
3.33
1.50
1.75
2.38
1.00
1.10
1.20
1.40

Average time,
<t (s)

3.33 + 0.09
2.50 +0.06
1.02 +0.02
1.067 + 0.006
0.913 + 0.006
0.667 + 0.006
1.133 + 0.006
1+0
0.96 + 0.2
0.873 + 0.005

Flow rate, v,
(ml min™")

0.03
0.04
0.10
0.09
o1
0.15
0.09
0.10
0.10
0.1

RSD (%)

o

06
0.7
0.9
05

21
06
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Graphene-based system Features Adsorption capacity References
or rejection
Go GO as adsorbent As(ll) 288 mg/gF Reynosa-Martinez et l., 2020
PEI-GO GO modified with PEI Solid Phase Extraction As(ll) 126 mg/gE Ahmad etal., 2018
GO@SIO, and G@SIO, GO or G and S0, as chromatographic stationary phases Not specified Cheng et al., 2018
M-GO GO, Fe;0; nanocomposite as adsorbent As(ll) 85 mg/gE Yoon etal., 2016
As(V) 38 mg/g®
M-RGO RGO, FegO4 nanocomposite as adsorbent As(ll) 57 mg/g® Yoon etal., 2016
AstV) 12 mg/gE
p-CDs-GO@Fes04 GO modified with B-CDs, FesO3 nanocomposite as As(ll) 100.23 mg/gE Kumer and Jiang, 2017
adsorbent As(V) 99.51 mg/gE
cMGO Chitosan-magnetic-graphene oxide, nanocomposite as As(ll) 45 mg/gE Sheriala et al., 2019
adsorbent
mGO/bead Alginate, GO, FesO4 nanccomposite as adsorbent As(V) ~99%E Vuetal, 2017
GFeN GO and Fe/Fe,Oy core-shell as adsorbent As(ll) 306 mg/gt Das et al., 2020
As(V) 431 mg/g-
Mag-PRGO Partially reduced GO and FesO4 nanocomposite as As(V) 132 mg/gE Bobb et al,, 2020
adsorbent
sMa G, Fe (~5nm) nanocomposite as adsorbent AsY) 8.26 mg/gt Gollaveli et al., 2013
GNP/Fe-Mg G nanoplates, Fe-Mg nanocomposite as adsorbent As(V) 103.9 mg/gt Laetal, 2017b
GNP/CuFe04 G nanoplates, CuFe,04 nanocomposite as adsorbent As(ll) 236.29 mg/g- Laetal, 2017a
As(V) 172.27 mg/g-
Fe@CUO8GO Fe/Cu/GO nanocomposite as adsorbent As(ll) 70.36 mg/gt Wu etal, 2019
As(V) 62.60 mg/g-
Fe-GO-Gd Gd,03, FexOs, GO nanocomposite as adsorbent AsY) 35.84 mg/gE Lingamdinne et al., 2020
MG@PDA@PGMA-AET G/Fe304, Polydopamine, 2-aminoethanethiol as As(ll) 62.7 mg/gE Wang et al., 2019
adsorbent As(V) 19.3 mg/g &
M-RGO Fe20s NPs, persulfate (PS) and RGO as Total As 89.8%E Wu et al., 2020
catalyst/adsorbent
MAF-RGO Mn-Al-Fe and RGO as adsorbent As(ll) 402 mg/gF Penke et al., 2020
AsV) 339 mg/gF
G-CNT-Fe 3D Engineered G, CNT FesOs Not specified Vadahanambi et al., 2013
3D G FegOs/aerogel FesOu/graphene aerogel as adsorbent As(V) 40.048 mg/g* Yeetal, 2015
MGOH Graphene hydrogel as adsorbent As () 25.1 mg/g* Liang etal., 2019
As(Y) 74.2 mg/gt
FeO,-ONs Engineered carbon nanospheres-iron oxide As (1) 416 mg/gF Suetal., 2017b
As(V) 201 mg/gF
PSU-GO Membrane produced by phase inversion, used in direct As(V) 82.3%E Rezaee et al., 2015
flow fitter
PSU-GO Membrane produced by phase inversion, used in As(V) 99%E Shukla et al., 2018
cross-flow filter
GO-coated TFC-NF PES-supported membrane produced by GO covalent As(V) 98%E Paletal., 2018ab
coating on Polyamide, used in cross-flow filter
PAN-GO-y-Fe;05 Membrane produced by electrospinning used as batch As(V) 95.72%E Tripathy and Hota, 2019
adsorption
PES-GMF Produced by phase inversion, used in cross-flow filter As(V) 28.70 mg/gE Shahrin etal., 2019
PGLa-Glu-GO-CNT Membrane produced by spin-casting As(V) 92%E Viraka Nellore et al., 2015
As(lll) 96%E
PLGO Membrane produced by filtration over cellulose, used as As(ll) 99.8%F Ahmad et al., 2020
fix-bed adsorption column
DMSPE Adsorbent deposited on membrane, used in direct flow As(V) 43.9 mg/gt Baranik et al., 2018

filter

F Freundlich model: L Langmuir model; € Experimental.
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Ligand

PSH
GSH

GSSG

Species

MLH,
MLH
MLH,
MLH
MLH,
MLH
MLHs
MLH,
MLH;
MLH,
MLH

_AG™®

1185
3
176
68.2
1140
629
1723
160.7
1434
1210
69.4

“Referring to overall formation constants.
"Expressed in kJ mol”.

505% of confidence interval.

AH @

-87(°
-36(3)
-5()
-8(8)
-18(12)
8(18)
45 (12)
-36(16)
-51(12)
76 (10)
-82(9)

TAS *®

3
35
13

96
7
217
125
92
45
-13





OPS/images/cover.jpg
EDITED BY: Ottavia Giuffré, Carlos Rey.
ontiers in Chemistry

PUBLISHED.

@ frontiers Research Topics





OPS/images/fchem-09-626630/fchem-09-626630-g001.gif





OPS/images/fchem-08-614574/fchem-08-614574-g005.gif





OPS/images/fchem-08-614574/fchem-08-614574-g004.gif
R

Epu- Eacu(V)





OPS/images/fchem-09-613083/inline_3.gif
Ti508em-1 = (L1598em-1)o





OPS/images/fchem-08-614574/fchem-08-614574-g003.gif
5“} '.
I .

PUR
5 0% 554 5% 05 om0 a8 o 042

£, )






OPS/images/fchem-09-613083/inline_2.gif
(11508cm-1 )0





OPS/images/fchem-08-614574/fchem-08-614574-g002.gif
(s)

o1s

o1

H

P — -
%7 @i o7 97 aee o6 a6t 082

Ey (V)

o






OPS/images/fchem-09-613083/inline_1.gif





OPS/images/fchem-08-614574/fchem-08-614574-g001.gif
E, (V)

o

o

Eyp- Egen (V)






OPS/images/fchem-09-613083/fchem-09-613083-t002.jpg
Method

FL

Electrochemical

Electrochemical

Electrochemical

SERS

SERS-FL

Analysis principle

The urea-specific DNA aptamer was isolated by
an exponential enrichment method. In terms of
inherent fluorescence differences and color
changes, the aptamer sensor used unmodified
gold nanoparticles (AUNP) to transduce the
signal of aptamer-urea binding, thereby showed
high selectivity to urea.

A mixture of carbon nanotubes and platinum
nanoparticle-reduced graphene oxide (rGO)
was used to surface modify the glassy carbon
electrode (GCE). The urea aptamer was then
immobilized on the nanocomposite by covalent
bonding. Thus, aptamers with high affinity and
selectivity for urea were used to quantify urea.
Molecularly imprinted polymers (MIPs) also
contained DNA aptamers on gold nanoparticles
containing carbon nanotube networks (AuNP/
CNT). The material was placed on a glass-
carbon electrode (GCE), and GCE showed
double recognition abilty after removing urea
from the MIP cavity. After the modified electrode
was exposed to urea, the interface charge
transfer of the redox probe hexacyanoferrate
was measured under certain conditions. The
change of the charge transfer resistance
depended on the urea concentration, so the
urea can be detected with high specificity.

The primary amine was functionalized GO by a
one-pot solvothermal method using ethylene
glycol as the solvent and ammonia as the
nitrogen precursor. Based on the signal
amplification of carbon nanotubes/amine-
functionalized GO as a sensing platform, and
Apt as a probe, the label-free electrochemical
analysis of urea was performed.

The substrate made from Aw/Cu hybrid
nanostructure arrays was used to detect urea.
Adjusting the gap size between adjacent
nanorods to a sub-10 nm range produced high-
density hot spots, which enables the substrate
to detect urea signals at low concentrations.
Apt mediated the CDe catalyzed H,0,
oxidation of TMB to form trifunctional probes of
TMBox. The FL/SERS/Abs signals had a linear
relationship with the concentration of Urea.

Linear range

20-150 mM

0.0-0.1nM, 1.0-150 "M

0.005-0.1 nM, 1-500 nM

1-30 nM, 100-2000 nM

Flu:3.33-13.32 nmol/L;
SERS:3.33-16.65 nnmol/L

Detection
limit

20mM

1.9pM

900 fM

370 pM

1.12 nmol/
L1 nmol/L

Analysis
characteristics

Simple operation and
low sensitivity

Complex operation and
expensive equipment

Complex operation and
high sensitiity

Complex operation and
high sensitivity

Simple operation and low
sensitivity

Simple operation and
high sensitiity

RSD (%)

7.9%

5.5%

6.7-115%

9.5%

1.45-5.32%

Ref.

37

This
method





OPS/images/fchem-08-614574/crossmark.jpg
©

2

i

|





OPS/images/fchem-09-613083/fchem-09-613083-t001.jpg
System

CDre-Urea

CDren-Urea

Methods

FL
SERS
RRS
R
SERS
RRS

LR (nmol/L)

3.33-20
3.33-16.65
25-125
3.33-20
1.1-16.65
25-125

Regression equation

AFa05 om = 27.5C +28.5
Arsgem + = 166.3C +221.1
Alz7o om = 17.6C-2.9
AF405 om = 22.3C + 15.7
Alysggem + = 90.8C +29.1
Al7o rm = 21.0C-6.5

Coefficient

0.9856
0.9946
0.9939
0.9880
0.9895
0.9909

DL (nmol/L)

14
13
16
1.0
0.06
17
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0.5-50mM thiourea

100mM thiourea, 0.1 M HCI
1000mM thiourea, 0.1 M HCI
2% thiourea, 0.1 M HCI

10% thiourea, 0.1M HCI

The extraction efficiency (fe), temperature (T), time of extraction, and the analyzing method are mentioned.

fe

37%
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40%
43%
N/A
100%
N/A
32%
33%
34%
88%
85%
N/A
NA
91%
68%
N/A
83%
<LOD
69%
31%
100%
50%

T(0)

N/A
N/A
N/A
N/A
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N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Time

24h
24h
24h
24h
1h
25h
24h
24h
24h
24h
24h
24h
24h
24h
N/A
24h
12h
24h
24h
24h
24h
24h
24h

Analyser

CV-AFS
CV-AFS
CV-AFS
CV-AFS
HS-GC-CV-AFS
HS-GC-CV-AFS
IC-ICP-MS/HPLC-ICP-MS
GC-CV-AFS
GC-CV-AFS
GC-CV-AFS
GC-CV-AFS
CV-AFS
CV-AFS
HS-SPME-Py-AFS
GC-ICP-MS
CV-AFS
ID-GC-ICP-MS
GC-CV-AFS
HS-GC-CV-AFS
GC-CV-AFS
GC-CV-AFS
CV-AFS
CV-AFS
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Renetal, 2018
Tafurt-Cardona et al., 2015
Renetal, 2018

Renetal, 2018

Bratkic et al,, 2019

Gao et al., 2014

Hong et al., 2011

Noh etal., 2016

Noh et al., 2016

Noh etal., 2016

Noh et al., 2016
Amirbahman et al., 2013
Liuetal, 2012
Fernandez-Gomez et al., 2014
Clarisse and Hintelmann, 2006
Renetal, 2018
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Gao et al., 2014

Noh etal., 2016
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10% NaOH

30% NaOH

2% thiourea in 0.1 M HCI
1.3mM thiourea in 0.1M HCI
5% thiourea in 0.5% HCI
10% thiourea in 0.1M HCI
1M thiourea

2M thiourea in 0.5M HCI
1M HNO;

2M HNO;

2M HNOs

2M HNOs

3M HNOg

1MHCI

2MHal

2MHal

2MHal

3MHaI

5M HCI + microwave
6MHCI

12M HCI

7:3 HNOg:H, S04

7:3 HNO3:H;S0,
H2S04, conc. w/ 30% Hz02
Aqua regia

Aqua regia

Aqua regia

Aqua regia

Aqua regia

10% sodium sulfide

5% disodium-EDTA

5% pentasodium-DTPA
10% BrCl

0.3MBrCI

fe

60-75%
60-75%
54%
25%
100%
21%
<30%
<30%
68%
16%
91%
16%
8%
5-20%
05-56.2%
5-20%
17%
19%
95%
100%
54%
92%
74%
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96%
97%
88%
98%
84%
60-75%
20-30%
20-30%
101%
90%

T¢C)

N/A
N/A
N/A
N/A
N/A
N/A
NA
NA
25°C
NA
N/A
N/A
N/A
NA
N/A
NA
N/A
N/A
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NA
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110°C
N/A
NA
N/A
110°C
N/A
70°C
NA
N/A
NA
N/A
N/A
N/A

Time

N/A
N/A
24h
24h
N/A
24h
N/A
N/A
24h
24h
24h
24h
N/A
24h
N/A
24h
24h
24h
15min
24h
5h
5h
24h
N/A
overnight
5h
24h
24h
24h
N/A
N/A
N/A
24h
24h

The extraction efficiency (fe), temperature (T), time of extraction, and the analyzing method are detailed.
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Metal ion

Mg(ll)
Cafl)
Cufl)
cufly
Zn(ll
Fe(l)
Fe(ll)

lonic radius [A]

0.72
1.00
0.77
073
0.74
0.61
055

EP1

-0.02
+0.01
+0.15
+0.32; -0.14°
-0.07
-0.11
+1.67

EP2

+0.68; +0.33°
+0.59
+0.96
+1.00
+1.02
+0.29
+2.26

3j = nog/Npny; ®m = my/npny; ©Values given for m < 1.and m > 1, respectively; “Observed precipitation.

EP3

—-0.26¢
-0.03
+0.84
+0.52
+0.06
—0.43¢
+1.94

References

This work
Marolt and Pihlar, 2015
This work
This work
This work
This work
Marolt and Pihlar, 2015
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Element  crm Freemetal DGTnogel (g0) DGTthingel (g4) DGT-classic (g8) & EA £ S £ EA

nmolL="  nmol L~1 nmol L~ nmol L~ nmol L~1

Cd 0.066 0.0029 0.049 0.062 0.694 - 0.89 -
Fe 5.54 53 x 1071 0.47 - = 0.152 - =
Ni 49 0.49 296 3.18 0.88 - 0.96 -

Pb 0.473 0.0047 0.0458 0.0644 0.073 022 38x10-° 040 1.1x10° 051 20x10-°
Fe 206 1.6 x 1079 373 6.6 729 = 0.34 = 053 = 0.64
Ni 395 558 5.65 817 991 0.04 0.04 011 0.10 0.18 017
Cu 27.7 0.070 3.62 7.61 8.09 038 0.14 0.58 027 0.68 0.37
Zn 180 10.8 33.6 450 50.2 0.96 0.07 0.98 0.16 0.99 0.26

crm s the total dissolved metal concentration; values for Co from Dulaquais et al. (2017) and for the other metals from Ebling and Landing (2015) in the case of the Mediterranean Sea
and our data in the case of BCZ. Percentages of each pool (free, inorganic, and organic) are from Stockdale et al. (2011, 2015, 2016). “in” stands for inorganic and “org” for organic.
Superscripts: g0 indicates no hydrogel layer, g4 0.4 mm and g8 0.8 mm hydrogel layer.





OPS/images/fchem-08-614574/inline_11.gif
M
Ejln





OPS/images/fchem-09-624511/fchem-09-624511-t002.jpg
Reference 1

Mean blanks

ng
Cd 0.053
Co 0.100
Cu 0.970
Mn 0.360
Ni 4.10
Pb 1.000
Zn 6.30
Fe 175

STD
ng

0.015
0.19
0.26
0.1
0.48
0.16

22
56

LOD DGT
ng/mi

0.0032
0.087
0.047
0.021
0.087
0019

0.58
26

References 2 and 3

Mean blanks
ng

0.059
0.036
0.55
154
0.68
0.086
855
561

STD
ng

0.017
0.0057
0.12
0.091
0.32
0.0076
1.58
0.72

LOD DGT
ng/ml

0.0029
0.001
0.02
0.016
0.057
0.001
027
0.12

Reference 1 (Garmo et al., 2003); references 2 and 3 @Zhou, pers. Comm,) and (Gaulier et al, 2021). LOD DGT = 5589 where o is the STD of the blank; t = 24h; A = 3,14 cn?;
i

Ag = 0.08cm, and Df, the diffusion coefficient.
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T(°C) cd Co Cu Fe Mn Ni Pb Zn

5 329 3.21 3.36 33 3.16 312 4.34 3.28
16 457 4.46 4.67 4.58 4.39 4.33 6.03 4.56
25 6.09 5.94 6.23 6.11 5.85 577 803 6.08
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Ludox LS30
[S02] (wiw) 0.10%
Particle concentration (particle m=%) 4.28 x 1020
Surface area (m? m=%) 238 x 10°
Shell volume (m® m~3) 6.09 x 1074
pH 550 6.00 650 550
cLT (mM)* 0013 0.020 0.030 0.037
Surface charge density (mol m=2) 534 x 10-8 851 x 10-8 12.7 x 10-8 853 x 10-8
Shell volume charge density (mM) 2087 33.28 49.68 50.80

*Values for Ludox LS30 are from Goveia et al. (2011), and values for TMAO are our own unpublished results.
(1) Value computed by analogy with the Ludox LS30.

Ludox TM40

0.30%
1.15 x 10%°
432 x 10°

7.26 x 10740
6.00
0052

12.0x 1078
7115

650
0.070
163 x 1078
97.00
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Ludox LS30 Ludox TM40

[Si02] (w/w) 0.10% 0.30%
pH 550 600 650 550 600 650
eur (M) 0013 0020 0030 0037 0052 0070
Ky 225 578 1592 878 5281 14638
og Ky 225 245 272 288 301 332

“Values for Ludox LS30 are from Goveia ot al. (2011), and values for TM4O are our own
impublished results.
‘Kpui in mM equivalent to mol m=2.
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Samples

Whole Milk

Goat Milk—Fresh Whole Milk—Amalattea

Goat Milk—Latte UHT Intero—Amalattea

Cow Milk—Fresh Whole Milk—Centrale del Latte

Cow Mik—Fresh Organic Whole Mik—Centrale
del Latte

Semi Skimmed Milk
Goat Milk—Semi Skimmed UHT Milk—Amalattea

Cow Milk—Fresh Semi Skimmed Milk —Centrale
del Latte

Cow Milk—Semi Skimmed Organic UHT
Milk—Granarolo

Cow Mik—Semi Skimmed UHT Milk—Zymil
Parmalat

Cow Milk—Semi Skimmed Organic UHT
Millk—Zymil Parmalat

Cow Milk—Microfitered Semi Skimmed UHT
Milk—Selex

Cow Milk—Semi Skimmed UHT Milk—Accadi
Skimmed Milk

Cow Mik—Fresh Skimmed Milk—Centrale del
Latte

Cow Milk—Skimmed UHT Milk—Parmalat

Cow Milk—Skimmed UHT Milk—Centrale del
Latte

Cow Milk—Skimmed UHT Milk—Zymil Parmalat
Cow Milk—Skimmed UHT Mik—Accadi

Rice Milk

UHT Rice Milk—Vital Nature

Donkey Milk

UHT Donkey Mik

Number of
spectra

100
150
100
100

150
150

150

150

150

150

50

150
100

150
100

100

50

Fats
(g/100mL)

39
39
36
36

16
16

<05

<05
0.1

0.1
0.1
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Slope

R

RMSE (@/mL)
Accuracy (%)
Precision (%)
Ws

Calibration

097
0.009
0.002

98.4

753

7

Cross-validation

097
0.98
0.002
7.1
746
7
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Prediction results

Goat milk-Fresh whole milk-Amalattea
Goat milk-Latte UHT intero-Amalattea
Cow milk-Fresh whole milk-Centrale del
Latte

Cow milk-Fresh organic whole
milk-Centrale del Latte

Goat milk-Semi skimmed UHT
milk-Amalattea

Cow milk-Fresh semi skimmed
milk-Centrale del Latte

Cow milk-Semi skimmed organic UHT
milk-Granarolo

Cow milk-Semi skimmed UHT milk-Zymil
Parmalat

Cow milk-Semi skimmed organic UHT
milk-Zymil Parmalat

Cow milk-Microfitered Semi skimmed
UHT milk-Selex

Cow milk-Semi skimmed UHT
milk-Accadi

UHT Rice mik-Vital Nature

Cow milk-Fresh Skimmed mik-Centrale
del Latte

Cow milk-Skimmed UHT milk-Parmalat
Cow milk-Skimmed UHT milk-Centrale
del Latte

Cow milk-Skimmed UHT milk-zymil
Parmalat

Cow milk-Skimmed UHT milk-Accadi

Fats
(g/mL)

0.039
0.039
0.036

0.036

0.016

0.016

0.016

0.01

0.01

001

0.01

001
0.005

0.005
0.001

0.001

0.001

Predicted

0.0422
0.0372
0.0337

0.0331

0.0178

0.0130

0.0139

0.0083

0.0089

0.0140

0.0084

0.0108
0.0067

0.0042
0.0030

0.0011

0.0032

Ds

0.0002
0.0005
0.0003

0.0004

0.0004

0.0005

0.0004

0.0003

0.0004

0.0005

0.0004

0.0004
0.0003

0.0006
0.0003

0.0004

0.0004
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Speciated metal

Ag
Al

As
Au
Be
Ca
Co
Cu

Er
Fe

K
Mg
Na
Ni
Pd
Ru
Se
U
v

w
Yb
Zn

Analytical approach

ESI-MS (Jaklova Dytrtova et al., 2016)
ESI-TOF (Feng et al., 2015; Raymond et al,, 2018)
ESI-MS-MS (Liu et al., 2018)

DESI-MS (Kazimi et al., 2019)

ESI-TOF (Raymond et al,, 2018)

ESI-FTCR (Mapolelo et al., 2009)

ESI-MS-MS (Tsednee et al., 2016)

ESI-MS (Jaklova Dytriové et al., 2016), ESI-MS-MS (Tsednee
ot al., 2016), ESHFTICR (Waska et ., 2016)

ESI-TOF (Indelicato et al., 2014)

ESI-MS-MS, (Tsednee et al., 2016), ESI-FT-MS (Waska et al.,
2016, Mapolelo et al., 2009)

ESI-FTCR (Mapolelo et al., 2009)
ESI-FTCR (Mapolelo et al., 2009)
ESI-FTCR (Mapolelo et al., 2009)
ESI-MS-MS (Tsednee et al., 2016)
ESI-TOF (Jo et al., 2019)

DESI-MS (Perry ot al., 2011)
ESI-MS-MS (Tie et al., 2015)
ESI-TOF (Davis and Clowers, 2018)

ESI-TOF (Wen et al,, 2019), ESI-TOF (time resolved) (Cao
etal,, 2016)

ESI-TOF (time resolved) (Cao et al., 2016)
ESI-TOF (Indelicato et al., 2013)
ESI-MS-MS (Tsednee et al., 2016)
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Symbol

Hg
Cd
Pb
Cu
Ni

Metal ion

Atomic weight

200.59
11241

207.20
63.55
58.69

Intervention value

mg.Kg™!

530
380
210

10
720

Data from ref. V/uana and Okieimen (2011).
*mM concentration corresponds to the concentration of a solution obtained suspending
1Kg of soilin 1 L.

mM*

26
34
10
0.2
123

mgKg~!

85
100
35
03
140

Target value

mM*

0.4
0.89
0.17
0.01

24
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Mo

2x 105 M

2x 10 M

2x10° M

025
050
0.75
0.99
025
0.50
0.75
0.99
025
0.50
0.75
0.99

3.98
452
5.08
6.69
2.98
3.52
4.08
5.69
1.08
2.52
3.08
4.69

323
372
421
5.74
223
272
321
474
123
172
221
3.74

R=50

253
3.00
3.48
5.00
1.53
2.00
248
4.00
053
1.00
1.48
3.00

R =100

22
2.70
3.18
4.70
1.22
1.70
2.18
3.70
0.22
0.70
1.18
2.70
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log g

Species NTA MNTA? GLDA™ HIMDA EDDM EDDS EDDG DS EDTA
LH 9.84' 10.39 9.36 859" 9470 10.1% 9.46% 10.28% 10213
LH, 12.40" 12.83 14.39 10.83"" 16.16'6 17.0120 16.27% 14.772 16.413¢
LH; 14.23' 1427 17.88 12.20" 19.06' 20.85% 20,522 18.23%° 19.18%
LH, 20.44 21.2716 23.90% 23.80% 20.812° 21.20%
LHs 2539 22,832

LHs 27.4%

CdL 9.8% 1061 72112 1037 876% 16.41%
PbL. 11.343 12,07 9.45° 11.127 11.8% 8.60% 17.98%
Hgl 13.48¢ 1433 5.487 18.64'° 14.402 16.66% 22,02%
Fel 15875 11.60" 20.6% 15.7% 14.70%° 251097
MnL 7.44° 5557 850" 8632 6747 13.8%
Cul 12.94° 1388 13.09 1.72° 130" 18.7%0 12.65% 12.69° 18.7%
znL 10677 11.06 80213 13.58% 10.25% 10.30%2 16.39%
Cal. 657% 697 5.18 4581 48010 4588 2595 4.63% 10.69%
Mgl 583 593 35' 4511 5.82% 3.0% 552% 8.9%

"Ref, Daniele etal. (1985), I = 0.1M (RAN.X) and T = 25°C.

2Ref, Schwarzenbach and Gut (1956), I = 0.1M (KNOg) and T = 20°C.
SRef. Folcman and Da Silva (1983), 1 = 0.1M (KNOg) and T = 25°C.
4Ref. Gritmon et al. (1977), 1 = 0.5M (NaClOa) and T = 25°C.
SRef. Motekaitis and Martell (1994), | = 0.1M (KC) and T = 25°
8Rof. Schwarzenbach and Freitag (1951), I = 0.1M (KC) and T = 20°C.
7Ref. Schwarzenbach et al. (1955), | = 0.1M (KC) and T = 20°C.

8Ref. IMosller and Ferrus (1962), = 0.1M (KNOg) and T = 25°C.

ORef. Riecanski ot al. (1974), 1= 0.1M (KNOg) and T = 20°C.

TRef, Gorelov and Nikolskii (1977), 1= 0.1M (KNOs) and T = 25°C.

"1 Ref. Anderegg, 1986, I = 1.0M (NaClOy) and T = 25°C.

12Ref, Kodama et al. (1974), | = 0.3M (NaNOg) and T = 25°C.
3Ref. Kodama (1974), = 0.3M (NaClO4) and T = 25°C.

4Ref. Mighri and Rumpf (1975), .1M (?) and T = 25°C.
15Ref. Verdler and Piro (1969), 1M (NeClOs) and T = 25°C.
"Ref. Gorelov and Babich (1972b), 1= 0.1M (KNO3) and T = 25°C.
17Ref. Gorelov et al. (1973), 1= 0.1M (KNO3) and T = 25°C.

18Ref. Samsonov and Gorelov (1974), 1= 0.1M (KNOg) and T = 25°C.
"9Ref. Mashihara et al. (1973), 1= 0.1M (KNOg) and T = 25°C.

20Ref, Orama et al. (2002), | = 0.1M (NaCl) and T = 25°C.

21 Ref, Vasilev et al. (1990), I = 0.1M (KNO3) and T = 25°C.

22Ref, Vasilev and Zaitseva (1993), I = 0.1M (KNOg) and T = 25°C.
23pef. Vasiev et al. (1989), I = 0.1M (KNOg) and T = 25°C.

24Ref, Gorelov and Babich (1971), 1= 0.1M (KNO3) and T = 25°C.
25Ref, Gorelov and Bebich (19722), 1 = 0.1 M (KNOg) and T = 25°C.
26Ref, Sunar and Trivedi (1971), I = 0.1M (KNO3) and T = 30°C.

27 Ref, Samsonov and Gorelov (1974), 1= 0.1M (KNOg) and T = 25°C.
28Ref. Trivedi et al. (1971), I = 0.1M (KNOg) and T = 2.
2Ref. Knyazeva et al. (2002), | = 0.1M (KC) and T = 25°C.

SRef. Nikol'skil and Knyazeva (2002), 1= 0.1M (KC) and T = 25°C.
31 Ref, Vesilev and Al (1999), 1= 0.1M (KNOg) and T = 25°C.

2 Ref, Vasilev and Al (1994), I = 0.1M (2) and T = 25°C.

SRef, Vasiev et al. (1999), I = 0.1M (KNOg) and T = 25°C.

S4Ref, Gridchin et al. (2004), I = 0.1M (KNOg) and T = 25°C.
35Ref. Sarma and Ray (1956),
3Ref. Brunetti et al. (1969), 1 = 0.
37Ref, Delgado et al. (1997),
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pH range

Metal ion NTA HIMDA EDDG EDDS EDTA

Fed+ 0.30-1.15  1.02-2.46 2.69-3.40 1.66-213 <0-03
Hg?* 1.12-206 5.81-851 2.41-3.12 3.12-393  0.4-1.1
Cu?* 128232  099-2.41 3.56-4.45 1.99-2.59 1.2-1.9
Pb2* 1.84-365  2.27-4.40 5.06-6.38 4.18-5.34 1522
Zn2+ 227-420 335-5.82 4.40-5.60 3.41-426 1.9-27
Ca+ 270-500  4.16-6.67 5.05-6.38 468-586  1.9-2.7
Mn2+ 4.85-7.45 581-851 6.06-7.80 5.46-6.81 2738

Ca?+ 5.80-8.27 6.75-> 100 9.93-> 100 808-> 100 4.1-54
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