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Aim of the work 

 

L-carnosine is drawn attention as a bioactive dipeptide and has been extensively 

studied during the last years for its promising benefits for human health [1] and 

employed in several research fields, such as medicine, cosmetics, nutraceuticals 

and food additives [2, 3]. Albeit there is no clear evidence in the literature on the 

specific physiological roles and mechanisms of action of carnosine, its bioactivity 

seems to be strictly dependent on its own metal ion coordination ability [4]. The 

antioxidant effect of carnosine could also be attributed to its high hydrophilicity 

and enhanced by its chelating properties, as it interacts with most bivalent and 

transition metal cations, such as Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Ru2+ and 

Cd2+[5-7]. Advantageously, carnosine is also a heavy metal chelator [3, 8-10]. 

Therefore, this thesis focuses on this ambiguous dipeptide highlighting and 

exploiting its chelating abilities toward metal cations, with the express purpose of 

using this property for analytical applications. 

However, it is well known that knowledge of the total metal concentration does not 

sufficiently explain the effect or impact of an element in a multicomponent system 

and, on the other hand, a speciation study performed on a ligand, as carnosine, aims 

to define the different forms under which it is present in natural systems.  

The starting point was an in-depth speciation study on carnosine in NaCl aqueous 

solutions. The study was carried out under different conditions of ionic strength 

(0.15 ≤ I/mol L-1 ≤ 1) and temperature (288.15 ≤ T/K ≤ 310.15) by potentiometry, 

UV-Vis spectrophotometry and 1H NMR spectroscopy. Experimental data and 

literature ones were combined to obtain a stanch speciation model and trustworthy 

protonation equilibria values. In addition, structural information and fragmentation 

pathways of carnosine were explored by Matrix Assisted Laser Desorption 
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Ionization Mass Spectrometry (MALDI MS) and tandem Mass Spectrometry 

(MS/MS) techniques. Quantum-mechanical calculations were also performed to 

appreciate the protonation capabilities of functional groups (Chapter 3).  

Once the acid-base properties of the dipeptide were defined, thermodynamic 

interactions parameters with bivalent metal cations (M2+) were investigated, 

together with their dependence on ionic strength and temperature. For this purpose, 

a potentiometric study was performed on Ca2+, Mg2+, Mn2+, Cu2+, Zn2+, Cd2+, Hg2+ 

and Pb2+-carnosine systems. Determination of the thermodynamic interaction 

parameters (logβ, ΔG, ΔH, TΔS) regarding the M2+-carnosine complexes was very 

useful for predictive purposes and allowed to simulate the distribution of the 

species in different real systems. Furthermore, sequestering ability of carnosine 

toward the metal cations under study was assessed in conditions simulating real 

systems, such as physiological (I = 0.15 mol L-1 and pH = 7.4) and seawater  

(I = 0.7 mol L-1 and pH = 8.1) solutions (Chapter 4). 

During pandemic COVID-19, literature research on dipeptide electroactivity 

intrigued me. However, the literature data related to the voltammetric detection of 

carnosine are not well detailed and currently there is no clear evidence on its 

electrochemical mechanisms. Therefore, several tests on carnosine by voltammetry 

were performed during my research stay at the Department of Chemical 

Engineering of the Universitat Rovira i Virgili (Tarragona, Spain). This 

investigation was mainly performed using bare Screen-Printed Carbon Electrodes 

(SPCEs) and modifying them with suitable materials in order to improve 

electrochemical properties of carnosine. Although this study did not provide 

reproducible data neither on bare SPCEs nor on modified ones, it inputs the idea of 

synthetizing more electroactive carnosine derivatives and studying the sensing 

capability toward metal cations. Functionalization of carnosine was readily 

achievable as it has multiple recognition groups, such as the imidazole ring, amino 
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and carboxylic groups, which pose itself as an ideal candidate for modification with 

more versatile molecular units. 

Synthetic approaches include: 

1) Conjugation of carnosine (CAR) with ferrocene (Fc). This strategy is well 

exploited in the literature as it leads to redox-active materials with interesting 

electron transfer properties [11, 12] (Chapter 5).  

2) Conjugation of carnosine (CAR) with Pyrene (Py). The derivative, PyCAR, has 

been designed as a possible fluorescent metal sensor (Chapter 5).  

Analytical approach on FcCAR and PyCAR derivatives included:  

i) Determination of the acid-base behavior by potentiometry and UV-Vis 

spectroscopy in NaCl aqueous solutions at I = 0.15 mol L-1 and T = 298.15 K.  

ii) Determination of the complexing ability toward some bivalent metal cations. 

FcCAR has been therefore investigated as a candidate for electrochemically 

recognizing metal cations and, thus, as a potential metal probe. Among the 

cations, FcCAR showed a greater affinity toward Hg2+ and Hg2+-FcCAR system 

was used as model to study how to improve electrochemical performance. 

Therefore, MultiWalled Carbon NanoTubes Modified with Cyclodextrins 

(MWCNT-CD) dispersions were cast on Screen-Printed Carbon Electrodes 

(SPCEs). In this way, an amplification of the peak current signals was achieved 

(Chapter 5). Study on PyCAR using is still ongoing. 

3) Grafting of carnosine on a commercial polyacrylamide/azlactone copolymer 

(AZ) and study of the resulting carnosine-based resin, AZCAR, in the Pb2+ 

removal procedures under conditions simulating natural fluids. In this case, 

preliminary speciation study on the Pb2+-CAR system was helpful in 

establishing the best conditions of pH, ionic strength and temperature for 

adsorption experiments. The adsorption capacity of AZCAR toward Pb2+ was 

studied under conditions simulating the ionic strength and pH of various natural 
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waters, and the best results were obtained at pH > 7.0 and 0.001 ≤ I/ mol L-1 ≤ 

0.7 (Chapter 6).  

Additional studies on further analytical applications have already been undertaken 

in this thesis but some aspects remain to be evaluated.  
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Chapter 1 

 

Introduction 

 

1.1 Speciation 

The term “speciation” refers to the distribution of the various chemical-physical 

forms (isotopic composition, electronic or oxidation state, macromolecular, 

inorganic and organic complexes, organometallic compounds) in which an element 

occurs in a certain system [13]. The speciation analysis is an analytical process that 

allows to qualitatively identify and quantitatively determine concentration of one or 

more individual chemical-physical species in solution [13]. Various species of an 

element may differ in importance depending on the purposes for which a speciation 

analysis is undertaken. The distribution of an element in different inorganic 

compounds deeply affects its transport and bioavailability by determining its 

properties, such as charge, solubility and diffusion coefficient. Thus, this 

methodology is crucial to better understand bioavailability, toxicity and 

environmental impact of the chemical species of the involved elements in a system, 

which are affected by important parameters or conditions. pH, temperature, ionic 

strength, redox potential and the possible presence of organic or inorganic ligands 

are just some of these aspects, which can give rise to variations in the system and, 

thus, in the behavior of the molecule under investigation. Furthermore, the 

distribution of species in a system including both metal and ligand depends on their 

concentrations and stoichiometry, as also those of the resulting complex species.  

This approach is widely used in various fields, such as toxicology, clinical and 

environmental chemistry, geo- and bio-chemistry [13]. 
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Therefore, a speciation study can be crucial to assess the behavior pattern of a 

chelating ligand toward metal cations in natural fluids (physiological system, fresh- 

and seawater…) and to establish the best conditions for ligand use [14]. On the 

other hand, a speciation study can be pivotal to evaluate the distribution and 

transformation of pollutants in aquatic systems in order to improve and optimize 

strategies for their removal from polluted waters [15]. 

To perform an in-depth speciation study, different analytical techniques can be 

employed, including potentiometry (ISE-H+), UV-Vis spectrophotometry, Nuclear 

Magnetic Resonance (NMR), voltammetry, spectrofluorimetry, calorimetry, 

electrophoresis, Gas Chromatography (GC), High Performance Liquid 

Chromatography (HPLC), and hyphenated procedures too.  

Titrations with acid or base monitored by potentiometric pH measurements at 

different metal:ligand ratio are commonly used to determine complexes stability 

constants [13]. The experimental data are commonly processed by befitting 

computer programs, which allow to determine equilibrium constants and the best 

speciation model, chosen on the basis of some general criteria that are simplicity, 

probability, statistical parameters, formation percentages and comparison of the 

data with the literature ones. Knowing formations constants is important to 

calculate the formation percentages or the molar fractions of the species under 

study and to simulate the distribution of the species vs. pH values in certain 

conditions of ionic strength, ionic medium, temperature, concentration of the 

ligand. 
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1.2 L-carnosine (CAR) 

L-Carnosine, referred to as CAR in this thesis (Figure 1.1), is a natural endogenous 

dipeptide discovered by Gulewitsch and Amiradžibi more than 100 years ago as a 

non-protein and nitrogen-containing compound of meat [1, 8]. This molecule was 

isolated from minced meat and, thus, took its name, “carnosine”, from the Latin 

caro, carnis, namely meat [9]. 

It is a water-soluble (partition coefficient, logP = -2.972±0.436) [16], and 

histidine-containing dipeptide (HCD) [17] with a molecular weight of 226.23 Da 

[16]. 

 

 

Figure 1.1. CAR structure. 

 

CAR, (2-[(3-aminopropanoyl)amino]-3-(1H-imidazol-5-yl)propanoic acid) [4], is 

traditionally recognized as β-alanyl-L-histidine from the names of the precursor 

amino acids covalently linked [4].  

It and its analogs, homocarnosine, anserine, and ophidine/balenine, are widely 

distributed in mammalian tissues [1]. Among them, CAR is extensively studied for 

its promising benefits for human health. For instance, it shows inflammation, 

oxidation and glycosylation resistance, and chelating properties [18], which are the 

focus of this thesis.  
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1.2.1 Distribution in the human body 

Endogenic concentration of CAR is up to 20 mmol L-1 in skeletal muscles and 

brain [18], where is particularly localized in the olfactory bulb (1-2 mmol L-1) [19] 

and cortex [1]. To a lesser degree, CAR is also present in cardiac muscles, 

erythrocytes, kidney, skin, eye lens, stomach and gastrointestinal tissues [1, 4, 17, 

20, 21]. Interestingly, brain, skeletal and cardiac muscles show a very active 

oxidative metabolism [1, 22], and are the main target tissues of recently conducted 

in vitro and in vivo studies to evaluate the therapeutic effect of this dipeptide. 

Although it may be strongly marked in various chronic and cardiovascular diseases 

[18], the physiological role of CAR in the brain is still unclear.  

Before discussing the potential of CAR, its major metabolism and transport 

pathways are described. 

In the human body, the concentration and distribution of CAR also depend on 

gender, age and diet. For instance, male adults tend to have higher amounts of 

CAR, and the elderlies benefit from minor levels as do vegetarians [23]. Its levels, 

indeed, derive from dietary sources. In particular, meat, fish and dairy products are 

the main sources of CAR, or endogenous synthesis [24].  

In skeletal muscles, kidney and brain [25], it is synthetized by the ATP-dependent 

carnosine synthase enzyme (ATPGD1, EC 6.3.2.11) [23] starting from β-Alanine 

and L-histidine amino acids. This synthesis was first described in 1950s [26, 27]. 

For the most part (98 %), the carnosine synthase plays a cytosolic activity [23] in 

skeletal and cardiac muscles, and in the olfactory bulb of the brain, assisted by 

Mg2+ and ATP [1, 2]. This enzyme has a C-terminal domain and was first 

molecularly identified by Drozak et al. [28] from chicken pectoral muscle. It was 

found to be a homotetramer, whose native enzyme has a molecular mass ~ 43 kDa 

[2].  

Both precursor amino acids have different origins in the human body; in fact, while 

β-Alanine is synthetized in the liver or can be obtained from the diet [1, 23], L-
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histidine is not synthetized de novo and, thus, its origin is exogenous [1, 23]. Both 

can also be obtained by proteolysis of endogenous proteins and readily taken up 

from the circulation into the brain via amino acids transporters, present in the 

blood-brain barrier (BBB) [1, 22]. In light of this, the local CAR synthesis occurs 

in the brain, or rather in olfactory neurons and glial cells (particularly in mature 

oligodendrocytes) [1, 22]. CAR itself can cross the BBB, but most brain CAR is 

thought to be a product of its de novo synthesis localized in specific areas of the 

brain rather than the result of its penetration across the BBB [1, 22, 23].  

In particular, brain CAR is widely used in neurons and astrocytes [1], where, in the 

latter, the dipeptide facilitates the export of lactate from cells, supplying metabolic 

support to neurons and axons through buffering protons [22]. Moreover, in 

astrocytes, it leads to axonal regrowth of neurons undergoing ischemic injury and, 

thus, functioning as a therapeutic agent for brain-related conditions [23].  

CAR can also modulate the glutamatergic system through the up-regulation of 

glutamate transporter 1 and the reduction of glutamate levels in the central nervous 

system (CNS) [8, 9]. 

In the human body, CAR can be transported across cellular membranes by proteins 

belonging to the proton-coupled oligopeptide transporters (POTs) family, also 

named solute carrier family 15 (SLC15) [1]. These highly specific oligopeptide 

transporters are involved in intestinal adsorption of peptides. PEPT1 and PEPT2 

(oligopeptide transporter 1 and 2), PHT1 and PHT2 (peptide/histidine transporter 1 

and 2) are the mammalian members responsible for the transport of CAR and its 

methylated analogs. In particular, PEPT1 plays a key role in intestinal and colonic 

absorption of peptides and, being a peptide/proton cotransporter, its activity is 

enhanced with a lower luminal/apical pH. PEPT2 acts by transporting CAR into 

the brain, where it monitors the peptide trafficking and brain homeostasis [1, 23]. 

Analogously, it can be involved in the lungs and kidneys [23]. 
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Regarding degradation, CAR is hydrolyzed by cytosolic non-specific dipeptidases 

(CNDP), named carnosinases (CN) or β-Ala-His dipeptidases [1, 29, 30], first 

proven and partially purified by Hanson and Smith [31] in 1949 from swine 

kidney. In 1968, Perry et al. [32] first described the two human hydrolytic 

isoforms, which belong to the M20 metalloprotease family [1, 8, 9]: 

- CN1, or serum carnosinase (CN1 or CNDP1; EC 3.4.13.20) [1], localized 

in plasma, serum and brain [23, 29]. Its narrow substrate spectrum allows it 

to hydrolyze only histidine-containing dipeptides (HCDs) and it is mainly 

expressed in the liver and oligodendrocytes [1]. 

- CN2, or tissue carnosinase (CN2 or CNDP2; EC 3.4.13.18) [1] localized at 

the intracellular level and strongly inhibited by bestatin [29]. This has a 

wider substrate specificity than CN1 and exhibits ubiquitous expression in 

human tissues, but at very low levels in the brain [1]. 

These metalloproteases are activated and/or stabilized by different metals [33]. For 

instance, the former is probably catalyzed by two Zn2+ ions, and CN2 requires Mn2+ 

for its catalytic activity [1].  

The greatest amount of CAR (≥ 99%) is localized in skeletal muscles [23], where it 

has concentrations 10- to 1000-fold higher than those present in cardiac muscles, 

and is also found ̴ 2-fold higher concentrations in fast-twitch fibers than in slow-

twitch fibers, contributing to the physicochemical buffering of lactate, caused by 

exercise, and including membrane-stabilizing [34]. Its highest concentrations in 

skeletal muscle tissues, where CAR levels vary from 5 to 10 mmol L-1 in wet 

weight and 15-40 mmol kg-1 in dry weight [16], and the lack of bioavailability of 

CAR in serum (half-life in human serum < 5 min) [23] could be due to the presence 

and activity of the carnosinase. In fact, the latter rapidly acts, decreasing the serum 

levels of CAR and reducing its clinical efficiency and therapeutic uses [23]. This 

limitation could be overcome by joining CAR with a transporter or versatile 

molecule capable of protecting it from carnosinase degradation, or by oral 
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supplementation of β-Alanine [23, 29]. This, along with the orally ingested 

carnosine, can be practiced by athletics to increase the amino acids levels in 

muscles and improve performance in exercise physiology [18, 22, 23]. Indeed, 

since the pKa value of the imidazole ring of CAR is close to 7.0, this moiety is 

particularly involved in the regulation of the hydrogen ion buffering activity [7]. As 

such, it acts as a more effective pH buffer than its progenitor histidine [6, 19]. This 

role was first proposed in 1938 by two independent groups [21]. In addition to its 

role as an exercise enhancer, CAR regulates calcium metabolism, decreasing 

lactate accumulation and optimizing energy metabolism [9, 22]. It is not only an 

over-the-counter food supplement to improve muscle tolerance, but CAR is also 

used as a component of cosmetics to exert its antioxidant and anti-aging effects [9, 

35]. In fact, it upgrades mitochondrial functions, limiting systemic inflammation 

and oxidative stress [22, 24], and oral administration of CAR is also useful for 

preventing various oxidative-based disorders, including lung diseases, stroke, type-

2 diabetes, cardiovascular, renal and neurodegenerative diseases [1, 36].  

Despite several studies describe anti-ischemic and neuroprotective properties of 

carnosine, there is currently no solid evidence on its precise role in brain disorders. 

Therefore, possible hypotheses about the mechanisms and potential use of CAR in 

the prevention or management of these conditions are reported [22].  

 

 

1.2.2 Physiological properties and metal ion abilities  

Growing interest coming from in vivo and in vitro studies has highlighted the 

protective role of CAR on human diseases and aging, owing to its multimodal 

mechanisms of action involving several pathways and its multiple biological 

functions, including anti-oxidation, anti-aggregant, anti-inflammatory, anti-

glycation, anti-carbonyl, anti-stress and anti-aging effects [1, 8-10, 25, 36].  
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Nevertheless, despite several studies describing the various health effects of CAR, 

its endogenous functions and molecular mechanisms of action are not fully 

identified 

[4, 36], and little in vivo evidence occurs in humans [37]. However, in vitro 

experiments are significant because allow an in-depth study of different 

mechanisms of action and give importance to specific phenomena of a molecule, 

which are difficult to reproduce in vivo [9]. For instance, in vitro studies reported 

that CAR selectivity can restrict the proliferating process of carcinoma cells [38].  

An exponential growth of literature data has also confirmed that CAR can prevent 

and suppress oxidative stress [25, 36], which is related to more than 200 disorders 

and diseases [1, 24]. The main instances are atherosclerosis, hepatocellular and 

renal tubular epithelial cells injury, rheumatoid arthritis and myelosuppression [9, 

24], but it is also studied in the prevention and treatment of numerous chronic non-

communicable diseases, such as lung, renal and cardiac disorders, diabetes and its 

vascular developments, cancer, schizophrenia, osteoporosis and cataracts [10, 23, 

36]. Interestingly, CAR is potentially employed in brain-related disorders, such as 

autism, Alzheimer’s and Parkinson’s diseases [1, 36, 39]. In fact, CAR could 

activate brain functions thanks to its ability to cross the blood-brain barrier (BBB), 

reach the brain and activate glial cells. On the other hand, in Parkinson’s disease, 

CAR could act in the erythrocytes limiting the possible accumulation and 

misfolding of protein aggregates enriched of α-synuclein (ASN). This could be due 

to antiglycation properties of the dipeptide [23], which is also able to detoxify 

catecholaldehydes involved in neurodegenerative diseases, as well as cardiac 

complications from ischemia and diabetes [36].  

The therapeutic use of CAR as an anti-inflammatory, antioxidant, anti-glycation 

and anti-carbonyl molecule could also be attributable to its indirect action in the 

activation of the Nrf2 transcription factor, which plays a key role in the 

transcription of more than 200 genes, having an antioxidant response element 
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(ARE) in the promoter region [1, 36]. The Nrf2 activation could also elucidate the 

anti-aging effect of carnosine, as well as its ability to inhibit the formation of anti-

advanced glycation end products (AGEs), in particular derived from glyoxal (GO) 

and methylglyoxal (MGO). These α-dicarbonyls are the products of lipid 

peroxidation, glycolytic oxidation and protein glycation and, along with AGEs, are 

the mediators of several chronic diseases, such as diabetes, obesity, arthritis, 

cancer, atherosclerosis, pulmonary fibrosis, neurodegenerative diseases, aging and 

subsequent wrinkles [36]. 

The significant epithelializing and wound healing properties of CAR make it an 

effective and preventing anti-aging compound [4, 20]. In fact, it is used in age-

related skin creams or cosmetic formulations, to avoid or prevent wrinkle forming 

[29, 40].  

Focusing on the direct antioxidant activity of CAR, its role as carbonyl quencher, 

scavenger of reactive oxygen species (ROS) and reactive nitrogen species (RNS) is 

known in the literature [8, 9, 23, 36]. 

The term “ROS” refers to a wide and reactive variety of molecules and free 

radicals, endowed with massive harmful effects, physiologically derived from the 

metabolism of molecular oxygen [41]. CAR seems to be able to quench free 

radicals, hydroxyl radicals and superoxides [4, 17, 21], as well as single molecular 

oxygen [25], hypochlorite anion and hypochlorous acid (HOCl) [1]. All of these 

species are toxic and can modify proteins. In particular, HOCl deriving from H2O2 

and Cl- in mammalian cells, can react rapidly with the imidazole ring of CAR. This 

results in an imidazole chloramine, which limits its oxidative activity of HOCl [1].  

CAR captures aldehydes, from the oxidation of lipids and sugars by a multistep 

mechanism, which involves the amino group and the imidazole ring, to give rise to 

CAR-Reactive Carbonyl Species (RCS) covalent adducts and their metabolites [1, 

23, 36]. CAR somehow reacts with β-malondialdehyde (MDA) by the formation of 

the respective N-propenal adduct via Michael addition [36]. A recently detailed 
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progress on the direct antioxidant action of CAR was experimentally discovered by 

Ihara et al. [42]. A carnosine oxidation product, that is 2-oxo-carnosine, was 

distinguished in ex-vivo conditions, or better in tissue homogenates and in H2O2 

exposed cells. This is produced by the formation of a reaction of histidyl imidazole 

and subsequent addition of molecular oxygen [36], and is able to remove the lipid 

oxidation byproducts [1, 25]. Therefore, particular attention is paid to 2-oxo-

carnosine, as it shows higher antioxidant activity than other common antioxidants, 

such as glutathione and ascorbate [36].  

In addition to the prevention of the above-mentioned lipid peroxidation of 

membrane lipids, CAR is also involved in the maintenance of cell membrane 

structure and functions.  

The high water solubility of CAR makes itself an excellent antioxidant defense 

system in the cytosolic media, where significant concentrations of oxidation 

mediators, such as transition metals and ROS, occur [24]. There, CAR also works 

as a pH buffer, maintaining pH-balance and homeostasis, and as a chelator of 

divalent metal cations, in particular regulating amounts of transition metals and 

modulating immune cells, such as macrophages and microglia, in biological 

systems and tissues [8, 17, 25, 43]. 

Finally, CAR is progressively arousing interest for its relevant anti-glycant and 

antioxidant properties, along with its intriguing potential anti-tumor and anti-

apoptotic functions [29].  

 

The bioactivities of CAR are strictly related to coordination and complexation with 

metal cations [20]. For instance, the anti-carbonyl properties of the dipeptide could 

be due to its own metal chelating abilities [36]. In fact, CAR is composed of three 

ionizable groups: the carboxylic group, the amino segment of the β-alanine residue 

and two nitrogen atoms of the imidazole ring. At physiological pH (7.42), 

carnosine occurs mainly in a zwitterionic form, due to the presence of the carboxyl 
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and amino groups of β-alanine in their ionized states [7]. In this condition, 

Torreggiani et al. [33], by means of Raman spectroscopy, described the existence 

of two tautomeric forms (Figure 1.2) in equilibrium with each other, even if 

Tautomer I is energetically more stable and, therefore, the main species (75%) at 

pH 7.0 and 9.0 [7].  

                    

                        Tautomer I                               Tautomer II 

Figure 1.2. Tautomeric equilibrium of the imidazole ring of CAR [7]. 

 

The tautomeric equilibrium, described by Boldyrev et al. [7], is affected by metal 

ion chelation, just as the physiological behavior and protecting properties of CAR 

against oxidative stress [16], also depend on its metal complexation ability [4, 7]. 

On the other hand, it is known that living organisms, as also humans, need low 

amounts of iron, cobalt, copper, manganese, molybdenum, nickel, zinc, etc [44]. 

CAR is a polydentate ligand, having five potential metal coordinating sites, namely 

the two imidazole nitrogens, a carboxylate group, a peptide bound and a terminal 

amino group [4]. CAR coordinates numerous divalent cations, such as Cu2+, Zn2+, 

Co2+, Ni2+, Mn2+, Ru2+, Cd2+, Mg2+, and Ca2+.The first seven metal cations, 

belonging to the d-block of the periodic table and ranging from biochemically 

active iron, copper, zinc up to the unsafe mercury [45], can exist in variable 

oxidation states. However, greater evidence on the chelating capacity of CAR 

toward bivalent metal cations (M2+) is proven in the literature, and the resulting 

configuration of complexes depends on the size of the metal cation, the 

ligand:metal ratios and the ionic strength of the supporting solution [4]. 
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Interestingly, interactions between Cu2+ and CAR have been studied in the last 30 

years, as the dipeptide related to the regulation of anaerobic glycolysis in skeletal 

muscle by coordination with copper [33]. The Cu2+-CAR complex could also be 

related to carnosinemia, involving a carnosinase deficiency and an excess of CAR 

in the urine (carnosinuria) [8], and Wilson’s disease (WD). Both disorders provoke 

an accumulation of the copper in different tissues of liver, kidney and brain, giving 

rise to similar neurological disorders [33]. CAR was found to be  able to coordinate 

Zn2+ as a quadridentate ligand, monitoring its ability in the brain and performing a 

neuroprotective role on Cu2+- and Zn2+- mediated neurotoxicity [22, 39]. In fact, 

CAR coordinates Cu2+ and Zn2+ and regulates the synaptic impulse [1]. The Zn2+- 

CAR complex (Polaprezinc or PepZin GI) [10] is the first zinc-related drug 

approved in Japan [46], and has already been authorized by the Food and Drug 

Administration (FDA) [47]. It displays anti-inflammatory effect in the colon and is 

widely used to protect the mucosa from ulceration and to prevent Helicobacter 

pylory-related gastritis [1, 35]. It also performs a positive effect on bone 

metabolism and in the prevention of diseases characterized by oxidative stress 

and/or neurodegenerative alterations, such as diabetes, neuropathies, depression, 

cerebral ischemia and Alzheimer's disease (AD) [10].  

Ru2+-CAR could also be a suitable candidate in pharmacological applications and, 

thus, it was thought in drug design [4]. However, hydrophilic molecules, such as 

carnosine, penetrate deeper cutaneous tissues poorly [16]. For this purpose, a gel 

formulation based on Mg2+-CAR complex species was prepared in order to 

improve skin bioavailability, also acting as a multifunctional agent. Among the 

various roles, antioxidant activity, buffering enzyme and sarcoplasmic reticulum 

calcium (Ca2+) regulation are included [16]. 

Therefore, understanding the speciation of the complex species can be helpful in 

predicting the physiological roles of this dipeptide. For these reasons, this work has 

mainly focused on an overall study of the thermodynamic parameters.  
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Chapter 2 

 

Experimental Section 

 

Analytical techniques used in this research are described in the following order: 

1) procedures employed to prepare each reagent, 

2) analytical techniques used to perform experimental measurements, 

3) computer programs for processing experimental data.  

 

 

2.1 Chemicals 

L-carnosine (CAR) was purchased from Sigma Aldrich and its solutions were 

prepared by weighing the corresponding product without further purification. Its 

purity was checked potentiometrically by alkalimetric titrations (always ≥ 99.0%), 

and the effective purity was taken into account in the calculations of the ligand 

concentration. In addition to CAR, L-Histidine (Sigma Aldrich, ≥ 98%) was also 

electrochemically tested. 

Two CAR derivatives, ferrocenyl-carnosine (FcCAR) and pyrenyl-carnosine 

(PyCAR), were synthetized. The synthetic approach is described in Chapter 5. 

Stock solutions of the ligands were prepared in ultrapure water (conductivity < 0.1 

𝜇S cm-1) or in high purity water (18 MΩ cm-1), or in KCl (0.1 mol L-1) solutions. 

All metal compounds employed for the investigation are summarized in Table 2.1. 

Calcium, magnesium, copper, manganese, zinc, cadmium and lead solutions were 

standardized by titrations with EDTA (Ethylenediaminetetraacetic acid disodium 

salt, BioUltra, ≥ 99%, Sigma Aldrich) standard solution, using NET (Eriochrome 
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Black T) as indicator, except for the standardization of Cu2+. In this case, murexide 

is used as indicator.  

Buffer preparation procedures are described in Subparagraph 2.1.1.  

Sodium hydroxide and hydrochloric acid solutions were prepared from 

concentrated Fluka ampoules and standardized using potassium biphthalate and 

sodium carbonate, respectively, previously dried in an oven at 383.15 K for at least 

one hour. Sodium hydroxide solutions were often prepared and always stored in 

dark bottles and preserved by CO2 using soda lime traps. Sodium chloride and 

potassium nitrate solutions were prepared by weighing the corresponding salts 

(Sigma Aldrich, and BDH Chemicals, puriss.), earlier dried in an oven at 383.15 K. 

Potassium chloride solutions were obtained by weighing different respective salts 

(Scharlau, extra pure, BDH Chemicals and Sigma Aldrich, ≥ 99.5%). Ethanol 

(EtOH) absolute (Scharlau) and ammonia solution (Fischer) were also used.  

Sulfuric acid, H2SO4, (> 95.0-98.0%) EPR, potassium ferricyanide (III), 

K3Fe(CN)6, powder, < 10 micron, 99+%, ferrocenecarboxylic acid (> 96.0%), N, 

N- Dimethylformamide (DMF) anhydrous, 99.8%, and diethyl ether anhydrous, ≥ 

99.7% were purchased from Sigma Aldrich (Spain) and used as received. Also 

tetrahydrofuran, THF, 99.8%, extra dry, (Acroseal, Acros Organics), N, N’-

Dycyclohexylcarbodiimide, DCC, puriss. ≥ 99.0% (Fluka Analytical), sodium 

hydrogen-carbonate, NaHCO3, (Panreac) and acetone, ACS BASIC (Scharlau) 

were used as received. All chemicals and reagents were analytical grade and used 

without further purification.  
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Table 2.1. List of metal compounds under investigation and relative information.  
Metal compounds Formula Purity Sellers Preparation Analytical 

purposes 

Calcium chloride dihydrate CaCl2 2H2O ≥ 99.0% Fluka a) b), c), d) 

Magnesium chloride hexahydrate MgCl2 6H2O ≥ 99.0% Fluka a) b), d) 

Manganese chloride tetrahydrate MnCl2 4H2O ≥ 99.0% Sigma Aldrich a) b), c), e) 

Cupper chloride dihydrate CuCl2 2H2O ≥ 99.0% Fluka a) b), c), e) 

Zinc chloride ZnCl2 ≥ 99.0% Sigma Aldrich a) b), c), e), f) 

Cadmium chloride CdCl2 ≥ 99.0% Fluka a) b), f) 

Mercury chloride HgCl2 ≥ 99.5% Riedel-de Haën a), g), h), i) b), f), j) 

Lead nitrate PbNO3 ≥ 99.0% Fluka a) b), f) 

Lead nitrate standard solution PbNO3 - BDH Chemicals h) j) 

Lead acetate trihydrate Pb(CH3COO)2 3H2O ≥ 99.0% Sigma Aldrich g), h) j) 

a) in water (conductivity < 0.1 𝜇S cm-1). b) potentiometry. c) 1H NMR spectroscopy. d) computational methods.  
e) Mass Spectrometry (MS). f) UV-Vis spectrophotometry. g) Voltammetry. h) in KCl (0.1 mol L-1). i) in MOPS 

buffer. j) weighed with the aid of a gas mask. 
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2.1.1 Preparation of buffers 

Compounds used for the 3-(N-Morpholino)propanesulfonic acid, 4-

Morpholinepropanesulfonic acid (MOPS) buffer procedure are summarized in 

Table 2.2. MOPS solution (pH ≅ 7.0) was prepared in double distilled water (18.2 

MΩ cm-1), obtained from a Milli-Q® system (Millipore, Madrid, Spain) and the pH 

was adjusted by adding sodium hydroxide solution (0.1 mol L-1).  

Compounds used for the preparation of Phosphate Buffer (PB) are listed in Table 

2.3. PB solution (pH ≅ 7) was prepared in high purity water (18 MΩ cm-1).  

 

Table 2.2. List of compounds required to prepare MOPS buffer (pH = 7).  
Compounds Amount Purity Sellers 

3-(N-Morpholino)propanesulfonic acid, 4-

Morpholinepropanesulfonic acid (MOPS) 
41.86 g ≥ 99.5% Sigma Aldrich 

sodium acetate anhydrous (CH3COONa) 4.1 g extra pure Scharlau 

EDTA dehydrate 3.72 g extra pure  Scharlau 

 

Table 2.3. List of compounds required to prepare PB buffer (pH = 7). 
Compounds Amount Purity Sellers 

Sodium phosphate dibasic (Na2HPO4 12H2O) 14.61 g ≥ 99.0% Sigma Aldrich 

Potassium phosphate monobasic (KH2PO4) 3.52 g ≥ 99.5% Fluka 

KCl 5 g extra pure  Sigma Aldrich 

 

To improve electrochemical performance of CAR, first of all, more than once the 

polished Screen-Printed Carbon Electrodes (SPCEs) were modified with suitable 

and different homogeneous dispersions. Preparation methods of which are 

described in the following paragraph, according to the order of use. On the other 

hand, SPCE surfaces were also modified with MultiWalled Carbon NanoTubes 

modified with Cyclodextrins (MWCNT-CD). The synthetic approach and use of 

MWCNT-CD are described in Chapter 5.  
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2.1.2 Preparation of homogeneous dispersions 

In the voltammetric analysis of CAR, preparation procedures of the homogeneous 

dispersions are described in the order of use: 

i) Nafion solution, 

ii) Carbon Nano-Onions (CNO) in DMF dispersion. 

 

i) Nafion solution 

Nafion is a sulfonated tetrafluoroethylene based fluoropolymer-copolymer. 

NafionTM Perfluorinated resin solution, 5 wt% in lower aliphatic alcohols and 

water, containing 15-20% of water, 2-propanol and n-propanol was purchased by 

Sigma Aldrich. An aliquot (1 mL) of Nafion solution was dissolved in 5 mL of 

EtOH, in order to prepare a homogeneous Nafion (0.3 %) in EtOH:H2O (5:1 v/v) 

solution. The latter was obtained to create a sensing platform for CAR molecule, or 

rather to produce a surface chemistry based on electropolymerization of the 

positive amine groups of CAR, in acid environment, assisted by the synergistic 

effect of a previously negative Nafion layer deposited on SPCE [48].  

 

ii) CNO dispersion 

Carbon Nano-Onions (CNO) belong to the least studied family of carbon 

allotropes, having a hollow fullerene core surrounded by spherical or quasi-

spherical concentric layers of graphene. The increasing diameters of the graphene 

layers are similar to onions, from which CNO take the name [49]. They occur in 2-

50 nm diameter particles and are produced through the arc discharge of graphite 

electrodes under deionized water or during the thermal annealing of nanodiamonds 

in an inert atmosphere [49, 50]. According to the last procedure, the CNO used in 

this work were previously prepared by Fragoso et al. [51, 52].  

In this work, a homogeneous dispersion of CNO in DMF (2 mg mL-1) was prepared 

using an ultrasonic-bath for 60 min. 
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2.2 Potentiometry 

2.2.1 General aspects [53]  

Potentiometry involves all the robust electroanalytical techniques that allow to 

measure the electromotive force (e.m.f.) in an electrochemical cell in zero current 

conditions. The potential variations, in the absence of current, can be measured by 

an instrument, i.e., a potentiometer, equipped with two different electrodes diving 

in the electrochemical cell: 

- a reference electrode, whose potential is constant, in the fixed ionic strength 

and temperature conditions, and independent of the composition of the 

solution containing the analyte. Among them, the most common are: 

1) Calomel reference electrode (Hg/Hg2Cl2/KCl(x)), 

2) Silver-silver chloride reference electrode (Ag/AgCl). 

- an indicator electrode, also known as working electrode, whose potential 

depends exclusively on the activity of a single ion. In addition, it must 

respond quickly and reproducibly to individual variations in the ion activity 

of the analyte. Among the indicator electrodes can be distinguished: 

1) Metal electrodes, 

2) Ion-selective electrodes. 

The last are separated from the sample solution by a membrane, which is selective 

for the analyte under study. In this thesis, the specific electrode for H+ ions, ISE-

H+, also called glass electrode, was used for the determination of proton exchange 

in acid-base and complexation equilibria. In particular, a glass electrode like the 

one shown in Figure 2.1 was employed in the potentiometric measurements. It 

consists of a thin pH-sensitive membrane welded to the bottom of a glass or 

polymer tube, plunged in a diluted solution of hydrochloric acid or in a small 

amount of buffer, with a known concentration of H+ ions (0.1 mol L-1), and 

saturated with AgCl. A silver wire is also dived in this same cylindrical probe and 

acts as an internal reference electrode (Ag/AgCl). The cell for potentiometric 
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measurements also consists of a further outer reference electrode (Ag/AgCl), which 

gets in touch with the external solution under study.  

 

 

Figure 2.1. A glass electrode. 

 

During potentiometric measurements, a potential difference is observed when a 

change in the proton activity occurs in the membrane interface between the inner 

and outer solutions. Since the H+ ion activity is constant in the electrode, the H+ 

variation only depends on the proton activity of the outer solution under study and 

can be described by the following Nernst equation:   

 

E =  E0 − s 𝑙𝑜𝑔
𝑎𝐻+(𝑖𝑛𝑡)

𝑎𝐻+(𝑒𝑥𝑡)
 

(2.1) 

 

where E is the measured potential and E0 the formal potential. s represents the 

nernstian slope up to pH ≈ 11, which is 2.303RT/nF and equal to 59.16 and 29.58 

mV for monovalent and divalent ions, respectively, at T = 298.15 K. 

In addition to the standard electrode potential, the formal potential, E0, is a sum of 

different contributions, such as the asymmetry potential and junction potential. 

The first is given by small differences between the two glass membrane surfaces 

due to some their abrasions, caused by use or determined at the time of 
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manufacture [54]. However, this non-ideal behavior can be worked out by 

calibrating the electrode with a titration of strong base or acid standard solutions. 

The junction potential instead develops at the interface between the salt bridge and 

each half-cell, due to the certain mobility of ions in solution and their different 

diffusion on one side of the junction surface, providing a charge separation and, 

therefore, a potential [54, 55]. This issue can also be solved by employing a double 

junction electrode as reference, in which the salt bridge owns the same ionic 

medium as the analyte solution.  

 

 

2.2.2 Potentiometric equipment and procedure 

Potentiometric measurements are performed as titrations in aqueous solution using 

a Metrohm model 809 Titrando potentiometer, equipped with an Orion-Ross 8102 

combined glass electrode and a Metrohm Dosino 800 automatic dispenser. The 

titration system is automated and interconnected to a PC, which acquires 

experimental data and tracks the e.m.f. stability and titrant delivery by employing a 

specific software, named Metrohm TiAMO 2.2. In addition, this program software 

allows to control some important parameters, required for an accurate acquisition 

of experimental data, such as the time range between two readings, the maximum 

and minimum titrant increment and maximum number of readings and cycles 

necessary for amount to stability of the e.m.f. readings. The estimated error of the 

potentiometric system is ±0.15 mV per e.m.f. and ±0.002 mL for titrant volume 

readings, respectively.  

All potentiometric measurements were carried out in NaCl aqueous solution, using  

thermostated glass jacket cells, at T = 298.15 ±0.1 K (and also at T = 288.1 and 

310.1 ±0.1 K for M2+-CAR systems). In addition to monitoring the temperature, 

using a thermometer, solutions were simultaneously kept under magnetic stirring, 
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to ensure continuous homogeneity of the systems, and under nitrogen bubbling to 

avoid possible interferences of O2 and CO2 inside.  

A schematic instrumental apparatus is shown in Figure 2.2.  

 

 

Figure 2.2. Schematization of a potentiometric apparatus. 

 

Experimental potentiometric conditions are reported in Table 2.4. In the study of 

protonation equilibria, volumes of 25 mL containing CAR and the ionic medium, 

to reach the prefixed ionic strength values, were titrated with standard NaOH 

solutions over a wide pH range (2-10.5). Analogously, solutions of 10 mL, 

separately containing two synthetic CAR analogs, ferrocenyl-carnosine (FcCAR) 

and pyrenyl-carnosine (PyCAR) and the ionic medium, were titrated with standard 

NaOH solutions. The use of HCl was essential to fully protonate the three ligands 

under study. As highlighted in Table 2.4, use of EtOH (4%) was instead necessary 

to completely dissolve the PyCAR in aqueous solution.  

In the study of the metal (M2+)-CAR interactions, solutions of 25 mL containing 

different amounts of ligand and metal cation, hydrochloric acid and the ionic 

medium were titrated with standard NaOH solutions.  

The Hg2+- and Pb2+-FcCAR interactions was investigated by titrating with standard 

NaOH solutions of 10 mL containing different amounts of the ligand and metal 
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cation, HCl and the ionic medium. In detail, the experimental conditions are 

reported in Table 2.5.  

For each experiment, independent titrations of HCl with standard NaOH solutions 

were carried out to determine the standard electrode potential, E0, and pKw values 

under the same experimental conditions of ionic strength and temperature as the 

systems under study.  

 

 

Table 2.4. Experimental potentiometric conditions for the acid-base 

properties of CAR, FcCAR and PyCAR in NaCl (2.5 ≤ pH ≤ 10.5).  
Ligand species CL 

a) CH
+ a) I b) T c) n d) 

CAR 1-3 5-8 0.1-1 298.15 23 

 1-3 5-8 0.15 288.15 4 

 1-3 5-8 0.15 310.15 4 

      

FcCAR 1-2 10-14 0.15 298.15 4 

      

PyCARe) 0.5 12 0.15 298.15 4 

a) in mmol L-1. b) in mol L-1. c) in K. d) number of titrations. e) dissolved in 

EtOH (4%) aqueous solution.  
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Table 2.5. Experimental potentiometric conditions for M2+-ligand systems in NaCl 

aqueous solutions.  

Systems CM 
a) CL 

a) CM/CL CH
+ a) pH  I b) T c) n d) 

Ca2+-CAR 0.6-2 0.6-4 0.3-2 8-10 2.2-10.5 0.1-1 298.15 20 

Ca2+-CAR 1-2 1-3 0.3-1 8 2.3-10.5 0.1 288.15 6 

Ca2+-CAR 1-3 1-3 0.3-1 8-12 2.2-10.2 0.1 310.15 10 

         

Mg2+-CAR 1-2 1-4 0.3-1 8-10 2.2-10.5 0.1-1 298.15 22 

Mg2+-CAR 1-2 1-3 0.3-1 8 2.3-10.0 0.1 288.15 4 

Mg2+-CAR 1-5 1-5 0.3-1 8-12 2.3-10.0 0.1 310.15 7 

         

Mn2+-CAR 0.6-4 1-4 0.5-1 6-10 2.0-9.5 0.1-1 298.15 20 

Mn2+-CAR 1-2 1-4 0.4-1 6-8 2.0-9.5.0 0.1 288.15 4 

Mn2+-CAR 1-2 1-4 0.5-1 6-8 2.0-9.5 0.1 310.15 8 

         

Cu2+-CAR 0.5-2 1-4 0.3-1 4-12 2.2-10.5 0.1-1 298.15 17 

Cu2+-CAR 1-2 1-4 0.5-1 4 2.5-10.5 0.1 288.15 4 

Cu2+-CAR 1-2 1-4 0.5-2 4-10 2.5-10.5 0.1 310.15 9 

         

Zn2+-CAR 1-2 1-4 0.3-1 5-12 2.0-9.5 0.1-1 298.15 17 

Zn2+-CAR 1-2 1-3 0.3-1 8-12 2.3-9.2 0.1 288.15 7 

Zn2+-CAR 1-2 1-3 0.3-1 8-12 2.2-9.0 0.1 310.15 5 

         

Hg2+-CAR 1-2 1-4 0.3-1 5-12 2.0-9.5 0.1-1 298.15 22 

Hg2+-CAR 1-2 1-4 0.5-1 5-8 2.5-9.5 0.1 288.15 4 

Hg2+-CAR 1-2 1-4 0.5-1 6-10 2.0-9.5 0.1 310.15 6 

Hg2+-FcCAR 1 1-2 0.5-1 14 2.0-9.5 0.1 298.15 4 

         

Pb2+-CAR 0.5-2 1-4 0.3-1 5-12 2.0-9.5 0.1-1 298.15 24 

Pb2+-CAR 0.5-2 1-4 0.3-1 10-12 2.0-9.5 0.1 288.15 6 

Pb2+-CAR 0.5-2 1-4 0.3-1 10-12 2.0-9.5 0.1 310.15 6 

Pb2+-FcCAR 1 1-2 0.5-1 14 2.0-9.5 0.1 298.15 3 

         

Cd2+-CAR 0.5-3 1-6 0.5-1 6-12 2.3-9.5 0.1-1 298.15 21 

Cd2+-CAR 1-2 1-4 0.5-1 6-8 2.0-9.5 0.1 288.15 4 

Cd2+-CAR 1-2 1-4 0.5-1 6-8 2.0-9.5 0.1 310.15 4 
a) in mmol L-1. b) in mol L-1. c) in K. d) number of titrations. 
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2.3 UV-Vis spectrophotometry 

2.3.1 General aspects [53] 

UV-Vis spectrophotometry is a molecular adsorption technique, widely used for 

the analysis of equilibria in solution. Spectrophotometric methods are based on the 

interactions between an incident electromagnetic radiation and matter and, in 

particular, on the absorption phenomena which occur between incident luminous 

radiations, included in the visible (Vis) (380 - 780 nm) and near ultraviolet (UV) 

(200 - 380 nm) spectral range, and the matter. Electromagnetic radiation, by its 

very dual nature, can be described as a photon or particle and, on the other hand, as 

a wave, whose electric and magnetic fields are perpendicular to each other and 

oscillating in the direction of propagation of the radiation. When an UV-Vis 

photon, having the same energy amount as the energy gap (∆E) between the ground 

and the excited state, is absorbed by atoms or molecules, there is an increase in the 

internal energy of the absorbing species. On one hand, this involves vibrational, 

rotational and electronic transitions, from the ground state to those of higher energy 

and, on the other hand, it gives rise to changes in the distribution of the electron 

cloud of the molecule. The allowed electronic transitions (𝜎 → 𝜎∗, 𝜋 → 𝜋∗, 𝜋 →

𝜎∗, 𝑛 → 𝜋∗, 𝑛 → 𝜎∗) are typically given by transition metals and molecules, 

endowed with double or triple bounds, or better known as “chromophores”. 

Therefore, the UV-Vis spectrophotometric technique allows to measure the 

intensity of the absorbed radiation, expressed graphically in the ordinate of a 

spectrum as a function of the wavelength, and to obtain information on the analyte 

starting from quali- and quantitative analysis. The resulting spectrum is, then, 

compared with those present in the literature or in specific databases for the 

purposes of qualitative analysis. Regarding the quantitative aspect, the 

determination of the analyte is carried out on the basis of Lambert-Beer law, an 

empirical correlation among the intensity of the absorbed radiation, the 

concentration of the analyte and the thickness of the medium crossed. In particular, 
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an incident luminous radiation strikes the matter and, at the same time, undergoes 

an attenuation of its beam, due to the adsorption by an analyte solution, which is 

expressed as Transmittance (T):  

 

             𝑇 =  
𝐼1

𝐼0
 (2.2) 

where I0 and I1 are respectively the intensity of the incident radiation and that 

transmitted by the solution. In more detail, the absorbed radiation is most 

commonly measured as Absorbance (A).  

T and A parameters are correlated by the following relation:  

 

𝐴 = 𝑙𝑜𝑔 
1

𝑇
= 𝑙𝑜𝑔

𝐼1

𝐼0
 

(2.3) 

Knowing A, the concentration of the absorbent species is determined by the 

following Lambert-Beer law, which also correlates them.  

 

𝐴 = 𝜀𝑏𝑐 (2.4) 

where 𝜀 is the molar extinction coefficient (in L mol-1 cm-1) and depends on the 

wavelength of the absorbed radiation, the solvent and the chemical species 

involved in the absorption. 𝑏 is the thickness of the cell or optical path of the 

solution (in cm). It is usually 1 cm. 𝑐 is the concentration of the absorbent species 

(mol L-1). However, the relation (2.4) is a limit law, applied to dilute solutions (c ≤ 

0.01mol L-1).  

Spectrophotometric measurements were mainly performed in the form of titrations, 

using an analyte chromophore, as described in the following experimental 

paragraph.  
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2.3.2 Spectrophotometric equipment and procedure 

Spectrophotometric measurements were recorded in aqueous solutions using a 

Varian Cary 50 UV-Vis spectrophotometer, equipped with an optic fiber probe, 

with a fixed 1 cm path length, capable of scanning the area of the UV-Vis 

electromagnetic spectrum, and a Metrohm 750 combined glass electrode, for 

recording the pH values. The optical fiber is an appropriate tube of glass or 

siliceous materials for the transmission of light pulses and equipped with a cable 

for use over long distances. The light propagates inside it by total internal 

reflection and, thus, for this to happen, the transmitting fiber must be coated with a 

suitable material with a lower refractive index than that of the material with which 

the fiber was built. The spectrophotometer is connected to a PC, which acquires the 

experimental data (Absorbance vs. wavelength) using Varian Cary WinUV (model 

3.00) software. The latter also controls some of the main parameters for 

spectrophotometric measurements, such as the previously set wavelength range, 

scan speed and baseline correction.  

Similarly to the potentiometric measurements, the spectrophotometric ones were 

carried out as titrations in NaCl aqueous solutions using thermostated glass jacket 

cells, at T = 298.15 ±0.1 K, under magnetic stirring and nitrogen bubbling. An 

instrumental apparatus similar to the one shown in Figure 2.2, and previously 

described in paragraph 2.2.2., was used for the UV-Vis spectrophotometric 

titrations, which were performed in a wide range of selected wavelengths (200 ≤ 𝜆 

≤ 400 nm) in order to detect the absorption wavelength range of CAR, FcCAR and 

PyCar and their molar absorption coefficients, respectively. For this purpose, 25 

mL of solutions containing CAR, or FcCAR, or PyCAR, HCl and NaCl (I = 0.15 

mol L-1) were titrated with standard NaOH over a wide pH range (2-10). The 

experimental conditions for the acid-base behavior of CAR, and its synthetic 

analog, are summarized in Table 2.6. For the determination of the formation 

constants of the complex species (M2+ -FcCAR or -PyCAR systems), titrations 
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were carried out on 20 mL of solutions containing the respective ligand, metal, HCl 

and, the supporting electrolyte, NaCl (I = 0.15 mol L-1) in the following selected 

wavelength range (200 ≤ 𝜆 ≤ 400 nm).  

The experimental conditions, such as metal and ligand concentrations, used in the 

measurements at T = 298.15 K and I = 0.15 mol L-1 are shown in Table 2.7. 

 

Table 2.6. Experimental conditions for the acid-base properties of the 

investigated ligands in NaCl aqueous solutions at I = 0.15 mol L-1 and  

T = 298.15 K. 
Ligand species CL 

a) CH
+ a) pH  n b) 

CAR 0.01-1 5 2.0-10.0 20 

     

FcCAR 0.04-0.1 0.7-3 2.0-9.0 5 

     

PyCAR 0.006-0.03 1-6 2.0-9.0 5 

a) in mmol L-1. b) number of titrations. 

 

Table 2.7. Experimental conditions for the investigated M2+-ligand 

systems in NaCl aqueous solutions at I = 0.15 mol L-1 and T = 298.15 K 

(2.5 ≤ pH ≤ 9.0). 
System CM 

a) CL 
a) CM/ CL  CH

+ a) n b) 

Cd2+-PyCAR 0.01-0.02 0.02-0.04 0.5-1 0.2 4 

      

Hg2+-FcCAR 0.01-0.02 0.02-0.04 0.5-1 0.2 4 

Hg2+-PyCAR 0.01-0.02 0.02-0.04 0.5-1 0.2 4 

      

Pb2+-FcCAR 0.01-0.02 0.02-0.04 0.5-1 0.2 4 

Pb2+-PyCAR 0.01-0.02 0.02-0.04 0.5-1 0.2 6 

a) in mmol L-1. b) number of titrations. 
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2.4 1H NMR 

2.4.1 General aspects [53] 

Nuclear Magnetic Resonance spectroscopy (NMR) is a powerful and fast technique 

that exploits the magnetic properties of specific nuclei to identify, determine and 

clarify molecular structures and their conformations, as also to provide important 

information on unknown compounds, mostly organic in nature. It also allows to 

study particular phenomena in solution, such as tautomeric equilibria, kinetic 

reactions and H+ exchanges, as well as to identify any ionizable sites present in the 

molecules under study.  

Contrary to UV-Vis spectrophotometry, in NMR spectroscopy, the nuclei of certain 

atoms are involved in the absorption process, rather than the outermost electrons. 

The operating principle is based on the measurement of the absorption of 

electromagnetic radiation in the radiofrequency region, between about 4 and 900 

MHz, as a result of the interaction of the oscillating magnetic field of 

electromagnetic radiation in the radio wave region with the magnetic moments of 

the nuclei in the presence of an intense magnetic field. In particular, this 

phenomenon occurs when the nuclei of the analyte are immersed in a static and 

external magnetic field and exposed to a second oscillating magnetic ones. 

Therefore, only those nuclei with a specific spin value, ½, and, thus, particular 

magnetic properties, absorb radiofrequency radiations when they conveyed an 

external magnetic field. These nuclei of particular atom groups, some of which are 

mentioned here, such as 1H, 13C, 15N, 19F and 31P, have the same energetic spin 

states with random orientation in the absence of the external magnetic field. On the 

other hand, when these nuclei are immersed in an intense magnetic field, they 

behave like small magnetic rods and, as such, can orient themselves along or 

against the magnetic field lines assuming two energetic levels, classified as m = + 

½ and m= - ½. The potential energy, E, of a nucleus in these two orientations, or 

quantum states, is given by:  
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           𝐸 =  −
𝛾𝑚ℎ

2𝜋
𝐵0 (2.5) 

where γ is the gyromagnetic ratio, which is characteristic of each nucleus and 

proportional to the magnetic moment nuclear spin, μ, and spin, I. 𝑚 is the magnetic 

quantum number, h, Planck’s constant, and B0 is the external strong magnetic field. 

The energy of the inferior state, corresponding to m = + ½, is  

 

        𝐸+1/2 =  −
𝛾ℎ

4𝜋
𝐵0 (2.6) 

The lowest energy level (m = + ½) is mainly populated, compared to the highest 

(m = - ½), and the ∆E between them is given by the following equation: 

 

                   ∆𝐸 =
𝛾ℎ

4𝜋
𝐵0 − (−

𝛾ℎ

4𝜋
𝐵0) =  (

𝛾ℎ

2𝜋
) 𝐵0 (2.7) 

Transitions between energy levels (∆𝐸) can be promoted as a result of the 

adsorption or emission of electromagnetic radiation, whose frequency, 𝜈, is 

correlated to ∆𝐸 by the following relation:  

 

                   ∆𝐸 = ℎ𝜈 (2.8) 

Therefore, it follows that: 

 

              𝜈 =  (
𝛾

2𝜋
) 𝐵0 (2.9) 

which represents the NMR equation relating the radiofrequency (𝜈) applied to the 

external magnetic field (𝐵0) with a constant of proportionality (
𝛾

2𝜋
). Therefore, 

when the enforced radiation energy is equivalent to the ∆E, equation (1.9) is 
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satisfied and the system is in resonance. At the same time, the NMR-active nuclei 

absorb the applied radiofrequency. As soon as the pulse is over, the nuclei begin to 

relax and return to their equilibrium position. Meanwhile, a time-domain 

radiofrequency signal, called free induction decay (FID), is emitted by the excited 

nuclei as they relax. The sum of the FID signals, detected by a coil perpendicular to 

the static magnetic field, is recorded and the resulting data are converted into the 

frequency-domain by Fourier Transform (FT) and, finally, the spectrum, i.e., a 

graph of the intensity of the absorption peaks vs. frequency, is obtained.  

Considering that a proton in a molecule is shielded by its electronic cloud, whose 

density varies with the chemical surrounding, the equation (2.9) becomes: 

 

            𝜈 =  (
𝛾

2𝜋
) 𝐵0(1 − 𝜎) (2.10) 

where σ is the shielding constant deriving from the electronic cloud and its 

spatial distribution around the nucleus. Therefore, the shielding depends on the 

density of circulating electrons and on the inductive effect of the groups close to 

the NMR-active nuclei. As aforementioned, electrons turn over a magnetic field, 

thus generating a small magnetic field of their own, opposite to the one applied. 

For this reason, the recorded frequency is lower than the one enforced. This 

variation determines a difference in the absorption position of a given NMR-active 

nucleus with respect to that of a reference compound, whose advantageous use also 

allows to measure the chemical shift (𝛿) independently of the oscillator frequency .  

 

 

2.4.2 Instrumental equipment and procedure 

The proton spectra of CAR, as well as of the M2+-CAR systems, were recorded in 

aqueous solution by a Varian 500 MHz NMR spectrometer. Presaturation 1H NMR 

analysis was performed at T = 298.15 K and by means of a coaxial capillary, filled 
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with deuterated water, which was introduced into sample tubes as an external 

reference. The presaturation technique was used for the suppression of the water 

signal and 1,4-dioxane (10%) added as internal standard. The coupling constants, J, 

are expressed in Hz. To determine the protonation constants of CAR, 1H NMR 

titration was performed on 25 mL of solution, containing the ligand, HCl and the 

ionic medium, NaCl (I = 0. 15 mol L-1) and titrated with standard NaOH solution. 

In the study of the metal (M2+)-CAR interactions, similar titrations were performed 

on 25 mL of solutions containing different amounts of the ligand and metal cation, 

HCl and NaCl (I = 0. 15 mol L-1). The experimental conditions are summarized in 

Table 2.8. The observed chemical shifts in the collected spectra and 1H NMR data 

were processed by the HypNMR computer program [56]. 

 

Table 2.8. Experimental conditions for the formations constants of CAR systems in 

NaCl at I = 0.15 mol L-1 and T =298.15 K. 
System CM 

a) CL 
a) CM/ CL  CH

+ a) pH %𝑫𝟐𝑶 

CAR - 3 - 10 2.3-10.0 10 

Ca2+-CAR 4 6 0.7 10 3.0-10.5 10 

Zn2+-CAR 2 3 0.7 10 2.3-8.0 10 

Cu2+-CAR 2 4 0.5 10 2.8-9.0 10 

Mn2+-CAR 2 4 0.5 10 2.4-8.9 10 

a) in mmol L-1. 

 

 

2.5 Mass Spectrometry 

2.5.1 General aspects [57] 

Mass spectrometry (MS) is an analytical technique used to identify and 

quantitatively determine unknown compounds and elucidate structural and 

chemical properties of the molecules under study. Unlike spectroscopic techniques, 
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MS is a destructive analytical method and, therefore, molecules are destroyed after 

analysis. It is not based on the interaction between radiation and matter.  

The operating principle consists in the possible separation of a mixture of ions 

depending on their mass/charge ratio, generally through static or oscillating 

magnetic fields. In more detail, the blend of ions is produced by ionizing the 

sample molecules, making them pass through an electron beam of known energy. 

After ionization, a molecule loses an electron and, thus, becomes a radical ion or 

better known as molecular ion. In turn, it is partially fragmented giving rise, on one 

hand, to molecules and/or neutral radicals, which are not detected by the instrument 

and, on the other hand, to cations and/or radical cations, that are fragment ions. The 

latter are discriminated on the basis of their mass/charge ratio and, finally, detected 

by a detector. The mass spectrometer is interfaced by a PC, which monitors the 

instrumental operations and records an MS spectrum in graphic and tabular format. 

The MS spectrum is given by plotting the relative abundance of the ions depending 

on their mass/charge ratio. On the basis of the ion separation method, this detection 

technique allows to measure both nominal and exact molecular mass, and to 

determine the specific fragmentation pathway of each compound. Regarding the 

ionization, two methods are known, namely hard and soft ones.  

- Hard ionization operates at high energy and leads to a large fragmentation 

degree. 

- Soft ionization operates at lower energy and results in a lesser 

fragmentation degree.  

Among these, soft Chemical Ionization (CI) and Laser Desorption (LD) methods 

were employed in this experimental work. In the CI technique, molecules of a 

reagent gas are ionized by electron ionization. Thus, the resulting ions react with 

analyte molecules in the gas phase to achieve ionization. LD instead exploits a 

laser beam, consisting of CO2 or CH4, to ionize the sample that emits in the far 

infrared, or a Nd/YAG (neodymium/yttrium-aluminum-garnet) laser in the UV 
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energy region. The potentiality of the LD ionization improves when it is coupled to 

a support matrix (MALDI) that consists in the absorption of the sample on a 

matrix, which can be characterized by various materials, mainly organic in nature, 

such as glycerol, picolinic, succinic, caffeic, synaptic (SA) and α-Cyano-4-

hydroxycinnamic acid (α-CHCA). Moreover, this matrix must have the following 

chemical-physical properties: 

- Easy evaporation. It should not be evaporated during sample preparation or 

before performing measurements, obviously. 

- Favorable acidity. In this case, it should act as a source of protons by 

promoting ionization of the analyte. 

- Strong optical absorption in the UV region, to effectively absorb laser 

radiation.  

- Hydrophilic and with possible polar groups.  

When the analyte is dissolved in the solution, it is bombed by the laser beam, 

whose effects are attenuated by the matrix, that shields it. Therefore, the analyte is 

ionized and vaporized.  

This MALDI technique is usually coupled with a Time-Of-Flight (TOF) analyzer 

spectrometer. This source, in fact, mainly gives rise to monocharged ions, allows to 

analyze even large molecules and provides a good m/z parameter. On the other 

hand, the (TOF) MS is an affordable technique that allows to observe and detect all 

ions without the loss associated with “scanning” processes, i.e., with a high 

scanning speed. Therefore, a full mass-measurement cycle allows to detect very 

high and cram m/z range, without limits and in a short time [58, 59]. In this thesis, 

experiments using Matrix Assisted Laser Desorption Ionization Mass Spectrometry 

(MALDI MS) and tandem mass spectrometry (MS/MS) techniques were 

performed. The MALDI MS (TOF/TOF) technique was chosen for its high 

sensitivity and accuracy, short time of analysis and ability to detect different 

compounds in highly complex mixtures [60-62]. 
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2.5.2 Instrumental equipment and procedure 

MALDI MS and MS/MS analyses were performed using a 5800 MALDI TOF-

TOF Analyzer (AB SCIEX) equipped with a neodymium/yttrium-aluminum-garnet 

laser (laser wavelength 349 nm), in reflection positive-ion-mode with a mass 

accuracy of 5 ppm. Dried droplet sample preparation was adopted to prepare 

samples for the MS analysis by testing two different matrixes: a-Cyano-4-

hydroxycinnamic acid (α-CHCA, CH3CN:H2O, 50:50, 0.3% in TFA) and 2,5-

Dihydroxybenzoic acid (DHB, CH3CN:H2O, 60:40, 0.1% in TFA). At least 3500 

laser shots were typically accumulated with a laser pulse rate of 400 Hz in the MS 

mode. In the MS/MS mode spectra, up to 4500 laser shots were acquired and 

averaged with a pulse rate of 1000 Hz, with a mass accuracy of 10 ppm. CID 

(Collision Induced Dissociation) experiments were performed at a collision energy 

of 1 kV, and ambient air was used as the collision gas with a medium pressure of 

10-6 Torr. After acquisition, spectra were handled using Data Explorer version 4.0.  

 

 

2.6 Voltammetry 

2.6.1 General aspects [53] 

Voltammetry consists of all electroanalytical methods which are able to:  

i) characterize and determine electrochemically accessible systems with 

low detection limits, and 

ii) use cost-effective equipment, to deduce various information about an 

analyte, such as its stoichiometry, the rate of charge transferred at the 

interface, as well as the transfer rate of mass, the rate and equilibrium 

constants of the species involved.  

Voltammetry is also useful for studying oxidation and reduction processes in 

various media, surface adsorption processes, as well as electron transfer 

mechanisms on chemically modified electrode surfaces. The operating principle is 
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based on the measurement of the current when the potential is applied and, thus, in 

conditions of polarization of a Working Electrode (WE). This is favored when the 

applied voltage is higher than that predicted by the Nernst equation.  

Voltammetry was historically derived from polarography, conceived by the 

Czechoslovakian Chemist Jaroslav Heyrovsky in 1992. It differs from other 

voltammetric techniques in the use of a dropping mercury electrode as a Working 

Electrode (WE). However, the use of high amounts of mercury, the cumbersome 

nature of the equipment and the wide availability of faster and more convenient 

methods have led to a gradual lack of interest of the scientific community toward 

the polarography, which has lost its importance. Furthermore, the development of 

modern techniques, which have greatly improved the sensitivity and selectivity of 

the method, allow voltammetry to be an excellent tool in several areas of 

chemistry, biochemistry, materials science and engineering, as well as in 

environmental science for study of oxidation, reduction and absorption processes.  

In voltammetry, an excitation signal with variable potential is enforced on the WE 

that gives rise to a characteristic current response. Different pulses can be applied 

to the WE, and the currents are measured at different times of the pulses, from 

which voltammetric techniques take their name. In this thesis, Cyclic Voltammetry 

(CV), Differential Pulse Voltammetry (DPV) and Square Wave Voltammetry 

(SWV) were employed, whose applied potential pulses vs. time and the typical 

resulting current responses are shown in Figure 2.3 [63]. As can be observed in A1, 

CV uses a ramp going back and forth between two values of potential (named 

switching potentials) in which an electrochemical process is detectable. In 

particular, the first potential value increases linearly up to a maximum and, then, 

decreases linearly toward its initial value with the same slope. The direction could 

also be the other way around, depending on the composition of the analyte. In this 

technique, important parameters are: the cathode peak potential (Epc) and anode 

peak potential (Epa), the cathode current (ipc) and the anode one (ipa), and scan rate 
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(V s-1), which represents the slope for a linear voltage change during the 

measurement. This process can be repeated many times while recording the current 

vs. time. A complete cycle can take up 100 seconds or more, or can be completed 

in less than a second (1 ms), and can provide information on the voltage, kinetics 

and reversible, or irreversible, nature of the electrolytic process. As an example, for 

a reversible electrolyte process, the cathode and anode currents are almost equal in 

absolute value, and it follows that:  

 

∆𝐸𝑝 =  |𝐸𝑝𝑎 − 𝐸𝑝𝑐| =
0.0592

𝑛
 

(2.11) 

where 𝑛 is the number of electrons involved in the electrolytic reaction. 

In DPV, the waveform potential, depicted in Figure 2.3 B1, shows the recording of 

pulsed potential signals over time and results in its combination with a linear 

sweep. In particular, the DPV consists in the application of a succession of voltage 

pulses of constant duration and amplitude, one at 16.7 ms before the pulse (S1 in 

Figure 2.3 B1) and the second for at least 16.7 ms at the end of the pulse (S2 in 

Figure 2.3 B1). These two current sampling points are chosen to allow the decay of 

the non-faradic (capacitive) current and, thus, optimize the signal-to-noise ratio and 

improve the sensitivity of the method. In the same Figure 2.3 B1, T represents the 

waveform period. Thus, a differential measurement of the current is obtained, 

which leads to the formation of a peak-shaped voltammogram, whose height is 

assigned with respect to the tangent and is proportional to the concentration of the 

analyte under study (Figure 2.3 B2).  

In SWV, the potential waveform is depicted in Figure 2.3 C1, as a combination of 

pulses and steps-like signals. The same Figure 2.3 C1 highlights the S1 and S2 

points, the potential period, T, which is about 5 ms, and the potential increment, 

∆E, which is usually 10 mV. The response current, in Figure 2.3. C2 (dashed line), 

shows the voltammogram of a reversible process, corresponding to the forward 



41 

 

curve and the reverse one. Their difference gives rise to a current (solid line) 

proportional to the concentration of the analyte and the peak correspond to the half-

wave potential. A voltammogram is obtained in less than 10 ms.  

 

 

 

 

Figure 2.3. Schematization of applied potential vs. time and the resulting 

current responses in CV, DPV and SWV [63]. 

 

 

In any voltammetric technique, the electrochemical cell is assembled from three 

electrodes immersed in a solution containing the analyte, along with an excess of 

non-reactive electrolyte, that is the electrolyte support:  
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i) the Working Electrode (WE), whose potential depends on time and 

where the electrolytic process takes place. This electrode can be of 

various shape and models, as well as in various materials, such as in 

noble metal (Pt and Au), a carbon material (carbon paste, carbon fiber, 

pyrolytic graphite, glassy carbon, diamond or carbon nanotubes), a 

semiconductor or a metal coated with a mercury film.  

ii) the Reference Electrode (RE), commonly consisting of Ag/AgCl, whose 

potential remains constants over time in the electrolytic process, and  

iii) the auxiliary or Counter Electrode (CE), usually a platinum wire, which 

conducts electricity from the source to WE, turning the circuit off.  

The resulting current, proportional to the potential difference between WE and RE, 

is conveyed in voltage as a function of time.  

 

 

2.6.2 Instrumental equipment and procedure 

In this thesis, voltammetric experiments were carried out at room temperature and 

using two different PC-controlled electrochemical workstations (PNT-10-Autolab 

and μAutolab potentiostat/galvanostat type III (Eco Chieme)) with two respective 

three-electrode cell configurations (DropSens, DRP-DSC70575, and DropSens, 

DRP-DSC4MM 72098). Voltammetric measurements were performed in CV, DPV 

and SWV, either as titrations or not, in KCl (0.1 mol L-1) aqueous solutions starting 

from pH ≈ 3 to 9, using Screen-Printed Electrodes (SPEs). 

SPEs have become increasingly important due to their advantageous 

characteristics, such as ease of use, low-cost and portability, also allowing fast 

analyses. Therefore, the screen-printed technology has significantly contributed to 

the shift from traditional bulky electrochemical cells to miniature portable 

electrodes, useful for on-site analyses. This is also possible because cleaning and/or 

polishing procedures of the SPEs are not needed and, thus, tedious and long 



43 

 

pretreatment steps are shunned. At the same time, SPEs avoid use of large amounts 

of reagents and samples. Although SPEs are not as robust as conventional 

electrodes, such as glassy carbon or gold disk, and the surface of their WE is not as 

perfect as that of a mirror-like polished solid electrode, their cost and size 

advantages, in addition to enabling rapid screenings, have led to their increasing 

employment in recent years as transducers in (bio)sensing, devices for biomedical 

applications, portable sensors for food analysis and detection of environmental 

contaminants [64]. SPEs usually contain a pseudo-electrochemical cell composed 

of three electrodes printed on a solid substrate, such as the one shown in Figure 2.4. 

The latter depicts a schematic representation of the Screen-Printed Carbon 

Electrode (SPCE) used in this thesis. 

 

 

Figure 2.4. A schematic setup of the Screen-Printed Carbon Electrode (SPCE). 

 

 

- Regarding the WE inks, the most common are those based on carbon 

(graphite, graphene, fullerene, carbon nanomaterials, etc.), due to their 

adequate electroanalytical features, including good conductivity, chemical 

inertness, ease of modification, low background currents, and a wide 

potential range, as well as their low costs. In addition to carbon inks, 

conductive metallic ones are increasingly used. Among them, gold ink is 

the most employed, followed by those of silver, platinum or palladium. 

- The RE, usually made of Ag or Ag/AgCl ink, is a pseudo-reference or 

quasi-reference electrode since its potential is not as stable as that of a 
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conventional reference electrode. Therefore, the applied potential is not as 

exact and reproducible as when an Ag/AgCl electrode is used. This could 

be tricky for electrochemical studies, where the control of the potential is 

crucial; but not for sensing applications.  

- The CE is normally made of the same ink as the WE.  

 

Analytical measurements can be performed by settling a single drop of the 

reagent/sample solution on the SPE, dipping it into a solution or including it in a 

flow system [64].  

The composition of the inks determines the electrochemical characteristics of the 

SPEs, which are also highly versatile and ease-to-modify platforms. These 

modifications allow to improve the electroanalytical characteristics of the SPEs 

(such as sensitivity, precision, operational stability, as also to enhance the 

immobilization of the recognition elements and units. Among the electrode 

modification procedures, great importance is given to the development of electrode 

surfaces modified with different conductive substrates, which include polymeric 

films, prepared by dip coating, spin coating, adsorption, electrodeposition or 

covalent bounds. The modified electrodes have a wide variety of applications; 

among them, they are used as analytical sensors for particular species or functional 

groups, as well as for metals [64].  

For these purposes, in this thesis, electrode modification procedures are advanced 

more than once. In particular, SPEs based on carbon inks as working (4.0 mm 

diameter) and counter electrodes, and Ag/AgCl (sat) as reference electrode, were 

used. These bare Screen-Printed Carbon Electrodes (SPCEs) (DRP-110) were 

employed, as also the modified SPCEs with pristine Nafion, CNO and MWCNT-

CD films. As above-mentioned, coating the working electrode (WE) in SPCEs 

improves electrochemical response and, thus, sensitivity in the detection of the 

analyte. Electrode preparations are described in the following paragraphs.  
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Voltammograms were deconvoluted using General Purpose Electrochemical 

System (GPES), version 4.9 of Eco Chemie B.V. processing software.  

The SPCEs were washed in high purity water (18 MΩ cm-1) or ultrapure water 

(conductivity < 0.1 𝜇S cm-1), plunged in H2SO4 solution and subsequently under a 

stream of nitrogen before each measurement. Electrochemical response was 

assessed by CV using K3[Fe(CN)6] (1 mmol L-1) as a redox probe in KCl (0.1 mol 

L-1) aqueous solution. It is based on the [Fe(CN)6]
3-/4- reaction in the potential 

window between -0.3V (vs. Ag/AgCl) to 0.8V and a scan rate equal to 0.1 V s-1.  

The CV conditions employed in this thesis were in the potential window between -

1 ≤ E/V vs. Ag/AgCl ≤ +1.5, with a step potential equal to 0.01V (vs. Ag/AgCl), 

and varying the number of scans (between 2 and 10), conditioning potential (-0.5 ≤ 

E/V (vs. Ag/AgCl) ≤ +1), equilibration time (0 ≤ s ≤ 20) and scan rate (10 ≤ mV s-1 

≤ 500).  

The DPV conditions used were in the potential window of -1 ≤ E/V vs. Ag/AgCl ≤ 

+1.5, and varying the parameters as follows: conditioning potential (0 ≤ E/V (vs. 

Ag/AgCl) ≤ 1.2), deposition potential (0 ≤ E/V (vs. Ag/AgCl) ≤ 1) between 0 to 

60s at an equilibration time = 0.5 s, step potential = 10 mV, pulse amplitude = 100 

mV and pulse width = 50 ms.  

The SWV parameters used were set in the potential window between -1 ≤ E/V vs. 

Ag/AgCl ≤ +1.5, as follows: conditioning potential 0.5 V, without deposition 

potential, step potential = 15 mV and varying the pulse amplitude (10 ≤ E/V (vs. 

Ag/AgCl) ≤ 20). Electrochemical measurements were performed on variable 

volumes (1-10 mL) of aqueous KCl (0.1 mol L-1) solutions containing L-Histidine 

(10-4 ≤ CL/mol L-1 ≤ 10 -2) or CAR (1 10-7 ≤ CL/mol L-1 ≤ 10-2) at room 

temperature. CV was also performed in order to understand the electrochemical 

behavior of ferrocenecarboxylic acid (FcCOOH) (1 ≤ C/mmol L-1 ≤ 5), precursor 

of FcCAR. Since FcCOOH is not water soluble, it was dissolved in aqueous 

ammonia solution (0.1 mol L-1) to obtain a quaternary ammonium salt, FcCOO-
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NH4
+, in KCl (0.1 mol L-1) aqueous solution. Experimental measurements of 

FcCAR (0.01 ≤ CL/mmol L-1 ≤ 10) in KCl (0.1 mol L-1) aqueous solutions were 

performed in CV and DPV, in a wide pH range (3 ≤ pH ≤ 9). Variable volumes (1-

10 mL) of aqueous KCl (0.1 mol L-1) solutions containing FcCAR (1 mmol L-1) 

were titrated with mercury (CHg
2+ = 0.3-3 mmol L-1. CM/ CL = 0.3-3) and lead 

(CPb
2+ = 0.2-3 mmol L-1. CM/ CL = 0.3-3) solutions, previously prepared in MOPS 

buffer (pH ≈7).  

 

 

2.6.3 Electrode preparation 

In this work, the exclusive use of SPCE is attributable to their many advantages, 

which include the possibility of their modification with a wide variety of materials, 

thus improving their sensitivity and lower limit of detection [65]. Carbon 

nanomaterials, metal oxides, conductive polymers and also hybrid materials, that 

are resulting from the combination of more than one substrates, have emerged for 

these analytical purposes. In fact, the chemical-physical properties of these 

materials, such as high surface area, good electrical conductivity, electrocatalytic 

properties, result in an improvement in the analytical performance of a sensor [65]. 

For all these reasons, Nafion and carbon nanomaterials were employed to enhance 

sensitivity of SPCEs, whose preparation procedures are described in the following 

order: 

i) Electrode preparation with Nafion, 

ii) Electrode preparation with CNO, 

iii) Electrode preparation with MWCNT-CD.  

Nafion/SPCE and CNO/SPCE were used for the electroactivity of CAR (Chapter 

3), while the MWCNT-CD/SPCE was employed in the electrochemical analysis of 

FcCAR (see Chapter 5). 
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i) Electrode preparation with Nafion  

The aim of this tool was to deposit a thin Nafion (0.3 %) layer on the surface of the 

working electrode (WE) to favor the interaction with totally protonated CAR 

species (H3L
+). Prior to modification, bare SPCE was first washed in Milli-Q® 

water and dried under a stream of nitrogen. 1 μL of Nafion (0.3 %) in EtOH:H2O 

(5:1 v/v) was drop-casted on the WE, air-dried to evaporate the solvent 

(approximatively 15 min) [48], and also under a stream of nitrogen (10s). No 

further aliquots of Nafion solution (0.3 %) were drop-casted on the SPCE.  

Electrochemical response of the modified SPCE was assessed by CV using 

K3[Fe(CN)6] (1 mmol L-1) as redox probe, in KCl (0.1 mol L-1). This Cyclic 

Voltammogram (CV) is compared with that obtained on the bare SPCE in Figure 

2.5. Electrochemical measurements were performed on variable volumes (1-10 

mL) of solutions containing CAR (1 10-3 ≤ CL/ mol L-1 ≤ 10-2), H2SO4 (0.1 mol L-1) 

to fix the pH (≈ 3) and KCl (0.1 mol L-1) as a supporting electrolyte. 
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Figure 2.5. CVs of [Fe(CN)6]
3-/4- (1 mmol L-1) in KCl (0.1 mol L-1) aqueous 

solution obtained with bare SPCE (blue line) and Nafion/SPCE (red line). Scan 

rate: 0.1 V s-1.  
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On the other hand, the incorporation of nanomaterials on electrochemical platforms 

leads to an improvement of the sensitivity, as well as of the limit of detection [66]. 

For this purpose, Carbon Nano-Onions (CNO) and MultiWalled Carbon 

NanoTubes modified with CycloDextrins (MWCNT-CD) dispersions were 

employed in this thesis.  

 

 

ii)  Electrode preparation with Carbon Nano-Onions (CNO) 

The enhanced surface area and electron transfer rate of the CNO make them 

emerging candidates in a wide variety of electrochemical applications, as 

electrochemical immunosensor, biosensor and capacitors [49, 50, 66]. The polished 

SPCE was sonicated in Milli-Q® water for 5 min and dried under a stream of 

nitrogen. The polished SPCE was further dried in vacuum (T = 353.15 K) for 60 

min, prior to modification. SPCE was modified by drop-casting a homogeneous 

dispersion of CNO in DMF (2 mg mL-1) prepared using an ultrasonic-bath for 30 

min. To obtain a thin layer of CNO, 1 μL of the dispersion was cast twice times on 

the surface of the electrodes and dried in an oven at T = 353.15 K under DMF 

atmosphere for 30 min. This procedure was used to avoid the formation of the so-

called coffee-ring effect, which results in non-homogeneous films [49]. 

Electrochemical response of the modified SPCE was assessed by CV using 

K3[Fe(CN)6] (1 mmol L-1) as redox probe, in 0.1mol L-1 KCl aqueous solution.  

Cyclic Voltammograms (CVs) are compared in Figure 2.6. 
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Figure 2.6. CVs of [Fe(CN)6]
3-/4- (1 mmol L-1) in KCl (0.1 mol L-1) aqueous 

solution obtained with bare SPCE (blue line) and CNO/SPCE (red line). Scan rate: 

0.1 V s-1.  

 

 

iii) Electrode preparation with MultiWalled Carbon NanoTubes modified 

with CycloDextrins (MWCNT-CD) 

Similar dispersions of MultiWalled Carbon NanoTubes modified with 

CycloDextrins (MWCNT-CD) were used in the electrochemical analysis of 

FcCAR. For the synthetic approach of MWCNT-CD, electrode preparation and 

practical function see Chapter 5, subparagraph 5.6.1.  

 

 

2.7 Computational methods 

2.7.1 Quantum-mechanical calculations and Ab Initio Molecular Dynamics 

(AIMD) 

Nowadays, supercomputing resources are capable of efficiently solving quantum-

mechanical laws for complex molecules in solution. Quantum chemical methods 

can be used for evaluating the ground-state structures and the associated potential 
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energy surface of selected molecules. In particular, standard quantum-mechanical 

approaches solve the Schrödinger equation for the electrons while treating the 

nuclei as classical entities. By exploiting the Density Functional Theory (DFT) 

formalism, it is possible to obtain optimized molecular geometries under implicit 

solvation conditions. However, approximating the solvent to its dielectric constant 

may provide only a crude description of the local molecular environment with 

respect to methods explicitly solving the DFT equations for the solvent, as in Ab 

Initio Molecular Dynamics (AIMD) simulations. In AIMD methods, indeed, the 

solvating species (e.g., water molecules) are rigorously treated at the same level of 

theory of the solute (e.g., carnosine (CAR) complexes). The term ab initio or, 

equivalently, “from first-principles” refers to the fact that these molecular 

dynamics approaches employ a limited number of parametrization – as compared 

to historical classical force-fields techniques – by solving “on the fly” the 

Schrödinger equation for the electrons within the Kohn-Sham formalism of DFT. 

In particular, the Born-Oppenheimer molecular dynamics method here adopted 

relies upon the evaluation of the electronic potential energy surface, which 

uniquely determines the forces acting on the nuclei. As usual, due to their larger 

masses and shorter associated de Broglie wavelength, these latter are treated as 

Newtonian particles. In such a way, complex molecular systems simulated via 

AIMD spontaneously evolves over time and space allowing to calculate 

fundamental properties with atomistic resolution.  

In this thesis, both static traditional quantum-mechanical calculations with implicit 

solvation and prolonged AIMD simulations in the presence of the explicit solvent 

were performed. As for the static calculations, the direct addition of protons to all 

the relevant functional groups of CAR were considered to evaluate its own 

capabilities in accepting and donating protons. In this way, the Proton Affinity 

(PA) of different molecular sites offered by both CAR zwitterionic tautomeric 

forms was determined. On top of these quantum-mechanical calculations, 
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dynamical averages associated to the CAR behavior were gathered via a series of 

AIMD simulations of two numerical samples composed by CAR in the presence of 

common cations in bulk liquid water at room temperature. Owing to the 

employment of molecular dynamics techniques, it is possible to study the temporal 

evolution of interacting atoms and molecules in explicit solvation. Therefore, 

AIMD simulations allow to clarify the dynamical behavior of proteins and their 

complexes in solution and to determine fundamental biochemical properties. 

 

 

2.7.2 Computational methodology 

All static calculations were performed by means of the Gaussian 09 software [67], 

which exploits the Density Functional Theory (DFT) formalism. The latter allows 

to evaluate, among other things, the ground-state structures of molecular species. 

The B3LYP [68-71] hybrid exchange and correlation functional was used with 

100% of exact exchange. Geometry optimizations of different molecular structures 

were performed in gas phase and under implicit solvation employing the 6-

311++G(2d,2p) atomic basis set for all atoms. To simulate the solvent, the 

conductive polarizable continuum model (CPCM) [72] was employed by setting 

parameters mimicking the water electrostatics. Once the structural relaxation to the 

ground state occurred, vibrational calculations were performed not only to establish 

the correctness of the previous calculations (i.e., absence of imaginary frequencies), 

but also to obtain the zero-point energy (ZPE) associated with each optimized 

molecular structure. ZPE values are also critical in the determination of the proton 

affinity (PA), which is defined as the negative of the change in enthalpy for the 

exemplary following reaction: 

 

                    H+ + B  H+B        . (2.12) 
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To have a comprehensive scenario on the CAR capabilities in accepting and 

donating protons, quantum-mechanical calculations were performed on both 

carnosine zwitterionic tautomeric forms of the imidazole ring and for different 

initial protonation states, involving all the possible molecular protonation sites. 

Neutral, cationic and anionic carnosine species are also included in the simulations 

to estimate the PA values for the successive protonation steps, in line with the 

laboratory experiments reported in the current thesis. In this way, the PA values 

were obtained by calculating the energy difference between the optimized 

protonated and neutral (neutral and deprotonated) molecules at the B3LYP/6-

311++G(2d,2p) level of theory, using the following equation [73, 74]: 

 

                PA= -ΔH =-ΔE - ΔZPE + ΔEv(T) + C     , (2.13) 

 
where the ∆ZPE term indicates the difference between the electronic energies and 

the corrected ones by the difference between the ZPE of the species. The second 

and third terms in equation (2) are obtained from the frequencies of the normal 

modes of vibration. The last term, C, introduces the correlation for translational and 

rotational energy changes taking into account the classical behavior and the ∆nRT 

term, necessary to convert an energy into enthalpy assuming an ideal gas behavior. 

All these calculations, albeit being conducted under implicit solvent conditions, 

were carried out explicitly considering the addition of protons to all the significant 

molecular functional groups, namely the carboxylic group of the zwitterion (COO-

), the bare nitrogen atom (N) and the nitrogenous group (NH) of the imidazole ring. 

On the other hand, as for the removal of protons from the globally neutral 

zwitterionic carnosine species, the functional group involving the protonated amino 

group of the β-alanine residue of the zwitterion (NH3
+) was taken into 

consideration in the quantum-mechanical calculations. 

Several ab initio molecular dynamics (AIMD) simulations were performed with the 

CP2K code [75] on two numerical samples composed by CAR, calcium cation 
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(Ca2+) and liquid water, on the one hand, and by CAR, magnesium cation (Mg2+) 

and liquid water, on the other. Both samples were composed of one carnosine 

molecule, one cation (either Ca2+ or Mg2+) and 128 water molecules, resulting in a 

total of 413 atoms present in each system. The simulated conditions via AIMD 

produce much higher CAR and metal ion concentration (≈ 0.3 M) than those 

reported in potentiometric titrations (mM region). However, the size and time scale 

of the simulated samples represent a computational upper-bound nowadays 

achievable with powerful academic supercomputing resources. In this way, 

respective cubic super-cells with edges of 16.22 Å and 16.19 Å of the Ca2+- and the 

Mg2+-containing samples were simulated. Periodic boundary conditions were 

applied along the three Cartesian axes. Initial atomic configurations of the CAR 

species complexed with the two investigated metal cations were preliminarily 

structurally optimized at the B3LYP/6-311++G(2d,2p) [68-71] DFT level under 

implicit water solvation conditions. The optimized Ca2+-CAR and Mg2+-CAR 

structures were later and separately hydrated with 128 water molecules each. 

During the AIMD simulations, wavefunctions of each atomic species were 

expanded in double-zeta-valence-plus-polarization (DZVP) basis sets with the 

Goedecker–Teter–Hutter pseudopotentials [76] using the so-called GPW method. 

A plane-wave cutoff of 400 Ry was adopted. Exchange and correlation effects were 

treated via the Perdew-Burke-Ernzerhof (PBE) [77] density functional. To consider 

dispersion interactions, which are pivotal in correctly simulating the liquid water 

behavior and its hydration capabilities, the dispersion-corrected version PBE-D3 

[78, 79] was used. All AIMD simulations were performed at the nominal 

temperature of 300 K, which was kept fixed through a CSVR thermostat [80]. In 

this way, an isothermal-isochoric (NVT) ensemble was simulated whilst the nuclei 

dynamics was classically propagated through the Verlet algorithm with a time-step 

of 0.5 fs. To gather relevant statistics, multiple AIMD simulations were performed 

by choosing slightly different initial atomic configurations of the aqueous 
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environment, as well as of the initial atomic velocities of the simulated systems. 

Furthermore, to obtain almost independent trajectories and to monitor the cations-

carnosine complexation processes in an unbiased manner, pseudo-random initial 

atomic velocities taken from Maxwell-Boltzmann distributions were assigned. 

Consequently, 5 independent 30-ps-long AIMD simulations per system were 

performed. Finally, statistical assessments of the most stable hydrated complexes 

structures were executed via AIMD simulations. 

 

 

2.8 Data analysis 

2.8.1 Computer programs  

Depending on the instrumental analytical techniques used, the collected 

experimental data were processed by various computer programs in order to 

determine the protonation and complex formation constant values, as well as the 

thermodynamic parameters and their dependence on the ionic strength and 

temperature.  

In more detail, computer programs are depicted below: 

- STACO and BSTAC [81] were employed in the elaboration of the 

potentiometric data. These programs, using the method of non-linear least 

squares minimization, allow to calculate analytical parameters from 

potentiometric measurements, both at constant and different ionic strength, 

considering that the latter can also undergo variations during titrations. The 

two programs enable to calculate the stoichiometry of the species, as well as 

the thermodynamic values of the protonation and formation constants, 

refining the parameters for the dependence of the stability constants on the 

ionic strength. As far as the refinement is concerned, STACO minimizes the 

sum of the quadratic residues, equivalent to the relative volumes of titrant 
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added. Analogously, BSTAC proceeds with the minimization on the e.m.f. 

measured. Both procedures refer to the following equations: 
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(BSTAC) (2.18) 

 

For both programs, two refinement procedures can be performed, in which 

the first process uses the unit weight and the second the weight in equation 

(2.16), where 𝜎 originated in the first cycle. This means that, in the second 

refinement process, the data result in a lesser weight, with respect to the 

first cycle, in which they are affected by higher errors (𝜎). 

- LIANA [81], refers to Linear and Nonlinear Analysis, is a calculation 

program in Pascal code, useful for optimizing experimental data and getting 

general fits. In particular, it has a large number of equation libraries and is 

employed in the following purposes:  

1. Calculation of parameters of linear and non-linear equations, 

2. Detachment of an equation into several partial equations, 

3. Submission of the equations in the same input, as parameters can also 

be found in different equations, 

4. Awarding of different weights to various variables,  

5. Resolution of multi-variable fits, as well as more than two linear 

systems simultaneously, 
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6. View graphs for faster evaluation of results.  

- HYPSPEC [82] is a computer program used to determine equilibrium 

constants, starting from spectrophotometric data. This software is able to 

process UV-Vis, Raman, Infrared, luminescence and fluorescence data, 

considering that the spectral intensity of each chemical species is 

proportional to their concentration in solution. Spectral data can be acquired 

by titration or a set of individual solutions, which are batch data. It is also 

able to perform a manual simulation in order to optimize the stability 

constants values or the results of a refinement cycle.  

- HYPNMR [83] is a computer software used to determine equilibrium 

constants, starting from chemical shifts (𝛿) obtained in NMR spectra. 

Equilibrium is assumed to be achieved quickly on the NMR time-scale, and 

the observed chemical shift for a certain nucleus results in the average of 

the chemical shifts of that nucleus in the different species present, weighted 

by their fractional populations. The data input consists of the frequencies, 

i.e., the chemical shifts of the NMR peaks, with respect to the analytical 

concentration of the species in solution and, optionally, the pH. The 

refinement process provides the values of equilibrium constants and the 

respective chemical shift of each nucleus in every chemical compound. 

Once each cycle refined, the chemical shifts of the respective species are 

processed by linear test least-squares, taking into account the set stability 

constants. The output file includes information about the refined stability 

constants of each species, as well as their concentration and calculated 

chemical shifts.  

- HYSS [84] is a computer program able to perform titration simulations, 

taking into account a speciation model, which bases on a set of equilibrium 

constants. As far as the titration is concerned, it is simulated by setting 

titration conditions and calculating the concentrations of each species, as a 
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titration evolves. This software is also enable to calculate species 

concentrations, starting from a model and a set of conditions, as the pH 

range. 

 

 

2.8.2 Equilibrium constants 

In this thesis, the protonation constants are reported as decimal logarithms and 

referred to the following reactions: 

 

𝑖𝐻+ + 𝐿𝑧− =  𝐻𝑖𝐿(𝑧−𝑖)− 𝛽𝑖 (2.19) 

or 

𝑖𝐻+ +  𝐻𝑖−1𝐿(𝑧−𝑖+1)− =  𝐻𝑖𝐿(𝑧−𝑖)− 𝐾𝑖 (2.20) 

 

where 𝑖 is the protonation step.  

The formation constants of the metal:ligand complex species are related to the 

following reactions: 

 

𝑝𝑀2+ + 𝑞𝐿𝑧− + 𝑟𝐻+ =  𝑀𝑝𝐿𝑞𝐻𝑟
(2−𝑞𝑧+𝑟)

 𝛽𝑝𝑞𝑟 (2.21) 

 

or for hydrolytic species:  

 

𝑝𝑀2+ + 𝑞𝐿𝑧− +  𝑟𝐻2𝑂 =  𝑀𝑝𝐿𝑞(𝑂𝐻)𝑟
(2−𝑞𝑧+𝑟)

+ 𝑟𝐻+ 𝛽𝑝𝑞𝑟
𝑂𝐻  (2.22) 

 

 

2.8.3 Dependence of the formation constants on the ionic strength 

Of significant importance is the effect that the ionic strength has on solution 

equilibria. As far as the thermodynamic parameters are concerned, referring to the 

ligand protonation, as well as metal hydrolysis, and species formation equilibria 
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can be affected by notable variations in ionic strength. First of all, the latter affects 

the activity coefficients (𝛾𝑥) of the chemical species present in a solution, which, in 

turn, is related to the molar concentration [𝑋] and the activity (𝑎𝑥) of the species 

according to the following relationship: 

 

                                                              𝑎𝑥 =  𝛾𝑥[𝑋] (2.23) 

 

In an ideal system, 𝛾𝑥= 1 is assumed and the activity of a component (𝑎𝑥) 

corresponds to its concentration [𝑋]. Therefore, the equilibrium constants are 

calculated taking into account the concentrations of the species in solution. In a real 

system, based on the attractive or repulsive forces of electrolytes in solution, the 

ions are affected each other and, thus, cannot themselves be considered 

independent. Therefore, also in very diluted solutions, the concentration does not 

correspond to the activity (𝑎𝑥) of the species. The last term indicates the effective 

number of particles taking part in a given phenomenon, and the linearity deviation 

of the real system, from the ideal one, is clarified by the Debye-Hückel (DB) 

theory. According to which, the ions in solutions are point-like masses with 

exclusively electrostatic interactions and the activity coefficient is related to the 

ionic strength, as expressed in the following equation: 

 

                𝑙𝑜𝑔𝛾𝑥
 ± = −𝐴|𝑧+ ∙ 𝑧−|√𝐼𝑚 (2.24) 

where 𝐴, constant factor, depends on the temperature and solvent (𝐴 = 0.5100  

mol-1/2 kg1/2 at T =298.15K), 𝑧+ and 𝑧− are the ionic charges and 𝐼𝑚 represents the 

ionic strength in molal concentration scale. However, this is a limit law because it 

is valid up 𝐼 ≤ 0.001mol L-1. Considering that the ions cannot approach at 

distances lower than the sum of their radii, a further extension of the DB theory 

was admitted and valid up 𝐼 ≤ 0.01mol L-1. 
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              𝑙𝑜𝑔𝛾𝑥
 ± = −𝐴

|𝑧+∙𝑧−|√𝐼𝑚

1+1.5√𝐼𝑚
 

(2.25) 

 

Davis added an empirical parameter to the previous equation, denoted as 𝐿(𝐼) or 

𝐶(𝐼), depending on the electrolyte and ionic strength.  

 

                           𝑙𝑜𝑔𝛾𝑥
 ± = −𝐴

|𝑧+∙𝑧−|√𝐼𝑚

1+1.5√𝐼𝑚
+ 𝐿(𝐼) 

(2.26) 

 

In this thesis, to evaluate the dependence of the formation constants on the ionic 

strength, the following Debye-Hückel type equation was used as a mathematical 

model:  

 

                       𝑙𝑜𝑔𝛽 = 𝑙𝑜𝑔𝛽0 − 𝐴
𝑧∗√𝐼

1+1.5√𝐼
+ 𝐶(𝐼) 

(2.27) 

 

where 𝛽 corresponds to the protonation or formation constant, 𝛽0 is the protonation 

or formation constant at infinite dilution and the empirical parameter, 𝐶(𝐼), 

depends on the charges involved in the reaction.  

Finally,           𝑧∗ =  ∑(𝑐ℎ𝑎𝑟𝑔𝑒𝑠) 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑠− 
2 ∑(𝑐ℎ𝑎𝑟𝑔𝑒𝑠) 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

2 . 

 

 

2.8.4 Dependence of the formation constants on the temperature 

As the ionic strength, temperature can also affect equilibria in real systems, such as 

natural waters and biological fluids. The dependence of the equilibrium constants 

on the temperature can be assessed by the following Van’t Hoff equation:  
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                     𝑙𝑜𝑔𝑇𝛽 = 𝑙𝑜𝑔𝛽𝜃 +
1

2.303𝑅
∆𝐻𝜃

0 (
1

𝜃
−

1

𝑇
) (2.28) 

 

where 𝑙𝑜𝑔𝑇𝛽 is the equilibrium constant at a given temperature, expressed in 

Kelvin, 𝑙𝑜𝑔𝛽𝜃 corresponds to the equilibrium constant at the reference temperature 

(𝜃) and, thus, at T = 298.15 K. R is 8.314472 J K-1 mol-1 when ∆𝐻𝜃 refers to J mol-

1. The equation (2.29) allows to determine the enthalpy changes for a given species 

on the basis of the 𝑙𝑜𝑔𝛽 values at different temperatures and it can be employed in 

molar and molal concentration scales. The Gibbs free energy, ∆𝐺𝑖, and 𝑇∆𝑆𝑖 values 

can be calculated by the following reactions and knowing the formation constants 

of the given species, 𝑙𝑜𝑔𝛽𝑖 . 

 

                       ∆𝐺𝑖 =  −𝑅𝑇𝑙𝑛𝛽𝑖 (2.29) 

                         ∆𝐺𝑖 = ∆𝐻𝑖 − 𝑇∆𝑆𝑖 (2.30) 

 

The Van’t Hoff equation is valid when the enthalpy changes, ∆𝐻𝑖, are 

approximatively constant in a given temperature range.  

 

 

2.9 Sequestering ability  

Evaluating the sequestering ability of a metal ion chelator is crucial in different 

research fields and in many environmental and medical applications, where 

chelating ligands can be used in the heavy metals removal from real and 

contaminated samples or also in chelation therapy. For the same purpose, in this 

treatment, chelating ligands are employed to detoxify tissues and, thus, organism 

from toxic metal ions. The assessment of the sequestering ability of a certain ligand 
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toward metals requires the knowledge of several factors, such as temperature, ionic 

strength, ion medium, acid-base behavior of the ligand, as well as of the metal, and 

competitive equilibria, which can be occurred among metals and ligands present in 

the real matrix simultaneously. All these aspects can act varying the formation 

yields of the species [14], and since all these interactions and phenomena should be 

considered in the determination of the sequestering ability of a ligand toward 

investigated metals, the research group promoted a semi empirical parameter in 

2006 [85-87]. The previous pL50 [88, 89] is currently evolved in the pL0.5 and 

corresponds to the total ligand concentration needed to sequester 50 % of a metal 

ion present in traces under specific conditions of pH, temperature and ionic 

strength, and also in the simultaneous presence of other components in the system. 

The pL0.5 can be calculated using an usual speciation program following the 

procedure reported in Crea et al. [90], and obtained by plotting the sum of the 

molar fraction (𝜒) of the metals complexed by the ligand vs. pL, that is cologarithm 

(pL = -𝑙𝑜𝑔𝐶𝐿) of the total ligand concentration (𝐶𝐿). It is a sigmoidal curve, getting 

by the following Boltzmann type equation with asymptote 1 for pL → −∞ and 

asymptote 0 for pL → +∞ [90, 91]: 

 

                                                        =
1

1+10(pL−pL0.5) (2.31) 

 

The greatest pL0.5 value means the greatest efficiency of the ligand in sequestering 

the metal cation. 

Using this approach, the sequestering ability of CAR, as well as of its derivatives, 

toward the investigated metal cations was assessed at different experimental 

conditions, which are summarized in Table 2.9. 
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Table 2.9. Experimental conditions for the determination of the sequestering 

ability of ligands toward metal cations. 
Ligand Species Metal species pH  I a)  T b)  

CAR Ca2+ 7.4 0.1 310.15 

 Mg2+ 7.4 0.1 310.15 

 Cu2+ 7.4 0.1 310.15 

 Mn2+ 7.4 0.1 310.15 

 Zn2+ 7.4 0.1 310.15 

CAR Hg2+ 5.0-9.0 0.001-0.7 298.15-310.15 

FcCAR Hg2+ 7.0-9.0 0.1 298.15 

PyCAR Hg2+ 7.0-9.0 0.1 298.15 

CAR Pb2+ 5.0-9.0 0.001-0.7 298.15-310.15 

FcCAR Pb2+ 7.0-9.0 0.1 298.15 

PyCAR Pb2+ 7.0-9.0 0.1 298.15 

CAR Cd2+ 5.0-9.0 0.001-0.7 298.15-310.15 

FcCAR Cd2+ 7.4 0.1 298.15 

PyCAR Cd2+ 7.0-9.0 0.1 298.15 

a) in mmol L-1. b) in K.  
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Chapter 3 

 

L-Carnosine (CAR) acid-base properties 

 

CAR, as widely highlighted in Chapter 1, plays several roles in biological systems. 

The mechanisms of action and biochemical pathways of CAR, albeit unclear, 

depend firstly on its charge and, thus, on its own acid-base behaviour and 

distribution [92]. The protonation of the amino group, imidazole ring and 

carboxylate moiety occurs at different pH values, and the protonation state of any 

these sites can critically modify the proton-binding ability of the other functional 

groups and the charge-distribution over the whole CAR molecule [92]. 

Understanding the site- and species-specific protonation properties of CAR is 

therefore important to thoroughly elucidate its biochemical and physiological 

functions. The protonation state of a biologically active molecule, such as CAR, 

can also affect the binding process with other molecules and ions. On the other 

hand, acting as a pH buffer, CAR protonation and, thus, deprotonation do not 

influence metabolic processes [93].  

However, considering the importance of fully understanding the role of CAR and 

its acid-base properties, and taking into account the importance of a speciation 

study, debated in Chapter 1, knowing the thermodynamic properties of the CAR 

molecule was crucial not only to understand and clarify its behaviour in aqueous 

solution, but also to evaluate its interactions with the solvation shells, to describe 

activity of its functional groups and its own intermolecular interactions. 

For these reasons, a synergic combination of experimental and computational 

techniques was employed to determine the thermodynamic protonation parameters 

of CAR in NaCl aqueous solution and obtain a comprehensive and accurate 
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thermodynamic picture, structural information and proton capabilities of CAR 

molecule. 

Determination of the protonation constant values of CAR was first of all achievable 

by the robust potentiometric measurements, performed as titrations in different 

ionic strength (0.1 ≤ I/ mol L-1 ≤ 1), temperature (288.15 ≤ T/ K ≤ 310.15) 

conditions and concentrations (1 ≤ CL/ mmol L-1 ≤ 3). Potentiometric data, 

processed by means of BSTAC and STACO computer programs, were confirmed 

by those acquired by UV-Vis spectrophotometric and 1H NMR titrations at I = 0.15 

mol L-1 and T = 298.15 K. HYSPEC and HYPNMR software were respectively 

used to process the UV-Vis spectrophotometric and 1H NMR spectroscopic data.  

Both experimental data and literature ones [94-96] were combined, in order to 

obtain reliable data on the protonation equilibria, evaluate the dependence of the 

stability constants on ionic strength and temperature, and thus deduce a consistent 

speciation model. Structural information and fragmentation pathways of CAR were 

clarified by means of Matrix Assisted Laser Desorption Ionization Mass 

Spectrometry (MALDI MS) and tandem mass spectrometry (MS/MS) techniques. 

Quantum-mechanical calculations were also performed to quantitatively estimate 

the protonation capabilities of the various functional groups of CAR by means of 

the Gaussian 09 software [67].  

 

 

3.1 Protonation constants determination [97] 

The protonation constants values, obtained by potentiometry, are listed in Table 

3.1, and reported as global formation constants β,  and as stepwise formation 

constants K, referred, respectively, to the following reactions:  

 

iH+ + L- = HiLi-1 𝛽 (3.1) 
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H+ + Hi-1Li-2 = HiLi-1 𝐾 (3.2) 

 

Stepwise formation constants are useful for evaluating the functional group 

involved in each protonation equilibria. CAR has three ionizable groups: the 

carboxylate (COO-), the nitrogenous group (NH) of the imidazole ring, and the 

amino group of the β-alanine residue (NH2). The logK values of the three 

protonation steps are quite different from each other. Comparing them with the 

literature data of similar functional groups, the first protonation step (9.03 ≤ logK ≤ 

9.79, depending on the conditions) is attributable to the amino group of the β-

alanine residue, the second protonation step (6.65 ≤ logK ≤ 6.99) to the nitrogenous 

of the imidazole ring and the third one (2.57 ≤ logK ≤ 2.81) to the carboxylic 

group.  
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Table 3.1. CAR protonation constants values, obtained by potentiometry, in NaCl aqueous solutions in different ionic 

strength and temperature conditions. 
Reaction  logβ a) 

 T = 298.15 K  288.15 K 310.15 K 

 I = 0.15 b) I = 0.50 b) I = 0.73 b) I = 0.98 b)  I = 0.15 b) I = 0.15 b) 

L- + H+ = LH0 9.1780.006 c) 9.4900.005c) 9.2310.006 c) 9.1870.009 c)  9.790.02 c) 9.030.05 c) 

L- + 2H+ = LH2
+ 15.9180.009  16.4270.008  16.0610.008  16.020.01   16.780.02  15.680.05  

L- + 3H+ = LH3
2+ 18.490.02 19.240.01  18.760.01  18.630.02   19.370.02  18.450.04  

 logK a) 

 T = 298.15 K  288.15 K 310.15 K 

 I = 0.15 b) I = 0.50 b) I = 0.73 b) I = 0.98 b)  I = 0.15 b) I = 0.15 b) 

L- + H+ = LH0 9.178 9.490 9.231 9.187  9.79 9.03 

LH0 + H+ = LH2
+ 6.740 6.937 6.827 6.83  6.99 6.65 

LH2
+ + H+ = LH3

2+ 2.57 2.81 2.70 2.61  2.59 2.77 

a) ref. [97]. b) in mol L-1. c)  3 std. dev. 
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3.1.1 Dependence on the ionic strength 

The dependence of the protonation constants on the ionic strength was determined 

by the Debye-Hückel type equation (2.27) and studied by taking into account the 

literature data (Table 3.10) and the experimental values reported in the Table 3.1. 

The equation (2.27) also allowed to obtain the logβ0 and the empirical parameter C, 

at T = 298.15K. All these values are collected in Table 3.2. 

 

Table 3.2. Formation constant values at infinite dilution and 

C parameters for the dependence on the ionic strength 

(equation 2.27), at T = 298.15 K.  
Reaction logβ0 a) C a) 

L- + H+= LH0      9.620.04 b) 0.01 

L- + 2H+ = LH2
+ 16.410.04  0.08 

L- +3H+ = LH3
2+ 18.890.06  -0.17 

a) ref. [97]. b)  3 std. dev. 

 

The influence on the ionic strength is also visible on the species distribution, as can 

be observed in Figure 3.1. 
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Figure 3.1. Speciation diagram vs. pH of the CAR (L)-H+ system (charges omitted 

for simplicity) in NaCl aqueous solutions at I = 0.15 mol L-1 (solid red line),  

I = 0.50 mol L-1 (solid black line), I = 0.73 mol L-1 (dot magenta line), I = 0.98 mol 

L-1 (dashed blue line), and at T = 298.15 K (CL = 1 mmol L-1). 

 

 

The protonation process of CAR was described by M. Jozanovic et al. [98], and 

showing that, at low pH values, all groups are protonated and the molecule holds 

an overall positive charge. For intermediate pH values (isoelectric point) the 

peptide is found as the common dipolar zwitterion, exhibiting a total net charge 

equal to zero whilst, and upon increasing the pH, the molecule shows a globally 

negative charge.  

The distribution diagram reported in Figure 3.1 clearly displays that for 5.0 ≤ pH ≤ 

8.0, range of interest for most biological fluids, the equilibrium involved is the 

second one, i.e., LH0 + H+ = LH2
+. In fact, CAR is present as LH2

+ or LH0 species, 

whose formations reach a maximum at pH = 5.0 and 8.0, respectively. It is 

necessary to consider pH < 4.0 for the protonation of the carboxylic group 

(formation of LH3
2+ species) and pH > 9.0 for the deprotonation of the amino group 
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of the β-alanine residue (L- species). The effect of the ionic strength on the 

protonation constant values, even though not very marked, cannot be neglected. As 

an example, logK values referred to the first protonation step vary at most from 

9.178 (at I = 0.15 mol L-1) to 9.490 (at I = 0.50 mol L-1). This implies a shift of 0.5 

pH units for species formation, as can be noticed in Figure 3.1. In terms of CAR 

fraction, this means that at pH = 7.0 and I = 0.15 mol L-1, there are ~0.34 of LH2 

and ~0.64 of LH. Keeping constant that given pH value but varying the ionic 

strength to I = 0.5 mol L-1, the fraction of both species is ~0.5. Looking again on 

Figure 3.1, the increase in the ionic strength from I = 0.15 mol L-1 to I = 0.98 mol 

L-1 does not give rise to a significant change in the curves. A different profile is 

evident at I = 0.50 mol L-1, whose shift toward higher pH values is more 

pronounced than the species distribution at I = 0.73 mol L-1. 

The knowledge of the parameters in Table 3.2 is useful to evaluate the protonation 

constant values in conditions that differ from the experimental ones. By way of 

example, the calculated protonation constant values at different ionic strength and 

T = 298.15 K are reported in Table 3.3.  

 

Table 3.3. Calculated protonation constant values of CAR (L-) at different ionic 

strengths and T = 298.15 K. 

Reaction   logβ a)   

 I = 0.15 b) I = 0.25 b) I = 0.5 b) I = 0.75 b) I = 1 b) 

L- + H+ = LH0 9.380.03c) 9.340.03c) 9.280.03c) 9.250.05c) 9.230.07c) 

L- + 2H+ = LH2
+ 16.170.03 16.140.03 16.100.04 16.090.06 16.080.08 

L- + 3H+=LH3
2+ 18.860.04 18.840.04 18.800.04 18.760.06 18.720.08 

a) ref. [97]. b) in mol L-1. c)  3 std. dev. 
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To document the consistency of the data, some examples of calculated constant 

values, along with the respective errors, vs. ionic strength are reported in Figure 

3.2. As can be observed, a slight decrease is occurred in the pattern as the ionic 

strength increases. Moreover, the fitting curves obtained by calculating the 

parameters of Table 3.2 are shown in Figure 3.3.  
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Figure 3.2. Calculated protonation constant values of CAR vs. ionic strength.  
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Figure 3.3. Fitting curves obtained in the calculation of the parameters of Table 3.2 

for the main text for the protonation constants of CAR.  
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3.1.2 Dependence on the temperature 

The dependence of the protonation constants on the temperature was determined by 

the Van’t Hoff equation (2.28), at I = 0.15 mol L-1, taking into account the 

literature data (Table 3.10) and the experimental values reported in Table 3.1, In 

this way, a complete thermodynamic picture was obtained and the ∆H changes, 

along with ∆G and T∆S values, are summarized in Table 3.4. In particular, ∆G and 

T∆S values were derived from equations (2.29) and (2.30) respectively.  

 

Table 3.4. Thermodynamic formation parameters of CAR (L-) species 

in NaCl at I = 0.15 mol L-1. 
Reaction ΔG a), b) ΔH a), b) TΔS a), b) 

L- + H+ = LH0 -52.40.03c) -468 c) 68 c) 

L- + 2H+ = LH2
+ -90.90.05 -669 259 

L- + 3H+ = LH3
2+ -105.50.1 -3611 7011 

    

L- + H+ = LH0 -52.4 -46 6 

LH0 + H+ = LH2
+ -38.5 -20 19 

LH2
+ + H+ = LH3

2+ -14.7 30 45 

a) In kJ·mol-1. b) ref. [97]. c)  3 std. dev. 

 

To better distinguish among the different molecular functional groups, 

thermodynamic parameters concerning the stepwise equilibria (equation 3.2) are 

also shown in Table 3.4, through which various considerations on the equilibria can 

be made. As far as the protonation is concerned, for the first one, i.e., the 

equilibrium involving the protonation of the amino group of the β-alanine residue, 

the process is exothermic (∆H = -46 kJ mol-1) with a typical value referred to an 

amino group, where the main contribution to the free energy is enthalpic (T∆S = 6 

kJ mol-1); the second protonation step (protonation of the nitrogenous of the 

imidazole ring) is also exothermic (∆H = -20 kJ mol-1), but enthalpy and entropy 
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equally contribute to the free energy (T∆S = 19 kJ mol-1). The most acidic 

protonation step, i.e., that referring to the protonation of the carboxylic group, is 

endothermic (∆H = 30 kJ mol-1) with a main entropic contribution to the free 

energy (T∆S = 45 kJ mol-1).  

As for the dependence on the ionic strength, similar considerations can be made on 

the temperature dependence, whose effect is marked on the three protonation 

equilibria. In particular, in the first protonation step, the logK varies from 9.79 (at T 

= 288.15 K) to 9.03 (at T = 310.15 K), in the second one, the logK value is 6.99 (at 

T = 288.15 K) and 6.65 (at T = 310.15 K). In the third protonation step, the logK 

increases from 2.59 (at T = 288.15 K) to 2.77 (at T = 310.15 K). 

 

2 4 6 8 10

0.0

0.2

0.4

0.6

0.8

1.0

C
A

R
 f

ra
c

ti
o

n
 

pH 

LH3
LH2

LH L

 

Figure 3.4. Speciation diagram vs. pH of the CAR (L)-H+ system (charges omitted 

for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1, T = 288.15 K (solid 

line), and T = 310.15 K (dashed line), (CL = 1 mmol L-1). 
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The distribution diagram reported in Figure 3.4 clearly shows that an increase in 

temperature, from T = 288.15 K to T = 310.15K, causes a shift of the protonated 

species (LH3
2+) toward higher pH values and a pronounced shift of the 

monoprotonated (LH0) and deprotonated (L-) species toward lower pH values.  

The possibility to calculate the protonation constants at different temperatures, as 

well as at various ionic strength, from those under investigation allows to simulate 

the distribution of the species in various natural fluids. Obviously, all this 

information also allows to calculate the formation constant values at different 

temperatures, which are reported in Table 3.5.  

 

Table 3.5. Calculated protonation constants values of CAR (L-) at different 

temperatures and I = 0.15 mol L-1.  

Reaction   logβ a)   

 278.15 K 288.15 K 308.15 K 310.15 K 318.15 K 

L- + H+= LH0 9.90.1b) 9.650.08 b) 9.120.07 b) 9.070.08 b) 8.90.1 b) 

L-+2H+ = LH2
+ 17.00.1 16.580.08 15.800.08 15.730.08 15.40.1 

L- +3H+ =LH3
2+ 19.30.2 19.080.10 18.660.09 18.620.09 18.50.2 

a) ref. [97]. b)  3 std. dev. 

 

As far as the dependence of the calculated constant values on the ionic strength is 

concerned, Figure 3.5 shows some examples of the calculated constant values, 

along with the respective errors, vs. temperature. A slight decrease is observed in 

the pattern as the temperature decreases. The fitting curves were also obtained by 

calculating the parameters of Table 3.4 and depicted in Figure 3.6. 
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Figure 3.5. Calculated protonation constant values of CAR vs. temperature. 

 

 

Figure 3.6. Fitting curves obtained in the calculation of the parameters of Table 3.4 

for the main text for the protonation constants of CAR.  
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3.2 UV-Vis spectrophotometric and 1H NMR spectroscopic results  

UV-Vis spectrophotometric and 1H NMR data were elaborated using the HYSPEC 

and HypNMR computer programs, respectively. Both allowed to calculate 

protonation constants, but also the molar Absorbance and the chemical shift of each 

species, respectively.  

UV-Vis spectrophotometric and 1H NMR spectroscopic titrations were performed 

from pH ≈ 2.5 to pH ≈ 10.5, as depicted in Figures 3.7 and 3.9, respectively. In the 

literature, the UV absorption spectrum of CAR (0.88 mmol L-1) is reported, with 

bands at 264.5, 214, and 209 nm, assigned to n–p*, p–p*, and p–p* electronic 

transitions, respectively [4]. Branham et al. [4] also described that at much lower 

concentrations (0.08 mmol L-1), there is only the broad band around 214 nm and 

the peak at 264.5 nm disappears completely.  

However, at the concentrations used in this study, CAR displays a single UV band 

with a fairly broad shape in acidic environment and reaches a maximum of 

absorption at  = 209 nm (Figure 3.7). As the pH increases, and thus the 

deprotonation degree of the CAR molecule, a gradual gain in Absorbance occurs. 

Similar considerations can be made by focusing on Figure 3.8, which shows the 

calculated values of molar Absorbance for each CAR species as a function of the 

wavelength. As can be observed, ε/ mol-1 cm-1 L increases as the pH grows and, 

thus, the deprotonation degree of CAR species.  
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Figure 3.7. UV-Vis spectrophotometric titrations of CAR in NaCl at I = 0.15 mol  

L-1 and T = 298.15 K (CL = 0.02 mmol L-1). 
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Figure 3.8. Molar absorption coefficients of CAR (L) species, as a function of the 

wavelength. 
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From the 1H NMR analysis of CAR in different pH solutions, an evident variation 

in the chemical shift of the imidazole protons (CH-2 and CH-4) can be noticed, 

starting from pH > 4.0 (Figure 3.9). In correspondence with the disappearance of 

the NH-8 amide signal, it can reasonably be stated that from pH > 4.0, first the 

carboxylic group and then the NH imidazole proton are deprotonated. This clearly 

affects the chemical shift of the heterocyclic protons (∆𝛿 ~ 1 ppm). Minimal 

chemical shift variations are appreciated for the other protons CH-10 and CH-11, 

highlighting a non-involvement of the amino group NH2 in the equilibria at  

pH < 9.0. 

The calculated values of the chemical shift for each species are given in Table 3.6. 

 

 

(a) 
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(b) 

Figure 3.9. (a) 1H NMR titrations of CAR in water (CL = 3 mmol L-1), from pH ≈ 

2.5 to pH ≈ 10.0 and (b) spreadsheet of chemical shifts of CAR protons as a 
function of pH. 

 

Table 3.6. Chemical shifts for each nucleus. 

 a) L LH LH2 LH3 

CH2 7.640.01b) 7.700.01b) 8.580.01b) 8.610.01b) 

CH4 6.9100.038 6.9300.048 7.2600.038 7.3200.038  

CH6α 3.120.09 3.110.09  3.250.09  3.340.09  

CH6β 2.930.04 2.950.04 3.100.04 3.220.04 

CH10 2.4600.034  2.6600.034  2.6800.034  2.7200.033 

CH11 2.920.08 3.240.08 3.230.08 3.250.08 

                           a) ref. [97]. b)  3 std. dev. 
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Despite both the UV-Vis spectrophotometric and 1H NMR data were collected 

starting from pH ≈ 2.5, it was not possible to calculate the protonation constant 

concerning the formation of the LH3
2+ species and, therefore, the value obtained by 

the potentiometric technique was used. The protonation constants values, obtained 

by processing the UV-Vis spectrophotometric and 1H NMR data at I = 0.15 mol L-1 

and T = 298.15 K, are reported in Table 3.7. As far as the third protonation step, 

which regards the formation of the LH3
2+ species, the respective value obtained by 

potentiometry is listed in the same Table 3.7, for comparison. A perfect agreement 

was found for the second protonation step, while quite slight discrepancies can be 

observed for the first one.  

 

Table 3.7. CAR protonation constants values in NaCl aqueous solution at  

I = 0.15 mol L-1 and T = 298.15 K, obtained by different experimental techniques. 
Reaction   logβ a) 

 UV-Vis spectrophotometry 1H NMR spectroscopy 

L- + H+ = LH0 9.570.05 b) 9.130.03 b) 

L- + 2H+ = LH2
+ 15.970.05 15.9860.001 

L- + 3H+= LH3
2+ (18.49) (18.49) 

a) ref. [97]. b)  3 std. dev.  

 

 

3.3 Mass spectrometry results [99] 

Experimental studies were performed on the CAR molecule using Matrix Assisted 

Laser Desorption Ionization Mass Spectrometry (MALDI MS) and tandem mass 

spectrometry (MS/MS) techniques. As discussed in Chapter 2, the MALDI MS 

(TOF/TOF) technique was chosen for its high sensitivity and accuracy, as well as 

its short analysis time and ability to detect different compounds in highly complex 

mixtures [60-62]. The first issue was to identify the most suitable MALDI matrix 

for analyses. In fact, the choice and use of an adequate matrix leads to highly 
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resolved spectra with excellent signal-to-noise (S/N) ratio, negligible analyte 

fragmentation, and modest matrix background in the mass range of the analyte. 

These aspects are particularly important for small molecules, as in the case of the 

dipeptide under study. In the experimental conditions for the detection and 

characterization of CAR, an aliquot (1μL) of solution (1mM) was analyzed by MS 

experiments in positive ionization mode using traditional matrices −CHCA, 

DHB). The best results were obtained with the use of 2,5-Dihydroxybenzoic acid 

(DHB), as interference between the matrix and analyte is minimal. CAR was also 

analyzed by Collision Induced Dissociation (CID) MS/MS in order to obtain a 

deeper understanding of its fragmentation pathways, which are shown in Figure 

3.10. The resulting CID MS/MS spectrum of CAR (m/z 227.11; [C9H15N4O3]
+) is 

depicted in Figure 3.11, and the relative MS and MS/MS fragment ions are 

collected in Table 3.8. The relative molecular formula of the fragments can be 

interpreted partially according to Peiretti et al. [100], and partly as the dipeptide 

backbone fragmentation. In the CID MS/MS spectrum of CAR (Figure 3.11), peaks 

of m/z 210.09 ([C9H12N3O3]
+), 209.10 ([C9H13N4O2]

+), and 156.08 ([C6H10N3O2]
+) 

were detected as the most abundant fragment ions from the precursor ion (m/z 

227.11; [C9H15N4O3]
+). The ammonia loss is the most intense process and the [LH-

17+H]+ ion results in the formation of the peak of m/z 210.09 ([C9H12N3O3]+), 

which gives rise two main products by the elimination of water (m/z 192.08; 

[C9H10N3O2]
+) and cycloprop-2-en-1-one (m/z 110.07; [C5H8N3]

+; schematic in 

Figure 3.10). The water loss from the precursor ion leads to the formation of the 

m/z 209.10 ion ([C9H13N4O2]
+), followed by elimination of the β-alanine moiety, in 

order to obtain the ion of m/z 138.07 (z1(+1) ion, [C6H8N3O]+). The direct 

fragmentation of the precursor ion also results in the formation of m/z 156.08 

(y1(+1) ion, [C6H10N3O2]
+), by cleavage of the peptide bond. Finally, the low-mass 

ions could be attributable to fragmentation of the histidine side chain (Figures 3.10 

and 3.11, Table 3.8). 
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Figure 3.10. CID MS/MS fragmentation pathways of CAR (m/z 227.11; [C9H15N4O3]
+). 
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Figure 3.11. CID MS/MS spectrum of CAR (LH) (m/z 227.11; [C9H15N4O3]
+). 

 

 

Table 3.8. MS and MS/MS fragment ions of CAR (LH) (m/z 227.11; 

[C9H15N4O3]
+). 

Carnosine Composition Detected Mass Δppm 

[LH+H]+ [C9H15N4O3]+ 227.11 5.0 

MS/MS fragments [C9H12N3O3]+ 210.09 6.0 

 [C9H13N4O2]+ 209.10 7.0 

 [C8H12N3O3]+ 198.09 8.0 

 [C9H10N3O2]+ 192.08 9.0 

 [C8H10N3O2]+ 180.08 7.5 

 [C6H10N3O2]+ 156.08 9.0 

 [C6H8N3O]+ 138.07 8.0 

 [C5H8N3]+ 110.07 7.5 

 [C5H7N2]+ 95.06 6.0 

 [C4H6N2]•+ 82.05 6.5 

 [C3H4N2]•+ 68.04 8.0 

 [CH4N]+ 30.03 5.0 
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3.4 Electrochemistry of CAR 

As pointed out in Chapter 1, the aim of the work was to exploit the metal chelating 

ability of CAR and, thus, its sensing properties in the detection of certain metal 

cations. For this purpose, electrochemical methods are widely employed to study 

amino acids and peptides.  

However, to date, there is no clear evidence for the electrochemical activity of 

CAR, as there is for its precursor amino acid, L-Histidine. The latter was studied 

electrochemically by M. Medvidović-Kosanović et al. [44] in a pH range of 4.0 to 

10.0 by CV and DPV. They found that L-histidine is not electroactive in CV, but 

shows an oxidation peak (Ep,a = 0.860 V) at pH = 10.0 in DPV. However, more 

precisely, the last peak corresponds to the oxidation of the imidazole ring of the L-

Histidine, which is not found to be electroactive in the investigated pH range. In 

more detail, the totally deprotonated species (L-) of histidine was found to be 

involved in the oxidation reaction, unlike the partially deprotonated species (LH2
+ 

and LH0), which were not involved in the redox process [44]. These results are in 

agreement with the following deconvoluted voltammograms on SPCE in KCl (0.1 

mol L-1) aqueous solution (Figures 3.12, 3.13 and 3.14). As can be observed in 

Figures 3.13 and 3.14, a slight band is visible around Ep,a = 1.150 V, which could 

be attributable to the imidazole ring. The other peak, at Ep,a = 1.36 V, is attributable 

to the blank solution. 
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Figure 3.12. CV of L-Histidine (CL = 1 mmol L-1) in KCl (0.1 mol L-1) aqueous 

solution on SPCE. Scan rate: 0.1 V s-1. 
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Figure 3.13. DPV of L-Histidine (CL = 1 mmol L-1) in KCl (0.1 mol L-1) aqueous 

solution on SPCE.  
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Figure 3.14. SWV of L-Histidine (CL = 1 mmol L-1) in 1 KCl (0.1 mol L-1) aqueous 

solution on SPCE.  

 

 

Considering that a high concentration of histidine was used for electrochemical 

analysis, the data obtained were rather scarce and unsatisfactory. Similar results, 

not many reproducible, are consequently obtained in the voltammetric study of 

CAR, performed in a wide pH range from 4.0 to 10.0 on SPCE. CAR, as its 

precursor, shows nearly inert electroactivity. 

Therefore, to improve the electrochemical performance of CAR on SPCE, a 

strategic approach was adopted using two different dispersions, already described 

in Chapter 2. 

i) Nafion. 

ii) CNO.  
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The aim of this work was to develop a highly sensitive voltammetric method for 

carnosine determination. Thus, Nafion and CNO were used to improve sensitivity 

of SPCE [65]. Voltammetric tests for CAR were performed on modified SPCEs 

with respective Nafion and CNO dispersions in a wide pH range (3.0 ≤ pH ≤10.0).  

DPVs obtained for CAR on the individual modified electrodes are shown in 

Figures 3.15 and 3.16 in acid and alkaline environments, respectively. The DPV 

scans in Figure 3.15 reveal a slight oxidation peak (Ea,p ≅ 1.09 V) for CAR (1 

mmol L-1) in KCl (0.1 mol L-1) at pH ≅ 3.0. This result was obtained for 

preconcentration potential and time equal to 0.8 V and 60 s, respectively. Only this 

oxidation value is in line with the oxidation peak for CAR (Ea,p = 1.15 V), obtained 

on bare SPCE, described by Jozanović et al. [101]. However, the oxidation peak 

disappears as the CAR concentration increases, and the KCl peak shifts toward the 

cathodic potential range when the solution pH is acidic (Figure 3.15). On the other 

hand, DPV in Figure 3.16 reveals an oxidation peak (Ea,p = 0.735 V), which could 

be attributable to the CAR molecule at the highest concentration (10 mmol L-1). 

The oxidation peak tends to decrease, up to disappear, as the number of scans 

increases. For instance, this effect is shown in Figure 3.16.  

Therefore, the data obtained are neither clear nor reproducible. However, these 

results have given rise to the idea of synthetizing a more electroactive and versatile 

CAR derivative, with the aim of searching for its electrochemical properties, as 

well as its sensing capability toward metal cations.  
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Figure 3.15. DPV scans of CAR (1 ≤ CL/ mmol L-1 ≤ 10) in KCl (0.1 mol L-1) 

aqueous solution on Nafion/SPCE (pH ≅ 3.0).  
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Figure 3.16. First (solid line) and second (dashed line) DPV scan of CAR (CL = 10 

mmol L-1) in KCl (0.1 mol L-1) aqueous solution on CNO/SPCE (pH ≅ 10.0).  
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3.5 Computational results [97] 

As pointed out in Chapter 2, both CAR tautomeric forms of the imidazole ring 

were considered for the quantum-mechanical computational analyses. However, 

the very small total energy difference between the two tautomers makes the 

presentation of the respective results redundant for both forms. Therefore, this 

thesis uniquely refers to the tautomer depicted in Figure 3.17. The quantum-

mechanical calculations results are in line with the indications obtained from the 

literature, on the basis of the values of the stepwise formation constants referred to 

the different nature of the functional groups. Indeed, the Proton Affinity (PA) 

shown by the amino group of the β-alanine residue of the CAR molecule solvated 

in water is the largest one (i.e., ≈1189 kJ mol-1). Quantum-mechanical calculations 

highlighted that the large PA of the NH2 group of the β-alanine residue can be 

ascribed to two main factors: (i) the presence of the nearby CH2 group, which 

repels electrons, and (ii) the presence of the oxygen atom of the CO group of the 

CAR molecule. The latter acts as a stabilizer of the extra charges not only when 

protons are in excess, via the formation of an internal H-bond, but also when an 

extra electron is present, due to proton deficiency on the NH2 group, as shown in 

Figure 3.17.  

In addition to the well-known significant PA of the amino group of the β-alanine 

residue, other functional groups are suitable candidates for accepting protons in 

acid conditions. In particular, as shown in Table 3.9, a PA similar to that observed 

for the amino group of the alanine residue is also found for the bare nitrogen atom 

of the imidazole ring, protonated species labeled as H2L+ (2) (i.e., ≈1184 kJ mol-1). 

As depicted in Figure 3.18 (column H2L
+ (2)), the nitrogen atom, once the proton is 

accepted, forms a strong H-bond with the nucleophilic oxygen atom of the nearest 

CO group, hence, stabilizing the whole protonated molecular structure and 

increasing the PA value relative to this functional group. Furthermore, the relaxed 

molecular structure also benefits from the presence of an internal H-bond between 
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the NH3
+ group and the deprotonated carboxylic one. Similar considerations also 

apply to the protonation of the carboxylic group of the CAR molecule, as shown in 

Figure 3.18 (column H2L+(1)). However, once the structural relaxation occurs, the 

COOH group partially loses the excess proton in favor of the bare nitrogen atom of 

the imidazole ring, establishing a strong H-bond with the latter. This circumstance 

does not alter the previously existing H-bond between the NH3
+ group and the 

CAR carbonyl one, under the globally neutral zwitterionic state, as visible in 

Figure 3.18 (column H2L
+ (1)). The presence of the two internal H-bonds results 

into a PA equal to ≈1151 kJ mol-1, as listed in Table 3.9. Therefore, it is not so 

surprising that this value is close to that exhibited by the bare nitrogen atom, due to 

the fact that this latter is fully involved in the stabilization process of the cationic 

state of the CAR molecule both when it is directly protonated and when 

protonation is forced on the COO- zwitterion group. Once again, this aspect sheds 

light on the strong propensity carried by the bare nitrogen atom of the imidazole 

ring to attract protons. Finally, another possible protonation site is constituted by 

the nitrogenous group (NH) of the imidazole ring. However, since this event 

corresponds to a PA equal to ≈984 kJ mol-1 (Table 3.9), it is so far the least likely. 

In fact, as shown in Figure 3.18 (column H2L
+ (3)), the stable molecular 

configuration associated with the protonation of this functional group completely 

hinders the possibility of forming an internal H-bond additional to that normally 

established between the NH3
+ group and the carboxylic one. It is noteworthy that 

all static calculations were performed under implicit solvation conditions and 

representing the ground-state molecular structure of differently protonated states of 

the CAR molecule, as predicted by quantum-mechanical (Density Functional 

Theory, DFT) laws.  
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Figure 3.17. Ground-state structures of the CAR molecule for different protonation 

states, as determined by DFT calculations performed at the B3LYP/6-

311++G(2d,2p) level under implicit water solvation. HL0, neutral zwitterion; L-(1), 

deprotonated. Deprotonation has been executed on the NH3
+ group (H2L

+(1)).  

 

 

Table 3.9. Total energies (in a.u., first row) and Proton Affinity (PA, in kJ·mol-1, 

second row) of CAR, determined both from cationic and neutral zwitterionic 

species, calculated at the B3LYP/6-311++G(2d,2p) DFT level in water for the 

protonation of the COO- group (H2L
+(1)), of the nitrogen atom of the imidazole 

ring (H2L+(2)), and of the nitrogenous group NH of the imidazole ring (H2L+(3)). 

CAR (L) HL0 H2L+ (1) H2L+ (2) H2L+ (3) 

Water -796.11 -796.56 -796.57 -796.50 

PA - 1151 1184 984 

 

 

 

Figure 3.18. Ground-state structures of the CAR molecule for different protonation 

states, as determined by DFT calculations performed at the B3LYP/6-

311++G(2d,2p) level under implicit water solvation. HL0, neutral zwitterion; H2L
+, 

protonated. Protonation has been executed on the COO- group (H2L+(1)), the 

nitrogen atom of the imidazole ring (H2L
+(2)), and the NH group of the imidazole 

ring (H2L
+(3)). Red circles identify internal H-bonds stabilizing the protonated 

molecular structures. 
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3.6 Literature comparisons  

The characterization of protonation equilibria of CAR was carried out in different 

literature reports [44]. The values of CAR protonation constants reported in the 

literature are summarized in Table 3.10. However, the dependence on the ionic 

strength and temperature was not investigated thoroughly. Therefore, this in-depth 

study was performed in order to elucidate, first of all, the thermodynamic 

parameters of CAR and also the protonation capabilities of its functional groups. 

As just written in Paragraph 3.1, the consistency of the data was also proved in the 

synergic combination of the experimental and literature data, in particular in the 

calculation of the dependence of CAR protonation constants values on the ionic 

strength and temperature.  

Moreover, structural information and fragmentation pathway of CAR were 

elucidated by Matrix Assisted Laser Desorption Ionization Mass Spectrometry 

(MALDI MS) and tandem mass spectrometry (MS/MS) techniques.  
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Table 3.10. Literature protonation constant values of CAR.  

Ionic medium T /K  I /mol L-1  logβ1 logβ2 logβ3    Ref. 

NaClO4 298.15 0.1 9.397 16.20 17.493 [102] 

 298.15 0.1 9.35 16.09 18.72 [103] 

 298.15 0.1 9.32 15.89 - [104] 

       

NaCl 298.15 0 9.37 16.14 18.73 [93] 

       

KCl 298.15 0.1 9.372 16.146 18.740 [105] 

 298.15 0.2 9.30 16.14 18.67 [106] 

 298.15 0.2 9.39 16.23 18.76 [107] 

 310.15 0.15 9.20 15.89 18.65 [92] 

       

KNO3 298.15 0.1 9.372 16.15 18.74 [108] 

 298.15 0.1 9.466 16.30 18.90 [109] 

 298.15 0.1 9.36 16.12 - [110] 

 298.15 0.1 9.40 16.18 18.75 [111] 

 310.15 0.15 9.04 15.83 18.37 [112] 

 310 0.15 9.04 15.62 18.26 [113] 
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3.7 Final remarks 

The synergy of the various techniques, together with the analysis of literature data, 

allowed to obtain robust thermodynamic parameters on the acid-base properties of 

CAR.  

- In particular, potentiometry allowed firstly to explore the acid-base 

behavior of the CAR molecule over a wide range of ionic strength and 

temperature.  

- In this way, thermodynamic parameters (∆H, ∆G and T∆S) were calculated 

by equations (2.28), (2.29) and (2.30). 

- Protonation constants values, obtained by potentiometry, were in 

accordance with those derived from the processing of UV-Vis 

spectrophotometric and 1H NMR data.  

- The thermodynamic investigation was also enriched by the computational 

results, which allowed to determine the Proton Affinity (PA) of the 

functional groups of the CAR molecule.  

- On the other hand, mass spectrometry provided structural information and 

fragmentation pathways of CAR. 

- However, the voltammetric activity of CAR could not be known. This 

molecule, indeed, shows an irreversible and nonreproducible redox process.  

- Therefore, electrochemical methods were used to study a more electroactive 

carnosine derivative, ferrocenyl-carnosine (FcCAR). The latter was 

synthetized in Tarragona under the supervision of Prof. Fragoso.  

In this thesis, the synthesis and analysis of FcCAR are reported in Chapter 5.  
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Chapter 4 

 

M2+-L-Carnosine (CAR) interactions 

 

Metals are an essential part of the entire ecosystem, whether they are alkalis, 

alkaline-earth cations, or transitions metals [45], which also have different 

oxidation states. All metals are found in biological and environmental fields, both 

in elemental and ionic forms. Metal ions are widely employed for industrial and 

analytical purposes, as they are involved in many biochemical processes within the 

living body. Metal cations are, indeed, ubiquitous in biological systems, where they 

take part at the cellular and extracellular levels and in the central nervous system 

[45].  

Complexes of metal cations with amino acids or peptides can be used as models to 

study the pharmacological effects of drugs [44]. As far as carnosine is concerned, 

various works report its remarkable metal ion chelating properties, particularly 

marked with respect to bivalent cations (M2+) [5, 7, 18, 114]. However, there was 

no clear evidence in the literature on the interactions between the dipeptide and 

bivalent metal cations. For this reason, and as written for the protonation 

determination of CAR, an in-depth thermodynamic study was necessary to 

understand the M2+-CAR interactions, as well as the formation constants values and 

their dependence on the ionic strength and temperature. This effect is also 

important, as metal complexes can affect both mechanistic pathways and 

physiological roles of CAR itself.  

To study M2+-CAR interactions, a combination of experimental techniques was 

employed. First of all, potentiometric titrations were performed under different 

conditions of ionic strength (0.1 ≤ I/ mol L-1 ≤ 1), temperature (288.15 ≤ T/K≤ 
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310.15) and metal:ligand ratios. As reported in Chapter 2 (Paragraph 2.2.2), 

equilibrium constant values of all the metal cations under study are known from the 

literature [115-121] and, consequently, were not experimentally investigated in this 

thesis.  

Therefore, the strength of interactions, the presence of complex species and their 

stoichiometry, were defined along with the formation constants and speciation 

models for each M2+-CAR system. In particular, the speciation models were chosen 

on the basis of some general criteria, such as simplicity, species formation rates, 

standard and mean deviation of the fit. For each system studied, the speciation 

models are summarized in Table 4.1. Formation constants values of the M2+-CAR 

complex species, obtained by potentiometry, are given as 𝛽𝑝𝑞𝑟, or 𝛽𝑝𝑞𝑟
𝑂𝐻 , according 

to the equations (2.21) or (2.22).  

Once a complete thermodynamic picture was established for each M2+-CAR 

system, 1H NMR spectroscopic titrations were performed on some of the M2+-CAR 

systems investigated. In particular, for the Ca2+-, Mn2+-, Cu2+- and Zn2+-CAR 

systems, 1H NMR spectroscopic measurements were carried out to confirm the 

speciation models, previously determined by potentiometric ones. The 

experimental conditions adopted are summarized in Table 2.8. However, the 

processing of the 1H NMR data yielded only the formation constants values of the 

Ca2+- and Zn2+-CAR systems. In fact, the paramagnetic nature of the Mn2+- and 

Cu2+- ions did not allow reliable 1H NMR information to be obtained in the same 

experimental conditions used for the Ca2+- and Zn2+-CAR systems.  

In this thesis, the M2+-CAR interactions are debated according to the nature of the 

metal cations under study, namely in the following order: 

- 4.1. Alkaline-earth metals, Ca2+ and Mg2+.  

For both cations, ab initio molecular dynamics (AIMD) simulations also 

clarified the complexation mechanisms of Ca2+ and Mg2+ to the dipeptide 

by explicitly treating, at the quantum level, the role of the water solvation.  
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- 4.2. First transition metal cations series, Mn2+, Cu2+ and Zn2+. 

For these metal cations, integration with further investigation by High 

Resolution (HR) Matrix Assisted Laser Desorption Ionization (MALDI) 

Mass Spectrometry (MS) elucidated the Mn2+-, Cu2+- and Zn2+- CAR 

chelating modes. 

- 4.3. Cd2+ as a metal of the second transition metal cation series. 

- 4.4. Third transition metal cations series, Hg2+ and Pb2+. 

The resulting synergistic effect of the experimental and computational methods 

was crucial to better distinguish the structural and coordination features of the M2+-

CAR complex species. 

Finally, for all these metal cations studied, the sequestering ability of the CAR was 

determined according to the equation (2.31). The resulting sequestering diagrams, 

simulated according to the experimental conditions given in Table 2.9, are shown 

in Figures 4.28 and 4.29.  
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Table 4.1. Experimental formations constants values of M2+-CAR (L-) systems, obtained by potentiometry, in NaCl aqueous 

solutions in different ionic strength and temperature conditions. 

  logβ    

  T = 298.15 K  288.15 K 310.15 K 

M2+ Species I = 0.15 a) I = 0.50 a) I = 0.73 a) I = 0.98 a)  I = 0.15 a) I = 0.15 a) 

Ca2+ b) ML+   2.970.03c) 3.260.04 c) 3.570.04 c) 3.500.05 c)     2.870.03 c)   3.090.05 c) 

 MLH2+ 12.130.05 12.180.03 12.490.03 12.750.03  11.970.02 12.190.04 

 MLH2
3+ 18.740.07 18.930.05 18.990.04 19.410.05  18.610.04 18.950.06 

         

Mg2+ b) ML+ 2.740.04 - - -  2.860.07 2.490.05 

 MLH2+ 11.770.04 11.640.03 11.780.04 11.820.04  12.050.06 11.300.05 

     MLH2
3+  18.380.05 18.360.04 18.700.03 18.820.04  18.910.06 17.740.05 

  I = 0.15 a) I = 0.49 a) I = 0.72 a) I = 0.98 a)  I = 0.15 a) I = 0.15 a) 

Mn2+ d) ML+ 3.340.05 c)  3.400.04 c) 3.530.05 c)    3.350.03 c)      3.440.02 c)   4.520.05 c) 

 MLH2+ 12.560.02 12.050.05 12.220.05 12.120.03  12.050.02  13.120.04 

     MLH2
3+ 19.330.03 18.340.07  18.800.05 18.410.04  18.360.04 19.410.03 

         

Cu2+ d) ML+ 8.270.01 7.870.01 7.770.01 7.580.02  8.440.04 8.010.02 

 MLH2+ 13.460.02 13.330.01 13.340.02 13.400.02  13.800.05  13.080.04 

 ML2H+ 21.100.03 20.490.07 20.420.08 20.350.08   21.40.2 20.610.04 
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 MLOH  2.650.01    2.3760.006 2.3150.009        2.270.01  2.800.02 2.310.02 

 ML(OH)2
- -8.380.02     -8.620.02     -8.510.02 -8.900.04  -8.040.04 -8.050.06 

         

Zn2+ d) MLH2+ 12.630.03 12.240.02 12.200.04  12.230.03  12.900.06  12.080.04 

 MLH2
3+ 18.810.03 18.350.03 17.80.1 17.330.08   18.830.06  18.660.02 

 MLOH -2.850.03 -3.400.02 -3.630.04 -3.730.03  -3.090.02 -3.210.03 

  I = 0.15 a) I = 0.49 a) I = 0.72 a) I = 0.96 a)  I = 0.15 a) I = 0.15 a) 

Cd2+ ML+ 3.110.07 c) 3.680.05 c) 3.900.05 c) 4.130.06 c)  4.220.04 c) 3.420.08 c) 

 MLH2+ 12.170.03  12.690.03  12.960.06 13.150.03  13.070.03 11.800.07 

 MLH2
3+ 18.850.03  - - -  - - 

         

Hg2+ ML+ 17.280.01 17.610.02 18.080.03 18.360.01  17.490.08 16.810.02 

 MLH2+ 24.370.02 25.200.04 26.030.07 25.600.07 c)  25.260.02 23.630.07 

 MLOH 9.460.03 8.900.02 9.030.02 9.070.02 c)  10.380.04  8.950.02 

  I = 0.15 a) I = 0.5 a) I = 0.75 a) I = 0.977 a)  I = 0.15 a) I = 0.15 a) 

Pb2+ ML2
0 8.650.08 c) 8.890.08 c) 8.880.07 c) 8.30.1 c)  10.050.07 c) 8.440.08 c) 

 ML2H+ 18.060.02 17.760.02  17.580.03  17.440.03   18.650.04 17.570.04 

 MLH2
3+ 18.310.02  - - -  - - 

a) in mol L-1. b) ref. [97]. c) ± 3 std. dev. d) ref. [99]. 
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Table 4.2. Experimental formation constants values of Ca2+- [97] and 

Zn2+ - [99] CAR (L-) systems, obtained by 1H NMR spectroscopy, in 

NaCl aqueous solutions at I = 0.15 mol L-1 and T = 298.15 K. 
Reaction logβ 

Ca2+ + L- = CaL+ (2.97) a)  

Ca2+ + L- + H+ = CaLH2+ 12.110.04 b) 

Ca2+ + L- + 2H+ = CaLH2
3+ 18.870.04  

  

Zn2+ + L- + H+ = ZnLH2+ 12.50.4 

Zn2+ + L- + 2H+ = ZnLH2
3+ 19.180.02  

Zn2+ + L- + H2O = ZnLOH0
 + H+ -2.90.3 

a) value obtained by potentiometry. b) ± 3 std. dev. 

 

 

4.1 Alkaline-earth metals, Ca2+- and Mg2+-, with CAR  

Although CAR does not belong to the metalloproteinases, its intriguing metal ion 

chelating ability has caused the dipeptide to be increasingly studied. Considering 

the potential beneficial properties of CAR, more emphasis has been placed on 

bivalent metal cations of biological interest. In fact, high concentrations of Ca2+ 

and CAR in biological tissues can lead to important complex species [122].  

As written in Chapter 1, 99% of CAR is found in skeletal muscle tissues, where it 

plays different roles in homeostasis during anaerobic respiration [92], acting as a 

pH buffer [7], and increasing the Ca2+ sensitivity of contractile units [123]. 

Moreover, taking advantage of the anti-glycating, anti-aging and dermocosmetic 

properties of CAR, its supplementary uses have also shown positive effects on the 

skin. In particular, Mg2+-CAR complex species provided a superior delivery of 

CAR in the lower skin layers, up to 60% with respect to the free CAR [16].  

Therefore, considering that the biological and physiological roles of CAR are 

strongly based on its acid-base properties and its interactions with bivalent metal 

ions, studying the speciation of the M2+-CAR systems was pivotal to better 
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understand the activities of the resulting complex species. Moreover, no literature 

data reported the dependence of the formation constants values of M2+-CAR 

systems on the ionic strength and temperature. Thus, as above-mentioned, this 

effect was investigated potentiometrically for all M2+-CAR systems studied in this 

thesis. 

 

 

4.1.1 Ca2+-CAR complexes  

In Table 4.1, the speciation model includes species with 1:1 metal-ligand ratio at 

each value of ionic strength and temperature. Three metal complex species are 

formed, namely ML+, MLH2+ and MLH2
3+, whose logβ values tend to increase as 

ionic strength and temperature growth. In particular, for the ML+ species, the logβ 

value varies from 2.97 (at I = 0.15 mol L-1) to 3.50 (at I = 0.98 mol L-1), and from 

2.87 (at T = 288.15 K) to 3.09 (at T = 310.15 K). For the MLH2+ species, the trend 

is 12.13 ≤ logβ value ≤ 12.75 in the following ionic strength range 0.15 ≤ I/ mol L-1 

≤ 0.98 and 11.97 ≤ logβ value ≤ 12.19 for that concerning the temperature, 288.15 

≤ T/ K ≤ 310.15. A greater increase is found for the MLH2
3+ species, whose logβ 

ranges from 18.74 (at I = 0.15 mol L-1) to 19.41 (at I = 0.98 mol L-1), and from 

18.61 (at T = 288.15 K) to 18.95 (at T = 310.15 K). Figure 4.1 shows the species 

distribution vs. pH at two different ionic strength values. As can be noticed, M2+ is 

coordinated with CAR throughout the pH range investigated and at the two ionic 

strength values considered. The free M2+ fraction decreases by about 0.3 units 

passing from I = 0.15 mol L-1 (solid line) to I = 0.98 mol L-1 (dashed line). On the 

other hand, the molar fraction of the metal is approximatively 0.6 as MLH2
3+

 (for 

3.5 ≤ pH ≤ 6.0). The MLH2+ and ML+ species also reach 0.6 at I = 0.15 mol L-1, 

and 0.8 at I = 0.98 mol L-1, at pH = 8.0 and pH = 10.0, respectively. Figure 4.2, 

instead, shows the species distribution vs. pH at two different temperature values. 

In both cases, as can be observed, the formation of the three complex species occur. 
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However, M2+ is much coordinated to CAR at T = 310.15K (dashed line), and only 

an amount (~ 0.2) of free metal is found throughout the pH range. An amount of 

about 0.8 free M2+ fraction is present up to pH ~ 6.0 at T = 288.15 K (solid line). 

In this condition, the metal molar fraction is approximatively 0.2 in the form of 

MLH2
3+

 (for 3.5 ≤ pH ≤ 6.5), 0.3 and greater than 0.5 in the MLH2+ (at pH = 8.0) 

and ML+ species (for pH ≥ 10.0), respectively. At T = 310.15 K, the MLH2
3+ 

species amounts to 0.8 in the following pH range (3.8 ≤ pH ≤ 5.0), the MLH2+ and 

ML+ ones reach 0.6 at pH = 8.0 and pH = 10.0, respectively.  

In order to confirm the speciation model provided for potentiometry, 1H NMR 

spectroscopic measurements were also performed as titrations, and the 

corresponding spectra of Ca2+-CAR solutions, at different pH values, are depicted 

in Figure 4.3. The spectra of carnosine (Figure 3.9 (a)) and Ca2+-CAR system 

(Figure 4.3) are very similar [97]. The proton signals in the complexes are affected 

by a faint downfield effect (∆δ ~ 0.1) in regard to the free ligand. The variations 

involved six chemical shift signals which allowed to determine the formation 

constants values (Table 4.2) and confirm the speciation model previously defined 

by potentiometric titrations.  

The formation constants values of the CaLH2+ and CaLH2
3+ species are achieved 

taking into account that obtained by potentiometry relative to the CaL+ species, 

which is 2.97. In light of the expected speciation model, the good agreement 

between the experimental and calculated chemical shifts is depicted in Figure 4.4. 

However, it is not possible to distinguish well between free and coordinated ligand 

because, as written, the species that took part in the equilibria were rapidly 

exchanging on the NMR time scale [97]. Therefore, no relevant assumptions were 

made about the nature and amount of complex species. In spite of the weakness of 

Ca2+-CAR interactions, to assess its effect on the ligand speciation, a simulated 

distribution diagram at “real” concentrations is shown in Figure 4.5. As highlighted 

in Chapter 1, CAR may amount to 20 mmol L-1 in skeletal muscle tissues and to 
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very low concentrations in plasma (80 ≤ nmol L-1 ≤ 125), where it can reach 140 

μmol L-1 after beef consumption [97]. In this condition, Ca2+-CAR complexes are 

important; in particular, 0.55 of the ligand molar fraction is found to be in the 

MLH2+ form at physiological pH (7.4) (Figure 4.5). This diagram was derived from 

the thermodynamic data at I = 0.15 mol L-1 and T = 310.15 K, that are the 

physiological conditions of the plasma. However, the data shown in Tables 3.1 and 

4.1. allow to simulate the respective speciation of CAR and M2+-CAR systems at 

different experimental conditions of element concentration, ionic strength and 

temperature.  
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Figure 4.1. Speciation diagram vs. pH of the Ca2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 (solid line) and 

I = 0.98 mol L-1 (dashed line), T = 298.15 K (CM = 2 mmol L-1¸ CL = 4 mmol L-1). 
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Figure 4.2. Speciation diagram vs. pH of the Ca2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at T = 288.15 K (solid line) and  

T = 310.15 K (dashed line), I = 0.15 mol L-1 (CM = 2 mmol L-1¸ CL = 4 mmol L-1).  
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Figure 4.3. 1H NMR titrations of the Ca2+-CAR system in aqueous solution in the following pH range,  

2.5 < pH < 10.5 (CM = 4 mmol L-1¸CL = 6 mmol L-1). 
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Figure 4.4. Experimental and calculated chemical shifts vs. pH of the Ca2+-CAR 

system, along with the formation percentages of CaLH2 (cyan), CaLH (green), CaL 

(magenta) and free Ca2+ (red) species.  
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Figure 4.5. Speciation diagram vs. pH of the Ca2+-CAR (L) system (charges 

omitted for simplicity) at I = 0.15 mol L-1 and T = 310.15 K (CCa
2+

 = 2 mmol L-1¸ 

CL
-
 = 0.14 mmol L-1). 

 

 

4.1.2 Mg2+-CAR complexes  

In the adopted experimental conditions (Table 2.5), the most trustworthy speciation 

model for the Mg2+-CAR system was defined and reported in Table 4.1. The 

formation of three metal complex species, namely ML+, MLH2+ and MLH2
3+ was 

found only at I = 0.15 mol L-1. The speciation model of the Mg2+-CAR system is 

similar to that of the Ca2+-CAR system, except for the deprotonated ML+ species, 

which was determined only at I = 0.15 mol L-1. Instead of Ca2+, in the presence of 

Mg2+, precipitation phenomena occurred at pH ~ 10.0. However, it did not affect 

the formation and determination of the ML+ species at the lowest ionic strength 

value (I = 0.15 mol L-1). At this ionic strength value, the logβ of the ML+ species is 

2.74 (at T = 298.15 K), 2.86 (at T = 288.15 K) and 2.49 (at T = 310.15 K). Figure 
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4.6, which describes the species distribution vs. pH at I = 0.15 mol L-1 (solid line) 

and I =0.98 mol L-1 (dashed line), shows that of the ML+ species formation begins 

at pH = 8.0 (T = 298.15 K). At higher ionic strength, there is a slight shift in the 

formation curves toward higher pH values, which also implies the presence of the 

ML+ species. In fact, the latter occurs at slightly higher pH values, closer to the 

precipitation region, where the potentiometric determination is elusive. Therefore, 

the ML+ formation was not taken into account in the speciation model because its 

low fraction and the extreme error associated with its determination were reached 

below the physiological pH value (7.4). This is also confirmed by Figure 4.6, 

which depicts the species distribution vs. pH at T = 288.15 K (solid line) and at T = 

310.15 K (dashed line). 

However, M2+ is coordinated with CAR throughout the pH range investigated, as 

can be observed in Figures 4.6 and 4.7. In the first, the MLH2
3+ species reaches a 

fraction of 0.46 at I = 0.15 mol L-1 (for 3.8 ≤ pH ≤ 5.2) and 0.6 at I = 0.98 mol L-1 

(for 3.4 ≤ pH < 6.0), and its logβ value varies from 18.38 (at I = 0.15 mol L-1) to 

18.82 (at I = 0.98 mol L-1), respectively. In the second, the MLH2
3+ fraction is ~ 

0.3 at T = 288.15 K (for 3.6 ≤ pH ≤ 5.7) and 0.27 at T = 310.15 K in the following 

pH range, 3.9 ≤ pH < 5.3, and its logβ value varies from 18.91 (at T = 288.15 K) to 

17.74 (at T = 310.15 K). The logβ value of the MLH2+ species ranges from 11.77 

(at I = 0.15 mol L-1) to 11.82 (at I = 0.98 mol L-1) at T = 298.15 K, and from 12.05 

(at T = 288.15 K) to 11.30 (at T = 310.15 K) at I = 0.15 mol L-1. As visible in 

Figure 4.6, at this ionic strength value, the MLH2+ fraction reaches an amount of 

0.51 at pH ~ 8.0. A slight shift in pH toward the acidic environment is observed at 

I = 0.98 mol L-1, in which the MLH2+ fraction is 0.48 at pH ~ 7.8. This trend can 

also be observed in Figure 4.7, whose MLH2+ profiles decrease to 0.33 at both T = 

288.15 K (pH ~ 8.0) and T = 310.15 K (pH ~ 7.7). 

As discussed for the Ca2+-CAR system, Mg2+-CAR interactions are also weak. 

Despite this, to evaluate its effect on the ligand speciation, a simulated distribution 
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diagram at “real” concentration is shown in Figure 4.8 [97]. The CAR fractions, 

complexed by Mg2+, are very low (< 0.1) compared to the free ligand species at any 

pH value. This diagram, as well as the one in Figure 4.5, were constructed using 

the thermodynamic data at I = 0.15 mol L-1 and T = 310.15 K, simulating the 

physiological conditions of the plasma. On the basis of the data listed in Table 4.1, 

it is possible to know the speciation of CAR under different experimental 

conditions.  

In this thesis, Ca2+- and Mg2+-CAR interactions were investigated in parallel. Since 

the Ca2+-CAR complexes have higher stability constants than those of Mg2+-CAR, 

as well as their relevance, the 1H NMR spectroscopic study was neglected on this 

Mg2+-CAR system.  
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Figure 4.6. Speciation diagram vs. pH of the Mg2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 (solid line) and 

I = 0.98 mol L-1 (dashed line), T = 298.15 K (CM = 2 mmol L-1¸ CL = 4 mmol L-1). 
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Figure 4.7. Speciation diagram vs. pH of the Mg2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at T = 288.15 K (solid line) and  

T = 310.15 K (dashed line), I = 0.15 mol L-1 (CM = 2 mmol L-1¸ CL = 4 mmol L-1).  

 

2 4 6 8

0.0

0.2

0.4

0.6

0.8

1.0

MLMLHMLH2

L

LH
LH2LH3

L
-  m

o
la

r 
fr

a
c

ti
o

n

pH
 

Figure 4.8. Speciation diagram vs. pH of the Mg2+-CAR (L) system at I = 0.15 mol 

L-1 and T = 310.15 K (CMg
2+

 = 0.9 mmol L-1¸ CL
-
 = 0.14 mmol L-1). 
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4.1.3 Computational results [97] 

In addition to the experimental study, a computational investigation was carried out 

on Ca2+- and Mg2+-CAR systems with the aim of defining atomistic details by 

performing state-of-the-art ab initio molecular dynamics (AIMD) simulations.  

Generalized structures for the lowest-energy species for the doubly deprotonated 

CAR molecule complexed with Ca2+ and Mg2+ were performed at the B3LYP/ 6-

311++G(2d,2p) Density Function Theory (DFT) level of the neutral Ca2+- and 

Mg2+-CAR complexes under implicit solvation simulated with the conductive 

polarizable continuum model (CPCM) [72]. A tetra-coordinated complex structure 

was obtained, whose interactions concern the divalent cation and (i) an oxygen of 

the COO- group, (ii) the bare nitrogen atom of the imidazole ring, (iii) the amino 

group of the alanine moiety (NH2), and (iv) the bare nitrogen of the histidine. 

However, this is true only if the description of the solvating environment is 

approximated to its dielectric constant, as it is customary in static quantum-

mechanical calculations (see, e.g., computations reported in Chapter 3). In fact, 

when evoking an explicit treatment of the water environment – achievable via 

AIMD simulations – around the cations–carnosine complexes, a completely 

different situation occurs in the solvation modalities. As depicted in Figure 4.9, the 

metal cation is only tri-coordinated to the CAR molecular structure through 

interactions with (i) an oxygen of the COO- group, (ii) the bare nitrogen atom of 

the imidazole ring, and (iii) that of the histidine residue. Moreover, as also shown 

in Figure 4.9, the achievement of the complexation process occurs by directly 

involving 4 water molecules from the local environment.  

The scenario considerably changes in the magnesium case. As can be observed 

from Figure 4.9 b), the Mg2+ complex with the doubly deprotonated CAR molecule 

is closer to the predictions of static quantum-mechanical calculations, as a tetra-

coordinated structure is noticed. Furthermore, 2 water molecules of the first 

hydration shell also actively participate in the complexation mechanism of Mg2+. 
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That is to say, a hepta-coordinated Ca2+ complex, with CAR acting as a tridentate 

ligand, and a hexa-coordinated Mg2+complex, with CAR acting as a tetra-dentate 

ligand, are observed in AIMD simulations. 

The differences recorded in the coordination modalities of the Ca2+ and Mg2+ 

cations can be directly attributable to their different sizes and electron densities. In 

fact, the first cation, being larger than Mg2+, provides a more ‘‘opened’’ structure 

of the CAR molecule, as shown by the typical interaction lengths, falling on 

average in the interval [2.5-2.7 Å], and described in Figure 4.9 a). This results into 

the possible insertion of a larger number of hydrating water molecules close to the 

Ca2+ cation. On the other hand, Mg2+ is a very small cation that forces the CAR 

structure to fold around the latter, establishing interactions, whose lengths fall at 

shorter distances (i.e., in the interval [2.1-2.3 Å]) with the active atomic sites of 

CAR. This circumstance limits the inclusion of large quantities of water molecules. 

As for the Ca2+ case, the involvement of a more expanded solvation shell 

comprising greater amounts of water molecules is in compliance with the 

experimental result relating to the entropic nature of the stabilization process of the 

Ca2+-CAR complex. Furthermore, Ca2+ is also a weaker ‘‘structure-maker’’ 

cationic agent than Mg2+. In fact, while the entropy changes associated with Mg2+ 

are very small (if not negative), those attributed to the Ca2+ turn out to be quite 

large, as shown in Table 4.5. From a microscopic point of view, the involvement of 

a greater number of water molecules - as predicted by several AIMD simulations 

starting from significantly different initial conditions, and as depicted in Figure 4.9 

- gives rise to the Ca2+- CAR complex a larger entropy than the Mg2+- CAR 

complex. 
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Figure 4.9. Stable hydrated structures of doubly deprotonated CAR complexes 

formed with divalent cations, such as a) Ca2+ and b) Mg2+, as determined by AIMD 

simulations. Typical distances of the established interactions (represented with 

dashed white lines) are shown in Å. For the sake of clarity, first-neighbor water 

molecules, which solvate the metal cations, are numbered. 

 

 

4.2 First transitions metal cations series, Mn2+-, Cu2+- and Zn2+-, with CAR 

[99] 

The antioxidant role of CAR could be attributed to its high hydrophilicity and 

enhanced by its chelating properties. CAR is able to coordinate most of bivalent 

and transitions metal cations, such as Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Ru2+ and 

Cd2+, thus forming different complex species [6, 7, 124].  

Mn2+, Cu2+ and Zn2+ cations are found coordinated to proteins and are supposed to 

be potential risk co-factors in neurodegenerative disorders [125]. CAR can 

coordinate all the three metal cations, protecting the neuro- and mitochondrial 

functions and preventing copper-, manganese- and zinc-induced neurotoxicity [5, 

6, 22, 126]. Studying the importance of the functions of these metal cations in 

neurodegenerative processes requires understanding their interactions with peptides 

[99]. In particular, in the literature, several works have been reported on the Cu2+- 

and Zn2+- chelating ability of CAR. However, no thermodynamic data provide the 
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dependence of the formation constants on the ionic strength and temperature. For 

this reason, a comprehensive thermodynamic study was necessary to understand 

the complex species and, thus, speciation models involving M2+ and CAR. Among 

the cations in the first series of transition metals, Mn2+, Cu2+ and Zn2+ ions and 

their interactions with CAR were investigated. 

 

 

4.2.1 Mn2+-CAR complexes  

As expected, since Mn2+ shares similar ionic radii and coordinating properties as 

the Ca2+ cation [127], the Mn2+-CAR speciation model also includes species with 

1:1 metal:ligand ratio. The speciation models including Ca2+- and Mn2+-CAR 

species resemble each other, as do the values of their equilibrium constants. The 

latter refer to the formation of three complex species, namely ML+, MLH2+ and 

MLH2
3+. The logβ of the ML+ species varies from 3.34 to 4.52 at I = 0.15 mol L-1, 

the MLH2+ species ranges from 12.05 to 13.12, and the MLH2
3+ from 18.34 to 

19.41. The speciation diagram vs. pH is shown in Figure 4.10 at T = 298.15 K. At 

the lowest ionic strength value (I = 0.15 mol L-1), the MLH2
3+ species reaches a 

molar fraction of ~0.8 in the range 3.5 ≤ pH ≤ 5.0. At I = 0.98 mol L-1, it is ~ 0.43 

in the acid environment and the MLH2+ species occur in the 5.0 ≤ pH ≤ 9.0, 

amounting a fraction of 0.6 at pH ≅ 7.5 in both ionic strength values. The ML+ 

species form starting from pH ≥ 7.0. Its determination was feasible, despite 

precipitation phenomena occurred at pH ~ 9.5 [99]. Figure 4.11 also describes the 

speciation profiles of the Mn2+-CAR system vs. pH at T = 288.15 K (solid line) and 

T = 310.15 K (dashed line). At the lowest temperature value, a large amount of free 

M2+ (0.75) is present in solution up to pH = 6.9, while a smaller fraction of the 

metal (0.12) is found to be coordinated to CAR up to pH ~ 6.2. The ML+ species 

take place starting from pH ~ 7.0 at the simulated temperature values. At  
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T = 310.15 K, the metal is almost totally coordinated to the dipeptide as MLH2
3+ 

and MLH2+ species.  
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Figure 4.10. Speciation diagram vs. pH of the Mn2+ -CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 (solid line) and 

I = 0.98 mol L-1 (dashed line), T = 298.15 K (CM = 2 mmol L-1, CL = 4 mmol L-1). 
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Figure 4.11. Speciation diagram vs. pH of the Mn2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at T = 288.15 K (solid line) and  

T = 310.15 K (dashed line), I = 0.15 mol L-1 (CM = 2 mmol L-1¸ CL = 4 mmol L-1).  

 

 

4.2.2 Cu2+-CAR complexes  

CAR is highly localized in human skeletal muscle, where it is also found in one-

third of the copper present in the body (20-47 nmol Kg-1) [33]. Although the 

antioxidant mechanisms of CAR remain unclear, its capacity to inhibit metallic and 

nonmetallic lipid oxidation and to protect phages from γ irradiation, preventing 

oxidative DNA damage, seems to be expressed because it is assisted by copper 

[33]. Therefore, understanding these metal:ligand interactions is of biological 

importance and could be helpful in the evaluation of some bioactivities concerning 

this system, considering that Cu2+-CAR can also be useful as a model system in 

metal-enzyme studies [33] 

The most reliable speciation model, with 1:1 and 1:2 Cu2+-CAR ratios, is described 

in Table 4.1, where five complex species, namely ML+, MLH2+ and ML2H
+, 

MLOH0 and ML(OH)2
-, are shown at each ionic strength and temperature. 
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Dinuclear species have also been described in the literature [43, 108, 111, 128], 

whose formation was not significant under the adopted experimental conditions 

(Table 2.5). Therefore, following the general criteria for choosing the speciation 

model (simplicity, standard and mean deviation of fit, formation percentages of the 

species), the formation of dinuclear species was neglected in this thesis. On the 

other hand, no further investigations were carried out either, since copper 

concentrations are lower than those of CAR in living organisms, and the existence 

of dimers is, indeed, unconvincing.  

As reported in Table 4.1, the logβ of the complex species tend to decrease as the 

ionic strength increases. A similar trend can be seen as temperature growths. The 

speciation behavior, depicted in Figures 4.12 and 4.13, better highlights the 

formation of the complex species throughout the pH, taking into account the ionic 

strength and temperature ranges and proving the binding ability of CAR toward 

Cu2+ under the investigated experimental conditions. The fairly high stability 

constants of this system allow suppression of hydrolysis of the metal cation. 

However, free M2+ is present in solution at I = 0.15 mol L-1, whose molar fraction 

is nearly 0.4 at pH ~ 5.0 (T = 298.15, in Figure 4.12) and (288.15 ≤ T/ K ≤ 310.15, 

in Figure 4.13). The MLH2+ fraction is 0.33 at pH ~ 4.8 and I = 0.15 mol L-1, but it 

undergoes a slight shift to higher pH values and, thus, amounts to 0.4 at pH ~ 5.2 

and I = 0.98 mol L-1. Its fractions are less than 0.3 in Figure 4.13. Starting from pH 

~ 4.0, the ML+ species take place, whose molar fraction reaches a maximum of 

0.34 and 0.17 at 5.5 ≤ pH ≤ 5.7, I = 0.15 mol L-1 and 0.98 mol L-1, respectively. 

Their highest fractions (≥ 0.3) are shown in Figure 4.13. Minor fractions of the 

ML2H
+ species are present, while the highest amounts occur at I = 0.15 mol L-1, 

and at T = 298.15 K and T = 310.15 K. The MLOH0 species are preponderantly 

found in alkaline environments, as is the ML(OH)2
-
 species, which forms from  

pH ~ 8.0.  
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Figure 4.12. Speciation diagram vs. pH of the Cu2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 (solid line) and 

I = 0.98 mol L-1 (dashed line), T = 298.15 K (CM = 2 mmol L-1; CL = 4 mmol L-1). 
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Figure 4.13. Speciation diagram vs. pH of the Cu2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at T = 288.15 K (solid line) and  

T = 310.15 K (dashed line), I = 0.15 mol L-1 (CM = 2 mmol L-1; CL = 4 mmol L-1). 
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4.2.3 Zn2+-CAR complexes 

As written in Chapter 1, a zinc-L-carnosine complex, (zinc N-(3- aminopropionyl)-

L-histidine, or polaprezinc) [18, 129], was found to protect the gastric mucosa from 

experimental ulceration in vivo and to be effective against Helicobacter pylori-

associated gastritis [6]. Polaprezinc is soluble in acid, and it can adhere to ulcerous 

sites much better than zinc or CAR alone in the stomach [130]. However, it goes 

from the small intestine to the colon, and thus its concentration tends to decrease 

over time in the small intestine [131]. It is also administered in preventing 

radiation-induced intestinal damage in these patients undergoing radiotherapy. In 

this case, a helpful combination of employment both polaprezinc and hyperbaric 

oxygen may give rise to advantageous effects on the reduction of radiation-induced 

intestinal damage due to their different mechanisms of action [131]. Albeit the 

evidence supporting the application of polaprezinc in maintaining, preventing and 

treating mucosal damage, as well as epithelial tissues, further trials are required to 

study the anticancer effects and mechanisms as anti-carcinoma adjuvant drugs [18].  

In view of these facts, the Zn2+-CAR is a very interesting biological system. 

Therefore, an in-depth speciation study may be pivotal to better elucidate the 

bioavailability and mechanisms of action of this system. Speaking of which, the 

best possible speciation model is described in Table 4.1. It includes species with 

1:1 metal:ligand ratio, that are MLH2+, MLH2
3+ and MLOH0. The logβ of the 

MLH0 species ranges from 12.08 to 12.90 at the lowest ionic strength value (I = 

0.15 mol L-1), those concerning the MLH2
3+ and MLOH0 species decrease as ionic 

strength increases. This trend is also found as temperature increases. For instance, 

the logβ of the MLH2
3+ varies from 18.81 (at I = 0.15 mol L-1 and T = 298.15 K) to 

17.33 (at I = 0.98 mol L-1 and T = 298.15 K) and the logβ of the MLH0 species 

ranges from -2.85 (at I = 0.15 mol L-1 and T = 298.15 K) to -3.73 (at I = 0.98 mol 

L-1 and T = 298.15 K). Figure 4.14 shows the distribution profile of the Zn2+-CAR 

species, from I = 0.15 mol L-1 (solid line) to I = 0.98 mol L-1 (dashed line). Zn2+ is 
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coordinated to the dipeptide in the pH range investigated, although to a lesser 

extent at I = 0.98 mol L-1. In fact, at this ionic strength value, zinc exists in solution 

as free M2+, with a fraction of 0.5, up to pH ~ 6.5. The MLH2
3+ species reach the 

maximum fraction (nearly 0.7) in the range 3.0 ≤ pH ≤ 5.5 at I = 0.15 mol L-1, 

remaining less than 0.1 at I = 0.98 mol L-1. The MLH2+ species form starting from 

pH = 4.0 in both ionic strength conditions. The MLH2+ species amount to the 

fraction of 0.72 and 0.65 in the physiological pH range at I = 0.15 mol L-1 and I = 

0.98 mol L-1, respectively. Although precipitation phenomena took place at pH ~ 

9.0, the formation of the MLOH species was also found in this system. It starts 

from pH = 7.0 and their fractions, at pH ~ 8.8, are 0.5 and 0.9 at I = 0.15 mol L-1 

and I = 0.98 mol L-1, respectively.  

Figure 4.15 shows the speciation model of the Zn2+-CAR system vs. pH at T = 

288.15 K (solid line) and T = 310.15 K (dashed line). In this case, free M2+ (0.46) is 

present in solution up to pH = 6.56 at T = 288.15 K. At this temperature value, zinc 

also occurs as MLH2
3+ (0.27) (3.84 ≤ pH ≤ 5.0), as MLH2+ (0.66), in the 

physiological pH range, and as the species MLOH0 (0.97) (pH ~ 9.0). The latter, in 

particular, forms starting from pH ~ 7.0. At T = 310.15 K, a molar fraction (~ 0.3) 

of the free metal is found up to pH ~ 6.0. On the other hand, Zn2+ is coordinated 

with CAR in the form of MLH2
3+ (0.70) (3.6 ≤ pH ≤ 5.5), MLH2+ (0.54) (pH ~ 7.3) 

and MLOH0 (> 0.9) at pH ≥ 8.3.  

To confirm the speciation model defined through potentiometric titrations, 1H 

NMR spectroscopic ones on Zn2+-CAR solutions were performed under the 

experimental conditions given in Table 2.8. 1H NMR spectra are shown in Figure 

4.16. The experimental 1H NMR data, elaborated by HyNMR software, allowed 

calculation of the Zn2+-CAR formation constant values, which are reported in Table 

4.2, along with those of the Ca2+-CAR system. The 1H NMR signals of CAR, 

previously analyzed, are summarized in Figure 3.9 and Table 3.6. Comparison of 

the chemical shift (δ) values of the free ligand and the Zn2+ -CAR mixture as the 
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pH varies points out a slight downfield effect (δ ~ 0.1 ppm), resulting in weak 

interactions. However, the 1H NMR titrations fully confirm the speciation model 

obtained through potentiometry, as also visible by comparing the formation 

constants values, reported in Table 4.2, with those in Table 4.1, for the Zn2+-CAR 

system. 
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Figure 4.14. Speciation diagram vs. pH of the Zn2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 (solid line) and 

I = 0.98 mol L-1 (dashed line), T = 298.15 K (CM = 2 mmol L-1, CL = 4 mmol L-1). 
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Figure 4.15. Speciation diagram vs. pH of the Zn2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at T = 288.15 K (solid line) and  

T = 310.15 K (dashed line), I = 0.15 mol L-1 (CM = 2 mmol L-1, CL = 4 mmol L-1).  

 

 

Figure 4.16. 1H NMR titrations of the Zn2+-CAR (L-) system in H2O, external 

coaxial D2O, referenced to dioxane at 3.70 ppm (CM = 2 mmol L-1, CL = 3 mmol  

L-1). 
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4.2.4 Mass Spectrometry results [99] 

The Mn2+-, Cu2+- and Zn2+-CAR complexes were further investigated by High 

Resolution (HR) Matrix Assisted Laser Desorption Ionization (MALDI) Mass 

Spectrometry (MS). The M2+-CAR complexes ([LH, Mn2+]; [LH, Cu2+]; [LH, 

Zn2+];) were prepared by dissolving the metal chloride (1 mmol) in water. A 

solution of ligand (2 equivalents) was added slowly with stirring. An aliquot (1 μL) 

of the resulting reaction mixtures was directly analyzed by positive-ion mode mass 

spectrometry using 2,5-Dihydroxybenzoic acid (DHB, CH3CN:H2O, 60:40, 0.1% 

in TFA). Figure 4.17 shows the spectra of the three M2+-CAR systems. All species 

were efficiently identified by the reported high resolution mass-to-charge (m/z) 

values, isotopic distribution and signal intensity. In Figure 4.17 (a), the spectrum 

concerning the Zn2+-CAR system describes the formation of signals of m/z 289.03, 

311.01 and 326.98. The first is attributable to the complex species with 1:1 

(metal:ligand) stoichiometry containing [Zn2+L]+ ([C9H13N4O3Zn]+, m/z 289.03). 

The other two species are sodiated ([C9H12NaN4O3Zn]+, m/z 311.01) and 

potassiated ([C9H12KN4O3Zn]+, m/z 326.98), respectively. 

Comparison of the measured experimental isotopic distribution with the calculated 

theoretical distribution of the expected summary formula (Figure 4.17. (b)) 

confirms the isotopic distribution and elemental formula. In Figure 4.17. (c) the 

spectrum corroborates similar information about the Mn2+-CAR complex. In 

particular, the ionic species of m/z 280.04 ([C9H13N4O3Mn]+) corresponds to the 

complex with 1:1 (metal:ligand)stoichiometry, and again, the comparison of the 

measured experimental isotopic distribution with the theoretically calculated one 

confirms the isotopic distribution and elemental formula, as shown in Figure 4.17 

(d). Comparable results are also obtained for the Cu2+-CAR complex and the 

observed ion of m/z 289.04 in Figure 4.17 (e) can be attributable to a radical cation 

species ([C9H14CuN4O3]
•+) with 1:1 (metal:ligand) stoichiometry, as confirmed by 

the theoretically calculated distribution of the expected summary formula (Figure 



123 

 

4.17 (f)). The isotope distribution and elementary formulas are confirmed for the 

three divalent M2+-CAR systems, whose formation of complexes with 

stoichiometry 1:1 and 1:2 (metal:ligand) is detected. No dimeric species were 

observed under the adopted experimental conditions. However, these data are not 

sufficient to assign the metal coordination sites, and for this reason, CID (MS/MS 

experiments were performed for the complexes with stoichiometry 1:1 and 1:2 

(metal:ligand). The resulting fragments are reported in Table 4.3.  

Figure 4.18.A depicts the CID MS/MS spectrum of the ionic species of m/z 280.04 

([C9H13N4O3Mn]+), which showed an extensive fragmentation of the precursor with 

charge retention on the metal (Table 4.3), and displaying ionic peaks arising from 

the direct and consecutive fragmentation pathways. The neutral losses of 18 

([C9H11MnN4O2]
+, m/z 262.03) and 44 ([C8H13MnN4O]+, m/z 236.05) from the 

parent ion [Mn2+L]+ gave rise to the two most intense fragment ions in the spectra 

(direct fragmentation) and confirmed the presence of a free OH group. In this case, 

the absence of ammonia loss, which was the most intense process in the CID 

experiment performed on the free ligand (Figure 3.11), suggests the full 

involvement of the β-NH2 moiety in coordination with Mn2+. All other fragment 

ion signals can be attributable to fragmentation and rearrangement of the ligand, as 

discussed in Tables 4.3 and 3.8. On the one hand, the data point out that the ligand 

chelates Mn2+ via the β-NH2 termini with an assistance of lone pairs of the amidic 

nitrogen, as shown in Figure 4.18.A, probably leading to a six-membered ring 

locating charge on the metal and, on the other hand, with a partial assistance of the 

lone pairs of the carboxyl acid moiety oxygen. 

Figure 4.18.B shows the CID MS/MS spectrum of the ionic species of m/z 506.14 

([C18H27N8O6Mn]+) that can be ascribable to the complex with 1:2 (metal:ligand) 

stoichiometry, whose spectrum describes the formation of ionic products of m/z 

462.15 ([C17H27MnN8O4]
+) and 435.11 ([C15H22MnN7O5]

+) related to the direct 

loss of 44 (COO) and 71 (β-alanine residue, -C3H5NO, y1-type fragment in the free 
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ligand), respectively. The formation of the ions of m/z 418.16 ([C15H19MnN6O5]
+) 

and 389.10 ([C14H20MnN7O3]
+) resulted in the loss of 17 (NH3) and 46 (HCOOH) 

amounts from the ion of m/z 435. As can be observed in the CID MS/MS spectrum 

in Figure 4.18.B, when an entire ligand is lost, the ion of m/z 280.04 ([Mn2+L]+ 

complex) is formed. All other low molecular weight signals can be correlated to the 

fragments of the complex having 1:1 stoichiometry. Therefore, all the data 

suggested that the carboxyl groups are not directly involved in metal coordination. 

The first ligand goes more stably into the Mn2+ coordination sphere and the second 

can stabilize the metal via the involvement of the imidazole ring. The absence of 

specific ionic products, deriving from the involvement of the imidazole ring and 

the direct loss of the β-alanine residue, proposed the coordination of the metal 

through NH2-β-amine group with an assistance of the N-imidazole. 

The Zn2+-CAR system was also analyzed by CID tandem mass spectrometry. The 

CID MS/MS spectra of the ionic species of m/z 289.03 ([C9H13N4O3Zn]+) and 

515.13 ([C18H27N8O6Zn]+) can be ascribable to the [Zn2+L]+ and [Zn2+L2+H]+ 

complexes, respectively, as can be observed in Figure 4.19 and Table 4.3. In 

particular, the fragmentation of the precursor ion of m/z 289.03 shows the direct 

neutral losses of 18 ([C9H11N4O2Zn]+, m/z 271.02) and 44 ([C8H13N4OZn]+, m/z 

245.04) and, thus, confirms the presence of a free OH group (Figure 4.19.A). The 

ion of m/z 204.01 can be attributable to the formation of the [C6H10N3OZn]+ 

species, while the other ions are originated from fragmentation of the ligand. These 

data also suggested that the β-amino group is directly involved in the coordination 

of the metal, similar to that observed for the Mn2+-CAR in the 1:1 stoichiometric 

system. The CID MS/MS spectrum of the ionic species of m/z 515.13 

([C18H27N8O6Zn]+) in Figure 4.19.B depicts the fragmentation of the complex 

having 1:2 (metal:ligand) stoichiometry. The spectrum also shows few ionic 

products and the formation of the m/z 471.14 ([C17H27N8O4Zn]+) and 289.03 

([C9H13N4O3Zn]+) species, which are related to the respective direct losses of 44 
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(COO) and ligand amount. The low molecular weight region described 

fragmentation patterns similar to those observed for similar Mn2+-containing 

species. 

The Cu2+-CAR system was also investigated by tandem mass spectrometry. 

Literature data report that the interaction between CAR and copper is strictly pH 

dependent and the equilibrium is shifted toward the formation of dimeric species at 

pH > 6.7, while complexes with 1:1 and 1:2 (metal:ligand) stoichiometry  are 

favored at acid pH values [132]. Under the adopted experimental conditions, no 

dimeric species were observed. However, the complexes with 1:1 and 1:2 

stoichiometry were detected and characterized by MS and MS/MS analysis. The 

CID MS/MS technique on the ion of m/z 289.03 ([C9H14N4O3Cu]•+) reported the 

formation of several ionic products, as can be observed in Table 4.3 and Figure 

4.20. The formation of the species of m/z 271 ([C9H12N4O2Cu]•+) and m/z 260 

([C8H11N3O3Cu]•+) are respectively associated with the direct losses of one water 

molecule and 29, corresponding to an amount equal to CH2NH. The ion of m/z 243 

([C8H10N3O2Cu]+) is derived from consecutive losses of amounts equal to 29 

(CH2NH) and 17 (OH•), starting from the precursor. As depicted in Figures 4.20 

and 4.21, the formation of the ion of m/z 218 is attributable to the copper 

coordination with the oxygen of the carboxylic group. In particular, as shown in 

Figure 4.21, the subsequent loss of HCOOH, results in the ion of m/z 171 and the 

formation of a six-membered, imidazole-assisted ring, followed by cross-ring 

fragmentations and chemical rearrangements. These data highlighted that the 

ligand chelates the Cu2+ through the β-NH2
 termini with the assistance of the 

oxygen of the carboxylic group (Figure 4.20). The fragmentation pattern shown in 

Figure 4.21 also revealed an important effect, played by the imidazole ring, 

especially in the stabilization of intermediates.  

Several distinctive ion products were also detected in the CID MS/MS spectrum of 

the ion of m/z 513.13, which originated from the precursor ion [C18H26N8O6Cu]•+, 
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as reported in Table 4.4 and Figure 4.22. The two most abundant peaks are 

originated from two different fragmentation pathways, starting from the precursor. 

The neutral loss of 46 (HCOOH), resulting in the formation of the ions of m/z 467 

([C17H24N8O4Cu]•+) and m/z 379 ([C12H20N4O6Cu]•+), is due to the loss of the two 

imidazole rings, which point outward the complex. All the observed fragment ions 

were efficiently identified and reported in Table 4.3 and Figure 4.22. The data 

bring to light that two CAR molecules chelate Cu2+ through the β-NH2 moiety with 

the assistance of the oxygen lone pairs of the carboxylic group. 

Finally, the results just discussed suggest that a hypothetical assembly structure, in 

which imidazole rings of different units face each other to form H-bonds, is 

favored. However, this assumption requires further experimentation. 
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Figure 4.17. MALDI (+)-MS spectra of: (a) MALDI MS and (b) theoretical 

distribution of the isotope cluster ions of Zn2+-CAR complex; (c) MALDI MS and 

(d) theoretical distribution of the isotope cluster ions of Mn2+-CAR complex; (e) 

MALDI MS and (f) theoretical distribution of the isotope cluster ions of Cu2+ - 

CAR complex. (*) matrix clusters. 
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Table 4.3. MALDI MS and MS/MS fragments of [Zn2+L]+ and [Zn2+L2+H]+; [Mn2+L]+ and [Mn2+L2+H]+; [Cu2+LH]•+and 

[Cu2+L2]
•+. 

 Composition Detected Mass Δppm  Composition Detected mass Δppm 

[Zn2+L]+ [C9H13N4O3Zn]+ 289.03 4 [Zn2+L2+H]+ [C18H27N8O6Zn]+ 515.13 5 

MS/MS 

fragments 

[C9H11N4O2Zn]+ 271.02 5 MS/MS 

fragments 

[C17H27N8O4Zn]+ 471.14 6 

 [C8H13N4OZn]+ 245.04 6  [C9H13N4O3Zn]+ 289.03 4 

 [C6H10N3OZn]+ 204.01 8  [C9H11N4O2Zn]+ 271.02 5 

 [C8H13N4O]+ 181.11 7  [C8H13N4OZn]+ 245.04 6 

 [C6H10N3O2]+ 156.08 8  [C8H13N4O]+ 181.11 7 

 [C6H8N3O]+ 138.07 9  [C5H8N3]+ 110.07 5 

 [C5H8N3]+ 110.07 5  [C4H6N2]•+ 82.05 7 

 [C4H6N2]•+ 82.05 7     

        

[Mn2+L]+ [C9H13MnN4O3]+ 280.04 4 [Mn2+L2+H]+ [C18H27MnN8O6]+ 506.14 5 

MS/MS 

fragments 

[C9H11MnN4O2]+ 262.03 6 MS/MS 

fragments 

[C17H27MnN8O4]+ 462.15 6 

 [C8H13MnN4O]+ 236.05 7  [C15H22MnN7O5]+ 435.11 7 

 [C8H13N4O]+ 181.11 7  [C15H19MnN6O5]+ 418.08 7 

 [C6H10N3O2]+ 156.08 8  [C14H20MnN7O3]+ 389.10 8 
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 [C3H6MnN2O]+ 140.99 6  [C9H13MnN4O3]+ 280.04 6 

 [C3H6MnNO]+ 126.98 7  [C8H13MnN4O]+ 236.05 7 

 [C5H8N3]+ 110.07 5  [C8H13N4O]+ 181.11 7 

 [C4H6N2]•+ 82.05 7  [C6H10N3O2]+ 156.08 8 

 [C3H5N2]+ 69.04 5  [C5H8N3]+ 110.07 5 

 [C3H7O]+ 59.05 5     

        

[Cu2+ LH]•+ [C9H14N4O3Cu]•+ 289.03 4 [Cu2+L2]•+ [C18H26N8O6Cu]•+ 513.13 5 

MS/MS 

fragments 

[C9H12N4O2Cu]•+ 271.02 5 MS/MS 

fragments 

[C17H24N8O4Cu]•+ 467.12 7 

 [C8H11N3O3Cu]•+ 260.01 6  [C12H20N4O6Cu]•+ 379.07 6 

 [C8H10N3O2Cu]+ 243.01 8  [C10H20N5O5Cu]+ 353.07 8 

 [C6H9N3O2Cu]•+ 218.00 9  [C9H17N4O4Cu]+ 308.05 5 

 [C5H7N3Cu]•+ 171.99 8  [C9H14N4O3Cu]•+ 289.03 4 

 [C4H5N3Cu]•+ 157.98 7  [C9H12N4O2Cu]•+ 271.02 5 

 [C3H3N3Cu]•+ 143.96 8  [C8H10N3O2Cu]+ 243.01 8 

 [C5H8N3]+ 110.07 5  [C4H5N3Cu]•+ 157.98 7 

 [C4H5N2]+ 81.04 6  [C5H8N3]+ 110.07 5 

 [CH4N]+ 30.03 7     
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Figure 4.18. CID MS/MS spectra of the complexes: (A) [Mn2+L]+, m/z 280.04; (B) 

[Mn2+L2+H]+, m/z 506.14. 

 

 

Figure 4.19. CID MS/MS spectra of the complexes: (A) [Zn2+L]+, m/z 289.00; (B) 

[Zn2+L2+H]+, m/z 515.13. 



131 

 

 

Figure 4.20. CID MS/MS spectra of the complexes: [Cu2+LH]•+, m/z 289.03. 

 

 

 

Figure 4.21. Fragmentation pattern of [Cu2+LH]•+ (m/z 289.03). 
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Figure 4.22. CID MS/MS spectra of the complexes [Cu2+L2]
•+ m/z 515.13. 

 

 

4.3 Cd2+- CAR complexes  

Metals are generally defined as i) essential, when they are needed for the 

maintenance of cell survival ii) beneficial, due to they can provide an organism 

with improved health, iii) neutral, if their presence does not give rise to beneficial 

or toxic effects, and iv) toxic, when they are exclusively harmful. In this thesis, a 

wide variety of metal cations was concerned in order to evaluate their 

thermodynamic interactions with CAR and, in particular, the M2+-CAR systems are 

discussed here based on the nature of the metals investigated. Therefore, once 

defining the thermodynamic interactions among metal cations of biological interest 

and CAR, its coordination ability involving the potentially toxic metal cations was 

investigated.  

Among the second transition metals series, Cd2+ was considered to study 

thermodynamic interactions with CAR.  

This speciation model includes species with 1:1 metal-ligand ratio. The formation 

of three complexes, ML+, MLH2+ and MLH2
3+, is just achievable at I = 0.15 mol  
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L-1 and T = 298.15 K. Under these conditions, the logβ value of the MLH2
3+ 

species corresponds to 18.850.03. As can be observed in Table 4.1, the logβ 

values of the ML+ and MLH2+ species increase as the ionic strength raises, and 

range from 3.11 (at I = 0.15 mol L-1) to 4.13 (at I = 0.96 mol L-1), and from 12.17 

(at I = 0.15 mol L-1) to 13.15 (at I = 0.96 mol L-1), respectively. At the lowest 

temperature value (T = 288.15 K), the logβ values of the ML+ and MLH2+ species 

are 4.22 and 13.17, and decrease to 3.42 and 11.80 at T = 310.15 K, respectively. 

Although precipitation phenomena take place at pH ~ 9.0, determination of the 

speciation model and, thus, the formation constants values at each ionic strength 

and temperature, was feasible. However, the distribution profile vs. pH (Figure 

4.23) concerning the Cd2+- CAR system is significantly different. In fact, the lower 

formation percentages of the species are always less than 0.2 at each ionic strength 

and temperature value considered, and an amount of free cadmium (0.1) is always 

present throughout the pH range, just as the Cd2+-(Cl-)x species prevail.  

The speciation diagrams vs. ionic strength and temperature are disregarded because 

of the complex species formation is always less than 0.2. Therefore, to avoid 

redundant figures, the distribution diagram of the Cd2+-CAR system is described 

only at I = 0.15 mol L-1 and T = 298.15 K.  
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Figure 4.23. Speciation diagram vs. pH of the Cd2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 and T = 298.15 

K (CM = 2 mmol L-1; CL = 4 mmol L-1). 

 

 

4.4 Third transitions metal cations series, Hg2+-, and Pb2+-, with CAR 

Besides Cd2+, most metal ions, belonging to the third series of transition metal 

cations, are particularly toxic. Environmental contamination by heavy metals can 

endanger human and ecological health, and among the main contaminants found in 

aquatic systems, as well as in air and solid waste, are mercury and lead [133].  

On the one hand, mercury has many uses, and on the other hand, it also has many 

toxic effects. However, both metals are particularly detrimental even at low 

concentrations and, along with their byproducts, emitted into the soil, air, and 

aquatic environments by manufacturing, anthropogenic, and industrial activities, 

can reach ground- and surface waters, where they have non-biodegradable and bio-

accumulation features [134-137].  

Bioaccumulation of mercury provokes disruption in cellular processes, including 

growth, cell proliferation, differentiation, damage repair and programmed cell 
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death [137]. On the other hand, lead is particularly harmful for aquatic and human 

life, where it is difficult to metabolize and its actions target most organs (in 

particular, the liver, heart and kidneys [34, 126, 138] and the endocrine, 

reproductive and hematological systems [126, 135, 136].  

Toxicity and side effects on living organisms require the removal of Hg2+ and Pb2+ 

from water. In respect to the latter metal cation, a removal procedure is advanced in 

Chapter 6 of this thesis.  

The thermodynamic interactions of Hg2+- and Pb2+-CAR systems are analyzed 

here.  

 

 

4.4.1 Hg2+-CAR complexes  

The speciation model, including 1:1 metal:ligand ratio species, is shown in Table 

4.1. The formation of three complex species, namely ML+, MLH2+ and MLOH0, 

occurs at each ionic strength and temperature value. The stability of ML+ species 

increases as the ionic strength grows, and vice versa, it decreases from T = 288.15 

K to T = 310.15 K. The logβ values of the ML+, MLH2+ and MLOH0 species 

decrease as temperature increases. At the lowest temperature value, the logβ values 

of the ML+, MLH2+ and MLOH0 species are 17.49, 25.26 and 10.38; and 16.81, 

23.63 and 8.95 at T = 310.15 K, respectively.  

Figure 4.24 shows the speciation profile vs. pH at two different ionic strength 

values relative to the Hg2+-CAR system, which better highlights the formation of 

the metal complex species throughout the pH considered. Their determinations 

were obtained despite precipitation phenomena occurring at pH ~9.0. Moreover, 

the fairly high stability constants of Hg2+-CAR allow suppression of hydrolysis of 

the metal cation. Instead, the Hg2+-Cl- species prevail up to pH ≅6.0. At the lowest 

ionic strength (I = 0.15 mol L-1), the MLH2+ species forms in the acid environment 

and reaches the 0.35 molar fraction at pH ≅ 6.7. This species is present to a lesser 
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extent (0.1) at I = 0.96 mol L-1, reaching the maximum at pH ~ 7.5. The ML+ 

molar fraction turns out to be 0.45 at pH ≅ 7.6 and I = 0.15 mol L-1. At this ionic 

strength value, the MLOH0 complex is present starting from pH ≅ 6.5 and totally 

prevails at pH = 9.0. At the highest ionic strength value, all profiles undergo a shift 

toward the alkaline environment.  

Figure 4.25 shows the speciation diagram vs. pH at two different temperature 

values, at T = 288.15 K (solid line) and T = 310.15 K (dashed line). Three 

complexes, ML+, MLH2+ and MLOH0, are formed starting from pH ~ 4, 6, and 6.5, 

respectively. The MLH2+ species amounts to 0.52 at pH = 6.9, a minor fraction 

(0.16) of the ML+ species occurs at pH ~ 7.6, and the metal is totally coordinated 

as the MLOH0 in alkaline environment at T = 288.15 K (solid line). At the highest 

temperature value (T = 310.15 K), ~ 0.2 of the MLH2+ species is present at  

pH ~ 6.7, and an amount of 0.46 is achieved at pH ~ 7.6 . Finally, the MLOH0 

complex occurs preponderantly starting from pH ≈ 7.0, again at T = 310.15 K.  
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Figure 4.24. Speciation diagram vs. pH of the Hg2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 (solid line) and 

I = 0.96 mol L-1 (dashed line) at T = 298.15 K (CM = 2 mmol L-1, CL = 4 mmol L-1). 
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Figure 4.25. Speciation diagram vs. pH of the Hg2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 (solid line) and 

I = 0.96 mol L-1 (dashed line) at T = 298.15 K (CM = 2 mmol L-1, CL = 4 mmol L-1). 

 

 

4.4.2 Pb2+-CAR complexes  

The potentiometric data yielded a speciation model that includes species with 1:1 

and 1:2 metal:ligand ratios, as can be observed in Table 4.1. However, the unique 

1:1 species, MLH2
3+, is defined only at I = 0.15 mol L-1 and T = 298.15 K, due to it 

is formed in negligible quantities. Therefore, the MLH2
3+ species cannot be 

considered in this speciation model. On the other hand, the ML2
0 and ML2H

+ 

species are described for each ionic strength and temperature value investigated. 

The logβ values of the ML2
0 complex vary from 8.3 at I = 0.977 mol L-1 to 10.05 at 

I = 0.15 mol L-1 and T = 288.15 K. The stability constant value of the ML2H
+ 

species decreases as the ionic strength and temperature increase. For instance, its 

logβ value ranges from 18.65 to 17.57 at I = 0.15 mol L-1 and 288.15 ≤ T/ K ≤ 

310.15. The distribution diagrams vs. pH are shown under variable conditions of 
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ionic strength and temperature. In particular, Figure 4.26 shows the speciation 

behavior of the Pb2+-CAR system vs. pH at I = 0.15 mol L-1 (solid line) and  

I = 0.977 mol L-1 (dashed line). Precipitation phenomena occur at pH ~ 6.5, 

probably due to the formation of the ML2
0 species. However, this did not affect the 

formation and determination of ML2H
+ and ML2

0 complexes, which show a similar 

pattern at the two different ionic strength values. A different distribution is 

observed for the MLH2
3+ species, whose molar fraction reaches ~ 0.4 up to pH ~ 

5.7. As discussed earlier, it occurs at I = 0.15 mol L-1 and T = 298.15 K and, as a 

consequence, at this ionic strength value, less free Pb2+ is present in solution than at 

I = 0.977 mol L-1. In fact, under this condition, the free metal totally prevails in 

solution up to pH ~ 5.7. 

More marked is the distribution speciation of the Pb2+-CAR system vs. pH, 

described in Figure 4.27, at two different temperature values. In particular, at  

T = 288.15 K (solid line), the free metal is present in solution with a molar fraction 

of ~ 0.6 up to pH ~ 6.7. The ML2H
+ species begins to form at pH ≅ 5.5 and 

achieves a maximum (~ 0.75) at pH ≅ 7.5 at T = 310.15 K. Its molar fraction is 

less than 0.6 at the lowest temperature value. The ML2
0 species form starting from 

pH ≥ 7.0.  

Considering the above-mentioned toxicity of this metal cation and its interactions 

with the naturally occurring dipeptide, a study was performed on this system in 

order to evaluate both the sequestering ability of CAR toward the Pb2+ and its 

removal and, thus, adsorption capacity when it is grafted on a porous resin. This 

approach is described in Chapter 6 of this thesis.  
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Figure 4.26. Distribution diagrams of the Pb2+-CAR (L) system vs. pH in NaCl 

aqueous solution at I = 0.15 mol L-1 (solid line) and I = 0.977 mol L-1 (dashed line), 

T = 298.15 K (CM = 2 mmol L-1, CL = 4 mmol L-1).  
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Figure 4.27. Speciation diagram vs. pH of the Pb2+-CAR (L) system (charges 

omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 (solid line) and 

I = 0.977 mol L-1 (dashed line), T = 298.15 K (CM = 2 mmol L-1, CL = 4 mmol L-1). 



140 

 

4.5 Dependence of the formation constants on the ionic strength 

Variations in ionic strength affect the species distribution, as it influences the 

ligand protonation, hydrolysis of the metals and, thus, the stability constants of the 

complex species [139, 140].  

Ionic strength effects on the speciation diagrams of the M2+ -CAR systems are 

shown and widely discussed in the respective paragraphs.  

The dependence on the ionic strength was determined by the Debye–Hückel type 

equation (2.27), widely used in the following range 0 ≤ I/ mol L-1 ≤ 1 [97]. The 

formation constants values at infinite dilution and the empirical parameter, C, 

calculated for each complex species, are given in Table 4.4. In turn, these 

parameters allow to determine the formation constant values under different 

conditions. All the C values are positive for the Ca2+-, Mg2+-, Cd2+- and Hg2+-CAR 

systems. Considering the Ca2+- and Mg2+-CAR systems, the species most affected 

by variations in ionic strength is ML+ for the former, whose a higher C value was 

obtained than for the other species. However, the highest C values are found for the 

ML+ and MLH2+ species in the Cd2+- and Hg2+-CAR systems. On the other hand, 

all the C values are negative for the Mn2+-, Zn2+ and Pb2+-CAR systems. TheCu2+-

CAR system also shows negative C values, except for the MLH species, whose C 

value is higher than that of the other species. Similar considerations can be made 

for the MLH2
3+ of the Zn2+-CAR system. The same contribution of the C values, 

corresponding to 0.24, is observed in the Pb2+-CAR system.  
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Table 4.4. Formation constant values at infinite dilution and C parameters for the 

dependence on the ionic strength (equation (2.27)), at T = 298.15 K.  

M2+ Species  logβ0 a) C 

Ca2+ b) ML+ 3.310.06 c) 1.18  

 MLH2+ 12.180.04  0.95  

 MLH2
3+ 18.420.05  0.46  

    

Mg2+ b) ML+ -  - 

 MLH2+ 11.950.04 0.30 

 MLH2
3+ 18.010.05  0.41 

    

Mn2+ d) ML+ 4.230.09   -0.1 

 MLH2+ 12.770.08  -0.3 

 MLH2
3+ 18.740.09 -0.8 

    

Cu2+ d) ML+ 8.820.04 -0.45 

 MLH2+ 13.640.03 0.16  

 ML2H+ 21.890.05  -0.40 

 MLOH0 3.130.03 -0.06 

 ML(OH)2
- -8.100.04 -0.29 

    

Zn2+ d) MLH2+ 12.790.07  -0.21  

 MLH2
3+ 18.910.07 -2.04 

 MLOH0 -2.310.06  -0.67 

    

Cd2+ ML+ 3.440.12  1.60.2  

 MLH2+ 12.260.11  1.40.2  

    

Hg2+ ML+ 17.540.01 1.80.1 

 MLH2+ 24.420.02  2.10.2  

 MLOH0 9.750.01  0.10.1  

    

Pb2+ ML2
0 9.930.09  -0.240.15  

 ML2H+ 18.910.05  -0.240.09  
a) referred to the equations (2.21) or (2.22). b) ref. [97]. c)± 3 std. dev. d) ref. [99]. 
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4.6 Dependence of the formation constants on the temperature 

Temperature is another factor that affects the complexes speciation. To have a 

comprehensive thermodynamic picture, the dependence on the temperature was 

determined by the Van’t Hoff equation (2.28). For all the M2+-CAR systems 

studied, ∆H changes are summarized in Table 4.5, along with the Gibbs free 

energy, ∆𝐺𝑖, and 𝑇∆𝑆𝑖 values, calculated by the reactions (2.30) and (2.31), 

respectively. 

For the Ca2+- and Mn2+-CAR (L) complexes, all the ΔH values are endothermic 

and the free energy changes are mainly entropy driven. This trend is characteristic 

of electrostatic interactions.  

For the Mg2+-, Cu2+-, Zn2+, Cd2+-, Hg2+- and Pb2+-CAR (L) complexes, the 

enthalpy change values (ΔH) are exothermic, except for the ML+ in Mg2+-CAR 

system and for the respective ML(OH)2
- and MLOH0 species in Cu2+- and Zn2+-

CAR systems. This can be attributed to an increase in order due to solvation 

processes.  

In the Mg2+-CAR complexes, the main contribution to stability is enthalpy, as also 

for the other M2+-CAR systems considered. For the Cu2+-CAR system, enthalpy 

and entropy tend to contribute in a similar extent to the free Gibbs energy, 

especially in the ML+, MLH2+ and ML2H
+ species. Most complex species in the 

Cd2+-, Hg2+- and Pb2+- systems benefit from a negative TΔS, due to solvation 

processes, and a higher extent of the enthalpy contribute to the free Gibbs energy 

(∆G).  

The different thermodynamic behavior of M2+-CAR systems in water may be due 

to the various coordination modes of the CAR molecule toward metal cations, as 

proven by ab initio molecular dynamics simulations in the case of Ca2+ and Mg2+ 

(Paragraph 4.1.3). 
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Table 4.5. Thermodynamic formation parameters of M2+-CAR (L-) species in 

NaCl at I = 0.15 mol L-1 and T = 298.15K.  

M Species ΔG a), b) ΔH a), b) TΔS a), b) 

Ca2+ c) ML+ -16.90.2 d) 179 d) 349 d) 

 MLH2+ -69.20.3 176 866 

 MLH2
3+ -107.00.4 279 1349 

     

Mg2+ c) ML+ -15.60.2 -294 -134 

 MLH2+ -67.20.2 -595 85 

 MLH2
3+ -104.90.3 -913 143 

     

Mn2+ e) ML+ -19.10.3 7612 9512 

 MLH2+ -71.70.1 7412 14612 

 MLH2
3+ -110.30.2 7712 18712 

     

Cu2+ e) ML+ -47.20.06 -294 184 

 MLH2+ -76.80.1 -485 295 

 ML2H+ -120.40.2 -5610 6410 

 MLOH0 -15.10.06 -247 -97 

 ML(OH)2
- 47.80.1 1611 -3211 

     

Zn2+ e) MLH2+ -72.10.02 -537 197 

 MLH2
3+ -107.40.02 -127 957 

 MLOH0 16.30.02 47 -127 

     

Cd2+ ML+ -17.80.4 -6040 -4240 

 MLH2+ -69.50.2 -9830 -2930 

     

Hg2+ ML+ -98.60.06 -6510 3410 

 MLH2+ -139.10.1 -16214 -2314 

 MLOH0 -54.00.2 -11811 -6411 

     

Pb2+ ML2
0 -56.70.5 -12214 -6514 

 ML2H+ -107.90.3 -878 218 
a) referred to the equations (2.21) or (2.22). b) In kJ·mol-1. c) ref. [97]. d) ≥ 95% of 

confidence interval. e) ref. [99]. 
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4.7 Sequestering ability  

To complete the investigation of CAR with bivalent metal cations, its sequestration 

ability toward them was assessed. Its determination was achievable through the 

empirical parameter, pL0.5, extensively described in Paragraph 2.9, under different 

experimental conditions (Table 2.10).  

For each M2+-CAR system, the resulting pL0.5 values and sequestration diagrams 

are reported in Figures 4.28 and 4.29 under different pH, ionic strength and ionic 

strength conditions.  

In Figure 4.28, simulated at physiological conditions, the best sequestering ability 

of CAR is achieved toward Cu2+, whose pL0.5 value is 7.88. In particular, the pL0.5 

decreases in the following order: 

 

Cu2+ >> Mn2+ > Cd2+ > Zn2+ > Pb2+> Hg2+> Ca2+ > Mg2+  

 

The sequestration profile of CAR changes in conditions simulating natural waters, 

or rather seawaters (Figure 4.29). In these cases, the pL0.5 decreases in the 

following order: 

Cu2+ > Hg2+ >> Zn2+ > Pb2+> Ca2+> Mn2+ > Mg2+ > Cd2+  

 

This aspect was crucial in evaluating CAR as an ideal candidate for (i) detection 

and (ii) removal metal cations. Starting from which, the dipeptide was thought in 

several applications, which are discussed in the following chapters. However, as it 

turns out, the thermodynamic Ca2+-, Mg2+- and Cd2+-CAR interactions are rather 

weak, as is the sequestering ability of CAR toward them.  
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Figure 4.28. Sequestration diagram of CAR toward the metal cations (M2+) studied 

at pH = 7.4; I = 0.15 mol L-1 and T = 310.15 K.  

 

Figure 4.29. Sequestration diagram of CAR toward the metal cations (M2+) studied 

at pH = 8.1.; I = 0.7 mol L-1 and T = 298.15 K.  
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4.8 Literature comparison 

The metal ion chelating ability of CAR is one of the most studied features of this 

dipeptide, also included in this thesis. Several models are reported in the literature 

concerning, in particular, the structures of the Cu2+- and Zn2+-CAR complex 

species [7, 94, 141]. Since 1955 [142], investigations of the Cu2+-CAR system in 

aqueous solutions have continued. The Cu2+ complexes with multidentate ligands, 

containing imidazole groups, have been extensively studied [143], due to the fact 

that they are potentially endowed with donor and acceptor abilities. These peculiar 

aspects result in the formation of coordination and hydrogen bounds. In particular, 

the donor ability of the imidazole ring is inhibited at acid pH values (below its 

dissociation constant values) and no assembly processes are observed. Under 

alkaline conditions, instead, the imidazole ring is able to coordinate the cupper ion 

of an adjacent group or generate hydrogen-bonds with an adjacent imidazole. In 

fact, controversial data concern the existence of some species in certain pH values 

[33], whose formation depends on pH and metal:ligand ratio. In particular, 

literature data propose that the dimeric form, [Cu2H-2L2]
0, exists in equilibrium 

with the monomeric ones ([CuLH]2+ and [CuL]+) in solution, and that this 

equilibrium is shifted toward the dimer at neutral and basic pH and in a 1:1 molar 

ratio [33]. Although several studies have been performed on the characterization of 

the Cu2+-CAR complexes, the presence of the dimeric form was not predictable in 

living organisms because it is relevant in alkaline environment (pH ≥ 8.0), and not 

under physiological conditions, in which low copper concentrations and 

competitive ligands occur. In turn, the latter would lead to monomeric species with 

mixed ligands [7, 33]. Although the literature data report the presence of Ca2+-, 

Cu2+-, and Zn2+- CAR dimers in solution, no dimeric forms are obtained under the 

experimental conditions adopted in this thesis.  

Furthermore, literature data report generalized structures for the lowest energy 

species for the doubly deprotonated CAR molecule complexed with divalent 
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cations, such as Ca2+ and Mg2+ [144]. Moustafa et al. [144] describe a tetra-

coordinated complex structure, where interactions are between the divalent cation 

and (i) one oxygen of the COO- group, (ii) the bare nitrogen atom of the imidazole 

ring, (iii) the amino group of the alanine residue (NH2), and (iv) the bare nitrogen 

atom of the histidine residue. Analogously, in the Paragraph 4.1.3, the same results 

are discussed.  

Little evidence was also provided on the formation constants values, which were 

not defined under different conditions of ionic strength and temperature. Therefore, 

this thesis provides the stability constants values of all the M2+-CAR systems 

investigated and their dependence on ionic strength and temperature.  

 

 

4.9 Final remarks and future perspectives  

This intriguing dipeptide, carnosine, is paid particular attention for its numerous 

beneficial properties and functions. Among these, although the metal ion chelating 

ability of CAR is well-known in the literature, no clear evidence has been revealed. 

For these reasons, it was important to define the speciation of CAR and its 

interactions with the main metal cations. On the other hand, it was necessary to 

determine the formation constants values and to study their dependence on ionic 

strength and temperature. This analysis was mainly performed by potentiometry, 

through which robust results were obtained. The latter, along with literature data 

and combinatorial use of techniques, are strengthen the speciation models expected 

for each system investigated.  

Therefore,  

- Thermodynamic parameters (∆H, ∆G and T∆S) were also determined by 

means of equations (2.28), (2.29) and (2.30). 

- The sequestering ability of CAR toward the investigated metals was 

calculated. In light of this, the subsequent applicative study takes shape. In 
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particular, the outstanding sequestering ability of CAR was exploited to 

study its sensing properties toward metal cations under physiological 

conditions.  

- However, since the electrochemical study on the free ligand did not provide 

insight into its voltammetric behavior, a more electroactive CAR derivative, 

FcCAR, was synthetized.  

- On the other hand, another analog, PyCAR, thought to be a potential agent 

for the detection of metal cations, was produced.  

Both synthetic approaches are described in Chapter 5 of this thesis. 

Furthermore, sensing properties of the two CAR derivatives were also 

focused on and discussed in Chapter 5. 

- Moreover, CAR was covalently grafted on an azlactone–activated, 

polyacrylamide resin (AZ) in order to study its Pb2+ removal capacity.  
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Chapter 5 

 

L-Carnosine (CAR) as metal ion probe 

 

5.1 General aspects 

So far the complexing and sequestering abilities of CAR toward different bivalent 

metal cations have been highlighted. However, one of the purposes of this work 

should not overlooked that, starting from speciation studies, concerns the use of 

CAR as a potential sensor for the detection of bivalent metal cations in various 

environments.  

Speaking of metal ion sensors, many factors should be taken into account before 

their production. First of all, the concentration of a probe should not exceed that of 

metal ions because, otherwise, it could impound the whole metal amount [45]. 

However, the concentration of the sensor should be considerable to be highly 

selective and, thus, avoid competitive exchange with endogenous metal complex 

species. Furthermore, in the fabrication of a sensor, the modulation of ion-

selectivity and electronic densities involved in the interactions among molecules 

should be considered, as well as the monitoring of the surrounding medium and, 

thus, of the solvent, the ionic strength and pH where it works [45]. Moreover, a 

potential probe should benefit from:  

i) photophysical properties, i.e., brightness, photostability and wavelength 

range; 

ii) electrochemical properties and, thus, it should give a variation in redox 

potential or current intensity; 

iii) biochemical properties, e.g., affinity and specificity for the metal target. 
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However, there is still a lack of an empirical rule for an easy and appropriate 

realization of a specific metal ion probe, and a useful and strategic approach 

consists in the formation of a binding unit, which includes at least a moiety 

responsible for metal ion binding and one or more signaling residues. The latter 

should be a fluorophore or a redox active unit to point out the binding phenomena 

through change in color or photophysical properties and, thus, variations in 

Absorbance or Emission, or redox potential [45]. Sometimes the signaling unit is 

located next to the binding one, other times they are outdistanced by a space or 

linker. In some cases, the binding site, which includes at least a heteroatom, also 

corresponds to the signaling unit, that is the fluorophore or redox active molecule.  

In order to design efficient CAR-based sensors, ferrocene (Fc) and pyrene (Py) 

units were introduced into the molecule to obtain an electrochemical and a 

fluorescent sensor, respectively. 

i) Among various materials, Fc-based sensors have drawn attention for the 

unique peculiarities of this molecule that provides sensitive, selective, 

cost-effective and easy-to-make probes for metal cations [45]. Fc is the 

most studied redox active molecule since 1951, year of its discovery. 

The chemical properties of Fc, as well as its remarkable 

electroanalytical activity, are related to its sandwich structure and, in 

particular, to d-π interactions between Fe2+ and the cyclopentadienyl 

(Cp) rings. Fc displays a reversible oxidation to ferrocenium ion that is, 

in turn, assisted by the lower oxidation potential of ferrocene to lose an 

electron, giving rise to two stable redox states (Fe2+/Fe3+ for Fc/Fc+). 

Moreover, Fc has several benefits, including thermal and photochemical 

stability, low biotoxicity and commercial availability. The 

electrochemical properties of Fc are fully preserved even when it is 

modified. Indeed, its easy functionalization on one or both Cp moieties, 

along with the above-mentioned advantages, make Fc a versatile 
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molecule in a wide variety of applications, such as biophysics, 

medicines, biomedical engineering, switchable liquid cristable, burning 

rate catalysis, biosensors, chemosensors, optical devices, radiation 

absorption and bioelectronics [45].  

ii) Pyrene (Py-) derivatives have recently attracted attention because their 

Py moiety, belonging to the polycyclic aromatic hydrocarbons (PAHs), 

can give rise to both covalent and donor-acceptors (D-A) systems. This 

D-A unit is conducive to the fine-tuning electronic interactions and 

charge transfer efficiencies [145]. Therefore, these Py-based materials 

can be employed in technological applications, as they can accomplish 

multifunctional optoelectronic properties by regulating the electronic 

structures. In fact, they also allow an efficient monitoring of absorption 

and emission properties through regioselective replacements of 

functional groups in pyrene active sites [145, 146]. Since the emission 

color tuning of these chromophores is readily controlled by the 

functional groups modification, they are outstanding candidates as light-

emitting materials with high emission quantum yields both in solution 

and in the solid state [146]. Furthermore, the planar geometry of the Py 

unit results in intermolecular π- π interactions, making aggregation, 

fluorescence quenching, red-shift characteristics and broad emission 

bands. Among these properties, molecular aggregation and fluorescence 

quenching have recently been employed to develop fluorescence 

sensors. The selective recognition and sensing of aromatic systems are 

due to the fluorescence resonance energy transfer (FRET) 

mechanism[146]. Due to its sensitivity and sensing speed, fluorescence 

is a useful method for selective applications of chemosensors, especially 

based on the fluorescence quenching approach.  
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In more detail, Pal et al. [45] described the most likely mechanisms of sensing in 

the Fc-based chemosensors, schematized in Figure 5.1.  

 

Figure 5.1. Schematic representation of the common sensing pathways of Fc 

derivatives.  

 

In the pathway 

a) The electron density is drifted from the N-binding unit to the guest metal 

ion in the course of binding, and the electronic density on the ferrocenyl 

unit is reduced. In particular, this phenomenon occurs if it is conjugated to 

the binding unit through double or triple bonds. This leads to further 

difficult oxidation of the ferrocenyl unit, which undergoes an anodic shift in 

electrochemical measurements. Therefore, it is cleaver to synthetize a probe 

with the binding unit close to the Fc in order to provide a perceivable 

variation in the electrochemical signal upon interaction with the guest.  
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b) An electronic redox reaction occurs between the host Fc unit and the guest 

metal cation. The metal ion is reduced by one electron and the Fe2+ of the 

Fc unit is oxidized by one electron to form Fc+ ion, having Fe3+. In these 

cases, electrochemical measurements undergo cathodic shifts. Cu2+/Fe3+ 

and Hg2+/Fe3+ give rise to this kind of electrochemical behavior, as they can 

reduce to Cu+/Fe2+ or Hg+/Fe2+  [45].  

c) The Fc unit directly takes part in the binding of the metal ion, as does the 

probe. In this case, the d electrons of the Fe2+ center of Fc interact with the 

guest metal ion with original oxidation state and, thus, this binding 

mechanism is assisted by the Fc moiety of the probe. Electrochemical 

measurements undergo relevant anodic shifts due to the electronic cloud 

goes from the Fc center to the vacant orbitals of the guest metal.  

d) The redox path b) can be followed by a binding interaction between the 

oxidized Fc probe and the reduced metal ion at the binding unit, containing 

heteroatoms. These interactions were found in the case of Cu2+, which 

reduces to Cu+ and binds to the oxidized probe.  

Pathways a) and b) are the most common sensing mechanisms in Fc derivatives. 

Pal et al. [45] also reported that the binding of alkali cations promotes that of their 

counter ions to cation-bound sensors. However, cation sensing phenomena are not 

dependent on the presence of other competitive metal ions.  

To demonstrate the sensing properties of fluorescent, colorimetric, and redox-

selective metal ion chemosensors toward certain metal cations, traditional 

analytical techniques, such as UV-Vis spectroscopy and Cyclic Voltammetry (CV) 

are usually used [147]. Both methods were employed in this thesis to investigate 

the behavior of the two CAR derivatives toward Hg2+ and Pb2+. Since they are the 

most toxic environmental pollutants responsible for a wide variety of adverse 

health problems, the development and employment of suitable, sensitive and 



154 

 

selective chemosensors for the detection of these toxic metal cations has become of 

considerable importance. 

 

 

5.2 Synthesis of ferrocenyl-carnosine (FcCAR) 

The redox active ferrocenyl-carnosine derivative (3) FcCAR was synthesized by a 

coupling reaction of free CAR with the N-hydroxysuccinimide activated ferrocene 

(2) under mild experimental conditions (Scheme 1). The ferrocenecarboxylic acid 

(1) was activated by reacting with N-hydroxysuccinimide to form the 

corresponding ester (2), which was treated at room temperature (r.t.) with CAR in 

the presence of sodium bicarbonate to afford FcCAR (3) in an overall yield of 64%. 

Given the amphiphilic characteristics of FcCAR, the selection of a suitable mixture 

of water/aprotic solvent for the coupling reaction (i.e., water/DMF) and in the 

purification by crystallization (water/acetone) was crucial to the success of the 

synthesis [45]. The 1H NMR spectrum of the FcCAR shows three distinct regions 

of signals, which are those of the imidazole protons of the histidine residue at 7.0 

ppm and 7.9 ppm; the typical peaks of the ferrocenyl unit at 4.5 ppm and the 

peptidyl aliphatic region between 2.5-3.5 ppm. 

 

 

Scheme 1. Synthesis of the ferrocenyl-carnosine (FcCAR). 
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5.3 Synthesis of pyrenyl-carnosine (PyCAR)  

To exploit the sensing properties of CAR toward metal cations, conjugation of 

CAR with pyrenacetic acid was achieved. The pyrenyl carnosine derivative (5) 

PyCAR was synthesized by a coupling reaction of free CAR with pyrenacetic acid 

(4) under mild experimental conditions (Scheme 2). The coupling reaction was 

carried out in the presence of peptide coupling reagents (EDCI, HOBt) (Scheme 2). 

The structure of PyCAR (5) was confirmed by 1H NMR analysis. In particular, the 

signals of pyrenyl protons were detected at 7.75 (2H, d), 7.55 (2H, d), 7.25 (5H, m) 

ppm in the 1H NMR spectrum. The imidazole peaks of the histidine moiety were 

detected as doublets at 6.8 and 7.7 ppm, whereas the L-histidine methyne proton 

was detected at 3.4 ppm as a multiplet.  

 

Scheme 2. Synthesis of pyrenyl-carnosine (PyCAR). 

 

 

5.4 Acid-base properties 

Before evaluating the electrochemical and fluorimetric properties of the two CAR 

derivatives, a speciation study was undertaken aimed, first of all, at determining the 

thermodynamic interaction parameters with some of the metals considered in this 

thesis, and selecting those with respect to which the two derivatives show the 

greatest sequestering abilities.  

The starting point was the analysis of the acid-base properties. As discussed in 

Chapter 3, CAR has three ionizable groups. Its amino group of the β-Ala residue is 
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conjugated with the lipophilic Fc and Py moieties, respectively, in the two 

derivatives under study. Therefore, FcCAR and PyCAR have two ionizable groups, 

consisting of the carboxylic one and the imidazole ring.  

The study of the equilibria of both CAR derivatives in NaCl aqueous solutions was 

performed by potentiometric and UV-Vis spectrophotometric titrations at I = 0.15 

mol L-1 and T = 298.15 K. The latter measurements were carried out in a wide 

selected wavelength range (200 ≤ λ ≤ 400 nm), from pH ≈ 3.0 to 9.0.  

For FcCAR, the spectrophotometric titrations and ε vs. λ diagram are shown in 

Figure 5.2. The spectrum of FcCAR is characterized by a broad band around 205 

nm and a slight one around 260 nm. Both are attributable to n-π* and π-π* 

electronic transitions, respectively. As the pH increases, and thus the deprotonation 

degree of the molecule, a gradual gain in Absorbance occurs. Moreover, the ε of 

the deprotonated FcCAR species is also higher than that of  protonated ones.  
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         (b) 

Figure 5.2 (a) Spectrophotometric titrations of FcCAR (L) (0.1 mmol L-1) in NaCl 

aqueous solution at I = 0.15 mol L-1 and T = 298.15 K. (b) ε vs. λ of the differently 

protonated FcCAR (L) species in NaCl aqueous solution at I = 0.15 mol L-1 and  

T = 298.15 K. 

 

 

For PyCAR, the spectrophotometric titrations and ε vs. λ diagram are shown in 

Figure 5.3. The spectrum of PyCAR is characterized by numerous bands in the 

wavelength range (200 ≤ λ ≤ 400 nm), whose maxima around 240, 274 and 340 nm 

are attributable to n-π* and π-π* electronic transitions, respectively. As the pH, and 

thus the deprotonation degree of the molecule, increases, there is a gradual gain in 

Absorbance, just as in FcCAR. Analogously, the ε of the deprotonated PyCAR 

species is also greater than that of protonated ones.  
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         (a)  

 

    (b)  

Figure 5.3 (a) Spectrophotometric titrations of PyCAR (L) (0.025 mmol L-1) in 

NaCl aqueous solution at I = 0.15 mol L-1 and T = 298.15 K. (b) ε vs. λ of the 

differently protonated PyCAR (L) species in NaCl aqueous solution at I = 0.15 mol 

L-1 and T = 298.15 K. 
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The protonation constants, obtained from the processing of potentiometric and 

spectrophotometric data using the BSTAC and HYSPEC programs respectively, 

are collected in Table 5.1 along with those of CAR, for comparison. The overall 

protonation constants, b, are defined as average of the data resulting from the 

synergistic combination of the two techniques. The same Table shows the stepwise 

formation constants, K, which are useful for evaluating the functional groups 

involved in each protonation equilibrium.  

The first protonation step of FcCAR and PyCAR, related to the imidazole ring, has 

a lower value (logK = 6.45 and logK = 6.66, respectively) than that of CAR (logK 

= 6.79). On the other hand, the second equilibrium step pertains to the carboxylic 

group, whose logK2 value is 3.00 for FcCAR and ~0.3 fold higher than that of 

CAR (logK3 = 2.69). A similar value is supplied by PyCAR, whose logK2 value is 

2.79. Comparing the protonation constant values of both derivatives, as well as the 

nature and size of the lipophilic conjugates, it was found that the Fc moiety 

undergoes a greater withdrawal effect on the CAR residue. 

The distribution diagrams of FcCAR and PyCAR (Figure 5.4) show that for 5.0 ≤ 

pH ≤ 8.0, range of interest for most natural fluids, FcCAR and PyCAR are present 

as HL0 and L- species, whose formations reach a maximum at pH ~ 4.5-5.0 and 9.0, 

respectively.  
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Table 5.1. Protonation constant values of CAR, FcCAR and PyCAR 

in NaCl aqueous solution at I = 0.15 mol L-1 and T = 298.15 K.  

Reaction CAR a) FcCAR PyCAR 

 logβ 

L- + H+ = LH0 9.38 6.45±0.04a) 6.66±0.02a) 

L- + 2H+ = LH2
+ 16.17 9.45±0.06 9.45±0.03 

L- + 3H+= LH3
2+ 18.86 - - 

 logK 

L- + H+ = LH0 9.38 6.45 6.66 

LH0 + H+
 = LH2

+ 6.79 3.00 2.79 

LH+ + H+= LH3
2+ 2.69 - - 

a)  ± 3 std. dev. 
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         (b)  

Figure 5.4. Speciation diagrams vs. pH of (a) FcCAR (L) and (b) PyCAR (L) 

(charges omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol L-1 and T 

= 298.15 K (CL = 0.1 mmol L-1). 
 

 

5.5 M2+-ligand interactions 

To determine the complexing ability of the two CAR derivatives with respect to 

three potentially toxic metal cations, Cd2+, Hg2+ and Pb2+, UV-Vis 

spectrophotometric titrations of solutions containing variable metal:ligand ratios, 

were performed in the ranges 200 ≤ λ ≤ 400 nm and 2.5 ≤ pH ≤ 8.5. The 

experimental conditions are shown in Table 2.7 However, the results with Cd2+ 

were affected by high errors, probably because the formation fractions of the 

complex species were not significant under the experimental conditions used for 

UV-Vis spectrophotometry. For this reason, they are not reported in this thesis. 
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Concerning the FcCAR systems, in the presence of Hg2+, the UV-Vis spectra of the 

molecule are affected by a significant variation, as can be observed in Figure 5.5, 

where ε /mol-1 cm-1 L vs. λ /nm of the Hg2+- and Pb2+-FcCAR systems are shown. 

On the other hand, the presence of Pb2+ results in a gradual increase in Absorbance, 

without significant changes in the shape of the spectrum. Analogously for the 

PyCAR systems, the presence of Hg2+ or Pb2+ leads to an increase in Absorbance 

and no effect on the shape of the spectra is observed in Figure 5.6, where the ε 

values of the Hg2+- and Pb2+- PyCAR species are shown.  
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 (b)  

Figure 5.5. ε vs. λ of FcCAR (L) (dashed lines) compared with the (a) Hg2+-

FcCAR (L) (solid lines) and (b) Pb2+-FcCAR (L) (solid lines) systems, in NaCl 

aqueous solution at I = 0.15 mol L-1 and T = 298.15 K. 
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 (b)  

Figure 5.6. ε vs. λ of PyCAR (L) (dashed lines) compared with the (a) Hg2+-

PyCAR (solid lines) and (b) Pb2+-FcCAR (solid lines) systems, in NaCl aqueous 

solution at I = 0.15 mol L-1 and T = 298.15 K. 
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Overall formation constants values, obtained by processing UV-Vis 

spectrophotometric data using the HYSPEC program, are shown in Table 5.2. The 

most reliable speciation models obtained for each system include species with a 1:1 

metal:ligand ratio, with the exception of Pb2+. This metal cation forms with both 

ligands 1:2 complex species, as for the CAR system. In more detail, the formation 

of three complexes, namely ML+, MLH2+ and MLOH0, occurs for the Hg2+-FcCAR 

system, while the formation of two complex species, ML2
0 and ML2H

+, is 

described for the Pb2+-FcCAR system. For both systems, the speciation diagrams in 

Figures 5.7 and 5.8 describe a strong chelating ability of FcCAR and PyCAR 

toward the two metal cations. In particular, Hg2+ is totally coordinated with FcCAR 

in the form of MLH2+ in acid environment, and the ML+ species reaches a 

maximum of nearly 0.9 at pH 7.5. The MLOH0 species forms starting from pH ≥ 

7.0. On the other hand, Pb2+ is totally coordinated by FcCAR in the ML2H
+ and 

ML2
0 species in acid and basic environments, respectively. 

A different distribution of the Hg2+-PyCAR system can be observed in Figure 5.8. 

The molar fraction of Hg2+ reaches a maximum of 0.8 in the acid pH range and 

prevails in the ML+ species at pH ~ 6.5, amounting almost 0.97. The MLOH0 

species takes place starting from pH ~ 6.0, predominating in the alkaline 

environment. The Pb2+-PyCAR speciation is similar to that of the Pb2+-FcCAR 

system and, thus, Pb2+ is totally coordinated by PyCAR in the ML2H
+ and ML2

0 

species in acid and basic environments, respectively. Both species achieve the 0.5 

fraction at pH = 6.0.  

The high complexing capacities of FcCAR and PyCAR are also reflected in the 

sequestering ability. Figure 5.9 shows the comparison of the sequestering ability of 

CAR, PyCAR and FcCAR with respect to Hg2+ and Pb2+ cations. An increase in the 

pL05 value by at least three orders of magnitude was obtained in both systems. 

 



166 

 

Table 5.2 Formation constant values of the Hg2+-, Pb2+-FcCAR and - 

PyCAR systems, in NaCl aqueous solution at I = 0.15 mol L-1 and  

T = 298.15 K.  
Reaction FcCAR PyCAR 

 logβ 

Hg2++ L- = HgL+ 18.72±0.02 a) 18.80±0.03 a) 

Hg2++ L-+ H+ = HgLH2+ 24.85±0.04 a) 23.46±0.03 a) 

Hg2++ L- + H2O = HgL(OH)0 9.81±0.06 a) 10.83±0.05 a) 

   

Pb2++ 2L- = PbL2
0 16.29±0.08 a) 15.88±0.05 a) 

Pb2++ 2L-+ H+ =PbL2H+ 23.19±0.04 a) 21.95±0.05 a) 

a) ≥ 95% of confidence interval. 
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 (b)  

Figure 5.7. Speciation diagrams vs. pH of the (a) Hg2+- and (b) Pb2+- FcCAR (L) 

systems (charges omitted for simplicity) in NaCl aqueous solution at I = 0.15 mol 

L-1 and T = 298.15 K (CM = 0.2 mmol L-1, CL = 4 mmol L-1). 
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 (b)  

Figure 5.8. Speciation diagrams vs. pH of the (a) Hg2+-PyCAR (L) and (b) Pb2+-

PyCAR (L) systems (charges omitted for simplicity) in NaCl aqueous solution at  

I = 0.15 mol L-1 and T = 298.15 K (CM = 0.2 mmol L-1, CL = 4 mmol L-1).  
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 (b)  

Figure 5.9. Sequestration diagrams of CAR, FcCAR and PyCAR toward (a) Hg2+ 

and (b) Pb2+ in NaCl aqueous solution at pH = 7.4, I = 0.15 mol L-1 and T = 298.15 

K. 

 

 

5.6 Electrochemical analysis  

As written in Chapter 2, electrochemical sensing consists of a robust analytical tool 

that allows rapid response, high specificity and sensitivity, inexpensive and 

accurate analysis, even in heterogeneous matrixes [45]. In this context, 

voltammetric techniques are mainly employed because interactions are interpreted 

as variations in half-wave potential or current intensity. Since electroanalytical 

sensors are progressively emerging, FcCAR and PyCAR have been studied 

electrochemically. Electrochemical response of Screen-Printed Carbon Electrodes 

(SPCEs) was assessed by means of Cyclic Voltammetry (CV) using K3[Fe(CN)6] 

(1 mmol L-1) in KCl (0.1 mol L-1) aqueous solutions at room temperature. Scan 

rate: 0.1 V s-1.  
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Similarly, electrochemical activities of FcCAR and PyCAR on SPCEs were 

investigated by means of CV in KCl (0.1 mol L-1) aqueous solutions at room 

temperature. CV was performed in different potential windows (-1 ≤ E(V) vs. 

Ag/AgCl ≤ +1), pH (3.0 ≤ pH ≤ 9.0 at scan rate: 0.1 Vs-1) and scan rate ranges (10 

≤ mV s-1 ≤ 100 at pH = 7.0). However, PyCAR can give rise to dimeric species in 

aqueous solution which, dropping off on the electrode surface, do not give 

reproducible data. For these reasons and since all the analyses debated in this thesis 

were performed in aqueous solutions, electrochemical characterization of PyCAR 

was not taken into account. On the other hand, FcCAR was determined 

electrochemically with a limit of detection (LOD) of 10 nmol L-1, and its Cyclic 

Voltammogram (CV) is compared with that of the ferrocenecarboxylate (FcCOO-) 

precursor in Figure 5.10. 

Figure 5.11 shows, instead, different ∆Ep values as a function of pH and, as can be 

observed, there are no significant changes in ∆Ep as pH changes. This is also 

confirmed in Figure 5.12, where the CVs as a function of pH are depicted. The 

anodic peaks are at +0.355 V, +0.366 V, +0.355 V and +0.375 V (vs. Ag/AgCl) as 

pH increases. The cathodic peaks are at +0.304 V, +0.294 V, +0.304 V and +0.304 

V (vs. Ag/AgCl), respectively. The CV recorded at pH = 5.0 undergoes a different 

cathodic effect. Curiously, the CV of FcCAR revealed one oxidation peak at E = 

+0.526 V (vs. Ag/AgCl) and pH = 9.0, which could match to the oxidation of the 

imidazole ring, as reported in the literature [148]. The dependence of CVs on scan 

rate is shown in Figure 5.13, in which the one-electron reversible process is 

depicted. A slight shoulder can also be observed at E = +0.606 V (vs. Ag/AgCl) 

and pH = 7.0, attributable to oxidation of the imidazole ring. 

 



171 

 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

-4×10-5

-3×10-5

-2×10-5

-1×10-5

0

1×10-5

2×10-5

3×10-5

4×10-5

5×10-5

C
u

rr
e
n

t 
(A

)

E(V) vs. Ag/AgCl

 FcCAR

 FcCOO-

 

Figure 5.10. CVs of FcCOO- (5 mmol L-1) and FcCAR (5 mmol L-1) in KCl (0.1 

mol L-1) aqueous solution on SPCE and at room temperature (scan rate: 0.1 V s-1). 
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Figure 5.11. Dependence of ∆Ep vs. pH of FcCAR (1 mmol L-1) in KCl (0.1 mol  

L-1) aqueous solution on SPCE and at room temperature (scan rate: 0.1 V s-1). 
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Figure 5.12. CVs of FcCAR (1 mmol L-1) in KCl (0.1 mol L-1) aqueous solution in 

the following pH range (3.0 ≤ pH ≤ 9.0) on SPCE and at room temperature (scan 

rate: 0.1 V s-1). 
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Figure 5.13. CVs of FcCAR (1 mmol L-1) in KCl (0.1 mol L-1) aqueous solution on 

SPCE and at room temperature (pH = 7.0 and scan rate:10 mV s-1, 50 mV s-1 and 

100 mV s-1). 
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To evaluate the sensing properties of FcCAR in regard to Hg2+ and Pb2+, 

voltammetric measurements were performed. In particular, electrochemical 

titrations were carried out in KCl (0.1 mol L-1) aqueous solutions containing 

FcCAR by adding Hg2+ or Pb2+, previously prepared in MOPS buffer (pH = 7.0). 

The resulting voltammograms from CV and DPV of FcCAR solutions titrated with 

Hg2+ are shown in Figures 5.14 and 5.15. As can be observed, the FcCAR peaks 

reduce linearly as the metal concentration increases. The CV and DPV studies 

exhibited a slight shift of the voltammograms toward the cathodic current, 

indicating that the addition of the Hg2+ ion promotes the oxidation of FcCAR with 

its concomitant reduction to Hg+. Visually, an orange to yellow color change of the 

ligand in the presence of the metal ion was realized, along with a low amount of 

gray precipitate. The latter could be due to the formation of some Hg+ complex 

with Cl-.  

The trend is instead different in the voltammograms resulting from CV and DPV of 

FcCAR solutions titrated with Pb2+ (Figures 5.16 and 5.17). In particular, in CV, 

the FcCAR peaks in the presence of Pb2+ do not appear to depend on the metal 

concentration. In DPV, the anodic and cathodic peak currents of FcCAR vs. metal 

concentration give rise to different electrochemical responses. The cathodic 

behaviour of FcCAR in Figure 5.17 (b) was considered up to a Pb2+ concentration 

of 1.5 mmol L-1, due to a narrower linearity range was found for the cathodic peaks 

of FcCAR in the presence of Pb2+. These deviations, starting from C = 1.7 mmol  

L-1, are highlighted in Figure 5.18 (b), and compared with the dependence of the 

cathodic peaks of FcCAR on the Hg2+ concentration.  
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Figure 5.14. CVs of FcCAR (1 mmol L-1) in KCl (0.1 mol L-1) aqueous solution, 

titrated with Hg2+ on SPCE and at room temperature (pH = 7.0 and scan rate: 0.1 V 

s-1. 0.5 ≤ CM/ mmol L-1 ≤ 3). 
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Figure 5.15. (a) Anodic and (b) cathodic peaks of FcCAR (1 mmol L-1) in the 

presence of Hg2+ in KCl (0.1 mol L-1) aqueous solution (pH = 7.0, 0.5 ≤ CM mmol 

L-1 ≤ 3) on SPCE and at room temperature. 
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Figure 5.16. CVs of FcCAR (1 mmol L-1) in KCl (0.1 mol L-1) aqueous solution, 

titrated with Pb2+ on SPCE and at room temperature (pH = 7.0 and scan rate: 0.1 V 

s-1. 0.5 ≤ CM mmol L-1 ≤ 3).  
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Figure 5.17. (a) Anodic and (b) cathodic peaks of FcCAR (1 mmol L-1) in the 

presence of Pb2+ in KCl (0.1 mol L-1) aqueous solution (pH = 7.0, 0.5 ≤ CM mmol 

L-1 ≤ 3) on SPCE and at room temperature. 
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      (a)                     (b) 

Figure 5.18. Dependence of cathodic peak currents of FcCAR with (a) Hg2+ and 

(b) Pb2+ in KCl (0.1 mol L-1) aqueous solutions (pH = 7.0, 0.5 ≤ CM mmol L-1 ≤ 3 
and CL = 1 mmol L-1) on SPCE and at room temperature.  

 

 

Although these electrochemical studies did not allow to understand and identify 

metal recognition processes, the effect of Hg2+ is much more pronounced than the 

other metal cations discussed. Moreover, its linearity concentration range is wider 

than that of the FcCAR-Pb2+ system.  

Both aspects were exploited to improve the electrochemical performance of 

FcCAR as a mercury sensor. For this purpose, Screen-Printed Carbon Electrodes 

(SPCEs) were modified with MultiWalled Carbon Nanotubes (MWCNT), 

previously synthetized by Prof. Piperno et al. 

 

 

5.6.1 Multiwalled Carbon Nanotubes covalently functionalized with cationic β-

cyclodextrins (MWCNT-CD) 

Carbon Nanotubes (CNT) are intriguing materials proposed for a wide range of 

applications, including nanotechnology-related devices, water treatment and 

sensors [149-151]. CNT are considered as rolled-up sheets of graphene forming 
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single or multiwalled seam-less cylinders with diameters ranging from a few to 

hundreds of nanometers, (SW- and MWCNT, respectively). They generally present 

a length/diameter ratio higher than 106 and have exceptional electrical, thermal, 

mechanical and optical properties [152, 153]. Although their excellent properties 

give CNT great potential in many practical applications, their non-dispersibility in 

solvents weakens their competitive strength in the synthesis of composites, 

semiconductors, and sensors. CNT functionalization is considered a key step to 

improve their dispersibility and processability, and to assist their 

combination/incorporation with other classes of compounds to produce high-

performance multifunctional materials. Moreover, their combination with other 

organic or inorganic compounds, such as polymers, drugs, and inorganic 

nanoparticles, through covalent and/or noncovalent approaches, results in new 

hybrid nanomaterials endowed with unique properties [154, 155]. The latter are not 

the simple addition of the starting properties of the native materials, but in many 

cases new ones appear as originating from the synergistic action of the 

components.  

In the ongoing research program at the SYMAT Laboratories of the University of 

Messina, aimed at developing high-performance multifunctional materials, new 

carbon-based nanomaterials were developed by covalently functionalizing 

graphene or carbon nanotubes with β-cyclodextrins (CD) [156].  

The functionalization of carbon nanomaterials with CD units improved the 

biocompatibility, process ability and colloidal stability. Moreover, CD grafted on 

nanomaterials furnished new molecular recognition sites (i.e., lipophilic CD 

cavities and hydrophilic CD rims). In line with this research topic, the synthesis 

and characterization of MWCNT functionalized with cationic β-cyclodextrins 

(MWCNT-CD, Scheme 3) are herein described. Moreover, exploiting the high 

affinity of CD cavities [157] for a ferrocennyl unit (K ≈ 103 mol L-1), MWCNT-CD 

were used to modify Screen-Printed Carbon Electrodes (SPCEs). 
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Commercially available carboxylated MWCNT were functionalized with alkyne 

terminated moieties by Tour reaction. CD units were grafted on MWCNT sidewalls 

by click chemistry reaction between CNT-Alk and per-azido β-cyclodextrins. The 

residual azido groups were reduced to amine groups and recovered as hydrochloric 

salt (MWCNT-CD, Scheme 3). 

 

 

Scheme 3. Schematic representation of the synthesis of MWCNT-CD. 

 

 

The degree of functionalization (Dm%) of the CD-modified MWCNT was 

estimated by thermogravimetric analysis (TGA) under argon atmosphere (Figure 

5.19). Comparing the weight residue (%) at 400 ◦C, between CNT-ALK and CNT-

CD-NH2, a CD content of 6.5 % w/w was found, which roughly corresponds to 

0.0522 mmol g-1. This result is in agreement with the amount of free amino groups 

estimated by the ninhydrin assay (0.0607 mmol/g) (Figure 5.20). The ninhydrin 

assay was carried out using the commercial Kaiser test kit consisting of three 

solutions as follows: (a) phenol (0.5 g mL-1) in absolute EtOH; (b) 2 mL of 

potassium cyanide (1 mmol L-1, aqueous solution) dissolved in 98 mL of pyridine; 

(c) ninhydrin (0.05 g mL-1) in absolute EtOH. Briefly, 0.5 mg of CNT-N3 or CNT-

NH2 were treated in sequence with 75 µL of solution (a), 100 µL of solution (b) 
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and 75 µL of solution (c). The dispersion was sonicated in a water bath and then 

heated at 120 °C for 5 min, diluted with 4750 µL of absolute EtOH and centrifuged 

at 14.000 rpm. The absorbance at 570 nm of supernatant was correlated to the 

amount of free amine groups on the CNT surface (NH2 loading (mmol g-1)) using 

the following equation: 

 

[𝑓𝑟𝑒𝑒 𝑎𝑚𝑖𝑛𝑒𝑠] =
([𝐴] 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 1000)

(𝜀𝑏 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡)
 

(5.1) 

 

where dilution was fixed at 5 mL; 𝜀 was 15.000 mol L-1 cm-1; 𝑏, the optical path, 

was 1 cm and the sample weight was 0.5 mg [158].  

 

 

 

 

Figure 5.19. TGA under argon atmosphere of CNT-ALK and CNT-CD-NH2. 

 

2 
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Figure 5.20. UV-Vis absorption spectra of CNT-CD-NH2 and CNT-CD-N3 

sample after the ninhydrin test. 

 

 

The morphology of MWCNT functionalized with CD by STEM technique is 

currently under investigation. The starting material, CNT-COOH, showed a clear 

multi-walled tubular structure with a diameter close to 10 nm, corresponding to a 

number of 8-10 layers.  
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Figure 5.21. TEM image of CNT-COOH reproduced with permission of ref.[158]. 

 

 

As accomplished with CNO (Chapter 3, Paragraph 2.6.3), the incorporation of 

MWCNT-CD on the electrode surface is based on a simple and fast procedure, 

consisting in the preparation of a homogeneous dispersion and subsequent 

noncovalent functionalization on SPCEs. In this case, multiple dispersions were 

prepared and cast on SPCEs, in order to investigate the electrochemical signal. The 

first homogeneous dispersion of MWCNT-CD in DMF (1 mg mL-1) was not 

sufficient to obtain promising electrochemical performance. Therefore, an 

additional homogenous dispersion of MWCNT-CD in DMF (3 mg mL-1) was 

prepared and used for the analytical purposes of this work.  

The polished SPCEs were sonicated in Milli-Q® water for 5 min and dried under a 

stream of nitrogen. The SPCEs were modified by drop-casting a homogeneous 

dispersion of MWCNT-CD in DMF (3 mg mL-1) prepared using an ultrasonic-bath 

for 30 min. To obtain a thin layer of MWCNT-CD, 1 μL of the dispersion was cast 
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four times on the surface of the electrodes and dried in an oven at 80 °C under 

DMF atmosphere for 30 min. This procedure was used to avoid the formation of 

the so-called coffee-ring effect, which results in non-homogeneous films [49]. 

After each casting, the electrochemical responses of K3[Fe(CN)6] (1 mmol L-1) in 

KCl (0.1 mol L-1) on MWCNT-CD modified electrodes were analyzed at different 

degrees and depicted in Figure 5.22. As increasing the MWCNT-CD layering on 

SPCEs, a signal amplification is observed, due to the deposition of the conductive 

MWCNT-CD material inducing a capacitive behavior on the electrode surface. The 

MWCNT-CD dispersion was cast up to 4 μL, after which no further changes in the 

CV were observed, indicating a complete coverage of the surface. The slight 

increase in the ∆Ep from bare (115 mV) to the modified (130 mV) could be due to 

repulsive interactions between the anionic [Fe(CN)6]
3- and carboxylate groups on 

the surface of the MWCNT-CD/SPCE, resulting in a hindered electron transfer. 

Therefore, the electrochemical responses of K3[Fe(CN)6] (1 mmol L-1) in KCl (0.1 

mol L-1) aqueous solution on bare and MWCNT-CD modified electrodes were 

studied, and the CVs are compared in Figure 5.23. The [Fe(CN)6]
3- redox probe 

was chosen to assess the effect of the oxidation degree of MWCNT-CD on their 

electrochemical properties. The voltammetric behavior presented above reveal that 

the electroactivity of [Fe(CN)6]
3-/4- is enhanced on the MWCNT-CD modified 

electrodes, as well as the electrochemical responses.  
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Figure 5.22. CVs of [Fe(CN)6]
3-/4- (1 mmol L-1) in KCl (0.1 mol L-1) aqueous 

solution obtained on bare SPCE and MWCNT-CD/SPCE, after each dispersion 

casting. Scan rate: 0.1 V s-1.  
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Figure 5.23. CVs of [Fe(CN)6]
3-/4- (1 mmol L-1) in KCl (0.1 mol L-1) aqueous 

solution obtained on bare SPCE (blue line) and MWCNT-CD/SPCE (red line)  

(pH = 7.0 and at room temperature). Scan rate: 0.1 V s-1.  
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5.6.2 Electrochemical behavior of FcCAR toward Hg2+ on modified Screen-

Printed Carbon Electrodes (SPCEs) with MultiWalled Carbon Nanotubes 

covalently functionalized with cationic β-cyclodextrins (MWCNT-CD) 

The electrochemical behavior of FcCAR was analyzed on bare SPCE and 

MWCNT-CD/SPCE. Figure 5.24 shows Cyclic Voltammograms (CVs) for the 

electrochemical activity of FcCAR (1 mmol L-1) in KCl (0.1 mol L-1) aqueous 

solution on bare and MWCNT-CD modified SPCEs. In both cases, FcCAR 

undergoes one-electron reversible redox process. However, on the modified 

electrodes, CVs exhibit a pseudo-rectangular shape, which is characteristic of the 

electric layer capacitive behavior of MWCNT-CD, and the capacitive current 

increases with the oxidation degree of MWCNT-CD, due to the presence of 

functional groups on their surface.  

In addition to the capacitive current, anodic and cathodic peaks of FcCAR at 0.373 

V and 0.312 V (vs. Ag/AgCl), respectively, are observed in the CVs of the bare and 

MWCNT-CD modified electrodes (Figure 5.24). These values did not shift due to 

the modification strategies.  

The peak currents vary linearly with the scan rate, indicating that the redox process 

is due to redox species confined on the surface of MWCNT-CD (Figure 5.25). The 

anodic and cathodic peak currents obtained on MWCNT-CD/SPCE were higher 

than those on bare SPCE, indicating better electrochemical activity toward this 

molecule. The best resolved response for FcCAR was obtained on the MWCNT-

CD/SPCE compared to the SPCE.  

DPV studies for FcCAR require further experimental investigation, due to a change 

in shape that occurs on MWCNT-CD/SPCE. This is more pronounced in the anodic 

peak, as can be observed in Figure 5.26 (a). Therefore, the intriguing nature of the 

Fc/Fc+ moiety of the FcCAR probe could give rise to interactions on the MWCNT-

CD/SPCE, which are currently unexplored.  
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Figure 5.24. CVs of FcCAR (1 mmol L-1) in KCl (0.1 mol L-1) aqueous solution 

obtained on bare SPCE (dashed line) and MWCNT-CD/SPCE (pH = 7.0 and at 

room temperature). Scan rate: 0.1 V s-1.  
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Figure 5.25. Dependence of anodic and cathodic peak currents of FcCAR with 

scan rate observed on MWCNT-CD/SPCE in KCl (0.1 mol L-1) aqueous solution.  
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 (b)  

Figure 5.26. (a) Anodic and (b) cathodic peak currents of FcCAR (1 mmol L-1) in 

KCl (0.1 mol L-1) aqueous solution on bare SPCE (dashed line) and MWCNT-

CD/SPCE (solid line) (pH = 7.0 and at room temperature). Scan rate: 0.1 V s-1.  
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Electrochemical measurements were performed as titrations in KCl (0.1 mol L-1) 

aqueous solution containing FcCAR by addition of Hg2+ solution, previously 

prepared in MOPS buffer (pH = 7.0). The resulting voltammograms from CV and 

DPV on MWCNT-CD/SPCE are depicted in Figures 5.27 and 5.28. In the latter, 

the peak currents of free FcCAR are neglected.  

No deposition phenomena were observed. The FcCAR peak currents decrease 

linearly as the Hg2+ concentration increases, qualitatively amplifying the 

electrochemical signals and also indicating a good affinity of the molecule for 

mercury. This aspect is better clarified in Figure 5.29, which shows the dependence 

of the anodic peak of FcCAR vs. Hg2+ concentration on SPCE and MWCNT-

CD/SPCE, highlighting a good response and amplification of the signal on the 

modified electrode surface. 
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Figure 5.27. CVs of FcCAR (1 mmol L-1) in KCl (0.1 mol L-1) aqueous solution, 

titrated with Hg2+ on MWCNT-CD/SPCE and at room temperature (pH = 7.0 and 

scan rate: 0.1 V s-1. 0.5 ≤ CM mmol L-1 ≤ 3).  

 



189 

 

0.2 0.3 0.4
0

1×10-5

2×10-5

3×10-5

C
u

rr
e

n
t 

(A
)

E(V) vs. Ag/AgCl 

 FcCAR:Hg (1:0.5)

 FcCAR:Hg (1:1)

 FcCAR:Hg (1:1.5)

 FcCAR:Hg (1:2)

 FcCAR:Hg (1:2.5)

 FcCAR:Hg (1:3)

 

(a) 

0.2 0.3 0.4 0.5

-3×10-5

-2×10-5

-1×10-5

0

C
u

rr
e

n
t 

(A
)

E(V) vs. Ag/AgCl 

 FcCAR:Hg (1:0.5)

 FcCAR:Hg (1:1)

 FcCAR:Hg (1:1.5)

 FcCAR:Hg (1:2)

 FcCAR:Hg (1:2.5)

 FcCAR:Hg (1:3)

 

(b) 

Figure 5.28. (a) Anodic and (b) cathodic peak of FcCAR (1 mmol L-1) in the 

presence of Hg2+ in KCl (0.1 mol L-1) aqueous solution on MWCNT-CD/SPCE and 

at room temperature (pH = 7.0, 0.5 ≤ CM mmol L-1 ≤ 3). 
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Figure 5.29. Dependence of anodic peak of FcCAR (1 mmol L-1) vs. Hg2+/ mmol  

L-1 in KCl (0.1 mol L-1) aqueous solution on SPCE and MWCNT-CD/SPCE, and at 

room temperature (pH = 7.0, 0.5 ≤ CM mmol L-1 ≤ 3). 

 

 

5.7 Final remarks and future perspectives  

The synthesis of the two CAR derivatives allowed them to be studied and evaluated 

as potential sensors. However, while a voltammetric approach has been efficiently 

feasible on FcCAR, it has not been so on PyCAR, as the latter gives rise to dimeric 

species in aqueous solution, which can easily drop off on the SPCE surface. Rather, 

the pyrene-based compounds show high quantum emission yields, which can be 

easily monitored by the functional groups modification [146]. Therefore,  

- the PyCAR should be investigated by fluorimetric techniques. This study, 

though, disregards this thesis, where only the UV-Vis spectrophotometric 

analysis on PyCAR is debated. 

- On the other hand, UV-Vis spectrophotometric measurements were also 

performed, as titrations, on the FcCAR. 
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- The resulting UV-Vis spectra highlighted the Absorbance vs. Concentration 

and ε of the two CAR derivatives, that are PyCAR and FcCAR, and their 

complex species investigated. 

- Moreover, the latter was qualitatively studied by voltammetric techniques 

in order to assess its sensing properties. Other aspects, including 

quantitative determination and electrochemical characterization, need 

further study. 

 

 

5.8 MATERIALS AND METHODS 

 

Synthesis of ferrocenyl-carnosine (FcCAR) 

A solution of ferrocenecarboxylic acid (1) (655.0 mg; 2.85 mmol) and NHS (360.0 

mg; 3.13 mmol) in 30 mL of anhydrous THF was added to a stirring solution of 

DCC (603.8 mg; 2.93 mmol) in 10 mL of THF. The mixture was stirred at room 

temperature (r.t.) for 24 h, the brown solid was removed by filtration and the 

organic solvent was evaporated, to give (2). The chemical structure and the purity 

of (2) were confirmed by 1H NMR analysis and compared with the literature data 

[159]. The ferrocenyl intermediate (2) (821.0 mg; 2.50 mmol) was dissolved in 

DMF (25 mL) and slowly added, under stirring, in an ice bath, to a CAR (678.9 

mg; 3.0 mmol) and NaHCO3 (210.3 mg; 2.50 mmol) H2O/DMF (1:1) solution. The 

reaction mixture was stirred at room temperature for 20 h. The solvent was 

evaporated under vacuum, and the brown solid was purified by crystallization from 

water/acetone to obtain (3) in an overall yield of 64%.  

  



192 

 

 

Chapter 6 

 

L-Carnosine (CAR) in removal procedure 

 

6.1 General aspects 

In this work, the bivalent metal ion complexing and sequestering abilities of CAR 

in aqueous solutions were extensively explored and exploited. The outstanding 

complexing ability of CAR toward potentially toxic metal cations was firstly 

investigated for analytical applications.  

Heavy metals are inorganic pollutants with long-range persistence and -transport, 

and marked toxic properties [160]. They and their by-products are also resistant to 

chemical, photolytic and biological biodegradation and tend to bio-accumulate and 

bio-magnify in aquatic ecosystems [160]. Among heavy metals, lead is one of the 

most toxic even at low concentrations [135, 161], and because of its massive 

impact in the environment, many attempts have been made to study Pb2+ sensors 

[45].  

Lead and its byproducts are released into the soil, air, and aquatic environments 

from manufacturing, anthropogenic and industrial activities, reaching ground- and 

surface waters. Lead-toxicity is particularly harmful to aquatic and human life 

because the metal is difficult to metabolize and tends to non-biodegrade and bio-

accumulate [134-136, 160]. Therefore, its actions target most organs (in particular, 

liver, heart and kidney [34, 126, 138]), and the endocrine, reproductive and 

hematological systems [126, 135, 136]. Lead-toxicity can also have dangerous 

effects on brain development, giving rise to a slower nerve conduction velocity and 

behavioral problems in childhood [135]. As a consequence, lead has been classified 
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as a feasible human carcinogen by the International Agency for Research on 

Cancer (IARC) and US Environmental Protection Agency (USEPA), that settled its 

action level at 15 μg/L in drinking water [135]. Health Canada also determined that 

the maximum acceptable concentration (MAC) of lead in drinking water is 5 μg/L, 

based on the principle of “as low as reasonably achievable” (ALARA) [135]. The 

European Community Directive and the World Health Organization (WHO) set 

that the MAC of lead in tap water is 10 μg/L [135]. Literature data reported various 

methods for the Pb2+ removal from aquatic systems, such as chemical precipitation, 

coagulation-flocculation, ion-exchange, sedimentation, membrane separation, 

adsorption, reverse osmosis, electrodialysis, solid phase microextraction (SPME), 

chelating ligands [135, 162-166]. Among all of them, adsorption is one of the most 

common methods to remove contaminants from wastewater due to its application 

feasibility and higher effectiveness [135]. This physical, chemical and biological 

process is based on boundaries between two different phases and, in particular, 

occurs when molecules of the analyte in an aqueous solution are distributed on the 

surface or porous space of a solid material [167]. In this way, they are the adsorbate 

and adsorbent, respectively. The adsorption phenomena depend on several factors, 

such as the structure, quantity, nature, physico-chemical properties of an adsorbent, 

as well as the pH, concentration and temperature of the solution. Each parameter 

and its effects on adsorption phenomena must be investigated. In particular, pH 

plays a key role in these processes because it can influence the solubility, 

ionization and chemistry of the adsorbate, which represents the extracted 

contaminants under study. In general, ideal adsorbent materials should have a 

regular and large specific surface area, high porosity to increase adsorption 

capacities, high selectivity, fast kinetics, good mechanical, thermal and chemical 

stabilities, non-swelling properties and non-toxicity. They should also preferably be 

low-cost, available and abundant in nature adsorbents, with easy to use and process 
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[135, 162, 165]. A great variety of natural and synthetic adsorption materials were 

investigated and used in water treatment for metal ion removal [135, 167].  

In this thesis, a commercial hydrophilic Thermo Scientific UltraLink Biosupport 

was employed. In more detail, it is an enduring, preactivated porous resin, 

consisting of a beaded-polyacrylamide/azlactone copolymer, that is charge-free, 

slightly hydrophobic in its active form, and highly cross-linked [168]. “Azlactones” 

is the classical term for oxazolones or oxazol-5-(4H)-ones, which consist of five-

membered heterocycles with one nitrogen and two oxygen atoms [169]. They play 

a key role in the synthesis of tiny chemical molecules, such as amino alcohols, 

amino acids, thiamine, amides, peptides and polyfunctional compounds. The 

resulting derivatives have various biological and pharmacological activities and can 

also be used as immunomodulatory, biosensors, heterocyclic precursor or as 

devices for proteins [169]. The reactivity of oxazolones depends on the substituents 

present at the C-2 and C-4 sites. For instance, the rate of the ring-opening reaction 

of oxazolones decreases as the electron-donor nature of the phenyl ring substituent 

at the C-2 position increases [169]. The chemistry of oxazolones is intriguing 

because of their propensity to undergo a ring-opening reaction, whose active sites 

in a saturated one are depicted in Figure 6.1.  

 

 

Figure 6.1. Active sites of a saturated oxazolone. 

 

The saturated polyacrylamide/azlactone copolymer (AZ), (2) in Scheme 4, was 

chosen as an ideal support to covalently linked the CAR molecule, since this 

specific resin is able to covalently bond primary amine biomolecules [168], 
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proteins and amine-containing ligands through a ring-opening reaction [170, 171], 

as above-mentioned. In particular, this coupling reaction results in stable amide 

bonds without toxic chemical by-products. Scheme 4 shows the synthetic scheme 

between CAR (1) and AZ (2) to produce the CAR-based resin named AZCAR (3). 

The adsorption capacity of AZCAR was investigated under conditions simulating 

the ionic strength and pH of different natural waters. However, this study was 

performed on the basis of the previous thermodynamic investigation reported in 

Chapter 4. In fact, considering that the adsorption processes depend on the pH, 

concentration, composition, ionic strength and temperature of the solution 

containing the adsorbent under study, defining the speciation of the Pb2+-CAR 

system was very useful in predicting the behavior of lead. Furthermore, the 

potentiometric study, performed in different ionic strength and temperature ranges, 

was useful to define and evaluate the best conditions under which the molecule 

shows the greatest complexing capacities. In regard to the speciation model, the 

possibility of using CAR in removal techniques for Pb2+ was assessed by 

determining the pL0.5. A sequestration diagram is reported in Figure 6.2 under 

certain ionic strength and pH conditions simulating natural fluids. This profile 

clearly describes the highest sequestering ability of the CAR toward Pb2+ in ionic 

strength and pH conditions of sea waters (curve 1), blood (curve 2), and freshwater 

(curve 3). In the last case, CAR shows the lowest sequestering ability toward Pb2+. 

The pL0.5 value was also calculated keeping the ionic strength and pH constant one 

at a time in order to evaluate whether the effect was due to one or both of the 

experimental parameters. The results show that the pH has a greater influence on 

the sequestering ability, while the ionic strength variation provides a lesser effect. 

In fact, a slight decrease in the sequestering capacity occurs as the ionic strength 

increases. These impressive results turned out to be extremely useful for planning 

and reducing the number of experimental measurements for batch tests and for 

optimizing removal procedures. 
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Figure 6.2. Sequestration diagram of CAR (L) toward Pb2+. 

Experimental conditions: 

1) pH = 8.1, I = 0.7 mol L-1 and T = 298.15 K, 

2) pH = 7.4, I = 0.15 mol L-1 and T = 310.15 K, 

3) pH = 5, I = 0.001 mol L-1 and T = 298.15 K. 

 

Figure 6.3. Sequestration diagram of CAR (L) toward Pb2+.  

Experimental conditions:  

1) pH = 8.1, I = 0.001 mol L-1 and T = 298.15 K, 

2) pH = 8.1, I = 0.7 mol L-1 and T = 298.15 K, 

3) pH = 5, I = 0.001 mol L-1 and T = 298.15 K, 

4) pH = 5, I = 0.7 mol L-1 and T = 298.15 K. 
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6.2 Spectrophotometric apparatus and CAR determination 

Spectrophotometric determination of CAR was performed in aqueous solutions 

using a Varian Cary 50 UV-Vis spectrophotometer, described in Chapter 2. 

Spectrophotometric determination of the CAR molecule at its maximum absorption 

(λ = 209 nm) was carried out. To obtain a broad linear range, Absorbance vs. 

Concentration, spectrophotometric measurements on standard CAR solutions were 

performed under different pH conditions (pH = 2.5 for HCl, pH = 7.0 for Phosphate 

Buffer (PB), pH = 10.0 for NaOH). The best results were acquired in acidic 

environment with a linear range between 2 and 50 µmol L-1 CAR concentration.  

 

 

6.3 Voltammetric apparatus and Pb2+ detection 

Electrochemical measurements were performed in KCl (0.1 mol L-1) aqueous 

solutions and at room temperature. The PC-controlled electrochemical workstation, 

described in Chapter 2, with the three-electrode cell configuration (Metrohm 

DropSens Screen-Printed electrodes (SPEs), DRP-DSC4MM 72098), connected to 

the Autolab potentiostat-galvanostat type III (Eco Chieme) with an IME663 

interface, was used. The Screen-Printed Carbon Electrodes (SPCEs) employed are 

also described in Chapter 2. They were polished with distilled water (conductivity 

< 0.1 μS cm-1), plunged in H2SO4 solution (0.1 mol L-1) and under a stream of 

nitrogen, before each measurement. The Differential Pulse Voltammetry (DPV) 

technique was used with the following conditions: Pb2+ electrodeposition potential: 

-0.6V, electrodeposition time: 45 s, scan rate: -0.6 ≤ E/V vs. Ag/AgCl ≤ -0.2 V, 

potential step: 20 mV, amplitude: 25 mV. 
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6.4 CAR-Thermo ScientificTM UltraLinkTM Biosupport coupling reaction  

A solution of CAR (1) (0.002 g, 86.25 μmol) and Thermo ScientificTM UltraLinkTM 

Biosupport (2, AZ) (0.250 g, 57.5 μmol) was kept in touch in PB (pH = 7.0), under 

constant and mild agitation. After 4h, the solution was centrifuged (1500 rpm for 

20 min), in order to separate the solid aggregates from the supernatant, and 

separated. The obtained white compound (3), AZCAR, was washed with PB and 

dried at room temperature. To determine the amount of grafted CAR (μmol), the 

supernatant was diluted and unbounded CAR determined by UV-Vis analysis.  

The conjugation of CAR (1) on the AZ (2) exploited the high reactivity of the 

azlactones grafted on the polymer backbone toward nucleophiles (i.e., primary 

amines) by a ring-opening addition reaction [172] (Figure 6.4). The coupling 

reaction, leading to AZCAR (3), was carried out under different experimental 

conditions, such as AZ:CAR ratio (from 1:1 to 1:1.5), reaction time (from 2 to 6 

hours), and with or without the addition of an eluotropic salt (i.e., sodium citrate). 

The best coupling efficiency (78.3%) was obtained using the 1:1.5 AZ:CAR ratio 

for 4 h in the absence of eluotropic salt. The amount of grafted CAR was calculated 

by difference between the initial CAR concentration and the residual one in the 

supernatant after the coupling reaction. As above-mentioned, the efficiency 

coupling percentage was 78.3% and the actual loading was 0.6 wt %. 

Compounds (1)-(3) were characterized by using the PerkinElmer simultaneous 

Thermal Analyzer STA6000, from 30 to 500 °C, scan rate 20°/min, N2 as purge gas 

(flow rate 40 ml/min). 
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Scheme 4. Schematic representation of the coupling reaction between CAR (1) and 

AZ (2).  

 

Clear evidence of CAR grafted on AZ was proven by thermogravimetric analysis 

(TGA) under inert atmosphere with linear heating, differential scanning 

calorimetry (DSC) and differential thermal analysis (DTA) (Figure 6.4).  
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Figure 6.4. (a) TGA, (b) DSC and (c) DTA profiles of CAR, AZ and AZCAR 

compounds.  
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According to the literature [173], the initial thermal decomposition of CAR was 

detected at about 268 °C, then a continuous weight loss (~ 53%) was observed up 

to 300 °C (Figure 6.4 (a)). AZ and AZCAR exhibited a similar TGA profile with a 

first thermal step (~ 20 wt %) from 30 to 100 °C and a second event from 280 to 

400 °C, corresponding to an additional 32 wt % and 37 wt %, respectively. The 

highest weight loss of AZCAR clearly indicated a change in the thermal stability of 

the polyacrylamide/azlactone copolymer after CAR grafting. In the DSC profiles 

(Figure 6.4 (b)), CAR revealed an endothermic peak at 280 °C, corresponding to 

the melting point as reported in the literature [173], and a second one at 351 °C. 

Moreover, DSC analysis on AZ and AZCAR showed two different trends with two 

endothermic ones at 338 °C and 366 °C for AZ and an exothermic peak for 

AZCAR at 351 °C. Similar behavior is observed in the DTA profiles shown in 

Figure 6.4 (c). 

 

 

6.5 Batch adsorption study  

The adsorption capacity of AZCAR toward Pb2+ was investigated depending on the 

contact time (hours) between adsorbent and adsorbate, initial concentrations (mg  

L-1) of adsorbate, amount (mg) of adsorbent, pH and ionic strength (mol L-1). All 

adsorption experiments were performed at room temperature by placing a weighted 

amount (10 to 30 mg) of the AZCAR adsorbent material in an Erlenmeyer flask 

containing Pb(NO3)2 (30 to 70 mg L-1) in KNO3. This salt was used to fix the ionic 

strength (0.001 ≤ I ≤ 0.7 mol L-1) and the MOPS buffer to fix the pH (6.5 ≤ pH ≤ 

7.9). Higher or lower pH values were adjusted by adding small aliquots of standard 

NaOH or HNO3 solutions, respectively. The solutions were mildly stirred (150 

rpm) for the prefixed time using an orbital mixer (IKA·HS 260 basic) before 

measuring Pb2+ concentrations (mg L-1) in the supernatant by DPV. 
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The first phase of the adsorption study concerned the assessment of the time 

required to reach equilibrium between adsorbent and adsorbate. For this purpose, 

20 mg of AZCAR was put in contact with a solution (26 mL) containing Pb2+ (30 

mg L-1), at pH = 5.9 and I = 0.15 mol L-1. The amount of Pb2+ remaining in the 

solution was measured at prefixed times.  

The adsorption capacity and removal rate (%) were calculated through the 

following reactions:  

𝑄 =
(𝐶0 − 𝐶𝑓)𝑉

𝑆
 (4.1) 

𝑅% =
(𝐶0 − 𝐶𝑓)100

𝐶0
 (4.2) 

 

where C0 and Cf (mg L-1) are the initial and final concentrations of the Pb2+ 

solutions, respectively. In equation (4.1), V (mL) is the volume of the solutions and 

S the amount (mg) of adsorbent. 𝑄 and 𝑅% values of the above-mentioned solution 

(26 mL), containing AZCAR and Pb2+ (30 mg L-1), are given in Table 6.1. The 

trend of removal rate (%) vs. contact time (h) is shown in Figure 6.5. As can be 

seen, the 𝑅% values increase in the first 24 hours, and then remain constants. This 

test was repeated by varying the initial conditions (20 mg of AZCAR, 50 mg L-1 of 

Pb2+, pH = 8.1, I = 0.7 mol L-1), as described in Table 6.1. Once again, 24 hours 

was sufficient to achieve equilibrium between adsorbent and adsorbate. Therefore, 

all subsequent tests were performed by keeping AZCAR and Pb2+ in contact for 24 

hours.  

In regard to the speciation study and assessment of the sequestering ability of the 

Pb2+-CAR system under different ionic strength and temperature conditions, widely 

described in Chapter 4, it was possible to precisely reduce the experimental 

measurements for batch tests. The different experimental parameters, pH, ionic 
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strength, amount of adsorbent and concentration of the adsorbate, were taken into 

account each time.  
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Figure 6.6. Removal rate % vs. contact time of the AZCAR toward 

Pb2+.  

Experimental conditions:  

(■) 20 mg AZCAR, 30 mg L-1 Pb2+, pH = 5.9 and I = 0.15 mol L-1, 

  (●) 20 mg AZCAR, 50 mg L-1 Pb2+, pH = 8.1, I = 0.7 mol L-1 

 

In the first set of measurements, the pH was ranged from 5.5 to 9.1. As expected 

from previous speciation studies, an increase in pH resulted in a significant growth 

in the removal efficiency of AZCAR, with the 𝑅% value that varies from 64.0 (at 

pH = 5.52) to 99.4 (at pH = 9.12).  

The ionic strength range (0.001 ≤ I/ mol L-1 ≤ 0.7) provides an opposite and less 

significant effect on the absorption capacity of the adsorbent. Therefore, a decrease 

in R % from 99.0 to 90.8 is observed as the ionic strength increases. The adsorption 

capacity of AZCAR is almost constant as its amount increases. This important 
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aspect highlights that the available active sites of AZCAR can be fully used at a 

low dosage at 7.75 ≤ pH ≤ 8.78 and I = 0.15 mol L-1. The adsorption capacity of 

the adsorbent enhances as the adsorbate concentration increases. In this case, the 

𝑅% value ranges from 31.7 (at the lowest concentration of Pb2+ (30 mg L-1) to 99.5 

(at 70 mg L-1 of Pb2+) at a given ionic strength (I = 0.7 mol L-1) and pH (7.33). For 

instance, by changing both ionic strength (I = 0.15 mol L-1) and pH (5.60) 

parameters, the adsorption capacity of AZCAR decreases to 21.0, despite the high 

concentration of Pb2+ (80 mg L-1). The last two results were obtained by varying 

the adsorbent:adsorbate ratio and pH.  

In addition, considering that the cost of polluted water decontamination can be 

reduced by trying to recycle the adsorbent material, desorption experiments were 

useful to evaluate its possible reuse. Indeed, since the low adsorption ability of 

AZCAR occurred for pH < 6.0, desorption tests were performed on samples 3 and 

4, using HNO3 up to pH ≈ 4.0. The metal resulted totally released in the solution. 

Therefore, to check the reuse capacity, the pH of the solutions was brought back to 

the starting one and the adsorption capacity was checked after 24 hours. These 

laboratory experiments were successfully managed, and AZCAR showed 

outstanding reuse capacity after the first cycle with negligible decrease in removal 

efficiency. Therefore, it can be considered a suitable adsorbent material for the 

effective Pb2+ removal from contaminated natural waters.  
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Table 6.1. Batch adsorption results. 

Sample  
n. 

Contact 

time 
(hours) 

V 

solution 
(mL) 

AZCAR 
mg 

C0 

(Pb2+) 
mg L-1 

pH I 
mol L-

1 

Cf 

(Pb2+) 
mg L-1 

Q R% 

1 3 26 20 30 5.9 0.15 22.0 10.4 26.7 
 6      18.2 15.3 39.3 

 12      15.5 18.9 48.3 

 21      14.5 20.1 51.7 

 24      14.9 19.6 50.3 

 26      15.2 19.2 49.3 

 30      14.9 19.6 50.3 

 46      15.2 19.2 49.3 

 48      14.8 19.8 50.7 

          
2 3 20 20 50 8.1 0.7 34 16 32 
 6      24 26 52 

 12      15 35 70 

 21      475 45.3 90.5 

 24      4.6 45.4 90.8 

 26      5 45 90 

 30      4.85 45.1 90.3 

 46      4.95 45 90.1 

 48      4.8 45.2 90.4 

          
3 24 20 20 50 5.52 0.7 18 32 64.0 
4 24 20 20 50 8.10 0.7 4.6 45.4 90.8 
5 24 20 20 50 9.12 0.7 0.9 49.1 98.2 
          

6 24 20 20 50 7.32 0.001 0.5 49.5 99.0 
7 24 20 20 50 8.50 0.15 0.6 49.4 98.8 
4 24 20 20 50 8.10 0.7 4.6 45.4 90.8 
          

8 24 20 10 50 7.75 0.15 0.6 98.8 98.8 
9 24 20 20 50 8.50 0.15 0.6 49.4 98.8 
7 24 20 30 50 8.78 0.15 0.3 33.1 99.3 
          

10 24 20 20 30 6.99 0.7 20.5 9.5 31.7 
4 24 20 20 50 8.10 0.7 4.6 45.4 90.8 

11 24 20 20 70 7.33 0.7 0.35 69.7 99.5 
          

12 24 11 20 80 5.60 0.15 63.2 9.2 21.0 
13 24 20 30 30 8.30 0.15 0.4 19.7 98.6 
14 24 26 20 30 6.99 0.15 14.9 19.6 50.3 
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6.6 Final remarks and future perspectives 

The speciation study performed on the Pb2+-CAR system turned out of great 

importance in this thesis. The results, concerning the complexing and sequestering 

abilities of CAR toward the toxic metal cation, are described in Chapter 4 and 

exploited here.  

Taking advantage of simulations of CAR sequestration, a CAR-based resin 

(AZCAR) was synthetized. The adsorption capacity of AZCAR was found to be 

mainly affected by the pH effect, with respect to the ionic strength and amount 

variations, confirming the trend obtained with the speciation studies.  

This was employed to apply CAR molecule in an emerging analytical purpose, 

which regards the removal of heavy metals, such as Pb2+, from natural waters. This 

budding aspect is given by the staggering growth and bioaccumulation of 

environmental pollutants, as the lead, and the main need to use natural materials for 

its removal from aquatic ecosystems.  

However, the promising results reported in this Chapter need to be augmented by 

more thoroughly investigating desorption processes and possible reuse, as well as 

adsorptive capacities against other metals. 
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Chapter 7 

 

Conclusions and future perspectives 

 

Since the 1950s, an exponential number of studies have been published on the 

structure, role, function, and biological activity of carnosine under different 

experimental and clinical conditions. Further progress is needed to fully unveil the 

broad therapeutic potential of this dipeptide, to determine consequently how 

bioavailability is related to routes of administration, dose, and duration of treatment 

[9].  

The comprehensive speciation study disclosed in this thesis could be of 

fundamental help in understanding the bioavailability of carnosine and its complex 

species under different conditions of ionic strength and temperature. The 

thermodynamic behavior of carnosine was analyzed by a synergistic combination 

of experimental techniques and supplemented by computational methods. 

Considering the therapeutic potential of this intriguing dipeptide, this detailed 

investigation of its acid-base properties provides a useful description of the 

different species in which it is distributed under conditions simulating natural 

systems.  

On the basis of the speciation study, thermodynamic interaction parameters of 

carnosine and bivalent metal cations (M2+) were explored over a wide range of 

ionic strength (0.1 ≤ I/ mol L-1 ≤ 1) and temperature (288.15 ≤T/K ≤ 310.15). 

Potentiometry was the main analytical technique used for these speciation studies 

in NaCl aqueous solutions, sometimes supported by UV-Vis spectrophotometry, 1H 
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NMR and MS. In this way, structural information and coordination modes of the 

complex species were obtained. Sequestering ability of carnosine toward the metal 

cations was also assessed in conditions simulating physiological (pH = 7.4 and I = 

0.15 mol L-1) and seawater (pH = 8.1 and I = 0.7 mol L-1) ones. 

This exhaustive analysis made it possible to establish the best conditions of ionic 

strength and temperature under which the subsequently synthetized carnosine 

derivatives could be used. In fact, the easily modified carnosine molecule yielded 

the following two amide-containing products:  

i) ferrocenyl-carnosine (FcCAR), 

ii) pyrene-carnosine (PyCAR). 

Both compounds were studied by potentiometry and UV-Vis spectrophotometry in 

NaCl aqueous solution at I = 0.15 mol L-1 and T = 298.15K. In this way, their acid-

base behaviors were defined and compared with that of the progenitor carnosine. 

The complexing ability of FcCAR and PyCAR was also investigated toward Zn2+, 

Cd2+, Hg2+ and Pb2+ by UV-Vis spectrophotometry. Zn2+ and Cd2+ gave weak 

interactions with FcCAR and PyCAR, and, therefore, were not further considered.  

The former, FcCAR, was investigated electrochemically as a metal probe. In 

particular, it was tested with respect to Mn2+, Cu2+, Hg2+ and Pb2+. Promising 

results were obtained for the Hg2+-FcCAR system on Screen-Printed Carbon 

Electrodes (SPCEs), on which a strategic modification was advanced to improve 

electrochemical performance. For this aim, MultiWalled CarbonNanotubes 

modified with cyclodextrins (MWCNT-CD) were used. This approach resulted in 

increased peak currents. However, further investigation is needed to evaluate 

possible interference with other metal cations or the type of interactions between 

FcCAR and MWCNT-CD. 

The second analog, PyCAR, was designed as a luminescent metal sensor. To date, 

however, only a UV-Vis spectrophotometric study in NaCl aqueous solutions at I = 



209 

 

0.15 mol L-1 and T = 298.15 K has been performed to evaluate the strength of 

interactions with metal cations. 

Furthermore, carnosine (CAR) was grafted on a commercial 

polyacrylamide/azlactone copolymer (AZ) and the resulting carnosine-based resin, 

AZCAR, was used for Pb2+ removal, showing good removal efficiency under 

conditions simulating natural waters.  

Finally, we are critically considering the aforementioned key points for future 

perspectives, including: 

i) Exploiting the physicochemical properties of FcCAR and PyCAR to 

synthetize fluorescent metal nanocluster (NCs) as potential organic dyes 

in bio-imaging [174].  

ii) Evaluating the adsorption capacity of AZCAR with respect to other 

heavy metals. 

The therapeutic potential of carnosine is widely described in the literature, even if 

its pharmaceutical use is limited by the degrading activity of human carnosinases, 

which greatly reduces the carnosine bioavailability [9]. Carnosine is a nontoxic and 

well-tolerated dipeptide with no known drug interactions or perilous side effects. In 

this scenario, different administration routes have also been tested, including 

intranasal, oral, intracerebroventricular, intraperitoneal, intravenous, intralateral 

cerebroventricular, intravitreal, intragastric, and intrathecal. The oral and 

intraperitoneal routes are the most widely used [9]. Interestingly, the antioxidant 

role of carnosine has also been tested in cataracts [175]. Currently, the only 

treatment for cataracts is surgical removal and subsequent replacement of the 

natural lens with an artificial one. Therefore, non-invasive techniques and potential 

drugs, as eye-drops, are needed for the treatment of cataracts. For this purpose, 

carnosine has also gradually drawn attention, so much so that it is considered an 

ideal candidate for ophthalmic therapy. However, carnosine is unable to penetrate 

into the eye as an eye-drop [175, 176]. 
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To overcome these issues regarding the bioavailability of the dipeptide in 

biological tissues, several attempts have been done and new strategies are emerging 

in the literature [3, 9]. Some of these methods have already involved combining 

carnosine with other molecules or replacing it with carnosine-like properties 

compounds, such as anserine [22, 101, 177], N-acetyl-carnosine (NAC) [175, 176], 

a naturally occurring L-carnosine enantiomer, D-Carnosine and a reduced L-

carnosine derivative, that is carnosinol [23, 177, 178].  

Regarding drug delivery, laboratory experiments are underway to study the 

interactions between carnosine and amphiphilic cyclodextrins. In this scenario, 

combining carnosine with other molecules could also be helpful in conveying the 

actions of human dipeptidases and favoring the transport of carnosine in biological 

tissues with high metal content. Carnosine may act as a metal sequestering agent.  

Finally, chemical derivatization of carnosine is a promising approach to obtain 

carnosinase-resistant therapeutic molecules. The dipeptide was modified either at 

the level of the amino group of the β-alanine residue or at the level of the carboxyl 

group of the L-histidine, depending on the importance of these two groups for the 

bioactivity [3] 

In confirmation, considering that Mass Spectrometry has shown that carnosine 

interacts with some M2+ via the amino group of the β-alanine residue, we would 

like to pay attention to the carboxylic group of L-carnosine. It could be a skillfully 

modifiable target group to propose synthetic and clever carnosine derivatives, 

including for bio-sensing applications. 
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