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Aim of the work

L-carnosine is drawn attention as a bioactive dipeptidehasdbeerextensively
studied during the last years for its promising benefits for human Hdildnd
employed in several research fields, such adicime, cosmetigsnutraceuticals

and food additive$2, 3]. Albeit there is no clear evidence in the literatan the
specific physiological roles and mechanisms of action of carnosingpéstivity

seens to be strictly deperght on its own metal ion coordination abilif¢#]. The
antioxidant effect of carnosine could also be attributed to its high hydichi

and enhanced by its chelating properties, as it interacts with most bivalent and
transition metal cations, such as ¥MnFé&*, Co*, Ni?*, C#*, Zr?*, R/ and
Cd?*[5-7]. Advantageously, carnosine is also a heavy metal chejata8-10].
Therefore, this thesigocuses on this ambiguous dipeptide highlighting and
exploiting its chelating abilities toward metal cations, with the express purpose of
usingthis property for analyticapplications.

However,it is well known thaknowledge of the total metal conceritoa does not
sufficiently explainthe effect oimpact of an element in a multicomponent system
and, o 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 waan indepth speciation study on carnosinéNaCl aqueous
solutiors. The sudy was carried out under different conditionsiofic strength
(0.15 OOl Anoland temperature (288.15 O
UV-Vis spectrophotometry andH NMR spectroscopyExperimental data and
literature ones were combined to obtain a stanch speciation model and trustworthy
protoration equilibria valuedn addition,structuralinformation and fragmentation

pathways of carnosine werexplored by Matrix Assisted Laser Desorption



lonization Mass Spectrometry (MALDI MS) and tandeMass Spectrometry
(MS/MS) techniquesQuantummechanial calculations were also performed to
appreciate the protonation capabilities of functional gr¢@bspter 3).

Once the acibase properties of the dipeptide were defindgirmodynamic
interactions parameters with bivalent metal catiqi¥’*) were investigated,
together with their dependence on ionic strength and temperature. For this purpose,
a potentiometric study was performed ©&*, Mg?*, Mn?*, CW**, Zré*, CcP*, Hg?*

and PB*-carnosine systemsDetermination of the thermodynamic interaction
paraméers ( o,g bpG, pH, TtESW -carnesina coohpleneg was very
useful for predictive purposes and allowed to simulate the distribution of the
species in different real systemBurthermore, sequestering ability of carnosine
toward the metal cations urmdstudy was assessed in conditions simulatej
systems, such aghysiological (I = 0.15 mol £ and pH = 7.4) and seawater
(1=10.7 mol :* and pH = 8.1}olutions(Chapter 4)

During pandemic COVIELY, literature research on dipeptide electroactivity
intrigued me. However, the literature data related tovtiiammetricdetection of
carnosine are not wetlletailed and currently there is no clear evidence on its
electrochemical mechanisms. Therefore, several tests on carnosine by voltammetry
were perfomed during my research stay at thl#epartment of Chemical
Engineering of the Universitat Rovira i Virgili (Tarragona, Spain). This
investigation wasnainly performedusing bareScreenPrinted Carbon Electrodes
(SRCEs) and modifying themwith suitable mateals in order to improve
electrothvemical properties of carnosindélthough this study did noprovide
reproducible data neither on b&8BCEs nor on modified one# inputs the idea of
synthetizingmore electroactivecarnosine derivativesind studying tle sensing
capability toward metal cationsFunctionalization of carnosinevas readily
achievableas ithas multiple recognition groups, such as the imidazole ring, amino



and carboxylic groupsyhich 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 redmtive materials with interesting
electrontransfer propertiegl1, 12] (Chapter 5)

2) Conjugation of carnosine (CAR) with Pyrene (Py). The derivative, PyCAR, has
beendesigneds a possible fluorescent metal sensor (Chapter 5).

Analytical approach on FcCAR and PyCAR derivatives included:

i) Determination of the acidase behavior bypotentiometry andUV-Vis
spectroscopy in NaCl aqueous solusiat | = 0.15 mol ! and T = 28.15 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 sbwed a greater affinity toward BigandHg?*-FCCAR system

was used as model tstudy how to improve electrochemical performance.
Therefore, Multiwalled Carbon NanoTubes Modifiesith Cyclodextrins
(MWCNT-CD) dispersions were cast o8creerPrinted Carbon Hectrodes
(SRCEs).In thisway, an amplification of the peak current signalas achieved
(Chapter 5). Study on PyCAR using is stiigoing

3) Grafting of carnosine on a commercial polyacrylamide/azlactone copolymer
(AZ) and study of the resulting carnosibased resin, AZCAR, in the Pb
removal procedures under conditg simulating natural fluidsin this case,
preliminary speciation study onthe PW**-CAR system was helpful in
establishing the best conditions of pH, ionic strength and temper&diure
adsaption experiments The adsorption capacity of AZCAR toward #Plwas
studiedunderconditions simulatingheionic strength and pH ofariousnatural



waters and the best results were obtained at pH®ca7nd 0. 00 1200 | /
0.7 (Chapter 6).
Additional studies on further analytical applications have already been undertaken

in this thesis but some aspects remain to be evaluated.



Chapter 1

Introduction

1.1 Speciation

The term fAspeciationdo refers tphysitahe di
forms (isotopic composition, electronic or oxidation state, macromolecular
inorganic and organic complexes, organometallic compoundshich an element
occurs in a certain systefh3]. The speciation analysis is an analytical predbst
allowsto qualitatively identify and quantitatively determioencentration of one or
more individual chemicagbhysical specief solution[13]. Various species of an
element may differ in importance depending on the purpasesHhich a speciation
analysis is undertakenThe distribution of an element in different inorganic
compounds deeply affects its transport and bioavailability by determining its
properties, such as charge, solubility and diffusion coefficidrus, ths
methodology is crucial to better understand bioavailability, toxicity and
environmental impact of the chemical species of the involved elsnmeatsystem,
which are affected by important parameters or conditions. pH, temperature, ionic
strength, redox pettial andthe possiblgresence of organic or inorganic ligands
are just some of these aspects, which can give rise to vasiatitine systermand,

thus, in the behaviorof the moleculeunder investigation Furthermore, the
distribution of species a g/stemincluding both metal and ligardepend on their
concentrations and stoichiometry, as also those of the rescitimglex species

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

environmental chemistry, geand biechemistry[13].



Therefore, a speciation study can be crucial to assess the behavior pattern of a
chelating ligandoward metal cations in natural fluids (physiological system, fresh
and seawater é) and t o ferdigaradluse[ld.Ontheh e b e
other hand,a speciation stuydcan be pivotal to evaluatthe distribution and
transformation of pollutants iaquatic systems in order to improve and optimize
strategies for their removal from polluted watgls].

To perform anin-depth speciatio study, different analytical techniques can be
employed, including potentiometry (ISE"), UV-Vis spectrophotometry, Nuclear
Magnetic Resonance (NMR), voltammetry, spectrofluorimetry, calorimetry,
electrophoresis, Gas Chromatography (GC), High Performahoguid
Chromatography (HPLC), and hyphenated procedures too.

Titrations with acid or base monitored by potentiometric pH measursnant
different metal:ligand ratio are commonly used to determine complexes stability
constants[13]. The experimental data are commonly processed by befitting
computer programs, whicallow to determine equilibrium constants and the best
speciation model, chosen on the basis of some general criteria that are simplicity,
probability, statistical parameterformation percentages and comparison of the
data with the literature one¥knowing formations constants is important to
calculate theformation percentages or the rapffractiors of the species under
study and to simulatethe distribution of the speciess pH values in certain
conditions of ionic strength, ionic medium, temperature, concentration of the

ligand.



1.2 L-carnosine (CAR)

L-Carnosinereferred to a€AR in this thesis (Figure 1.1i5 a natural endogenous
dipeptide discoveretly Gulewitsch ad A mi r naotk gharb1i00 years ago as a
nonprotein and nitrogexontaining compound of megt, 8]. This moleculewas

isolated from minced meat and, thus,ook it s name, Afcarnos
caro, carnis, namely meaf9].

It is a watersoluble (partition coefficient, logP = -2.972 0.436) [16], and
histidine-containing dipeptide (HCD)17] with a molecular weight of 226.23 Da

[16].

HEN\/\g/N\:)LOH
=

N NH

Figure 1.1 CAR structure.

CAR, (2-[(3-aminopropanoyl)amined-(1H-imidazol5-yl)propanoic acid)[4], is
traditionally recognized ab-alanytL-histidine from the names of the precurso
amino acids covalently linkedl].

It and its analogs, homocarnosine, anserine, and ophidine/balenine, are widely
distributed in mammalian tissug. Among them, CAR is extensively studied for

its promising benefits for human healthor instance, it shows inflammation,
oxidation and glycosylation resistanesd chelating propertigd 8], which are the

focus of this thesis.



1.2.1 Distribution in the human body

Endogenic concentration of CAR is up to 20 mmdi ib skeletal muscles and
brain[18], where is particularly localized in the olfactory bulb2mmol %) [19]

and cortex[1]. To a leser degree, CARIis also present in cardiac muscles,
erythrocytes, kidney, skin, eye lens, stomach and gastrointestinal fdsded7,

20, 21]. Interestingly, brain, skeletadnd cardiac muscles show a very active
oxidative metabolisnjl, 22], and are the main target tissuwégecently 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 bramstill unclear

Before discussing the potential of CAR, its major metabolism and transport
pathways are described.

In the human bodythe concentration and distributioof CAR also depend on
gender, age and diefor instance male adults tend to havagher amountsf
CAR, and he elderliesenefit from minor levelasdo vegetariang23]. Its levels,
indeed,derive from dietary source#n particular, meat, fish and dairy products are
the main sources of CARy endogenous synthe$].

In skeletal muscles, kidney and brith], it is synthetized by the ATBependent
carnosine synthasenzyme ATPGD1, EC 6.3.2.1) [23] starting fromb-Alanine

and L-histidine amino acidsThis synthesis was first described in 19528 27].

For the most part (98 %), tlearnosine synthasglays a cytosolic activity23] in
skeletal and cardiac muscles, and in the olfactory bélthe brain,assisted by
Mg?* and ATP [1, 2]. This enzyme has a -rminal domain andvas first
molecularly identified by Drozak et.dl28] from chicken pectoral musclét was
found to be a homotetramer, whose native enzyme has a molecular #adda

[2].

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

b-Alanine is synthetized in the liver or can be obtained from the[dje23], L-



histidine is not synthetizede novoand, thus, its origin isxogenoug$l, 23]. Both

can also be obtainedby proteolysis of endogenous proteins aeddily taken up

from the circulation into the braimia amino acids transporters, present in the
blood-brain barrier (BBB)[1, 22]. In light of this,the local CAR synthesisoccurs

in the brain, oratherin olfactory neurons and glial cellparticularly in mature
oligodendrocytels|[1, 22]. CAR itself can cross the BBB, but most br&AR is
thought to be a product of it rovo synthesis lod&ed in specific areas of the
brain rather than the result of its penetragonosshe BBB[1, 22, 23].

In particular, brain CAR is widely used in neurons and astro¢$tesvhere, in the
latter, the dipeptide facilitates the export of lactate from cells, supplyetgbulic
suppat to neurons and axons throudbuffering protons[22]. Moreover, in
astrocytes, it leads to axonal regrowth of neurons undergoing ischemic ingyry an
thus, functioning as a therapeutic agent for bralated condition§23].

CAR can also modulate the glutamatergic system through thegytation 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 theprotoncoupled oligopeptide transporters (POTs) family, also
named solute carrier family 15 (SLC1%)]. Thesehighly specific oligopeptide
transportersare involved inintestnal adsorption of peptideREPT1and PEPT2
(oligopeptide transporter 1 and PHT1andPHT2 (peptide/histidine transporter 1

and 2) are the mammalian membeesponsible for the transport GAR and its
methylated analogs$n particular,PEPT1plays a key role in intestinand colonic
absorption of peptides and, being a peptide/proton cotransporter, its activity is
enhanced with dgower luminal/apicapH. PEPT2actsby transporting CAR into

the brain, where it monitors the peptide trafficking and brain homeo$ias].
Analogously, it can be involved thelungs and kidneyR23].



Regarding degradation, CAR is hydrolyzeddyyosolic norspecific dipeptidases
(CNDP), namedcarnosinaseqdCN) or b-Ala-His dipeptidass [1, 29, 30, first
proven and partially purified by Hanson and Smij@d] in 1949 from swine
kidney. In 1968, Perry et al[32] first described thetwo human hydrolytic
isoforms, whichbelong tothe M20 metalloprotease familg, 8, 9]:
- CNZ1, or serum carnosinaséCN1 or CNDP1;EC 3.4.13.2D[1], locdized

in plasma, serum and brdia3, 29]. Its narrow substrate spectrum allows it

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

expressed in the liver and oligodendrocyjtéls

- CN2 ortissue carnosinasgCN2 or CNDP2EC 3.4.13.18[1] localized at

the intracellular level andtrongly inhibited by bestatif29]. This hasa

wider substree specificity than CN1 andxhibits ubiquitous expression in

human tissuedut at very low levels in the brajd].
These metalloproteases are activated and/or stabilized by different [B88}alsor
instance, the formés probably catalyzed by two Zrions,andCN2 requiresMn?*
for its catalytic activityf1].
The greatest amount AR ( O  9i9l86alized in skeletal muscl¢®3], where it
has concentrations 1@ 10006fold higher than those predeim cardiac muscles,
andis also found 2fold higher concentrations in fastvitch fibers than in slow
twitch fibers, contributing to the physicochemical buffering of lactate, caused by
exercise,and including membranstabilizing [34]. Its highest concentrations in
skeletal muscldissues where CAR levels varfrom 5 to 10 mmol & in wet
weight and 1540 mmol kg' in dry weight[16], andthe lackof bioavailability of
CAR in serum (haHife in human serum < 5 mirj23] could be due to the presence
and activity of thecarnosinaseln fact, the latterapidly acts, decreasirtbe serum
levels of CAR and reducinigs clinical efficiencyand therapeutic usg¢23]. This
limitation could be overcome byining CAR with a transporter or versatile

molecule capable of protecting it frontarnosinasedegradation or by oral

10



supplementation ob-Alanine [23, 29]. This, along with the orally ingested
carnosine, can be practiced by athletics toraase the amino acids levels in
muscles and improve performance in exercise physio[a8y 22, 23]. Indeed,
since the pk value of the imidazole ring ofAR is close to 7.0, this moiety is
particularly involved in the regulatn of the hydrogen iotbuffering activity[7]. As
such it acts as a more effective pH buffer thanptegenitorhistidine[6, 19]. This

role was first proposed in 1938 by two independent gr¢2fs In addition toits

role as an exercise enhanc€@AR regulates calcium metabolism, decreasing
lactate accumulation and optimizing energy metabo[i8n22]. It is not onlyan
overthe-counter foodsupplement to improve muscle tolerance, but CAR is also
used as a component of cosmetics to exert its antioxidant araigamgi effectg9,

35]. In fact, it upgrades mitochondrial functions, limiting systemic inflammation
and oxidativestress[22, 24], andoral administration of CARs also useful for
preventing various oxidativleased disorders, including lung diseases, stroke; type
2 diabetes, cardi@scular, renal and neurodegenerative disgas8§).

Despite several studies describe @sthenic and neuroprotective properties of
carnosine, there is currently no solid evidennéts precise role in brain disorders.
Therefore, possible hypothessabout themechanisms and potential use of CAR in

the preventioror management dghese conditions arreported22].

1.2.2 Physiological properties and metal ion abilities

Growing interest coming from iwvivo and invitro studies has highlighted the
protective role of CAR on human diseases and aging, owing to its multimodal
mechanisms of action involving several pathways andmitsdtiple biological
functions, including antoxidation, antraggregant, aminflammatory, anti

glycation,anticarbonyl,antistres andantraging effectgl, 8-10, 25, 36].

11



Nevertheless, despiseveral 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 humari87]. However,in vitro
experiments are significant becae allow an indepth study of different
mechanisms of actioandgive importance to specific phenomena of a molecule,
which are difficult to reproduce iwivo [9]. For instance, iwitro studies reported

that CARselectivitycan restrict the proliferating process of carcinoma ¢a8s

An exponential growh of literature data haalso confirmed thaCAR can prevent

and suppress oxidative strg2%, 36], which is related to more than 200 disorders
and diseasegl, 24]. The man instances aretl@erosclerosis, hepatocellular and
renal tibular epithelial cells injuryrheumatoid arthritis and myelggaression9,

24], butit is also studied in the prevention and treatment of numerous chroric non
communicable diseases, such as lung, renal and cardiac disorders, diabetes and its
vascular developments, cancer, schizophrenia, osteoporosistamdcty10, 23,

36]. Interestingly, CAR is potergtily employed in brainrelated disorders, such as
auti sm, Al zhei mer 6s [la®d39.Prmafadt,iCARBcouddd s di
activate brain functiomithanks to its ability to cross the blobdain barrier (BBB),
reachthe bain and activate glial cell©On t he ot her hand, i n
CAR cauld act in the erythrocytesimiting the possible accumulatioand
misfolding of protein aggregates enricteed -syklclein (ASN). This could be due

to antiglycation propertiesf the dipeptide[23], which is also able to detoxify
catecholaldehydes involved in neurodegenerative diseases, as well as cardiac
complicatiors from ischemia and diabeti36)].

The therapeutic use of CAR as an antiammatory, atioxidant, antiglycation

and anticarbonyl molecule could also be attributable to its indirect action in the
activation of the Nrf2 transcription factor, which plays a key role in the

transcriptionof more than 200 genes, having an antioxidant respoleseent

12



(ARE) in the promoter regiofi, 36]. The Nrf2 activation could also elucidate the
antragingeffect of carnosine, as walkits ability to inhibit the formation ofantk
advanced glycation end productSGEs), in partiallar derived fronglyoxal (GO)
and methylglyoxal (MGQ) T h edgcarbonyls are the products of lipid
peroxidation, glycolytic oxidation and protein glycation aaldbng with AGEsare
the mediatorsof several chronic diseases, such as diabaibssity, arthritis,
cancer, atherosclerosis, pulmonary fibrosesurodegenerative diseaseging and
subsequent wrinkl€86].

The significant epithelializing and wound healing properti#sCAR make itan
effective and preveirtg antiaging compound4, 20]. In fact, it is used in age
related skin creams or cosmetic forntidas to awid or prevent wrinkle forming
[29, 4Q].

Focusing on the direct antioxidant activity AR, its role ascarbonyl quencér,
scavenger of reactive oxygen spedi@g®S) andeactive nitrogen species (Ri\is
known intheliterature[8, 9, 23, 36].

The term AROS) refers to a wide and reactive variety of molecules and free
radicals, endowed with massive harmful effects, physiologically derived from the
metabolism of molecular oxygefil]. CAR seems to be able to quenfiee
radicals,hydroxyl radicalsandsuperoxids [4, 17, 21], as well asingle molecular
oxygen|[25], hypochlorite anion and hypochlorous acid (HO[I). All of these
species are toxic and can modify proteins. In particular, HOCI deriving frgba H
and Clin mammalian cells, careactrapidly with theimidazole ring of CAR. This
results in an imidazole chloramine, which limits its oxidative activity of HQCI
CAR captures aldehydes, from tbeidation of lipids and sugarfsy a multistep
mechanismyhich involves theamino group antheimidazole ring, to give ris&
CAR-Reactive Carbonyl SpecieRCS covalent adducts and their metabolifés
23, 36]. CAR soméowr e a ¢ t smaloridialdehyde (MDA) byheformation of

the respective Nropenal adducvia Michael addition[36]. A recently detailed
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progress on the direantioxidant action o€CAR was experimentally discovered by
lhara et al [42]. A carnosine oxidation product, that isoo-carnosine, was
distinguished in ewivo conditions, or better in tissue homogenates and@,H
exposed cellsThis is produced by the formati of areactionof histidyl imidazole

and subsequent addition of molecular oxy@@®6], and is able to remowée lipid
oxidation byproductd1, 25]. Therefore, prticular attention is paid t@-oxo-
carnosineasit shows higher antioxidant activity than other common antioxidants,
such as glutathione and ascorlj&§ .

In addition to the prevention of the abeweentioned lipid peroxidation of
membrane lipids, CAR is also involved in the maintenanceedf membrane
structure and functions.

The high water solubility of CAR makes itself an excellent antioxidant defense
system in the cytosolic media, where sigrafit concentrations of oxidation
mediators, such as transition metals and ROS, d@@lir There, CARalso works

as a pH buffer, maintaining pblalance 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 tissug8, 17, 25, 43].

Finally, CAR is progressivelyarousinginterest for itsrelevant antglycant and
antioxidant properties, along witlts intriguing potenal antttumor and anti

apoptotic function$29].

The bioactivities of CAR are strictly related to coordination and complexatith
metal cationg20]. For instancethe anticarbonyl properties of the dipeptide could
be due to its own metahelating abilitie§36]. In fact, CARis composeaf three
ionizabke groups: the carboxylic grougie aminosegmenbf the b-alanine residue
and two nitrogen atoms of the imidazole ringAt physiological pH (7.42),

carnosineoccus mainly in a zwitterionic form, due to the presence of the carboxyl
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and amino groups ob-alanine in their ioized states[7]. In this condition,
Torreggiani ¢ al. [33], by means of Raman spectroscopy, descrthedexistence
of two tautomericforms (Figure 1.2)in equilibrium with each othereven if
Tautomer lis energetically more stable and, therefdres main specig(75%) at
pH 7.0and 90 [7].

0 0
H
N
HO / u‘? HO A 7
\5 N e NH \5 N
I/NHg lqu
Tautomer | Tautomer I

Figure 1.2 Tautomeric equilibrium of the imidazoting of CAR [7].

The tautomeric equilibriumdescribed by Boldyrev et dI7], is affected by metal
ion chelationjust as the physiological behaviand protecting propertiesf CAR
against oxidative stre446], also depend on itsietal complexation ability4, 7].

On the other hand, it is known that living organisms, as also humans, need low
amounts of iron, cobalt, copper, manganese, molybdenum, nicke), eto{44)].
CAR is a polydentate ligand, havifige potential metatoordinating sites, namely
the two imidazole nitrogens, a carboxylate group, a pejmsmdand a terminal
amino group[4]. CAR coordinates numerous divalent cations, such &3, @r?*,
Co?*, Ni?*, Mn?*, Ru#*, Cd*, Mg?*, and C&".The first seven metal cations,
belonging to the dblock of the periodic table and ranging from biochemically
active iron, copper, zinap to the unsafe mercuri45], can exist in variable
oxidation state However, greater evidence dhe chelating capacity of CAR
toward bivalent metal cations (K) is proven in the literature, and the resulting
configuration of complexs depends onthe size of the metal cationthe

ligandmetal ratios and the ionic stigth of the supporting solutiorj4].
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Interestingly,interactions between Guand CAR have beerstudiedin the last 30
years,asthe dipeptiderelated to the regulatioof anaerobic glycobis in skeletal
muscleby coordination with coppe33]. The Ci?*-CAR complex could also be
related tocarnosinemiainvolving a carnosinase deficiency and an excess of CAR
in the urine ¢arnosinurig [8], and Wikorb disease (WD). Both disordeprovoke

an accumulation of the copper in different tissues of liver, kidneybeaid, giving

rise to similar neurological disders[33]. CAR was found ¢ be able to coordinate
Zn?* as a quadridentate ligand, monitoring its ability in the brain and perforaning
neuroprotectivaole on C@E*- and Zrf*- mediated neurotoxicity22, 39]. In fact,
CAR coordinates Cii and Zrif* and regulates the synaptic impu[dé. The Zn?*-
CAR complex (Polaprezincor Pepzin G) [1Q] is the first zincrelated drug
approved in Japaf6], and has already been authorized by Feed and Drug
Administration EDA) [47]. It displays antinflammatory efect in the colon and is
widely used to protect the mucof@m ulcerationandto preventHelicobacter
pylory-related gastritis[1, 35]. It also performs a positive effect on bone
metabolismand in the prevention ofliseases characterized by oxidative stress
and/or neurodegeneratiateratiors, such as diabetes, neuropa#h depression,
cerebral ischemai and Alzheimer's disease (A)Q].

RU?*-CAR couldalsobe a suitable candidate in pharmacological applications and,
thus, it was thought in drug desi¢#]. However, hydrophilic molecules, such as
carnosine, penetrate deeper cutaneous tigsosdy [16]. For this purposea gel
formulation based on M§-CAR complex specis was prepared in order to
improve skin bioavailability, also acting as a multifunctionagjent. Among the
variousroles, antioxidantctivity, buffering enzyme and sarcophaic reticulum
calcium (C&") regulationare included16].

Therefore,understandig the speciation of the complex species can be helpful in
predictirg the physiological roles of this dipeptide. For these reasons, thishasrk

mainly focused on anverallstudy of the thermodynamic parameters.
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Chapter 2

Experimental Section

Analytical techngues used in this research described in the following order:
1) procedures employed to prepare each reagent,
2) analytical techniques used to perform experimental measurements,

3) computer programs for processiexperimental data.

2.1 Chemicals

L-carnosine(CAR) was purtased from SigmaAldrich and its solutions were
prepared by weighing the corresponding product without further purification. Its
purity was checked potentiometrically by alkalimetric titrations (avayO 9 9 . 0 %)
and the effective purity was taken into account in the calculations dfgted
concentrationIn addition toCAR, L-Histidine (SigmaAl dr i ¢ h was@Iso9 8 %)
electrochemically tested

Two CAR derivatives, ferrocenyicarnosine (FCCAR) andoyrenyl-carnosine
(PYyCAR), were synthetizedThe synthetic approach @escribedin Chapter 5

Stock solutionsof the Igandswere prepared in ultrapure water (conductivity < 0.1
‘Scem') or in high pu®orinKCl@4d nd ') s¢lutids. MY ¢ m
All metal compounds employed for the istigation are summarized in Table 2.1
Calcium, magnesium, copper, manganese, zinc, cadmium and lead solutions were
standardized by titrations with EDTA (Ethylenediaminetetraacetic acid disodium
sal t, B 99806 USigmaAldrich) €andard solution, using NET (Eriochrome
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Black T) as indicator, except for the standardization & Qu this case, murexide

is used as indicator.

Buffer preparation procedures are describe8libparagrapi2.1.1.

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 weffeen prepared and always stored in
dark bottles and preserved by £asing soda lime traps. Sodium chloride and
potassium nitrate solutions were prepared by weiglirgg corresponding salts
(SigmaAldrich, and BDH Chemicalguriss), earlier dried in anwen at 383.15 K.
Potassium chloride solutions were obtained by weighing different respective salts
(Scharl au, extra pur e, BDH Chemical s
(EtOH) absolute (Scharlau) and ammonia solution (Fischer) were also used.

Sulfuric acid, BSQi, (> 95.098.0%) EPR, potassium ferricyanide (lll),
KsFe(CN), powder, < 10 micron, 994, ferrocenecarboxylic acid (> 964), N,

N- Dimethylformamide (DMF)anhydrous, 99%, andd i et hy | et her ar
99.®% were purchased from Sigma Aldri¢Bpain) and used as receivelso
tetrahydrofuran, THF, 9998, extra dry, (Acroseal, Acros Organics), N,6
Dycyclohexylca bodi i mi de, D C% , (Fluka uAnalyscal), soddim 9 9 . C
hydrogencarbonate, NaHC{) (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
Calciumchloride dihydrate CaCk2H,0 O 99. Fluka 3 b), 9. d)
Magnesiunchloride hexahydrate MgCl, 6H,0 O 99. Fluka 3 b). d
Manganese chloridetrahydrate MnCl, 4H,0 O 99. SigmaAldrich 2) b). c). €)
Cupperchloride dihydrate CuCk2H,0 O 99. Fluka 3 b), c).€)
Zinc chloride ZnCh, O 99. Sigma Aldrich 3 b). ). €).f)
Cadmium chloride CdChk O 99. Fluka 2) b). 9
Mercury chloride HgCh O 99 . Riedelde Haén 3,9.h).) b).7).)
Leadnitrate PbNG O 99. Fluka 3 b).f)
Lead nitrate standard solution PbNG - BDH Chemicals h D
Leadacetate trihydrate Pb(CHCOOXR3H.0 O 99 . Sigma Aldrich 9. )

¥ in water (conductivity < 0.1 S cnt®). ® potentiometry.® 'H NMR spectroscopy? computational methods.
®) Mass Spectrometry (MS)? UV-Vis spectrophotometry?’ Voltammetry.” in KCI (0.1 mol L*).? in MOPS
buffer.” weighed with the aid of a gas mask
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2.11 Preparation of buffers

Compounds used for the 3-(N-Morpholino)propanesulfonic acid, -4
Morpholinepropanesulfonic acidMOPS buffer procedureare sunmarized in

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

Mg cm?), obtained from a MiliQ® system (Millipore, Madrid, Spain) and the pH

was adjusted by adding sodium hydroxide solution (0.1 il L

Compound used for thepreparation oPhosphate Buffer (PB3relisted in Table

2.3.PB solution(pHe 7)was preparedihi gh purity Water (18

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

Compounds Amount Purity Sellers

3-(N-Morpholino)propanesulfonic acid; 4 . _ _
41.86g O 9 9. Sigma Aldrich
Morpholinepromnesulfonic acid (MOPS)

sodium acetate anhydrous (gHDONa) 419 extra pure Scharlau

EDTA dehydrate 3.72g extrapure Scharlau

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

Compounds Amount Purity Sellers

Sodium phosphate dibasic (#P0; 12H,0) 14.61g O 9 9. Sigma Aldrich
Potassium phosphate monobasic (RE) 3.52¢ O 99. Fluka
KCI 59 extra pure Sigma Aldrich

To improve electrochemical performanoé CAR, first of all, more than onceéh
polished ScreerPrinted Carbon Electrodes(SFCEs) were modified with suitable
and different homogeneous dispers. Reparation methods of which are
described in the following paragrapdccording to theorder of use. On the other
hand, SFCE surfaces wee also modified with Multiwalled Carbon NanoTubes
modified with Cyclodextrins (MWCNICD). The synthetic approadnd use of
MWCNT-CD are described i€hapter 5
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2.1.2 Preparation of homogeneous dispersions
In the voltammetric analysis of CARrgparationprocedures othe homogeneous
dispersions are described in the ordiuse

)] Nafion solution,

i) Carbon NangOnions (CNO) in DMHKispersion

i) Nafion solution

Nafion is a sulfonated tetrafluoroethylene based fluoropolyomaolymer
Nafion™ Perfluorinated rsin solution, 5 wt% in lower aliphatic alcohols and
water, containing 1220% of water, Zoropanol and ipropanolwas purchased by
Sigma Aldrich. An aliqguot X mL) of Nafion solution was dissolved in 5 mL of
EtOH, in order to prepara homogeneous Nafion.®%) in EtOH:HO (5:1 v/v)
solution The latterwas obtained to create arsing platfornfor CAR molecule, or
rather to produce a surface chemistry based on electropolyatem of the
positive amine groups of CARn acid environmentassisted by theysergstic

effect of a previously negative Nafion laydpositecbn SFCE [48].

i) CNO dispersion
Carbon Nane&Onions (CNQ belong to the leasstudied family of carbon
allotropes, having a hollow fullerene core surrounded by spherical or quasi
spherical concentritayersof graphene. The increasing diameters of the graphene
layers are similara onions, from which CNO take the naf#®]. 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 atmospdre [49, 50]. According to tle last procedure, the CNO used in
this work were previouslgrepared by Fragoso et b1, 52].
In this work, ahomogeneous dispersion of CNO in DMF (2 mghivas pepared

using an ultrasonibath for 60 min.
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2.2 Potentiometry

2.2.1 General aspectfb3]

Potentiometry involves all the robust electroanalytical techniques that allow to
measue the electromotive force (e.m.f.) in an electrochemical cell in zero current
conditions. The potential variations, time absence of current, can be measured by
an instrumentij.e., apotentiometer, equipped with two different electrodes diving
in the ekéctrochemical cell:

- areference electrodayhose potential is constant, in the fixed ionic strength
and temperature conditions, and independ#nthe composition of the
solution containing the analyte. Among them, the most common are:

1) Calomel reference ettrode (Hg/HgClo/KCI(x)),
2) Silver-silver chloride reference electrode (Ag/AgCl).

- anindicator electrode also known asvorking electrode whose potential
depends exclusively on the activity of a single.iém addition, it must
respond quickly and reprodibly to individual variations in then activity
of the analyteAmongtheindicator electrodesan bedistinguished:

1) Metal electrods,

2) lon-selective electrode
The lastareseparated from the sample solution by a membrane, which is selective
for the aralyte under studyln this thesisthe specific electrodefor H* ions, ISE-
H*, also calledglass electrodevas usedor the determination of proton exchange
in acidbase and complexation equilibria. In particular, a glass electioel¢he
one shown in igure 2.1 was employed in the potentiometric measurements. It
consists of a thin pidensitive 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 concentation of H* ions (0.1 mol ), and
saturated with AgCI. A silver wire is also dived in this same cyliradipcobe and

acts as an internal reference electrode (Ag/AgThe cell for potentiometric
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measuremestalso consists of a further outeference kectrode (Ag/AgCl) which

gets in touch with thexternalsolution under study

)
Leads to pH Meter

Liquid level
of outer reference
solution

H [ Aqucous outer solution saturated
with AgCl and RCl

AgCl paste
with Ag wire

+— Porous plug to allow slow drainage

of clectrolyte out of clectrode

Glass Membrane
Inner solution
0.1 M HC], saturated with KCI

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 intetiat@een the inner
and outer solutions. Since the idn activity is constant in the electrode, thé H
variation only depends on the proton activity of the outer solution under study and

can be described by the following Nernst equation:

: ® Q¢ o 2.1
% % OxE&Q———. 1)
w Qwo

where %is the measured potential aftl the formal potentialOrepresentghe
nernstian slope up eH 11, which is 2.303RT/nF and equal to 59.16 and 29.58
mV for monovalent and divalent ions, resfively,at T = 298.15 K.

In addition to the standard electrode potential, the formal pote¥iais a sum of
different contributions, such as the asymmetrypotential and junction potential.
The first is given by small differences between the twasgl membrane surfaces

due to some their abrasionsaused by use or determined at the time of
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manufacture[54]. However, this nondeal behavior can beorked out by
calibrating the electrode with a titration of strong base or acid stawsdartions.

The junction potentiahsteaddevelops at the interface between the salt bridge and
eachhalf-cell, due to the certain mobility of isnin solution and their different
diffusion on one side of the junction surface, providing a charge separation and,
therefore, a potentigb4, 55]. This issue can also be solviegemploying a double
junction electrode as reference, in which set bridge owns the sameonic

mediumastheanalyte solution.

2.2.2 Potentiometric equipment and pcedure

Potentiometric measurements are performed as titrations in aqueous solution using
a Metrohm model 809 Titrando potentiometer, equipped with an Qass 8102
combined glass electrode and a Metrohm Dosino 800 automatic dispenser. The
titration sysem 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 importaiparameters, 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. regsliThe estimated error of the
potentiometric system is0.15 mV pe 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 298.15 0.1 K (and also at T = 288.1 and
310.1 0.1 K for M?*-CAR systems). In addition to monitoring the temperature,

usinga thermometer, solutions were simultaneously kept under magnetic stirring,
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to ensure continuous homogeneity of the systems, anelr uniiiogen bubbling to
avoid possible interferences of @nd CQ inside.

A schematic instrumental paratus is shown in Figure22.

N,inlet — —— Buret

’j E Glass electrode
Temp. probe H -

— Thermostatted
t_~ vessel

Magnetic stirring

Figure 2.2 Schematization of a potentiometric apparatus.

Experimental potentiometric conditions are reported inld&bd4. In the study of
protonation equilibria, volumes of 25 mL containi@R and the ionic medium,
to reach the prefixed ionic strength values, were titrated with standard NaOH
solutions over a wide pH range-{2.5). Analogously, solutions of 10 mL,
segparatelycontaining two syntheti€AR analogs ferrocenyicarnosine(FCCAR)
andpyrenylcarnosine RyCAR) and the ionic medium, were titrated with standard
NaOH solutions. The use &fCl was essential to fully protonate the three ligands
under studyAs highlighted in Table 2.4use of EtOH (4%) was instead necessary
to completely dissolve theyCARin aqueous solution.

In the study of the metaM?")-CAR interactions, solutions of 25 mL containing
different amounts ofigand and metal cation, hydrochloriacid and the ionic
medium were titrated with standard NaOH solutions.

The Hg?*- andPI?*-FcCAR interactions waisivestigatedy titrating with standard

NaOH solutioss of 10 mL containing different amounts of the ligand and metal
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cation, HCI and the ionicmedium. In detail, the experimental nzhbtions are
reported in Tabl@.5.

For each experiment, independent titrations of HCI with standard NaOH solutions
were carried out to determine the standard electrode potétiadnd pky values
under the samexperimental conditions of ionic strength and temperature as the

systems under study.

Table 2.4. Experimental potentiometric conditions for the abase
properties of CAR, FCCAR and PyCAR in NaCR . poH T5).

Ligand species C.? Cy*d | b TO na
CAR 1-3 5-8 0.1-1 298.15 23
1-3 5-8 0.15 288.15
1-3 5-8 0.15 310.15
FcCAR 1-2 10-14 0.15 298.15 4
PyCARY 0.5 12 0.15 298.15 4

3 in mmol LY ®in mol L. 9 in K. 9 number of titrations® dissolved in
EtOH (4%) aqueousolution.
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Table 2.5 Experimental potentiometric conditions fof?*-ligand systemén NacCl
agueous solutions.

Systems Cw® CL® CwlCL Cy*® pH | b TO )

Ca*-CAR 062 064 032 810 22105 011 29815 20
Ca*-CAR 1-2 1-3 0.31 8 2.310.5 0.1 28815 ©6
Ca*-CAR 1-3 1-3 031 812 2.2-10.2 0.1 310.15 10

Mg?*-CAR 1-2 1-4 0.31 810 22105 0.1-1 29815 22
Mg?*-CAR 1-2 1-3 0.31 8 2.310.0 0.1 28815 4
Mg?*-CAR 1-5 1-5 031 812 2.310.0 0.1 31015 7

Mn2*-CAR 064 14 051 6-10 2095 0.1 29815 20
Mn?*-CAR 1-2 1-4 0.41 6-8 20950 01 28815 4
Mn?*-CAR 1-2 1-4 0.51 6-8 2.09.5 0.1 31015 8

Cuw*-CAR 052 14 0.31 412 22-105 0.1-:1 298.15 17
Cuw*-CAR 1-2 1-4 0.51 4 2.510.5 0.1 28815 4
Cuw*-CAR 1-2 1-4 0.52 4-10 2.510.5 0.1 31015 9

Zn**-CAR 1-2 1-4 031 5-12 2095 011 29815 17
Zn**-CAR 1-2 1-3 031 812 2.39.2 0.1 28815 7
Zn**-CAR 1-2 1-3 0.31 812 2.29.0 0.1 31015 5

Hg?*-CAR 1-2 1-4 031 512 2095 0.1 29815 22
Hg?*-CAR 1-2 1-4 0.51 5-8 2.59.5 0.1 28815 4
Hg?*-CAR 1-2 1-4 0.51 6-10 2.095 0.1 31015 6
Hg?*-FcCAR 1 1-2 0.51 14 2.09.5 0.1 29815 4

P?*-CAR 052 14 031 5-12 2095 011 29815 24
P?*-CAR 052 14 031 1012 2.09.5 0.1 28815 6
P*-CAR 052 14 0.31 1012 2.09.5 0.1 31015 ©6
P?*-FcCAR 1 1-2 0.51 14 2.09.5 01 29815 3

C?*-CAR 053 16 051 6-12 2395 0211 29815 21
C#*-CAR 1-2 1-4 0.51 6-8 2.09.5 0.1 28815 4
Cd#*-CAR 1-2 1-4 0.51 6-8 2.095 0.1 31015 4

3in mmol L ) in mol L. 9in K. 9 number of titrations.
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2.3 UV-Vis spectrophotometry

2.3.1 General aspectfb3]
UV-Vis spectrophtometry 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 pil@mena which occur between incident luminous
radiations, included in the visibl&/{s) (380- 780 nm) and near ultraviolet (UV)

(200 - 380 nm) spectral range, and the matter. Electromagnetic radiation, by its
very dualnature, can be described as a phatoparticle and, on the other hand, as

a wave, whose electric and magnetic fields are perpendicular to each other and
oscillating in the direction of propagatioof the radiation. When an UVis
photon, having the same energyamasit he ener gy g amroyndeE) b
andthe excitedstate is absorbed by atoms or moleculdg®re isan increase irthe
internal energy of the absorbing species. On one hand, this involves vibrational,
rotational and electronic transitions, from tjreund state to thse ofhigher energy

and, on the other hand, it gives rise to changes in the distribution of the electron
cloud of the molecule. The allowed electronic transition® (, “H © “*H ©

,FE O “FE O %) are typically give by transition metals and molecules,
endowed with double or triple bounds, or better knownfi@sromophores
Therefore, the UWIis spectrophotometric technique allows to measure the
intensity of the absorbed radiation, expressed graphically in the twdofaa
spectrumas a function of the wavelength, andotataininformationon the analyte
starting from qual and quantitative analysis. Thesulting spectrum is, then,
compared with those present in the literature or in specific databaselefor
purpeses of qualitative analysis. Regarding the quantitative aspect, the
determination of the analyte is carried out on the basis of LarBeert law, an
empirical correlation among the intensity of the absorbed radiatibe,
concentration of the analyte atieethickness of the mediurrossedin particular,
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an incident luminous radiation strikes the matter and, at the same time, undergoes
an attenuation of itbeam due tothe adsorption by an analyte solution, which is

expressed abransmittanceT):

Y — (2.2)

where b and L are respectively the intensity of the incident radiation and that
transmitted by the solutionln more detail, the absorbed radiation is most
commonly measured #ssorbancdA).

T and A parameters arercelated by the following relation:

0 .
6 aé %} o ¢:20 3)
Knowing A, the concentration of the absorbent species is determined by the

following LambertBeer law, which also correlates them.
b - QO (2.4)

where- is the mar extinction coefficient (in L mdi cm?) and depends on the
wavelength of the absorbed radiation, the solvent #relchemical species
involved in the absorptionm is the thickness of the cell or optical path of the
solution (in cm). It is usually 1ro. Gis the concentration of the absorbent species
(mol LY. However, therelatior2( 4) is a | imit | aw, appl
0.01mol LY.

Spectrophotometric measurements waeenly performedin the form oftitrations,

using an analyte cbmophore, as described in the following experimental
paragraph.
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2.3.2Spectrophotometricequipment and procedure

Spectrophotometric measurements were recorded in aqueous solutions using a
Varian Cary 50 UWis spectrophotometer, equipped with an optleefi probe,

with a fixed 1 cm path length, capable of scanning the area of th&/iBV
electromagnetic spectrum, and a Metrohm 750 combined glass electoode,
recordng the pH values. The optical fiber is an appropriate tube of glass or
siliceousmaterialsfor the transmission of light pulses and equipped with a cable
for use over long distances. The light propagates insidey itotal internal
reflection and, thus, for this to happen, the transmitting fiber must be coated with a
suitable material with a \eer refractive index than that of the material with which

the fiber was built. The spectrophotometer is connected to a PC, which acquires the
experimental dataAbsorbancess. wavelength) using Varian Cary WinUV (model
3.00) software. Té latter also contls some of the main parameters for
spectrophotometric measurements, such asptheiously setwavelength range,

scan speed and baseline correction.

Similarly to the potentiometric measurements, the spectrophotometric ones were
carried out as titrationm NaCl aqueous solutisrusing thermostated glass jacket
cells, at T = 298.15 0.1 K, under magnetic stirring and nitrogen bubbling. An
instrumental apparatus similar toettoneshown in Figure 2.2and previously
described in paragraph 2.2.2., was used the UWVis spectrophotometric
titrations, which were performed in a
O 400 nm) in order to det eCAR RcMRamlbsor
PyCar and their molar absorption coefficientsspectively For this purpose, 25

mL of solutions containing CAR, or FCCAR, or PyCAR, HCI and NaCl (I = 0.15
mol L) were titrated with standard NaOH ovarwide pH range (20). The
experimental conditions for the adise behavior of CAR, and its synthetic
analog are summarized in Table 2.6or the determination of the formation

constants of the complex species?(MFCCAR or -PyCAR systems), titrations
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were carried out on@mL of solutions containing the respective ligand, metal, HCI
and, the supporting eleotyte, NaCl (I = 0.15 mol 1) in the following selected
wavel ength _©Oange amdPpo O

The experimental conditions, such as metal and ligand concentrations, used in the
measurements at T = 298.15 K and | = 0.15 mbhte shownn Table 2.7

Table 2.6 Experimental conditions fathe acidbase properties of the
investigated ligands in NaCl aqueous soluian|l = 0.5 mol L and

T =298.15 K.
Ligand species C.? Cuy*d pH nbo
CAR 0.01-1 5 2.0-10.0 20
FcCAR 0.040.1 0.7-3 2.09.0 5
PyCAR 0.0060.03 1-6 2.09.0 5

3 in mmol L. ® number of titrations.

Table 2.7. Experimental conditions for the investigat&t?*-ligand
systems in NaCl aqueous solutsat | = 0.15 mol tfand T =298.15 K
(2.5 O)pH O 9.0

System Cm? C.? Cu/ CL Cy'® nb
C#*-PyCAR 0.01-0.02 0.020.04 0.51 0.2 4
Hg?*-FcCAR 0.01-:0.02 0.020.04 0.51 0.2 4
Hg?*-PyCAR 0.01-0.02 0.020.04 0.51 0.2 4
P**-FcCAR 0.01:0.02 0.020.04 0.51 0.2 4
Pb*-PyCAR 0.01-0.02 0.020.04 0.51 0.2 6

3 in mmol L. ¥ number of titrations.
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2.4'H NMR
24.1 General aspect$53]

Nuclear Magnetic Resonance spectroscopy (NMR) is a powaartufast technique

that exploits the magnetic properties of specific nutteidentify, determie and
clarify molecular structures and their conformations, as @garovice important
information on unknown compounds, mostly organic in nature. It alsaslto

study particular phenomena in solution, such as tautomeric equilibria, kinetic
reactions and Hexchanges, as well as to identifgyionizable sites present in the
molecules under study.

Contrary to UMVis spectrophotometry, in NMR spectroscotine 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 @nd 90
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 whehet 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 vaie,and, thus, particular
magnetic properties, absorb radiofrequencgliaions when they conveyed an
external magnetic field. These nuctéiparticularatomgroups some of which are
mentioned here, such a4, *C, N, °F and 3P, have the same energetic spin
states with random orientation tine absence of the externaagnetic field. On the
other hand, Wwen these nucleiare immersedn an intense magnetic fieldthey
behave like small magnetic rods and, as such, can orient themselves along or
against the magnetic field lines assuming energetic levels, classified as= +

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

guantum states, is given by:
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o —56 (2.5)

wh er e ogyromagnetichraio which is characteristic of each nucleus and
proportional to the magnetic moment nuclear spjand spinj. & is the magnetic
guantum numbem, Plancld sonstant, and &s the externaltsong magnetic field.

The energy of the inferior state, correspondingite + Y2, is

0 & —6 (2.6)

The lowest energy leveh( = + %2) is mainly populatedcompared to #highest

(m =- %), and these Ebetween thens given bythefollowing equation:

yo —¢ —6 — 6 2.7)

Transitions between energy level¥Q) can be promotedis a result ofthe
adsorption or emission of electromagnetic radiation, whose frequencys

correlated t&’Oby the following relation:

YO Q (2.8)
Therefore, it follows that:
(2.9)

which represents the NMR equation relgtthe radiofrequency (| applied to the
external magnetidield (0 ) with a constant of proportionality— . Therefore,

when the enforced radiati onuatem®t9) sy
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satisfied and the system is in resonance. At the same time, theadt nuclei
absorb the applied raadrequency. As soon as the pulse is over, the nuclei begin to
relax and return to their equilibrium position. Meanwhile, time-domain
radiofrequency signal, called free induction decay (FID), is emittetthdgxcited
nucleiasthey relax. The sum of tHelD signals, detected by a coil perpendicular to
the static magnetic field, is recorded and the resulting data are convedelein
frequencydomain byFourier Transform (FT) and, finally, the spectrune., a
graphof theintensityof theabsorptiorpeas vs. frequency, is obtained.

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

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

(2.10)

where U is the shelding constantderiving from the electronic cloud and its
spatial distribution around the nucleus. Therefore, the shielding depentie
density ofcirculatingelectronsand on the inductive effect of the groupscloseto

the NMR-active nuclei. As aforenentioned, electrons turn over a magnetic field,
thus generating a small magnetic fieldtbéir own, opposite to thene applied.
For this reason, the cerded frequency is lower than thene enforced. This
variation determines a difference in the abgorpposition of a given NMRactive
nucleuswith respecto that ofa referencecompound, whose advantageous use also

allows to measure the chemical shifj {(ndependentlyf the oscillatorfrequency .

2.4.2 Instrumental equipment and procedure
The prdon spectra oCAR, as well as of the R-CAR systems, were recorded in
aqueous solution by a Varian 500 MHz NMR spectrometer. PresatutatiMR

analysis was performed at T = 298.15 K and by means of a coaxial capillary, filled
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with deuterated water, wéh was introduced into sample tubes as an external
reference. The presaturation technique was used for the suppression of the water
signal and 1,4lioxane (10%) added as internal standard. The coupling constants, J,
are expressed in Hz. To determine thetgnation constants AR, 'H NMR
titration was performed on 25 mL of solution, containing the ligand, HCI and the
ionic medium, NacCl (I = 0. 15 mol 1) and titrated with standard NaOH solution.

In the study of the metaM?*)-CAR interactions, similatitrations were performed

on 25 mL of solutions containing different amounts of the ligand and metal cation,
HCI and NaCl (I = 0. 15 mol ). The experimental conditions are summarized in
Table 28. The observed chemical shifts in the collected spectidtmNMR data

were processed by the HypNMR computer progiaé.

Table 28. Experimental conditions for the formations constants of CAR systems in
NaCl at 1 = 0.15 mol £ and T =298.15 K.

System Cm? C.? Cm/ CL Cuy*d pH P,k
CAR - 3 - 10 2.310.0 10
Ca*-CAR 4 6 0.7 10 3.0-10.5 10
Zn**-CAR 2 3 0.7 10 2.38.0 10
Cuw*-CAR 2 4 0.5 10 2.89.0 10
Mn2*-CAR 2 4 0.5 10 2.4-8.9 10
4in mmol L.

2.5 Mass Spectrometry

2.5.1 General aspectfs7]

Mass spectrometry (MS) is an analytical technique used to identify and
guantitativdy determine unknown compounds arelucidate structural and

chemical properties dhe 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 radiatidmatter.
The operating principle consisis the possible separati 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 produckd ionizing the
sampé moleculesmaking thempass through an electron beam of known energy.
After ionization, a molecule loses an electron and, thespmes radical ion or
better known asolecular ion In turn, it is partially fragmented giving rise, on one
hand, to molegles and/or neutral radicals, which are not detected by the instrument
and, on the other hand, to cati@rgd/or radical cations, that @ragment ionsThe
latter are discriminatedn the basis afheir mass/charge ratio arfahally, detected
by a detetor. The mass spectrometer is interfaced by a PC, which monitors the
instrumental operations and recordsMS spectrum in graphic and tabular format.
The MS spectrum is giveny plottingthe relative abundance of the ions depending
on their mass/chargetia. On the basis ahe ion separation methpthis detection
technique allows to measure both nominal and exact molecular @¥agsto
determne the specific fragmentation pathway of each compourefardingthe
ionization, two methods are known, namlejrdandsoft ones.

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

degree.
- Soft ionization operates at lower energy amesults in a lesser
fragmentatiordegree.

Among these, sof€hemical lonization (Cliand Laser DesorptiorfLD) methods
were employed in this experimental work. In the @&chnique, molecules of a
reagent gas are ionized by electron ionization. Thus, the resulting ions react with
analyte molecules in the gas phase to achieve ionizdtidninsteadexploits a
laser beam, consisting of G@r CH;, to ionize the sample that emits in the far

infrared, or a Nd/YAG (neodymium/yttriialuminumgarnet) laser in the UV
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energyregion. The potentiality of the LD ionization improves when it is coupled to
a support matrix (MLDI) that consistsin 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) dn@yanc4-
hydroxycinnamic acid {CHCA). Moreover, this matrix mustavethe following
chemicaiphysical properties:
- Easy evaporation. It should not be evaporated dwamgplepreparation b
beforeperforming measuraents obviously.
- Favorable acidity. Inthis case, it should act as a source of protoys
promoting ionization of the analyte.
- Strong optical absorption in the UV region, &ffectively absorb laser
radiation.
- Hydrophilic andwith possiblepolar groups.
When the analyte is dissolved in thelwion, it is bombedby the laser beam,
whose effects are attenuated by the matrix, that shiel@ibetefore, the analyte is
ionized and vaporized.
This MALDI technique is usuallgoupled witha Time-Of-Hight (TOF) analyzer
spectrometerThis sourcein fact, mainly gives ri® to monocharged ions, allows
analyzeeven largemolecules and provides a gooafz parameter. On the other
hand, thTOF) MSis an affordable technique thaltows to observe and detect all
ions without the loss associated with s c anni n g oie,pmthoacthegh s e s
scaming speed.Therefore, a full masseasurement cycle allows to deteety
high andcramm/z range without limits andin a short time[58, 59]. In this thesis,
experimentaisingMatrix Assisted_aserDesorptionlonizationMassSpectrometry
(MALDI MS) and tandem mass spectrometry (MS/MS) techniquesre
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 higly complex mixture [60-62].
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2.5.2Instrumental equipment and procedure

MALDI MS and MS/MS analyses were performed using a 5800 MALDI TOF
TOF Analyzer (AB SCIEX) equipped with a neodymityttrium-aluminumgarnet

laser (laser wavelength 349 nm), in reflection pesiton-mode with a mass
accuracy of 5 ppm. Dried droplet sample preparation was adopted to prepare
samples for the MS analysisby testing two different matrixes: -@yano4-
hydroxycinnamica ¢ i eéCHQAJCHCN:H,0, 50:50, 0.3% in TFA) and 2,5
Dihydroxybenzoic acid (DHB, C¥CN:H-O, 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 spectiap to 4500 laer 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 medeessype of

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

2.6 Voltammetry
2.6.1 General aspecth3
Voltammetry consists of all electroanalytical methadisch are able to
i) chaacterize and determinelectrochemically accessible systems with
low detection limitsand
i) use costeffective equipment to deduce various informaticaboutan
analyte, such as its stoichiometry, the rate of charge transfatrtbd
interface, as well athe transfer rate of mass, the rate and equilibrium
constants of the specigs/olved
Voltammetry is also usefutor studying oxidation and reduction processes in
various media, surface adsorption processes, as well as electron transfer

mechanisms on @mically modified electrode surfaces. The operating principle is
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based on the measment of the currenthen the potential is applied and, thus, in
conditions of polarizatiorof a Working Electrode (WE) Thisis favored when the
applied voltage is higheéhan that predited 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 etixtas aNorking
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, biochemisg, materials science and engineering, as well as in
environmental science for study of oxidation, reduction and absorption processes.
In voltammetry, a excitation signalvith variable potential is enforced ohet WE

that gives rise to a characteristiarcent response. Different pulses can be applied
to the WE, and the currents are measured at different times of the, gubses
which voltammetric techniques take their nammethis thesis, Cyclic Voltammetry
(CV), Differential Pulse Voltammetry (DPV) dnSquare Wave Voltammetry
(SWV) were employed, whosapplied potential pulsews time and the typical
resulting currentesponses are shown in Figure B3]. As can be observed in Al,

CV uses a ramp going back and forth between two values of potential (named
switching potentials in which an electrocheital process is detectable. In
particular, the first potential value irgases linearly up to a maximuamd, then,
decreases linearly toward its initial value with the saropesiThe direction could

also be the other way around, depending on the composifithe analyte. In this
technque, important parameters atbe cathode peak potentialgEand anode

peak potential (k), the cathode current,{) and the anode onea.Jdj, and scan rate
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(V s1), which represents the slope for a linear voltage ohadgring 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:

o TV W .
YO O O z S (2.11)

wheree is the number of electrons involved in the electrolytic reaction.

In DPV, the waveform pential, depicted in Figure 2.B1, shows the recording of
pulsed potential signals over time and resuttsits 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 2.3B1) and the second fat least 16.7 ms at thend of the pulse (S2 in
Figure 2.3B1). These two current sampling points are chosen to allow the decay of
the nonfaradic (capacitive) current and, thus, optimize the sigmabise ratio and
improve the sensitivity of the @thod. In the samEigure 2.3B1, T represents the
waveform period Thus, adifferential measurement of the current is obtained,
which leads to the formation of a pesikaped voltammogram, whose height is
assigned with respect to the tangent and is proportional to the concentratien of
analyte under studiFigure 2.3 B2)

In SWV, the potential waveform iseg@icted in Figure 2.81, asa combination of
pulses and stegike signals. The same Figure 223 highlights the S1 and S2
points, the potential period, T, which is about 5 s the potentiaincrement

&E, which i s usspamdelkwrent]liBgurm.3 C2 {dasked line),
shows the voltammogram of a reversible pesgecorresponding to the forward
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curve and the reverse oneTheir difference gives rise to a curtefsolid line)
proportional to the concentration of the analyte and the peak correspond to the half

wave potentialA voltammogram is obtained in less than 10 ms.
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Figure 2.3 Schematization of applied potentiat time and the resulting
current rsponses in CV, DPV and SW&3].

In any voltammaic technique, the electrochemical cell is assemifiedh three
electrodes immersed in a solution containing the analyte, along with an excess of

nonreactive electrolyte, that is the electrolyte support:
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) the Working Electrode (WE), whose potential dependn 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 caob, diamond or carbon nanotubes), a
semiconductor or a metal coated with a mercury film.

i) the ReferenceElectrode (RE), commonly consisting of Ag/AgCl, whose
potential remains constants over time in the electrolytic prpaads

iii) the auxiliary orCounterElectrode (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.

2.6.2Instrumental equipment and procedure

In this thesisyoltammetricexperiments were carried out at room temperature and
using two different P&ontrolled electrochemical workstations (PHIT-Autolab
andeAutolab potentiostat/galvanostat type Il (Eco Chiemeith two respective
threeelectrode cell configurations (BpSens DRPR-DSC70575, and DropSens,
DRP-DSC4MM 72098).Voltammetric measurements were performed in CV, DPV
and SWV, either as titrations or not, in KCI (0.1 md) laqueous soluti@starting
from pH 3to 9, usingscreerPrinted Hectrodes (SPES)

SPEs have become increasingly importandue to their advantageous
characteristics, such as ease of use-dost and portability, also allowing fast
analyses. Therefore, the scrgaimted technology hasgnificantly contributed to

the shift from traditional bulky electrochemical cells to miniature portable
electrodes, useful for esite analyses. This is also possible because cleaning and/or

polishing procedure of the SPEs are not needed and, thus, tedend long
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pretreatment steps asaunnedAt 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 mirrdike 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, pdable sensors for food analysis and detection of environmental
contaminant§64]. SPEs usually contain @seudeelectrochemical cell composed

of three electrodes printed on a solid substrate, as¢he one shown in Figu?ed.

The latter depictsa schematic representation tie ScreenAPrinted Carbon
Electrode SFCE) used in this thesis.

Working electrode (WE)

Counter electrode (CE)

----- Reference electrode (RE)

s
” H ” :'— Connections
- |

Figure 2.4. A schematicsetupof the ScreenPrinted CarbonElectrode (SEE).

- Regardingthe WE inks, the mostcommon are those basedon carbon
(graphite, graphene, fullerene, carbon nanomaterials, etge to their
adequateelectroanalyticafeatures including good conductivity, chemical
inertness, ease of maodification, low background currents, and a wide
potential rage, as well agheir low costs.In addition tocarbon inks,
conductive metallimnes are increasingly used. Among theyold ink is
the mosemployed, followed by those of silver, platinum or palladium.

- The RE,usually made of Ag or Ag/AgCI ink, is a pseudeaeference or

guastreference electrode since its potehnigm not as stable as that of a
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conventionalreference electrodd herefore, the applied potential is not as
exact and reproducible as when an Ag/AgCl electrode is Uged.could
be tricky for electrochemicaltsdies wherethe contol of the potential is
cruciat but notfor sensing applications.

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

Analytical measurements can be performed deytling a single drop of the
reagent/sample solution on the SEgping it into a solution or including it in a

flow system[64].

The composition of the inks determines the electrochemical characteristics of the
SPEs, whichare also highly versatile and eatemodify 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 reognition elements and unit$\mong the electrode
modification proceduresreat 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 boundsThe nodified electrodeshave a wide variety of applications;
among then, they are used as analytical sensors for particular species or functional
groups, as well as for metd&4].

For these purposes, in this thesis, electrode modification guesare advanced
more than once. In particular, SPRased on carbon inks as worki(g0 mm
diameter)and counter electrodes, and Ag/AgCl (satyeferenceelectrode, were
used. These bareScreerPrinted Carbon Electrodes $RCEs) (DRP-110) were
employal, as also the modifieBRCEs with pristine Nafion, CNO and MWCNT

CD films. As abovementioned, coating the working electrode (WE)SRCEs
improves electrochemical response and, thus, sensitivity in the detection of the

analyte. Electrode preparations described in the following paragraphs.
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Voltammograms were deconvoluted using General Purpose Electrochemical
System (GPES), version 408 Eco Chemie B.V. processing software.

The SFCEs werewashedin hi gh pur i ty waad etrapue Wlter MY ¢
(conductivity < 0.1° S cm?), plunged in HSQy solution andsubsequentlyinder a

stream of nitrogen before each measurement. Electrochemical response was
assessed by CV using[ke(CN)] (1 mmol L) as a redox probe in KCI (0.1 mol

LY) aqueous solution.t lis based on the [Fe(CHY™* reaction in the potential
window betweenr0.3V (vs Ag/AgCl) to 0.8V andascan rate equal to 0.1 \A.s

The CV conditions employed in this thesis were in the potential window between

1 O vEAY/ AgcCl O +ep pdientialwequal to 0.81\W$ Ag/AgCl),

and varying the number of scans (between 2 and 10), conditioning potéhtial5 O
EN(vsAg/ AgCl) O +1), equilibration i me
O 500) .

The DPV conditionsusedwere in the ptential windowof-1 O vEA ¢/ AgCl O
+1. 5, and varying the parametersvsas fo
Ag/ AgCl) O 1.2), depouossAigt/iAgnClpotOe nit)i ad e
60s at an equilibration time = 0.5 s, step potentiaD mV, pulse amplitude = 100

mV and pulse width = 50 ms.

The SWV parameterssedwere set in the potential window betwedn O v&/ V

Ag/ AgCl O +1.5, as follows: <condition
potential, step potential =15 mVandyarng t he pul se a&mpl it
Ag/ AgcCl) O 20). El ectrochemical me as u

volumes (310 mL) ofaqueousKCl (0.1 mol %) solutions containing {Histidine

(10 O u@ol LT O 1?%0or CAR (1 10 O .@ol LT O 9 @&t room
temperature. CV was also performed in order to understand the electrochemical
behavior of ferrocenecar box i50 ,aamirckec(u
of FCCAR. Since FcCOOH is not water soluble, it was dissolved in aqueous

ammonia solution (@ mol %) to obtain a quaternary ammonium salt, FcCOO
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NH4*, in KCI (0.1 mol L) aqueous solution. Experimental measurements of
FCCAR (Q/m@dL'©@ a@€0) i n Kdlagudols.sdutiamele L
performed in CV and DRPW,Oi%) .a Wardiea lplHe
10 mL) of aqueouskCl (0.1 mol L') solutions containing FCCAR (1 mmof)L

were titrated withmercury (Cug?* = 0.3:3 mmol L. Gu/ C. = 0.3-3) and lead

(Cps?* = 0.23 mmol L. Cu/ CL = 0.3-3) solutions, previously prepared MOPS

buffer (pH 7).

2.6.3 Electrodepreparation
In this work, the exclusive use &FCE is attributable to their many advantages,
which include the possibility of their modification with a wide variety of materials,
thus improving their sensitivity andower limit of detection[65]. Carbon
nanomaterials, metal oxides, conductive polymers and also hybrid materials, that
are resultingrom the combination of more than one substratesehemerged for
these analytical purposes. In fact, the chemptglsical properties of these
materials, such as high surface area, good electrical conductivity, electrocatalytic
properties, result in an improvementthe analytical performance of a senggb).
For all these reasons, Nafion and carbon nanomaterials were employed to enhance
sensitivity of SFCEs, whose preparation procedures are described in the following
order:

i) Electrode peparation with Nafion

i) Electrode preparation with CNO,

iii) Electrode preparation with MWCNTD.
Nafion/SFCE and CNCEFCE were used for the electroactivity of CAR (Chapter
3), while the MWCNTFCD/SRCE was employed in the electrochemical analysis of
FcCAR (seeChapter 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 swfdhe
working electrode(WE) to favor the interaction with otally protonatedCAR
specis (HsL"). Prior to modfication, bareSPCE was first washed in MilliQ®
water and dried under a stream of nitrogesLlof Nafion (0.3 %) in EtOH:HO
(5:1 viv) was drogasted onthe WE, airdried to evaporate the solvent
(approximatively 15 min)[48], and also under a stream of nitrogen (10¢9.
further aliquots of Nafiosolution(0.3 %)were dropcasted orthe SFCE.
Electroclemical response of the modifieBRCE was assessed by CV using
Ks[Fe(CN)] (1 mmol L') as redox probe, in KC(0.1 mol L*). This Gyclic
Voltammogram (CV)s compared with tht obtainedon the bareSRCE in Rgure
2.5. Electrochemical measurements were @aned on variable volumes -(D
mL) of solutions containing CAR (1 IO /@nol L1 O 4),H,S0Oy (0.1 mol LY
to fix the pH ( 3) andKCl (0.1 mol L) as a suppairig electrolyte.

240°

180 4

<
= 04
c
g
5
o

-1G0° 4

—— SPCE
240 4 —— Nafion/SPCE

-0.2 0.0 0.2 0.4 0.6 0.8
E(V) vs. Ag/AgCI

Figure 2.5 CVs of [Fe(CN)]** (1 mmol LY) in KCI (0.1 mol L) aqueous
solution obtainedwith bare SRCE (blue line) and Nafiol'SFCE (red line). Scan
rate: 0.1V .
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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 detdépn

For this purpose, Carbon Na@mions (CNO) and MultiwalledCarbon
NanoTubes modified with @oDextrins (MWCNTFCD) dispersions were
employedn this thesis

i) Electrode preparation with Carbon Nar®nions (CNO)
The enhanced surface area and electron transfer rate of the CNO make them
emerging candidates in a wide variety of electrochemical icgtighs, as
electrochemical immunosensor, biosensor and capaf#8r50, 66]. The polished
SRCE was sonicated in MilkQ® water for 5 min and dried under a stream of
nitrogen. The polishe@RCE wasfurther dried in vacuum (T = 353.15 K) for 60
min, prior to modification.SRCE was modified by dropcasting a homogeneous
dispersion of CNO in DMF (2 mg mi) prepared using an ultrasofbath for 30
min. To obtain a thin layer of CNO, €l 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 coffeering effect, which results in nemomogeeous films [49].
Electrochemical response of the modifi&CE was assessed by CV using
Ks[Fe(CN)] (1 mmol L) as redox probe, in 0.1moi'LKCI aqueous solutian

Cyclic Voltammogram (CVs) are compared in Figure 2.6
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Figure 2.6. CVs of [Fe(CN)]** (1 mmol LY) in KCI (0.1 mol L) aqueous
solutionobtainedwith bareSRCE (blueline) and CN@SRFCE (redline). Scan rate:
0.1V sl

i) Electrode preparation with Multiwalled @rbon 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 thesynthetic approach dWCNT-CD, electrode preparatioand
practical function see Chagt5 subparagraph 5.6.1

2.7 Computational methods

2.7.1 Quantummechanical calculations andAb Initio Molecular Dynamics
(AIMD)

Nowadays, supercomputing resources are capable of efficiently solving quantum
mechanical laws for complex molecules in $imn. Quantum chemical methods

can be used for evaluating the grotstdte structures and the associated potential
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energy surface of selected molecules. In particular, standard quergahanical
approaches solve the Schrodinger equation for the electvbile 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 dielextnstant

may provide only a crude description of the local molecular environment with
respect to methods explicitly solving the DFT equations for the solvent, A3 in
Initio Molecular Dynamics (AIMD) simulations. In AIMD methods, indeed, the
solvating speies €.g, water molecules) are rigorously treated at the same level of
theory of the solutee(g, carnosine (CAR) complexes). The teah initio or,
equi val entl-gri niicfirpolnme sBi rrsetf er s t o t he
dynamics approaches emplaylimited number of parametrizatidgnas compared

to historical classical forekelds techniquesi by sol vi ng Aon t
Schrdodinger equation for the electrons within the k&8tam formalism of DFT.

In particular, the BorrOppenheimer molecular dgmics method here adopted
relies upon the evaluation of the electronic potential energy surface, which
uniguely determines the forces acting on the nuclei. As usual, due to their larger
masses and shorter associated de Broglie wavelength, these latterated as
Newtonian particles. In such a way, complex molecular systems simulated
AIMD spontaneously evolves over time and space allowing to calculate
fundamental propesds with atomistic resolution.

In this thesis, both static traditional quantamchanical calculations with implicit
solvation and prolonged AIMD simulations 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 considete evaluate its own
capabilities in accepting and donating protons. In this way,Ptbéon Affinity

(PA) of different molecular sites offered by both CAR zwitterionic tautomeric

forms was determined. On top of these quantm@chanical calculations,

50



dynamical averages associated to the CAR behavior were gathiaredseries of
AIMD simulations of two numerical samplesmposed by CAR ithe presence of
common cations in bulk liquid water at room temperature. Owing to the
employment of molecular dynamitschniquesit 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 famentdbiochemical properties.

2.7.2 Computational methodology

All static calculations were performed by means of the Gaussian 09 softvare
which exploits the Density Functional Theory (DFT) formalism. The latter allows
to evaluate, among other things, the grostate 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 ingas 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}] was employed byedting
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 calculatiores, @bsence of imaginary frequaes),

but also to obtain the zeqmwint 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

exanplary following reaction:

H*+BA H'B . (2.12
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To havea comprehensive scenario on the CAR capabilities in accepting and
donating protons, quantumechanical calculations were performed on both
carnosine zwitterionic tautorme 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 sessive 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) mekecat the B3LYP/6
311++G(2d,2p) level of theory, using the following equafiod) 74):

PA=-qH =-qE-Z P E EWT) ¢€ (2.13

where the &ZPE term indicates the diff
the corrected ones by the difference between the ZPE of the species. The second
and third terms in equation (2) are obtained frdma frequencies of the normal
modes of vibration. The last teri@, introduces the correlation for translational and
rotational energy changes taking into
term, necessary to convert an energy into enthalpy asguaniideal 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 efahitterion (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 a
group o-alanirte hresidué of the zwitterion (NH was taken into
consideration in the quantumechanical calculations.

Severakb initio molecular dynamics (AIMD) simulations were performed with the

CP2K code[75] on two numerical samples composed @R, calcium cation
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(C&*) and liquid water, on the one hand, and@yR, magnesium cation (Mg

and liquid water, on the other. Both samples were composed of one carnosine
molecule, one cation (either &aor Mg?") and 128 water molecules, resulting in a
total of 413 atoms present in each system. The simulated condii#dMD
produce much highe€AR 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 dgmeerd nowadays
achievable with powerful academic supercomputing resources. In this way,
respedie cubic supecells with edges of 16.22 A and 16.19 A of thé*€and the
Mg?*-containing samples were simulated. Periodic boundary conditions were
applied along the three Cartesian axes. Initial atomic configurations @@ARe
species complexed withhé two investigated metal cations were preliminarily
structurally optimized at the B3LYP/®11++G(2d,2p)[68-71] DFT level under
implicit water solvation conditionsThe optimized CH-CAR and Mdg*-CAR
structures were later and separately hydrated with 128 water molecules each.
During the AIMD simulations, wavefunctions of each atomic species were
expanded in doubleetavalencepluspolarization (DZVP) basis sets thi the
GoedeckarTeteil Hutter pseudopotential¥6] using the sacalled GPW method.

A planewave cutoff of 400 Ry was adopted. Exchange and correlation effects were
treatedvia the PerdewBurke-Ernzerhof (PBEE[77] density functional. To consider
dispersion interactions, which are pivotal in correctly simulating the liquid water
behavior and its hydration capabilities, the dispersmmected version PBE3

[78 79 was used. All AIMD simulations were performed at the nominal
temperature of @ K, which was kept fixed through a CSVR thermo§&f. In

this way,anisothermalisochoric (NVT) ensemble was simulated whilst the nuclei
dynamics was classically propagated through the Verlet algorithm with estape

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 mlost independent trajectories and to monitor the cations
carnosine complexation processes in an unbiased manner, paeddm initial
atomic velocities taken from Maxwedboltzmann distributions were assigned.
Consequently, 5 independent -B8long AIMD simulations per system were
performed. Finally, statistical assessments of the most stable hydrated complexes

structures were executeth AIMD simulations.

2.8 Data analysis
2.81 Computer programs
Depending on the instrumental analytical techniquesd,ustae 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 ehmear least

squares minimization, allow to calculate analytical parameters from
potentiometric measurements, both at constant and different ionic strength,
considering that the latter can alsodergo variations during titrations. The

two programs enable to calculate the stoichiometry of the species, as well as
the thermodynamic values dhe protonation and formation constants,
refining the parameters for the dependence of the stability coemstarthe

ionic strength. As far as the refinement is concerned, STACO minimizes the
sum of the quadratic residues, equivalenthe relative volumes of titrant
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added. Analogously, BSTAC proceeds with the minimization on the e.m.f.

measured. Both proceds refer to the following equations:

U, = a W, (stp _VSaIC)Z (STACO) (2.19
U .= 4 Wn(E:xp ) Er?aIC)Z (BSTAC) (2.15

where
w, =s; 219
sZ=sZ+(a,/cE)*s2 (STACO) (2.17
SZ=sZ+(dE /av)’s? (BSTAC) (2.18

For both programs, two refinement procedures can be performed, in which
the first process uses the unit weight #émel second the weight in equation
(2.16) where, originated in the first cycle. This means that, in the second
refinement procesghe data result in a lesser weight, with respect to the
first cycle, in which they are affected by higher errqrps (
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 numbee@gfationlibrariesand is
employed in the followig purposes:
1. Calculation of parameters of linear and diorear equations,
2. Detachment of an equation into several partial equations,
3. Submission of the equations in the same input, as parameteadsoan

be found in different equations,
4. Awarding of differem weights to various variables,
5. Resolution of multivariable fits, as well as more than two linear

systems simultaneously,
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6. Viewgraphs for faster evaluation of results.

HYPSPEC[82] is a computer program used to deterenequilibrium
constants, starting from spectrophotometric data. This software is able to
process UWis, Raman, Infrared, luminescence and fluorescence data,
considering that the spectral intensity of each chemical species is
proportional to their concémation 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) (obtained in NMR spectra.
Equilibrium is assumed to be achieved quickly on the NMR -scae, 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 thalwes of equilibrium constants arlde
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 leasfuares, taking into account thet stablity
constants. The output file includes information about the refined stability
constants of each spesieas 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 simulbyesetting

titration conditions and calculaggnthe 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 thesisthe protonation castants are reported as decimal logarghand

referred to the following reactions:

® b 0 AL
or
® 0 o 00 o (20

where'(s the protonation step.
The formation constants of the melighnd complex species are related to the

following reactions:
no n0 10 000 f (2.2
or for hydrolytic species:
no no 1@ 00 00 i"0 I (2.2)
2.8.3 Dependence of the formation constants on the ionic strength
Of significant importance is the effect that the ionic strength hasabution

equilibria. As far as the thermodynamiarpmeters 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’ () of thechemical species present in a solution, which, in
turn, is related to the molar concentration and the activity @ ) of the species

according to the following relationship:

H o » (2.23)

In an ideal system, = 1 is assumed and the activity of a componenf) (
corresponds to its concentratiot . Therefore, the equilibrium constants are
calculated taking into account the concentrations of the species fiosola 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() 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 Déhiekel (DB)
theory. According to which, theoms in solutions are poHiike masses with
exclusively electrostatiinteractions and the activity coefficient is related to the

ionic strength, as expressed in the following equation:

agQ  bom X s O (2.2)

where 0, constant factor, depends on the temperature and solvent0(5100
mol2 kg2 at T =298.15K) andd are the ionic charges affd represents the
ionic strength in molal concentration scale. However, this is a limit lawulseca
is valid up O 0.001mol L. Considering that the ions cannot approath
distances lower than the sum of their radii, a further extension of the DB theory

was admitted and valid (i@ 0.01mol L.
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& &0 5 > (2.25)

Davis added an empirical parameter to the previous equalimmed asb O or

0 "0, depending on the electrolyte and ionic strength.

§EQ b—>— 5O (2.26)

In this thesis, to evaluate the dependencéhefformation constants on the ionic
strength, the following Debyellickel type equation was used as a mathematical

model:

Vo (2.27)

aeJagQ o s 0O

wherg corresponds to the protonation or formation constanis the protonation
or formation constant at infinite dilution and the empirical paramei€eiQ,
depend on the charges involved in the reaction.

Finaly, ¢ B i QQi B ai®i "QQi

2.84 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 equifimonstants

on the temperature can be assessed by t
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aErQ agQ —VOo - - (2.28)

where a € 'Qis the equilibrium constant at a given temperature, expressed in
Kelvin, & €& "Qcorrespondto the equilibrium constant e referencéemperature

(=} and, thus, at T = 298.15 K. R is 8.314472"9rKol* whenY'O refers to Jnol

1, The equation (2.9%llows to determine the enthalpy changes for a given specie
on the basis of tha ¢ "@alues at different temperatures and it can be employed in
molar and molal concentration scales. The Gibbs free enéi@yand”¥"Y values

can be calculated by the following reactions and knowing the formation constants

of the given specgd & "Q

YO  Y'Yh ¢ (2.29
Yo YO WY (2.30)
The Vanot Hof f equati on i s v ¥O,iate whe

approximatively constant in a given temperature range.

2.9 Sequestering ability

Evaluating the sequestering ability of a matal chelator is crucial in different
research fieldsand 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 employediéboxify 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, aciloase behavior of thégand, as well asf 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 specigd4], and since all these interactions and phenomena should be
considered in the determinatiaf the sequestering ability of a ligand toward
investigated metals, the research group promotednai empiricalparameter in

2006 [85-87]. The previous pio [88, 89| is currently evolved in the plk and
corresponds to the total ligand concentration nee@destquester 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 plos can be calculatedising an usual speciation program foilving the
procedure reported in Crea et 0], and obtained by plotting the sum of the
molar fraction (.) of the metals complexed by the ligavsl pL, that is cologarithm

(pL = -a € "Qof the total ligand concentratiod (). It is a sigmoidal curve, getting

by the following Boltzmann type equation with asymptote 1 for®L H and
asymptote Odr pL®  H5[90, 91]:

(2.31)

pLplg . 5

The greatest pls value means the greatest efficiency of the ligemsequesteng
the metal cation.

Using this approach, the sequestering abilitC&R, as well as of itslerivatives
toward the investigated metal cations was assessed at diffexpetimental
conditions, which @ summarized in Table2.
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Table 29. Experimental conditions for the determination the sequestering
ability of ligands toward metal cations.

Ligand Species  Metal species pH |3 T
CAR Ce* 7.4 0.1 310.15
Mg?* 7.4 0.1 310.15
Ccuw* 7.4 0.1 310.15
Mn?2* 7.4 0.1 310.15
Zn?* 7.4 0.1 310.15
CAR Hg?* 5.0-9.0 0.00%0.7 298.15310.15
FcCAR Hg?* 7.0-9.0 0.1 298.15
PyCAR Hg2* 7.0-9.0 0.1 298.15
CAR PE** 5.0-9.0 0.00%0.7 298.15310.15
FcCAR PR+ 7.0-9.0 0.1 298.15
PyCAR PR+ 7.0-9.0 0.1 298.15
CAR C# 5.0-9.0 0.00%0.7 298.15310.15
FcCAR C#* 7.4 0.1 298.15
PyCAR C* 7.0-9.0 0.1 29815

3 in mmol L1 Pin K.
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Chapter 3

L-Carnosine (CAR) acid-base properties

CAR, as widely highlighted in Chapter llapgs 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 -bagk 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 éhprotonbinding ability of the other functional
groups and the charghstribution over the whole CAR molecul¢92].
Understanohg the site and speciespecific 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 bindinggress with other molecules and ions. On the other
hand, acting as a pH buffer, CAR protonation and, thus, deprotonation do not
influence metabolic processgs]].
However, considering the importance of fully undandiag the role ofCAR and
its acidbase 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 behavioaqueous
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
technique 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 prototian constant values of CAR was first of all achievable

by the robust potentiometric measurements, performed as titrations in different
ionic strengthO (D)1 ©Oermpermdlurke (288.:
conditions and comuebi®aB)onsPof&ntO oGne
processed by means of BSTAC and STACO computer programs, were confirmed
by those acquired by UVis spectrophotometric ariéi NMR titrations at | = 0.15

mol L and T = 298.15 K. HYSPEC and HYPNMR software were respectively
used to process the UVis spectrophotometric arfth NMR spectroscopic data.

Both experimental data and literature or{@-96] were combined, in order to
obtainreliable data on the protonation equilibria, evaluate the dependerhe of
stability constants on ionic strength and temperature, and thus deduce a consistent
speciation model.t8ictural information and fragmentation pathways of CAR were
clarified by meas of Matrix Assisted Laser Desorption lonizatidlass
Spectrometry (MALDI MS) and tandem mass spectrometry (MS/MS) techniques.
Quantummechanical calculations were also performed to quantitatively estimate

the protonation capabilities of the various fuocal groups of CARby means of

the Gaussian 09 softwafé7].

3.1 Protonation constants determinatiorj97]
The protonation constants values, obtained by potentiometry, sheel in Table
3.1, and reported as global formation constdmtsand as stepwise formation

constant¥, referred, respectively, to the following reactions:

iH* + L = HLi? f (3.1
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H* + Hal2 = HiL 0 3.2

Stepwise formation constants areeful for evaluating the functional group
involved in each protonation equilibria. CAR has three ionizable groups: the
carboxylate (COQ, the nitrogenous group (NH) of the imidazole ring, and the
amino group of theb-alanine residue (NH. The logK values of the three
protonation steps are quite different from each other. Comparing them with the
literature data of similar funclogk®nal (
9.79, depending on the conditions) is attributable to the amino groupe d&f th
alanine residue, the bgkOol®d 99)ot onathieo
of the imidazol e r i ntpgKamrsl) tbthe catbdxyliac d o

group.
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Table 3.1 CAR protonation constants values, obtained by potentiometry, in &@@ous solutiain different ionic

strength and temperature conditions.

Reaction l 0@ b
T=298.15K 288.15K 310.15K
| =0.159 | =0.509 =0.73" | =0.989 | =0.159 I=0.15"
L+ H*=LH° 9.1780.006% 9.490° 0.00% 9.231r0.0069 9.1870.0099 9.790.029  9.030.059
L -+ 2H" = LH,* 15.918 0.009 16.4270.008 16.06T 0.008 16.020.01 16.780.02 15.680.05
L+ 3H*= LHz* 18.490.02 19.240.01 18.76°0.01 18.630.02 19.370.02 18.450.04
logK®
T =298.15K 288.15 K 310.15K
| =0.159 | =0.509 =0.73" | =0.989 | =0.159 [=0.15"
L-+ H*=LH° 9.178 9.490 9.231 9.187 9.79 9.03
LHO + H* = LH,* 6.740 6.937 6.827 6.83 6.99 6.65
LHo* + H* = LHZ* 2.57 2.81 2.70 2.61 2.59 2.77

dref.[97]. 7 in mol L1.9° 3 std. dev.
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3.1.1 Dependence on the ionic strength

The dependence of the protonation comistan the ionic strength was determined
by the DebyeHlickel type equation (272 and studied by taking into account the
literature data (Table 3.10) and the experimental values repartbé Table 3.1.
The ejuation(2.27) also allowed to obtain tHe o %ahd the empirical paramet€y

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
(equation2.27), at T = 298.15 K.

Reaction lo g°® c?

L-+ H*= LHO 9.62 0.04Y 0.01
L-+ 2H" = LHy* 16.410.04 0.08
L +3H*"= LHz?* 18.890.06 -0.17

3 ref.[97]. P ° 3 std. dev.

The influence on the ionic strength is also visible on the species distributicem as

be observed in Figure 3.1.
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Figure 3.1.Speciation diagramas. pH ofthe CAR (L)-H* system(charges omitted
for simplicity) in NaCl aqueous solutisrat 1 = 0.15 mol [ (solid red line),
| = 0.50 mol L* (solid black line), | = 0.73 mol £ (dot magenta line), | = 0.98 mol
L (dashed blue line), arat T = 298.15 K (€ = 1 mmol L%).

The protonation process# CAR was described by M. Jozanovic et [88], 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, exhibiangptal 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@®®5 p H O
8.0, range of interest for most biological fluidsetrequilibrium involved is the
second ond,e., LH® + H" = LH". In fact, CAR is present as L¥1 or LH? species,
whose formations reach a maximum at pH © &nd 80, respectively. It is
necessary to consider pH <O4for the protonation of the carboxyligroup

(formation of LH:?* species) and pH >.@for the deprotonation of the amino group
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of the b-alanine residue (Lspecies). The effect of the ionic strength on the
protonation constant values, even though not very marked, cannot be neglected. As
an examplelogK values referred to the first protonation step vary at most from
9.178 (at 1 = 0.15 md_") to 9.490 (at | = 0.50 mol'}). 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 s0%nd | = 0.15 mol &, there are 0.34 of LH

andx 0.64 of LH. Keepingconstant that given pH value but varying the ionic
strength to | = 0.5 mol L, the fraction of both speciesxi€.5. Looking again on
Figure 3.1, the increase the ionic strength from 1 = 0.15 mofito | = 0.98 mol

L does not give rise to a signifint change in the curves. A different profile is
evident at | = 0.50 mol 'L, whose shift toward higher pH values is more
pronounced than the species distribution at | = 0.73 mol L

The knowledge of the parameters in Table 3.2 is useful to evaluateotb@gtion
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 comstt values of CARL") at different ionic
strengths and T = 298.15 K.

Reaction logh?

| =0.159 | =0.259 I=0.59 | =0.759 |=1D

L'+H'=LH° 9.380.0% 9.340.03 9.280.03 9.250.0% 9.230.07
L' +2H"=LH* 16.170.03 16.14°0.03 16.100.04 16.090.06 16.080.08
L+ 3H'=LHs** 18.860.04 18.840.04 18.800.04 18.760.06 18.720.08

3 ref.[97]. P in mol L. 9° 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, ionic strength are reported in Figure

3.2. As can be observed, a slight decrease isr@atun the pattern as the ionic
strength increases. Moreover, the fitting curves obtaibgdcalculating the
parameters of Tabl@.2 are shown in Figure 3.3.
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Figure 3.2.Calculated protonation constant values of QARionic 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 ¢ants on the temperature was determined by
theVanot Ho f (2.28)e gt u & t0.050mol [, taking into account the
literature data (Table 3.10) and the experimental values reported in Tabla 3.
this way, a complete thermodynamic picture was obthiand these Hchanges,
along withee GandT se@&lues, are summarized in Table 3.4. In partic@aGand

T se’@lues vere derived from equations 28) and (2.8) respectively.

Table 3.4 Thermodynamic formation parameters of CAR) @pecies
in NaCl at I= 0.15 mol L%,

Reaction Pp&:H QpH:D T@ps»
L+ H*=LH° -52.40.03 -46° 89 6°89
L + 2H"= LHy* -90.90.05 -66°9 25°9
L-+ 3H" = LHz** -105.50.1 -36°11 70°11
L+ H*=LH° -52.4 -46 6
LHO + H* = LH>" -38.5 -20 19
LH.* + HY = LH?* -14.7 30 45

3 In kJ-mott. Pref.[97]. 9 ° 3 std. dev.

To better distinguish among the different molecultunctional groups,
thermodynamic parameters concerning the stepwise equilibneat{eq3.2) are

also shown in Table 3.4, through which various consideratinriee equilibriacan

be made. As far as the protonation is concerned, for the first ignethe
equilibrium involvingthepro onat i on of t h e-alahnme resmluegr o u
the process i s-46&Xknoot)hwighrarypical vglue referred to an
amino group, where the main contributi
kJ molY); the second protonation stéprotonation of the nitrogenous of the

i midazole ring) i s20laimsty bueenthalpl and emtrapy ( seH
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equally contribute to th®e&). The most agditer gy
protonation stepi.e., that referring to the protonation tife carboxylic group, is
endot her mi ¢ ( ‘&Mith=a m&irdentiodic comwibution to the free
energy (Te&eS). = 45 kJ mol

As for the dependence on the ionic strength, similar considerations can be made on
the temperature dependence, whose efiectnarked on the three protonation
equilibria. In particular, in the first protonation step, libgK varies from 9.79 (at T
=288.15 K) t0 9.03 (at T = 310.15 K), in the second oneloiie value is 699 (at

T = 288.15 K) andb.65 (at T = 310.15 K). Inte third protonation step, thegK
increases froml.59 (at T = 288.15 K) t®.77 (at T = 310.15 K).

1.0

0.8

o
fe)
1

CAR fraction
o
N
1

0.2

0.0

Figure 3.4.Speciation diagramas. pH ofthe CAR (L)-H* system(charges omitted
for simplicity) in NaCl aqueous solution at10.15 mol LY, T = 288.15 K (solid
line), and T = 310.15 K (dashed line),.(€1 mmol L2).
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The distribution diagram reported in Figure 3.4 clearly shows that an indrease
temperature, from T = 288.15 K to T = 310.15K, causes a shift of the protonated
species (LH*") toward higher pH values and a pronounced shift of the
monoprotonated (LA and deprotonated {Lspecies toward lower pH values.

The possibility to calculate the protonation constants at different temperatures, as
well as at various ionistrength, 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 reportedliable 3.5.

Table 3.5. Calculated protonation constants values of CAR) at different
temperatures and | = 0.15 mol.L

Reaction lo g

278.15K 288.15K 308.15K 310.15K 318.15K

L-+ H*=LHO 9.90.1» 9.650.08” 9.120.079 9.070.08” 8.9°0.17
L+2H"= LH>* 17.00.1 16.580.08 15.800.08 15.730.08 15.40.1
L-+3H" =LH3?* 19.30.2 19.080.10 18.660.09 18.620.09 185°0.2

dref.[97]. 7 ° 3 std. @v.

As far as the dependence of the calculated constant values on the ionidhsgengt
concerned, Figure 3.5 shows some examples of the calculated constant values,
along with the respective erronss temperature. A slight decrease is observed in
the pattern as the temperature decreases. The fitting curves were also difained

calculaing the parameters of Tal®e4 and depicted in Figure 3.6.
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Figure 3.5.Calculated protonation constant values of QARiemperature
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Figure 3.6 Fitting curves obtained itne calculaton of the parameters of Table 3.4
for the main text for the ptonation constants of CAR.
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3.2 UV-Vis spectrophotometric and*H NMR spectroscopic results

UV-Vis spectrophotometric artth NMR data were elaborated using the HYSPEC
and HypNMR computer programs, respectively. Both allowed c#dculate
protonation constds, but also the molabsorbance and the chemical shift of each
speciesrespectively.

UV-Vis spectrophotometric antH NMR spectroscopic titrations were performed
frompH 2.5topH 10.5, as depicted in Figures 3.7 and, 88pectively. In the
literature, the UV absorption spectrum ©@AR (0.88 mmol %) is reported, with
bands at 264.5, 214, and 209 nm, assignedi p3, rpi p*, and p p* electronic
transitions, respectaly [4]. Branham et al[4] also described that at much lower
concentrations (0.08 mmofY), 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 st@AR display a single UV band
with a fairly broad shape in acidic environment and reaches a maximum of
absorption atl = 209 nm (Figure 3.7). As the pH increases, and thus the
deprotonation degree of the CAR molecule, a gradual gafbsorbance occurs.
Similar congerations can be madsy focusing on Figure 3.8, which shows the
calculated values of molakbsorbance for each CAR species as a function of the
wavelength. As can be observédl mol* cm? L increases as the pH grows and,
thus, the depronation degreef CAR species.
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Figure 3.7. UV-Vis spectrophotometric titrations of CAR in NaCl at | = 0.15 mol
Ltand T =298.15 K (C= 0.02 mmol L%).
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Figure 3.8 Molar absorption coefficients of CAR (L) species, as a functiomef t
wavelength.
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From the'H NMR analysis ofCAR in different pH solutions, an evident variation

in the chemical shift of the imidazole protons (QHand CH4) can be noticed,

starting from pH > @ (Figure 3.9). In correspondence with the disappearance of

the NH8 amide signal, it can reasonably be stated that from pkO>fisst the

carboxylic group and then the NH imidazole proton are deprotonated. This clearly

affects

highlighting a norinvolvement of the amino group NHn the equilibria at

pH < 90.

The calculated values of the chemical stoftdach species agevenin Table 3.6.
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Figure 3.9. (a)'H NMR titrations of CAR in water (C= 3 mmol L%), 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.
d? L LH LH» LH3

CH2 7.640.01» 7.70001»  8.58001”  8.61°0.01"
CH4 6.910°0.038 6.930°0.048 7.260°0.038 7.320°0.038
CH6y 3.120.09 3.11°0.09 3.25°0.09 3.340.09
CH6, 2.930.04 2.950.04 3.1000.04 3.220.04

CH10 2.460°0.034 2.660°0.034 2.68°0.034 2.720°0.033
CH11 2.920.08 3.24£0.08 3.23°0.08 3.25°0.08

¥ ref.[97]. P ° 3 std. dev.
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Despite boththe UV-Vis spectrophotometric antH NMR data were collected
starting from pH 2.5, it was not possible to calculate the protonation constant
concerning the formation dhe LH3?* specis and, therefore, the value obtained by

the potentiometric technique was used. The protonation constants values, obtained
by processing the U¥is spectrophotometric anti NMR data at | = 0.15 mol £

and T = 298.15 K, are reported in Table 3.7. As far as the third protonation step,
which regards the formation of the ¥ specis, the respective value obtained by
potentiometry is listed in the samable 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
| = 0.15 mol [t and T= 298.15 K, obtained by different experimental techniques
Reaction lo g%

UV-Vis spectrophotometry *H NMR spectroscopy

L~ + H* = LHO 9.570.05Y 9.130.03Y
L+ 2H* = LH,* 15.970.05 15.986 0.001
L- + 3H= LHg2* (18.49) (18.49)

Aref.[97]. P° 3 std. dev.

3.3 Mass spectrometry result$99|

Experimental studiewere performedon the CAR moleculeusingMatrix Assisted

Laser Desorption lonizatioMass Spectrometry (MALDI MS) and tandem mass
spectrometry (MS/MS) techniques. As discussed in Chaptédre2ZMALDI MS
(TOF/TOF) technique was chosen for its high sensitivity aocuracy, as well as

its shortanalysistime and ability to detect different compounds in highomplex
mixtures [60-62]. The first issue was to identify theost 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 sigitelnoise (S/N) ratio, negligible analyte
fragmentation, and modest matrix background in the mass range ahahge.
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 o€AR, an aliquot (¢L) of solution (ImM) was analyzed by MS
experimats in positive ionization mode using traditional matri¢gas CHCA,
DHB). The best results were obtainetth the use of 2 ®ihydroxybenzoic acid
(DHB), asinterference between the matrix and anaigteninimal. CAR was also
analyzed by Collision InduceBissociation (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 GAR (m/z 227.11; [GH15N4O3]™) is
depicted in Figure 3.11, and the relative MS and MS/M&rhentions are
collected in Table 3.8. The relative molecular formula of the fragments can be
interpretedpartially according to Peiretti et aJ100, and paty as the dipeptide
backbondragmentation. In the CID MS/MS spectrum@AR (Figure 3.11), peaks

of m/z 210.09 ([@H12N30s]"), 209.10 ([GH13N4O2]*), and 156.08 ([€H10N302]")

were detected as the most abundant fragment ions from the precursor ion (m/z
227.11; [GH1sN4O3]"). The ammaia loss is the most intense process and the [LH
17+HJ" ion results in the formation of the peak of m/z 210.0%KEN3O3]+),

which gives rise two main products by the elimination of water (m/z 192.08;
[CoH10N30O2]) and cycloprog-en1l-one (m/z 110.07;JsHsN3]™; schenatic in
Figure 3.10). The water loss from the precursor ion leads to the formation of the
m/z 209.1G0on ([CoH13N4O-] "), followed by elimination of th&-alanine moiety, in
order to obtain the ion of m/z 138.07 (z1(+1) ion,eHENsO]"). The direct
fragmentation of the precursor ion also results in the formation of m/z 156.08
(y1(+1) ion, [GH10N3O2]™), by cleavage of thpeptide bond. Finally, the lowas

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/z 227.11; [GH15N4O3]™).
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Figure 3.11.CID MS/MS spectrum of CAR (LH) (m/z 227.11; {815sN4O3]").

Table 3.8. MS and MS/MS fragmenions of CAR (LH) (m/z 227.11;

[CgH15N403] +).

Carnosine Composition Detected Mass mppnm

[LH+H] * [CoH15N4O5] 227.11 5.0

MS/MS fragments [CoH12N304]* 210.09 6.0
[CoH13N4O;]* 209.10 7.0
[CeH12N305]* 198.09 8.0
[CoH10N3O2]* 192.08 9.0
[CeH10N3O7]* 180.08 7.5
[CeH10N3O2]* 156.08 9.0
[CeHsN3OJ* 138.07 8.0
[CsHsN3]* 110.07 7.5
[CsH/N2]* 95.06 6.0
[CaHeNA * 82.05 6.5
[CaHaNo]A * 68.04 8.0
[CH4N]* 30.03 5.0
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3.4Electrochemistry 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 propertiestie detection of certain metal
cations. For tis purpose, electrochemical methods are widely employed to study
amino acids and peptides.

However, to date, there is no clear evidehoethe electrochemical activity of
CAR, asthere is forits precursor amo acid, L-Histidine. The latter wastudied

el ectrochemi cal Ky smay oM j4d] Me ¢t remdent 4.0 tb

10.0 by CV and DPV. They found that-histidine is not electroactive in CV, but
shows an oxidation peak (& = 0.860 V) at pH = 1@ in DPV. However, more
precisely, the Ist peak corresponds to the oxidation of the imidazole ring of the L
Histidine, whichis not found to be electroactive in the investigated pH rarige.
more detail, the totally deprotonated spscfe’) of histidine was found to be
involved in the oxidatioreaction, unlike the partially deprotonated species;{LH
and LH), whichwerenot involved in the redox procef#4]. These results are in
agreementvith the followingdeconvoluted/oltammograms oBSFCE in KCI (0.1

mol L'Y) aqueous solutiofFigures 3.2, 313 and 314). As can be observed in
Figures 313 and 314, a slight band is visible aroung, & 1.150 V, which could

be attributable to the imidazole ring. The other peakpyat-E.36 V, is attributable

to the blank solution.
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Figure 3.12. CV of L-Histidine (G = 1 mmol L) in KCI (0.1 mol L) aqueous
solutionon SRCE. Scan rate: 0.1 Vs
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Figure 3.13. DPV of L-Histidine (G = 1 mmol L) in KCI (0.1 mol L) aqueous
solutionon SRCE.
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Figure 3.14. SWV of L-Histidine (G = 1 mmol L'}) in 1 KCI (0.1 mol L}) aqueous
solutionon SFCE.

Considering that a high concentration of histidine was dsecelectrochemical
analysis, the data obtained were rather scarce and unsatisfactory. Similar results,
not many reproducible, areonsequently obtained in the voltammetric study of
CAR, performed ina wide pH range from .8 to 100 on SRCE. CAR, as its
precursor, shosnearlyinert electroactivity

Therefore, to improve the electrochemical performance of CARSBGE, a

strategic apmach was adoptedsing two different dispersionalready described

in Chapter 2.
i) Nafion.
1)) CNO.
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The aim of this work was to develop a highly sensitive voltammetric method for
carnosine determination. Thullafion and CNO were used to improve sensitivity

of SRCE [65]. Voltammetric tests for CAR were performed on modifeCEs

with respectiveNafion and CNO dispersisrin awide pH rangg(3.00 p H.0001 0
DPVs obtained for CAR on thendividual modified electrodes are shown in
Figures 3.15 and 3.1 acid and alkaline environmexntrespectively The DPV
scansin Figure 3.15reveala slight oxidation peaKEape 1.09 V)for CAR (1

mmol L?) in KCI (0.1 mol L}) at pH e 3.0. This result was obtaine 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 @AR (Eap= 1.15 V), obtained

on bareSFCE, descri bed b[y0l]JHowesen the dxidation peala |
disappears athe CAR concentration increasendthe KCI peak shifts towardhe
cathodic potential rangehenthe solutionpH is acidc (Figure 3.15)On the other

hand DPV in Figure 3.16eveals an oxidation peak{f= 0.735 V), which could

be attributable to the CAR molecule at the highest concentration (10 m#hol L
The oxidation peak tends to decrease, up to disappear, as the number of scans
increases. For instag, ths effect is shown in Figure 3.16

Therefore, the data obtained are neither clear nor reprodutlbieever, these
results have given rise to the idea of synthetizing a more electroactive and versatile
CAR derivative, with the aim of searching fasielectrochemical properties, as

well as its sensing capability toward metal cations.
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Figure 3.15. DPV scansof CAR (1 @/ mmol L O10) in KCI (0.1 mol LY
aqueous solutioon Nafion/SFCE (pH e 3.0).
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Figure 3.16. First (solid line) and second (dashed line) D&&anof CAR (C. = 10
mmol 1) in KCI (0.1 mol L) aqueous solutioon CNO/SFCE (pH e 10.0).
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3.5Computational results[97]

As pointed out in Chapter 2, botBAR tautomeric forms of the imidazole ring
were considered for the quantumechanical computational analyses. However,
the very small total eneygdifference 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 Figuf&. The quantum
mechanical calculations results are in line wiile 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, Rhaton Affinity (PA)
shown by t he a nalanire regidue af he GAR malecude sdivated

in water is the largest oned,, 1189 kJ mol). Quanturamechanical calculations
highlighted that the large PA of the Nig r o u p  eafaning tesiduebcan be
ascribed to two main factorgi) the presence of the nearby £group, which
repels electrons, an@) 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 inxxess,via the formation of an internal #ond, but also when an
extra electron is present, due to proton deficiency on the ddblp, as shown in
Figure 3.17

In addition to the welk nown signi ficant P A -aaninet h e
residue, other functional groups are suitable candidates for accepting protons in
acid conditions. In articular, as shown in Table 3.8 PA similar to that observed

for theamino group of the alanine residue is also found for the bare nitrogen atom
of the imidazole ring, protonated species labeled43 ) (.e., 1184 kJ mobh).

As depicted in Figure 3.1@olumn HL* (2)), the nitrogen atom, once the proton is
acceptedforms a strong Fbond 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 befits from the presence of an internabbind between
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the NH* group and the deprotonated carboxylic one. Similar considerations also
apply to the protonation of thedoxylic group of the CARnolecule, as shown in
Figure 3.18 (column HL*(1)). However,once the structural relaxation occurs, the
COOH group patrtially loses the excess proton in favor of the bare nitrogen atom of
the imidazole ring, establishing a strongobind with the latter. This circumstance
does not alter the previously existinghdnd between the NE group and the
CAR carbonyl one, under the globally neutral zwitterionic state, as visible in
Figure 3.18 (column HL" (1)). The presence of the two internalbbnds results

into a PA equal to 1151 kJ mol, as listed in Tabl&.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 CR molecule both when it is directly protonated and when
protonation is forced on the CO@witterion 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, ather possible protonation site is constituted by
the nitrogenous group (NH) of the imidazole ring. However, since this event
corresponds to a PA equal t®84 kJ mof (Table 3.9, it is so far the least likely.

In fact, as shown in Figure.18 (column HL" (3)), the stable molecular
configuration associated with the protonation of this functional group completely
hinders the possibility of forming an intexl Hbond additional to that normally
established between the BHyroup and the carboxylic one. It is noteworthy that
all static calculations were performed under implicit solvation conditions and
representing the grourstate molecular structure of dfiently protonated states of

the CAR molecule, as predicted by quantomachanical (Density Functional
Theory, DFT) laws.
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Figure 3.17. Groundstate structures of tf@AR molecule for different protonation
states, as determined by DFT calculations peréat at the B3LYP/6-
311++G(2d,2p) level under implicit water solvation. Hheutral zwitterion; i(1),
deprotonated. Deprotonation has been executed on thiegkitip (HL*(1)).

Table 3.9 Total energies (in a.u., first row) amioton Affinity (PA, in kJ-mol?,
second row) ofCAR, determined both from cationic and neutral zwitterionic
species, calculatedt the B3LYP6-311++G(2d,2p) DFT level in water for the
protonation of the COQgroup (HL*(1)), of the nitrogen atom of the imidazole
ring (H.L*(2)), and of the nitrogenous group NH of the imidazole ring (¥B)).

CAR (L) HLO® HaoL™ (1) HaoL™ (2) HaoL ™ (3)
Water -796.11 -796.56 -796.57 -796.50
PA - 1151 1184 984
HL® H,L (1) HL* (2) H,L" (3)

9

cf 0 < a J ) i 3 ?
3 *’ :4, @‘ A‘,@ 339 3% 00 3,

9

Figure 3.18 Groundstate structures of the CAfRolecule fordifferent protonation
states, as determined by DFT calculations performed at BBeYP/6-
311++G(2d,2p) level under implicit water solvation. %4heutral zwitterion; k",
protonated. Protonation has been executed on the @@Dp (HL*(1)), the
nitrogenatom of the imidazole ring @i *(2)), and the NH group of the imidazole
ring (H:L*(3)). Red circles identify internal -Honds stabilizing the protonated
molecular structures.
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3.6 Literature comparisons

The characterization of protonation equilibria of CARs carried out in different
literature report444]. The values of CAR protonation constantseported in the
literatureare summarized in Table 3.10. Howevtite dependence on the ionic
strength and temperature was motestigatedhoroughly. Thegfore, this indepth
study was performed in order to elucidate, first of all, the thermodynamic
parameters o£AR and also therotonation capabilities of its functional groups

As just written inParagraph 3.1, the consistency of the data was also piotbd
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 pathwdy CAR were
elucidatedby Matrix Assisted Laser Desorption lonizatidiass Spectrometry

(MALDI MS) and tandem mass spectrometry (MS/MS) technigues
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Table 3.10.Literature protonation constant values of CAR.

lonic medium T /K | /mol Lt |l og |l og b loghs Ref.
NaClQy 29815 0.1 9.397 16.20 17.493  [107
29815 0.1 9.35 16.09 18.72  [103

29815 0.1 9.32 1589 - [104

NaCl 298.15 0 9.37 16.14 18.73 [93]
KCI 29815 0.1 9.372 16.146 18.740  [109
29815 0.2 9.30 16.14 18.67  [10€

29815 0.2 9.39 16.23 18.76  [107

310.15 0.15 9.20 15.89 18.65 [92]

KNO3 29815 0.1 9.372 16.15 18.74  [10§
29815 0.1 9.466 16.30 18.90  [109

29815 0.1 9.36 16.12 - [11Q

298.15 0.1 9.40 16.18 18.75  [117

31015 0.15 9.04 15.83 18.37  [117

310 0.15 9.04 15.62 18.26  [113
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3.7 Final remarks

The synergy of the various techniquexjether with the analysis of literature data
allowed to obtairrobust thermodynamic parameters on the-haise properties of
CAR.

In particular, potentiometry allowed firstly to explore the doasde
behavior ofthe CAR moleculeover a wide range of ionic strength and
temperature.

- In this way, thermodynamic paraiees geHae GandT a@Svere calculated
by equatiors (2.8), (2.29) and (230).

- Protonation constants values, obtained by potentiometry, were in
accordance with those derived from the processing of-Visv
spectrophotometric antd NMR data.

- The thermodynamic in&tigation was also enriched by the computational
results, which allowed to determine tH&oton Affinity (PA) of the
functional groups ofhe CAR molecule.

- On the other hand, mass spectrometry provided structural information and
fragmentation pathways GAR.

- However, the voltammetric activity of CARould not be known This
molecule, indeed, shoveshirreversible and nareproducible redox process.

- Therefore, electrochemical methods were used to study a more electroactive
carnosine derivative, ferrocengarnosine (FCCAR). The latter was
synthetized in Tarragona under the supervision of Prof. Fragoso.

In this thesisthe synthesis and analysis of FcCAIRe reportedn Chapter 5.
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Chapter 4

M2*-L-Carnosine (CAR) interactions

Metals are an essential grt of the entire ecosystem, whether they are alkalis,
alkaline-earth cations, or transitions metald5, which also have different
oxidation states. All metals are found 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, ubiqu#an biological systems, where they
take part at the cellular and extracellular levaahd in the central nervous system
[45].

Complexes of metal cations with amino acidgeptides can be used as models to
study the pharmacological effects of drydd]. As far as carnosine is concerned,
various works report its remarkable metah chelating properties, particularly
marked with respect to bivalent cations*M[5, 7, 18, 114]. However, there was

no clear evidence ithe literature on the interactions between the dipeptide and
bivalent metal cations. For this reason, arsl wvaritten for the protonation
determination of CAR, anin-depth thermodynamic study was necessary to
undersand the M*-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 CARself.

To study M*-CAR interactions, a combination of experimental techniques was

employed. First of all, potentiometric titrations were perfornueder different

conditions of ionidOstijengtempedatue | (
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310.15) and metlligand ratios. As reported in Chapter 2P4ragraph 2.2.2),
equilibrium constant values of all the metal cations under study are Knomhe
literature[115121] and, consequentlyyerenot experimentally investigated in this
thesis.
Therefore the strength of interactions, the presenceahplex specieand their
stoichiometry, were defined along with the formation constants and speciation
models for each K1-CAR system. In particulathe speciation models were chosen
on the basis of some general criteria, such as simplgpgciesformation rates
standard and mean deviation of the fit. For each systeitied the speciation
models are summarized in Tablel. Formation constants values of thé'NCAR
complex speciesobtained by potentiometry, agivenas! , orf , according
to the equationf2.21) or (2.2).
Once a complete thermodynamic pictunas establishedor each M*-CAR
systemH NMR spectroscopic titrations were performed on some of tHeQWR
systems investigated. In paular, for the C&*-, Mn?*-, C/#*- and Zr#*-CAR
systems,*H NMR spectroscopic measurements were carried out to confirm the
speciation models, previously determined by potentiometric onHse
experimental conditions adopted are summzed in Table 2.8 However, the
processingf the 'H NMR datayieldedonly the formation constants values tife
C&*- and Zrt*-CAR systems. In fact, the paramagnetic naturéhefMn?*- and
Cu?*- ions did not allowreliable 'H NMR informationto be obtainedn the same
expeimental conditions used fane Ca2*- and Zrt*-CAR systems.
In this thesis, the KI-CAR interactions are debatedcording tathe nature of the
metal cations under studyamelyin the following order:
- 4.1. Alkalineearth metals, Gaand Md".
For bothcations,ab initio molecular dynamics (AIMD) simulations also
clarified the complexation mechanisms of?Cand Md* 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 serjégn®*, Cu/** and Zrt*.
For these metal cationsntegration with further investigation by High
Resolution (HR) Matrix Assisted Laser Desorption lonization (MALDI)
Mass Spectrometry (MS) elucidated the ®n Cu/*- and Zrf*- CAR
chelating modes.
- 4.3.Cd**" as a metal of the second transition metal cation series.
- 4.4, Third transition metal cations series?Hand PB*.
The resulting synergiic effect of the experimental and computational methods
was crucial to better distinguishe structural and coordiniain features othe M2*-
CAR complex species
Finally, for all these metal cations studied, the sequestering ability of the CAR was
determined according to the equation {2.3The resulting sequestering diagrams,
simulated according to the experimental ditions givenin Table 29, are shown
in Figures 4.8 and 4.3.
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Table 4.1.Experimental formations constants values 6f4@AR (L") systems, obtained by potentiometry, in NaCl aqueous

solutions in different ionic strength and temperature condition

|l ogh

T=298.15K 288.15 K 310.15 K

VES Species | =0.159 | =0.509 1=0.739 | =0.989 |=0.159 |=0.159
Ca'd ML* 2.970.09 3.26°0.04% 3.570.049 3.50°0.05% 2.870.039  3.090.059
MLH?2* 12.130.05 12.180.03 12.490.03 12.750.03 11.970.02 12.190.04

MLH 3+ 18.7£0.07 18.930.05 18.990.04 19.41°0.05 18.67°0.04  18.950.06

Mg?*®) ML* 2.740.04 - - - 2.86°0.07 2.490.05
MLH?2* 11.770.04 11.6£0.03 11.780.04 11.820.04 12.050.06  11.30°0.05

MLH 2 18.380.05 18.360.04 18.70°0.03 18.820.04 18.97°0.06  17.7£0.05

| =0.159 | =0.499 1=0.729 | =0.989 | =0.159 =0.159
Mnz2+9) ML* 3.340.059 3.40°0.04° 3.530.05° 3.35°0.03° 3.4400.029 4.520.05%
MLH2* 12.56'0.02 12.050.05 12.220.05 12.120.03 12.050.02  13.120.04
MLH 2 19.330.03 18.340.07 18.80°0.05 18.41°0.04 18.360.04  19.410.03

Cwd ML* 8.270.01 7.870.01 7.77°0.01 7.580.02 8.440.04 8.01°0.02
MLH 2* 13.460.02 13.330.01 13.320.02 13.40°0.02 13.80°0.05  13.080.04
ML oH* 21.100.03 20.490.07 20.420.08 20.350.08 21.4£0.2 20.61°0.04
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MLOH 2.650.01 2.376°0.006 2.3150.009 2.270.01 2.80°0.02 2.31°0.02
ML(OH)> -8.380.02 -8.62°0.02 -8.51°0.02 -8.90°0.04 -8.040.04 -8.05°0.06
Zn?+9d MLH?2* 12.630.03 12.2£0.02 12.20°0.04 12.230.03 12.90°0.06 12.080.04
MLH ;% 18.81°0.03 18.350.03 17.8°0.1 17.330.08 18.830.06 18.66°0.02
MLOH -2.850.03 -3.40°0.02 -3.63°0.04 -3.730.03 -3.09°0.02 -3.21°0.03
| =0.15% | =0.499 =0.729 | =0.96% |=0.15% =0.15%
Ca* ML~ 3.11°0.079 3.680.059 3.90°0.059 4.130.06° 4.220.049 3.420.08Y
MLH 2 12.170.03 12.690.03 12.960.06 1315°0.03 13.070.03 11.80°0.07
MLH 3+ 18.850.03 - - - - -
Hg?* ML* 17.280.01 17.610.02 18.080.03 18.360.01 17.490.08 16.81°0.02
MLH 2* 24.370.02 25.200.04 26.030.07 25.60°00.079 25.26'0.02 23.630.07
MLOH 9.46°0.03 8.90°0.02 9.03°0.02 9.070.029 10.380.04 8.95°0.02
| =0.159 |=0.5% |=0.75% | =0.977 | =0.15% |=0.15%
Pb?* ML2° 8.65°0.08Y 8.890.08Y 8.88°0.079 8.30.19 10.050.079  8.440.08
ML H* 18.060.02 17.760.02 17.580.03 1744°0.03 18.650.04 17.570.04
MLH 23 18.31r0.02 - - - - -

¥in mol L% P ref.[97]. ©

3 std. dev¥ ref.[99].
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Table 4.2 Experimental formation constants values of*€§97] and
Zn?* - [99] CAR (L") systems, obtained byd NMR spectroscopy, in
NaCl aqueous solutierat | = 0.15 mol [* and T = 298.15 K.

Reaction |l ogh
Ca*+ L = Cal® (2.97)
Ca*+ L + H = CalLH* 12.11°0.04
Ca*+ L +2H* = CaLH?*" 18.870.04
Zr?t+ L+ HY = ZnLH?* 12504
Zn?* + L+ 2H" = ZnLH** 19.180.02
Zn?* + L+ H,0 = ZnLOH + H* -2.9°0.3

3 value obtained by potéipmetry,® 3 std. dev

4.1 Alkaline-earth metals, C&*- and Mg?*-, with CAR

Although CAR does not belong to the metalloproteisags intriguing metal ion
chelating ability hasausedthe dipeptideto beincreasingly studied. Considering
the potential beneficial properties of CAR, more emphasis has been placed on
bivalent metal catios of biological interest. In fact, high concentrations of*Ca
and CAR in biological tissues can lead to important complex spd@éls

As written in Chapter 1, 99% of CAR is found in sial muscle tissues, where it
plays different roles in homeostasis during anaerobic respirf@nacting as a

pH buffer [7], and increasinghe C&"* sensitivity of contractile unitd123.
Moreover, taking advantage of the agliycating, antiaging and dermocosmetic
properties of CAR, its supplementarges have also shown positive effects on the
skin. In particular, M§-CAR complex species provided a superior delivery of
CAR in the lower skin layersip to 60% with respect to the free CAR|.

Therefore, considering that the biological and physiological roles of CAR are
strongly based on its acluthse properties and its interacowith bivalent metal

ions, studying the speciation of the?MCAR systems was pivotal to better
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understand the activities of the resulticgmplex speciesMoreover, no literature
data reportecthe dependence of the formation constants values éf-GAR
systems on the ionic strength and temperatlifeis, & abovementioned, this
effect wasinvestigatedpotentiometrically for all M*-CAR systers studied in this
thesis.

4.1.1 C&*-CAR complexes

In Table 4.1, the speciation model includes species withhietalligand ratio at
eachvalue of ionic strength and temperature. Three met@hplex speciesre

formed namely MLY, MLH?* and MLH:®*, whosel o gatues tend to increase as

ionic strength and temperature growth. In particular, for thé dflecies, thel o g b
value varies from 2.97 (at | = 0.15 mof)Lto 3.50 (at | = 0.98 molt), and from

2.87 (at T = 288.15 K) to 3.09 (at T = 310.15 K). AweMLH 2* specis, the trend

is12. 13g@I1 ue iOn 12h & 5f ol | owi ng ilonmoilLd st r e
O 0.9181 . amdg®drl ue O 12.19 for tha2881Bonce
OT/ K O A3reder ihckease is found for the M species, whosel o g b
ranges from 18.74 (at | = 0.15 mof)Lto 19.41 (at | = 0.98 mol1), andfrom

18.61(at T = 288.15 K) to 18.95 (at T = 310.15 K). Figure 4.1 shows the species
distributionvs pH at two different ionic stremig values. As can be noéd, M is
coordinated withCAR throughout the pH range investigatadd atthe two ionic

strengh values considered. The free*Mraction decreases by about 0.3 anit
passing from | = 0.15 molt(solid line) to | = 0.98 mol 1 (dashed line). On the

other hand, the molar fractioof the metalis approximatively 0.6 as MLH" (for

3.5 O pH O % and ML spdciesalsdireadh 0.6 at | = 0.15 md| L

and 0.8 at | = 0.98 mol1, at pH = 80 and pH = 10, respectively. Figure 4.2,
instead, shows the species distributianpH at two different temperature values.

In both cases, as can be obsentbdformation of the three eoplex species occur.
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However, M* is much coordinatetb CAR at T = 310.15K (dashed line), and only

an amountx( 0.2) of free metal is found throughout the pH range.afount of

about 0.8 free NI 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*(for 3.5 O pH O 6.5), 0.2FatpHFB0) gr e a't
and ML speci es (.Dorespegitely. @t T1=0310.15 K, the MLFf
specisamounts to 0.8 in the f@théMdumiang pH
ML™* ones reach 0.6 at pH8:0 and pH = 10, respectively.

In order to confirm the speciation model provided for potentiométyNMR
spectroscopic measurements were also performed as titratems$ the
corresponding spectra of €eCAR solutions, at different pH Uaes, are deicted

in Figure 4.3 The pectra of carnosine (Figure 3.9 (a)) and®'@@AR system
(Figure 4.3) are very simild®7]. The goton signals in the complexes are affected
by a faint dow0lX)ineebad toethe ffree digandiieasliations
involved six chemical shift signals which allowed to determine the formation
constantsvalues (Table 4.2) and confirthe speciion model previously defined

by potentiometric titrations.

The formation constants values of the CaLnd CalLH®" species are achieved
taking into account that obtained by potentiometlative tothe Cal’ specis,

which is 2.97. In light ofthe expeted speciation model, the goodraement
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
becausge as written, the species that took pamt the equilibriawere rapidly
exchanging on the NMR time scdl@7]. Therefore, no relevargssumptionsvere
madeabou the nature and amount of complex species. In spite of the weakness of
C&*-CAR interactions, to assess its effect on the ligand speciatisimdated

di stribution di agrsasshoantin Figureedsbl AS highligedc e nt 1

in Chapter 1, CARmay amount to 20 mmol Lin skeletal muscle tissues atwl
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very lowconcehr at i ons i n pt@s inabe)e & 6an @acm MO |
emol L after beef consumptiof®7]. In this conditiay, C&*-CAR complexes are
important; in particular, 0.55 of the ligand molaadtion is found to be in the
MLH?* form at physiological pH (7.4) (Figure 4.5). This diagram was derived from
the thermodynamic data at | = 0.15 mof land T = 310.15 K, thatra the
physiological conditions of the plasma. Howeubg datashownin Tables 3.1 and

4.1. allow to simlate the respective speciation of CAR avid"-CAR systemsat
different experimental conditions of element concentration, ionic strength and

temperatee.
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Figure 4.1. Speciation diagranvs pH of the Ca*-CAR (L) system (charges
omitted for simplicity) in NaCl aqueous solution at | = 0.15 miél($olid line) and
I = 0.98 mol L (dashed line), T = 298.15 K (& 2 mmol L, CL. = 4 mmol LY).

1.0

Ca?* fraction

Figure 4.2. Speciation diagranvs pH of the Ca&*-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), | = 0.15 mot (Cw = 2mmol L, CL = 4 mmol L).
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Figure 4.3. 'H NMR titrations of the Ca&*-CAR system in aqueous solution in the following pH range,
2.5 < pH < 10.5 (&= 4 mmol L*,C.= 6 mmol ).
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