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The study antioxidant properties of amino acids is very important, because they are the building blocks
of peptides and proteins, and they take part in many fundamental biochemical processes.
Electrochemical methods provide big opportunities for investigation and assessment of antioxidant
capacity of these compounds. The electrooxidation of cysteine, cystine, phenylalanine and alanine was
investigated in a non-aqueous solution at a platinum electrode. The process of oxidation and its
kinetics was investigated using cyclic voltammetry (CV) and differential pulse voltammetry (DPV).
The electrochemical oxidation of amino acids is an irreversible process that proceeds in two steps.
Thus, this study demonstrated that cyclic voltammetry in aprotic solvents is a very useful technique for
studying the reactivity of such compounds and their antioxidant activities due to the high sensitivity of
the technique. Quantum chemical calculations were also performed for the amino acids. The molecular
geometries of the amino acids in the gas phase were studied using ab initio quantum chemical
calculations with the restricted Hartree—Fock (RHF). Structural investigations of the amino acids were
conducted using FTIR. Mechanisms for the oxidation of cysteine and phenylalanine were then
proposed.
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1. INTRODUCTION

Electrochemical methods are an important class of diagnostic techniques that have been widely
used for the investigation of biological properties of electroactive species [1-2]. One of the most
important groups of electroactive species are amino acids [3-4]. Amino acids play an important role in
protein metabolism, food, and pharmaceutical products [5-6]. Because of their great importance in all
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basic biological processes in the cell, amino acids and proteins are among the most studied biological
compounds [7].

Cystine (2-amino-3-[(2-amino-2-carboxyethyl)disulfanyl]propanoic acid) is a dimeric amino
acid formed by the oxidation of two cysteine residues that covalently link to make a disulfide bond [8].
Cystine can be hydrolysed to cysteine in water. Cysteine, one of the 20 amino acids commonly found
in natural proteins, is widely used in the food industry as an antioxidant and in the pharmaceutical
industry as a biomarker or in drug formulation. Additionally, cysteine plays an important role in
several biological processes [9-12]. Cysteine and its oxidised form, cystine, play an important role in
the regulation of metabolic processes in the human body. In addition, cysteine is a powerful
antioxidant and protects the human body against radiation and toxicants [13]. Phenylalanine (2-amino-
3-phenylpropanoic acid), an essential amino acid, is a constituent of many central nervous system
neuropeptides. It is widely used as a food or feed additive, as a dietary supplement or nutraceutical, in
the chemical synthesis of clinically and pharmaceutically active compounds, and as an ingredient in
cosmetics [14-15]. Another important amino acid is alanine (2-aminopropanoic acid), a nonpolar
aliphatic amino acid [16].

Many techniques have been developed for the analysis of the chirality of amino acids, such as
surface plasma resonance (SPR) [17], circular dichroism (CD) [18], chromatography [19-20],
fluorescence [21], chemiluminescence [22], and enzyme-based electrodes [23]. However, these
research methods require large equipment or relatively complex analytical tools and can therefore be
inconvenient analytical tools.

Investigations of the redox behaviours of biologically occurring compounds by means of
electrochemical techniques have the potential to provide valuable insights into the biological redox
reactions of these molecules. Due to their high sensitivity and selectivity, voltammetric methods have
been successfully used to study the redox behaviours of various biological compounds.
Electrochemical techniques are excellent methods for the sensitive determinations of organic
molecules [24-25], including amino acids [7, 26-29]. Cyclic voltammetry is frequently used for the
characterization of electroactive systems [30-31]. The half-wave potential (Ey5,) is a useful parameter
that provides information about the antioxidant activity of the compound under study [32-33]. The
“low oxidation potential” corresponds to the “high antioxidant power”. The electrochemical properties
of amino acids have been described in previous research [34-37].

The aim of this study was to determine the electrochemical behaviours of amino acids during
electrooxidation at a platinum electrode in a non-agueous media and assessment of antioxidant
capacity of these compounds. The structural investigations of the compounds were conducted using
FTIR spectroscopy. Four biologically important amino acids, cystine, cysteine, phenylalanine and
alanine, were investigated.

2. EXPERIMENTAL

2.1. Reagents

Pure amino acids: cysteine (2-amino-3-sulfhydrylpropanoic acid, C3H;NO,S), cystine (2-
amino-3-[(2-amino-2-carboxyethyl)disulfanyl]propanoic acid, CsH12N,04S,), phenylalanine (2-amino-
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3-phenylpropanoic acid, CoH11NOy), and alanine (2-aminopropanoic acid, CsH;NO,) were obtained
from Sigma-Aldrich (Germany) and used as received. Acetonitrile (CH3CN, pure p.a.) was used to
prepare the amino acid solutions and was from Sigma-Aldrich. Tetrabutylammonium perchlorate
((C4Hg)4NCIO,) was from Fluka (Germany) and was used as a supporting electrolyte. The substrates
solutions were prepared by dissolving in 0.1 mol L™ ((C4Hg)sNCIO, in acetonitrile. Concentrations of
amino acids it was 5.0 x 107> mol L™. All reagents used were of analytical grade.

2.2. Measurement methods

To assess the electrochemical oxidation mechanisms and the kinetics of the compounds under
investigation, cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used with an
Autolab electoanalytical unit (EcoChemie, Utrecht, The Netherlands) equipped with PGSTAT-12 and
GPES softwares (Eco-Chemie). The experimental conditions for cyclic voltammetry (CV) was v = 0.1
V s, and for differential pulse (DP) voltammetry were: pulse amplitude 25 mV, pulse width 70 ms,
and scan rate 0.01 V s *. A three-electrode system was used for the measurements. Platinum was used
as the anode and auxiliary electrode. The electrode potential was measured against a
ferricinium/ferrocene reference electrode (Fc*/Fc). All the solutions were degassed with argon prior to
the measurements. During the measurements, an argon blanket was maintained over the solution. CV
and DPV recorded in the potential range from 0 to 2 V vs. Fc'/Fc. The effect of the scan rate on the
electrooxidation of the amino acids in an non-aqueous medium was assessed. All of the experiments
were performed at room temperature.

FTIR analysis. IR spectra were recorded from 3000-700 cm™ using an FTIR Nicolet 6700
FTIR (Thermo Scientific). The measurement parameters were as follows: 128 scans, resolution 8 cm ™,
DTGS/KBr detector. The FT-Raman spectra of the compounds were also recorded over the range of
3000-1000 cm™.

The quantum chemical calculations were performed using the AM1 method with HyperChem
program packages. The molecular structures of amino acids in gas phase were fully optimized by using
ab-initio quantum chemical calculations at the restricted Hartree—Fock (RHF) level of theory.

3. RESULTS AND DISCUSSION

3.1. Voltammetric behaviours of amino acids

Cyclic voltammetry (CV) [38-40] and differential pulse voltammetry (DPV) [41-44] have
become widely used tools to screen the antioxidant properties of organic compounds. The
electrochemical oxidation behaviours of amino acids were studied here to evaluate their electron-
transfer potentials. Oxidation potentials can be used to study the electron-donating capacity of a
molecule as a general indicator of its radical scavenging ability. Electrochemical cyclic voltammetry
allows for the determination of the redox properties of antioxidant molecules in solution. The cyclic
and differential pulse voltammograms of the amino acids in acetonitrile solution are shown in Figs. 1-
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4. The half-wave potential of the electrode reaction, as determined by cyclic voltammetry,
corresponded to the peak potential from differential pulse voltammetry. The supporting electrolyte, 0.1
mol L™ (C4Hg)sNCIO,, showed no characteristic peaks within the potential range in which the
compound oxidation peaks appeared (Fig. 1-4, curves 3).

The voltammograms presented in Figs.1-4 (curves 1 and 2) show that the amino acids are most
likely irreversibly oxidised in two electrode steps at potentials lower than those of electrolyte
decomposition.
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Figure 1. Voltammograms of cysteine oxidation at a Pt electrode; ¢ = 5.0 x 107> mol L™ in 0.1 mol L™
(C4Ho)sNCIO, in acetonitrile; v = 0.1 V s™. 1: cyclic voltammogram, 2: differential pulse
voltammogram, 3: differential pulse voltammogram of the supporting electrolyte (0.1 mol L™
(C4Hg)4NCIOy in acetonitrile.

10

8

6

1/ nA
1/ HA

E \-"'(VS. FC+_-""FC)

Figure 2. Voltammograms of cystine oxidation at a Pt electrode; ¢ = 5.0 x 10~ mol L™ in 0.1 mol L™
(C4Ho)sNCIO, in acetonitrile; v = 0.1 V s™. 1: cyclic voltammogram, 2: differential pulse
voltammogram, 3: differential pulse voltammogram of the supporting electrolyte (0.1 mol L™
(C4Hg)4NCIO, in acetonitrile).
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Cysteine was shown to oxidise easiest among the investigated amino acids (Fig. 1). As
determined by cyclic voltammetry, the half-wave potential (Ei,) of the first step in the cysteine
oxidation was 0.38 V, which corresponded to the peak potential (E,) from the differential pulse
voltammetry measurements. The half-wave potential (E1,) of the second step was 0.58 V.

However, the oxidation of cystine required increased positive potential (Fig. 2). The half-wave
potential (Ey) of the first step in the cystine oxidation was 0.57 V, which corresponded to the peak
potential (Ep) from the differential pulse voltammetry measurements. The half-wave potential (Ey/) of
the second step was 0.83 V. The electroactive centres of both molecules were identical, but cystine
contains a disulfide bridge between the two cysteine moieties, which explains the higher oxidation
potential of cystine relative to cysteine [7].
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Figure 3. Voltammograms of phenylalanine oxidation at a Pt electrode; ¢ = 5.0 x 10~ mol L™ in 0.1

mol L™ (C4Hs)sNCIO; in acetonitrile; v = 0.1 V s*. 1: cyclic voltammogram, 2: differential
pulse voltammogram, 3: differential pulse voltammogram of the supporting electrolyte (0.1 mol
L™ (C4Ho)sNCIOy in acetonitrile).
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Figure 4. Voltammograms of alanine oxidation at a Pt electrode; ¢ = 5.0 x 107> mol L™ in 0.1 mol L™
(C4Hg)4sNCIOy4 in acetonitrile; v = 0.1 V sto1: cyclic voltammogram, 2: differential pulse
voltammogram, 3: differential pulse voltammogram of the supporting electrolyte (0.1 mol L™
(C4Hg)4NCIOy in acetonitrile).
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Another amino acid that possesses very good antioxidant properties is phenylalanine. It was
more difficult to oxidise phenylalanine than it was for cystine (Fig. 3). The half-wave potential (E1/,)
of the first step of electrooxidation for phenylalanine was 0.61 V, and the second step was 0.84 V.
However, alanine was the most challenging amino acid to oxidise (Fig. 4). The half-wave potential
(E1p) of the first step of electrooxidation for alanine was 0.61 V, while the second step was 0.86 V.

3.2. Kinetic parameters of amino acids electrooxidation

The recorded voltammograms, under linear diffusion during the first electrooxidation step,
were used to determine the peak potential (Eya), half-peak potential (Epa2) and half-wave potential
(E1). In addition, the voltammograms were used to calculate an anodic transition coefficient (fng) and
a heterogeneous rate constant (ky,) for the electrode process at the half-wave potential (see Table 1)
[45].

Table 1. Values of peak potential (E,) determined by differential pulse voltammetry, half-wave
potential (E1) determined by cyclic voltammetry, and anodic transition coefficient (Bng) and
heterogeneous rate constant (ky,) determined for the half-wave potential of the first electrode
step in the electrooxidation of amino acids at a platinum electrode; ¢ = 5 x 102 mol L™ in 0.1
mol L™ (C4Hg)sNCIOy, in acetonitrile, v = 0.01 V s,

Compounds Epistep | E121step | Epnistep | Ev2nistep | P | D x 10° Kon E1/2 X
NV (V) V) V) (cm?s™) | 10*
(cms™)
cysteine 0.38 | 0.38 0.57 0.58 0.82 | 8.998 3.83
cystine 0.58 | 0.57 0.83 0.83 0.63 | 6.088 3.04
phenylalanine | 0.60 | 0.61 0.84 |0.84 0.64 | 6.926 3.24
alanine 0.62 | 0.63 0.86 0.86 0.81 | 11.304 4.27

The parameters were calculated from the following equations:

1.857RT
/M “FE.-E.) 1)
p F Epa - Epa/2
RT RT kQ RT
E,,=-1.14 - n—oh Inpn v (2)
" g fgFDE  2mgF
— pngFE
Ky = kO ex 3
bh = Kph p( BT ( )

where: Dyeq — diffusion coefficient of reduced form (cm?s™),
v —scan rate (V s,
F — Faraday constant (96,487 C mol™),
R — universal gas constant (8.314 J K™* mol™),
T — temperature (K),
kon’ — heterogeneous rate constant at a peak potential vs. Fc*/Fc (cm s™).
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The heterogeneous rate constant (kyp,) determined for a specified potential E characterises the
transfer rate of an electron through the electrode-solution interface. The electron transition coefficient
characterises the symmetry of the activated barrier of an electrode reaction.

The diffusion coefficient (Dyeq) was estimated according to Hayduk and Laudie’s equation [46]:

13.26x107°
D=""200 (4)
,UlA V8.589

where p is the viscosity of a solvent (centipoises), and v, is the molar volume (cm® g™ mole™).

Based on the results provided in Table 1, cysteine, with E;,=0.38 V, was most easily oxidised,
while alanine, with E;,=0.62 V, was least easily oxidised. The calculated anodic transition coefficient
(Bng) for alanine, which was oxidised at the highest rate (i.e., 4.27 x 10* cm s™), was 0.81.
Phenylalanine, cysteine and cystine were oxidised more slowly, with heterogeneous rate constants
(kpn) equal to 3.24 x 10, 3.83 x 10 and 3.04 x 10™ cm s™, respectively. Their anodic transition
coefficients ranged from 0.63 to 0.82.

3.3. FTIR spectra of amino acids

FTIR spectroscopy (Fig. 5) was used for the evaluation and analysis of these compounds [47-

48].
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Figure 5. The FTIR spectra of the amino acids.

The FTIR spectra of the samples exhibited absorption from groups that are characteristic of
amino acids. The absorption bands of amide groups were located at 3434 cm™' (NH stretching), 1638
cm ' (amide 1, CO and CN stretching), 1545.51 cm ™' (amide 11) and 1243 cm™' (amide 111). The FTIR
absorption band of the C=0 bond of the amide (HN-C=0) was located from 1630-1680 cm'. The
spectra indicated that, although the geometrical parameters were identical, the frequencies were
slightly different from each other. For example, CO ranged from 1738.0 cm ™' to 1884.0 cm™', and N—
H ranged from 3487.2 cm ' to 3607.3 cm ™. The SH group of cysteine absorbed from 2550—2600 cm .
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A band for the ring mode of phenylalanine was located at approximately 1517 cm™" and was easily
detected in the amino acid absorbance spectra. Because an intense S-S band for the disulphide bond in
cysteine requires a powerful corresponding C-S stretching vibration at approximately 704 cm™', the
absorption corresponding to the S-S stretching was expected to appear at approximately 509 cm™" at
lower intensity. An asymmetric band at 3600—2900 cm ™' was associated with the hydrogen-bonded O-
H stretching vibrations. The bands at 2923 cm™' and 2853 cm ™' were due to the CH, asymmetric and
symmetric stretching vibrations, respectively. The CH, bending and wagging vibrations caused two
bands at 1452 cm™! and 1337 cm . Finally, the CH; amide group appeared at 1031 cm™!, while the
COC band appeared at 537 cm ™.

3.4. Oxidation processes of amino acids

The as-determined parameters were confirmed using quantum chemical calculations. At
present, the theoretical predictions of thermochemical quantities have achieved the level of reliability
that approximate the accuracy of experimental measurements [49-51]. Amino acids are important to
study because they are the building blocks of peptides and proteins and participate in many
fundamental biochemical processes. The thermochemical data for amino acids and peptides are
important to the understanding of different chemical and biochemical processes. The distribution of the
electron charges in the investigated molecules was non-uniform and determined the reactivity of the
particular positions (Fig. 6).

EroHo = -9.602 eV Epono = -9.879 eV

Figure 6. Electron density and probable sites in amino acids molecules susceptible electrooxidation.

The energy of the highest filled orbital (Enomo, Or ionisation potential) determines the ease
with which electrons are given up and indicates the site most susceptible to oxidation. The Enomo
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molecular orbital energies were calculated using the AM1 method, as implemented using the
HyperChem software. The observed half-wave potential (Ej) should be linearly dependent on the
energy of the HOMO (Enomo) [52]. The Exomo values for all the studied amino acids were determined
via calculation and correlation to the E;/, of the first electrooxidation step (Table 2).

Based on the designated E;;, and calculated Exomo Vvalues for the amino acids, cysteine and
cystine were oxidised most easily, followed by phenylalanine. Alanine was the most difficult to
oxidise. On the basis of the heat of formation, we confirmed that cystine was the most durable
molecule, while phenylalanine was the least durable.

Table 2. Values of the half-wave potential (Ei,) of electrooxidation, molecular orbital energies
(Enomo) and heat of formation (AHs) for amino acids.

Compounds | Exzistep | EHoro | AHs
(V) eV) | (kcal mol™)

cysteine 0.38 -9.431 | -89.026
cystine 0.57 -9.497 | -172.551
phenylalanine | 0.61 -9.602 | -72.331
alanine 0.63 -9.879 | -101.263

Based on the electroanalytical investigations, quantum chemical calculations and the literature
data [38, 53-55], the mechanisms shown in Schemes 1 and 2 were proposed here for the oxidation of
cysteine and phenylalanine.

0 0
HO)HASH — HO)SAS +H
NH, NH,
0

0
_ | step
HO S -e —— HO S
NH, NH,

0] (@] 0]
2HO)HAS' —>Ho)HAs—sﬁ/k0H
NH, NH, NH,
(@) (@) 0
(@)
. next steps
HO S—S OH — » HO)HASO3H or HOKSH + NH,
NHz NHz NH2

Scheme 1. Proposed mechanism for cysteine electrooxidation.
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Scheme 2. Proposed mechanism for phenylalanine electrooxidation.

4. CONCLUSIONS

The amino acids: cystine, cysteine, phenylalanine and alanine, can undergo electrochemical
oxidation at Pt electrodes. Cysteine was shown to oxidise most easily, followed by cystine and
phenylalanine, while alanine was the most difficult to oxidise. The low oxidation potentials of the
amino acids indicated that they are excellent scavengers of free radicals (high antioxidant power). Of
the compounds studied, cysteine exhibited the best antioxidant properties (i.e., the lowest half-wave
potential Ej5). Electrochemical research and quantum chemistry calculations (i.e., the energy of the
highest occupied molecular orbital) allowed for the proposal of a mechanism for the electrochemical
oxidation of cysteine and phenylalanine. The data obtained were consistent with the available
knowledge and suggested that voltammetry may provide a convenient method to elucidate the
electrochemical oxidation mechanisms of these types of compounds in non-aqueous media.
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