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Abstract

Autoxidation of organic compounds is not only responsible for lipid degradation, but
also for many age-related diseases, therefore the search for novel antioxidants remains
an important area of research. In recent years interest has moved toward the
investigation of the antioxidant properties of natural compounds, including essential
oils, and other plant-derived molecules. Incidentally, the best established and most
reliable method to test antioxidants is via inhibited autoxidation studies: i.e. monitoring
their protection of a reference substrate under controlled conditions. Here, an oxygen
uptake apparatus set in our lab is used to study antioxidant efficacies by measuring the

Kinetics of oxygen consumption during the inhibited autoxidation of a substrate.

Surprisingly, very few natural biomimetic substrates have been Kkinetically
characterized for their autoxidation so far, limiting the quantitative testing of natural
antioxidants under representative settings, i.e. close to those they experience in a
natural environment, as well as the knowledge of a key feature concerning the
antioxidant protection of food and agricultural materials. Thus, to fill this gap, we
firstly report here the full kinetic characterization of four different substrates which are
representative of the chemical diversity of natural oxidizable materials: stripped
sunflower oil (SSO), stripped olive oil (OO), squalene (SQ), and p-cymene (p-C).
Standard antioxidants such as PMHC (2,2,5,7,8-pentamethyl-6-chromanol) and DBHA
(2,6-di-tert-butyl-4-methoxyphenol) were used to calibrate their autoxidation kinetics,
and the calibration was validated by measuring the antioxidant activity of well-studied
and structurally different antioxidants, like quercetin, magnolol, caffeic acid phenethyl
ester, and 2,4,6-trimethylphenol, proving their usefulness as reference oxidizable
substrates. Secondly, 18 essential oils (EO) samples, of different botanical species or
different productions of same species, were studied for their antioxidant activity. Their
antioxidant activities clearly depend on their composition in phenolic components

although it was also reported that some non-phenolic EO components, such as vy-



terpinene, limonene, linalool and citral, show antioxidant activity by fast terminating
chain-carrying peroxyl radicals. The characterization of natural oxidizable substratea
and the investigation of that antioxidant activity of essential oils is collected in Chapter
1.

Among the active essential oil components, the antioxidant mechanism of y-terpinene
was clarified, however, little was known on the interplay of its antioxidant activity with
that of phenols. Thus, we set to investigate the possible interplay of y-terpinene with
reference antioxidants, where PMHC and DTBC (3,5-di-tert-butylcatechol) were
chosen as prototype of mono- and poly-phenolic antioxidants respectively, with the
aim of disclosing new unconventional synergistic combinations of antioxidants. Our
studies on the inhibited autoxidation of styrene (reference) and of two of the natural
substrates previously calibrated, squalene and SSO, showed that y—terpinene only
affords very modest protection unlike the phenolic antioxidants. However,
combination of y—terpinene with either monophenolic or polyphenolic antioxidants
extended their inhibition duration without significantly changing the slope of the
inhibited period, indicating a clear synergism proportional to the concentration of y-
terpinene, which acts as the co-antioxidant that regenerates the main (phenolic)
antioxidants. It was found that regeneration depends on the release of HOO® by y—
terpinene upon being attacked by ROQO°, thereby causing a chain-transfer with
exchange of the chain-carrying species from ROO" to HOO'. Mechanistic experiments
showed that y-terpinene could only regenerate monophenols from their phenoxyl
radical, but a different, 2e- two-steps regeneration mechanisms was demonstrated for
polyphenols like catechols, which could be regenerated also from the oxidized quinone.
Further, experiments on dietary lipids with biomimetic antioxidants showed the

relevance of the synergic mechanism.

Among the relevant applications, the interplay of oxidizing ROO" and
reducing/oxidizing HOO" as chain carrying species is well established in
biological systems, and the reduction of quinones and hydroquinoes by HOO®



was further investigated to better rationalize melanins’s redox-mediated
bioactivity. Melanins’ structure was reported to be either reduced (catechol) or
oxidized (ortho-quinone). Thus, the absolute kinetics of antioxidant interplay
between HOO" and quinones was thouroughly investigated on model compounds.
Then this knowledge was transferred to rationalize the mechanism of their
antioxidant action of polydopamine (PDA), a well-established synthetic melanin.
Inhibited autoxidation studies showed that PDA antioxidant activity decreased
on increasing purification and can be attributed to unreacted catechol units
adsorbed on polymer surface. Indeed, it has negligible activity to trap ROO" after
accurate purification. However, in the presence of HOO" it turns into an effective
antioxidant, which is due to regeneration of ortho-quinones to semiquinones and
catechols by HOO". This explains their redox-mediated bioactivity, given the
abundance of O,"/HOO" species in biological systems.

The antioxidant interplay of HOO" with phenols, polyphenols, quinones and

qguinone based melanins is presented in Chapter 2.

Regarding melanin, besides its reported role in many health-related functions, such as
the antioxidant activity previously discussed, arguably its role in pigmentation of
animal and vegetal tissues remains prevalent and its control is, consequently, most
important. Food browning on storage and human skin hyperpigmentation (dyschromia)
are two unwanted consequences of melanin’s role, which can most efficiently be
controlled through inhibition of tyrosinase, a copper containing oxidase widely
distributed in nature. UV-Vis spectroscopy is routinely used in enzyme activity tests
and remains as the most versatile method. However, the instability of the oxidation
products L-dopa and dopaquinone forces to monitor tyrosinase kinetics only by
monitoring the accumulation of late product dopachrome. Hence the reliability of
Kinetic measurements was challenged by setting a novel investigation method based on
measuring oxygen consumption during reaction progress. Since the uptake of oxygen
Is stoichiometrically related to the generation of dopachrome, the two kinetic methods
were matched to afford a robust combined investigation approach.



Glabridin from Glycyrrhiza glabra, is one of the most effective natural inhibitors, and
there is major uncertainty on its actual activity on quantitative grounds, despite its
central role as reference compound. On applying our Kinetic approach to the discovery
of tyrosinase inhibitors meant as unconventional antioxidants - where glabridin was
used as reference - it occurred to us that both its mechanism and kinetic constants may
require revision, which we set to undertake. Data in literature on the activity profile of
this molecule indicate a non-competitive inhibitory activity, which implies that
glabridin is capable of binding with the same affinity both the free enzyme (E) and the
complex enzyme-substrate (ES). However, both the UV-Vis and combined oximetry
Kinetic analysis did not show pure non-competitive but preferring competitive
inhibition. Accurate quantitative analysis indicated that the inhibition Kinetics is of
mixed type, where glabridin is able to interfere both with the E and the ES binding
forms, with two distinct dissociation constants K; and Ky, which we were able to
accurately quantify. Results allowed to solve a long-standing controversy on glabridin
inhibiting mechanism, both for monophenolase and diphenolase activities, showing its
prevaliling competition with the respective substrates (I-tyrosine or I-DOPA). Our
Kinetic analysis afforded the competitive dissociation constants K; as 13.95 nM and
61.22 nM, for monophenolase and diphenolase activities, respectively, supporting the
role of glabridin as one of the most effective, reference natural inhibitors. Investigation

on tyrosinase inhibition is presented in Chapter 3.
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Chapter 1

Study of the antioxidant capability of essential oils and
oxidizability calibration of natural lipids



Summary

In this chapter, the characterization of natural oxidizable substrates and the
investigation of that antioxidant activity of essential oils is collected. The basic
mechanism of lipid oxidation and antioxidant capacity and their kinetic implication
were introduced at the beginning of this chapter. Then the full kinetic characterization
of four different substrates which are representative of the chemical diversity of natural
oxidizable materials were reported, including stripped sunflower oil (SSO), stripped
olive oil (O0), squalene (SQ), and p-cymene (p-C). Standard antioxidants such as
2,2,5,7,8-pentamethyl-6-chromanol (PMHC) and 2,6-di-tert-butyl-4-methoxyphenol
or di-tert-butylhydroxyanisol (DBHA) were used to calibrate their autoxidation
Kinetics, and the calibration was validated by measuring the antioxidant activity of
well-studied and structurally different antioxidants, like quercetin, magnolol, caffeic
acid phenethyl ester, and 2,4,6-trimethylphenol, proving their usefulness as reference
oxidizable substrates. Additionally, 18 essential oils (EO) samples, of different
botanical species or different productions of same species, were studied for their
antioxidant activity toward cumene autoxidation. Their antioxidant activities were
clearly depending on their composition in phenolic components, which were analyzed
by GC-MS. The relationship between the antioxidant behavior of individual

components and the whole EOs is discussed.



1.1 Hydrocarbon Autoxidation

Hydrocarbons (RH), varying from plastics, lubricating oils, food lipids to
biomolecules, generally undergo spontaneous oxidation in an oxygen-rich atmosphere,
initiated by free radicals which have odd numbers of electrons (free valence) [1].
Peroxyl radicals (ROQ*®) thereby formed usually undergo two main kinds of reaction
[2]: quench their own free valence by abstracting a hydrogen from the hydrocarbon
substrate, releasing another radical:

ROz. + RH — ROOH + R’ (1 1)

or terminate with another peroxyl radicals without conservation of the free valence:

RO;, + RO, — ROOR + O, (1.2)

Overall, hydrocarbons oxidation typically involves several steps, shown as in Scheme
1.1, which are classified as chain initiation, chain propagation, and chain termination
[3.4].

Initiation Propagation Termination
0,
. . ROy
RH+ In® — R RO, = ROOR + O,
ROOH RH

Scheme 1.1. Radical initiated Hydrocarbon autoxidation.

Hydroperoxides (ROOH) generated during hydrocarbon autoxidation can undergo
further oxidative deterioration, such as decomposing to alcohols, aldehydes, ketones,
carboxylic acids or their esters, thus inducing damage to lipids, even producing toxicity
[5]. Inaccordance to the importance of hydrocarbons in our life, efforts have been made

to preserve hydrocarbons for decades and until now, which is also the main aim of our
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study. Thus, consideration of hydrocarbon autoxidation mechanism would help

analyze and bring about methods to prevent it.

1.1.1 Initiation

In lab study, a continuous generation of initiating radicals is usually applied to initiate
hydrocarbon autoxidation, in order to carry out also kinetic studies under controlled
conditions. Typically, radical initiators have weak bonds, capable of being broken
photochemically, thermally or by metal catalysis. These bonds are, for example, the O-
O bond in peroxides and peresters and the C-N bonds in azo-derivatives [6-8].

o hv or heat
Initiator 7 In

1

Inn + RH InH + R’ (l 3)

Generally, (hydro)peroxides undergo unimolecular decomposition with O-O bond

splitting, generating alkoxyl radicals (RO¢) or hydroxyl radicals (HO®) [8].

R,0-OR, R,0° + R,O

(1.4)
Along with peroxides, synthetic azo-compounds are widely used as initiators of
liquid-phase oxidation at mild temperatures, forming 2 equivalents of alkyl radicals
(Re) and N [9,10].

RN=NR

2R® + N, (1.5)

One of the most important characteristics of an initiator is their decomposition rate.
Typically, the decomposition of the initiator gives rise to a pair of radicals trapped
inside the cage made up of the solvent molecules (solvent cage). The fraction of
radicals produced that comes out of the solvent cage constitutes a parameter called
radical efficiency of the initiator (e). Considering aliphatic azo derivatives as initiators,
they thermally decompose according to the equation [11,12]:

RN=NR

ZeR. + (l‘e) R2 + Nz (1 6)

In which e represents the ability of the radicals to exit the solvent cage, and the value

of e (0 <e < 1) depends on the temperature, the viscosity of the solvent and the intrinsic
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characteristics of the initiator itself, while R; is the product of the recombination of the
radicals within the cage. In the presence of a R-N=N-R azo-initiator, the rate of radical
formation (Ri) linearly depends on its concentration (Eg.1.1).

Ri = 2¢K,[RN=NR] (Eq. 1.1)

Where K; represents the decomposition rate constant of the azo derivative. In practice,
the decomposition rate of initiator is usually expressed by the half-life (t1;), which is
defined as the time required to consume half of their initial concentration at a given
temperature. The correlation between (K;) and half-life is derived according to

Arrhenius equation:

Ea

Ki=A -err (Eq. 1.2)
In2
tyz = (Eq. 1.3)

Where K; is the rate constant for the initiator dissociation in s, A is the Arrhenius
frequency factor in s, Ea is the activation energy for the initiator dissociation in J/mol;
R =8.3142 J/mol-K; T is the temperature in Kelvin degrees and t;, = half-life in s.

The activation energy of some common initiators is collected in table 1.1.

Table 1.1. Activation energy (Ea, JJmol) for thermal decomposition of common

initiators [8].

RN=NR R;0-0OR;
Initiator MeO-AMVN AAPH AIBN DCP ‘BuOO'Bu CumylOOH
CIH;N NC N ©}<01’ (e ©>< _OH
(0) N 3 O
Ea 22.5 29.5 31.1 354 36.5 31.7

2,2'-Azobis(isobutyronitrile) (AIBN) is widely used as initiator, which has a half- life

of around 2662 hours at 30°C, thus it can supply sufficient radicals at moderate



temperatures continuously, and it was used thoroughly in our autoxidation experiments
which are set at 30°C [9].

CN CN CN
hv

l | |
CH;C—N=N-C-CH; —— > 2 CH;C* + N,

| | |
CN CN heat ON

Scheme 1.2. AIBN decomposition to nitrogen and two 2-cyanoprop-2-yl radicals

1.1.2 propagation

At this stage, alkyl radicals generated from the azo-initiator usually react rapidly (~10°
M-1s) with oxygen, forming peroxyl radicals (ROO¢), which react with the substrate,
such as polyunsaturated fatty acids [13]. ROOe* mainly abstracts an H-atom from the
allylic and bis-allylic positions, releasing another alkyl radical which goes through the
same pathway as the initialing alkyl radicals, and thus propagates the chain process, as
depicted in scheme 1.3 [14].

T+ root —— /TN + roow

H
/———y_—\ + ROO® —\/ — + ROOH
H H u

Scheme 1.3. The propagation steps of substrate: abstraction of an hydrogen atom by peroxyl radical.

From the thermodynamic point of view, it is easy to predict whether a compound can
undergo autooxidation or not, since the hydrogen transfer reaction takes place
efficiently, in the propagation stage, if it is exothermic, i.e., in the hydrogen transfer
reaction, the breaking bond (C-H) should be weaker than the ROO-H bond of the
hydroperoxide formed. And it is evident that only compounds with a (C-H) bond

energy equal to or lower than 90 kcal/mol are promptly oxidizable [15].



k
ROO° + R-H P _ ROO-H + R°

(1.7)Table 1.2. C-H BDE, AH for the reaction with alkylperoxyl radicals and

propagation rate constant (k,) for hydrocarbon autoxidation at 30° C.

RH BDE (R-H) AHreaet® ke,
hydrocarbon kcal/mole kcal/mole M-ls!
methane CH;-H 104.0 14.0 --
H 83.4 -6.6 1.0
1-octene CsHy Z
H 98.0 8.0 0.01
n-hexadecane C,3H,
@ . 92.0 2.0 43
tetrahydrofuran
o H 96.0 6.0 0.5
1,4-dioxiane [ ]/
(0)
H 95.0 5.0 2.8x10*
benzene ©/
CH,—H 88.0 8.0 1.2x102
methylbenzene ©/
4.5 0.18

:H 84.5
cumene

a) AHreaet = BDE (R-H) - BDE (ROO-H), assuming that BDE (ROO-H) = 90 kcal/mol.

Based on the diverse structures of the substrates, the propagation rate constant, kp,

therefore, are unique to each oxidizable substrate. Specifically, the ease of oxidation
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increases as the strength of the C-H bond decreases. And the propagation rate constant,
ko, for each oxidizable substrate will vary based on the structure of the substrate and
the temperature of the autoxidation [16]. More specifically, the bond dissociation
enthalpy of the C-H bond being broken (Table 1.2, in red) will influence the magnitude
of k, as the stronger the C-H bond, the lower the k;, will be, in general. Table 1.2 collects

the C-H BDE and k, of some common hydrocarbons [17].

1.1.3 Termination

Apart from participating in H-atom abstraction, a combination of peroxyl radicals can
give rise to non-radical products that do not propagate further the chain, which thus is
called termination. Termination can be done by combining peroxyl radicals, also
carbon-centered radicals, or by cross-combining of a peroxide with an alkyl (Scheme
1.4). Among these reactions, the predominant one is the combination of two peroxyls,
as alkyl radicals react quickly with oxygen and do not live long enough to easily

combine with each other or with a peroxide [18].

2RO0O" ROOR + O,
ROO" + R° ROOR
2R* R-R

Scheme 1.4. The possible radical combinations for termination.

Generally, the more substituted the alkyl group the slower the termination rate constant
(2k:), due to increasing steric effects []. Tertiary peroxyl radicals combine with a
constant 2k;, approximately equal to 10° Ms? to form a tetraoxide which rapidly
decomposes giving molecular oxygen and a tertiary peroxide. The termination
constants of the peroxyl radicals derived from primary and secondary alkyl radicals
vary in the interval between 10® and 10° M-1s”, i.e. they are larger (up to 1000 times)
than those characteristic for tertiary peroxyl radicals [20]. Furthermore, the termination
reaction between primary and secondary peroxyls differs from the combination

reaction between tertiary peroxyls not only for the reaction rate, but also for the
8



mechanism. For example, Russell and Coote proposed that the peroxyl radicals
generated by the primary and secondary alkyl radicals form a cyclic intermediate (also
in this case tetraoxide), which then fragments giving an equimolecular mixture of an

alcohol, a carbonyl compound and oxygen [21,22].

Ry 00 Ri 0-0 R,

\ R
2 R,—C Ry—C, :O RiR,CO + HOJ< Hz + 0O
\
H H"O\~
R,
R,

Scheme 1.5. The possible termination mechanism of primary and secondary alkyl radicals by
forming a cyclic intermediate.

Table 1.3. Rate constants for the autoxidation of selected of organic substrates in
chlorobenzene at 303K,

Substrate k, M's™) k, M s™h) kyl (ko)1
tetrahydrofuran 4.4 3.0x10¢ 254.0
toluene 0.24 3.0x108 1.4
n-butylbenzene 0.57 5.0x107 8.1
styrene 41.0 4.2x107 890.0
methyl methacrylate® 2.96/1.0° 2.0x10° 209.0
acrylic acid® 2.77 1.4x107 75.8
1,4-cyclohexadiene 1400.0 1.3x10° 3900.0
methyl oleate 0.89 1.0x10° 89.0
methyl linoleate 62.0 8.8x10° 2100.0

a) Value at 333K; b) value at 303K.

The terminating rates (k;) are also important because the oxidizability of the
hydrocarbon is defined as kyy/ 2kt, which influences the overall kinetics. Substrates

with higher k, and lower k; are apparently easy to oxidize, due to the high peroxyl

radical concentration at the steady-state. Oxidizalibity of numerous substrates were



reported in the literature, the k, and k; values of some such substrates are listed in table
1.3 [23]. It is clear from the table that oxidizability of hydrocarbons can vary
considerably, 1000-fold’s difference can be seen from some saturated to

polyunsaturated hydrocarbons [13].

1.2 Autoxidation inhibition and Antioxidants

In order to understand how to inhibit the autoxidation process, a lot of researches have
been carried out. In the past 60 years, research of antioxidants (AH) has expanded to a
variety of multidisciplinary fields to understand their behavior. Compounds capable of
directly suppressing free radical formation and chain reaction of autoxidation are called
direct antioxidants and have been widely studied, ranging from natural compounds to
the synthetic ones [24]. They are usually divided into two main groups, preventive
antioxidants and chain-breaking antioxidants (also called radical-trapping
antioxidants), as they interfere with the initiation and propagation reactions,
respectively [4,23]. Preventive antioxidants include UV filters, preventing the
photochemical decomposition of biomolecules, such as melanin in mammal’s skin,
metal (copper and iron) chelators, preventing generation of HO+ and RO- radicals by

Fenton reactions, and some ROS decomposers like SOD enzymes [25].

Initiation Propagation Termination
0,
. . RO;
RH + Inr *» R RO, ——— ROOR + 0,
Preventive / %47 Chain-breaking
antioxidants antioxidants
ROOH RH

Scheme 1.6. Mechanism of different types of antioxidants interfering with free radical autoxidation.

Chain-breaking antioxidants including a-tocopherol (vit. E), flavonoids and ubiquinol

(CoQHy), perhaps the most important and effective small molecule antioxidants, which
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react with peroxyl radicals rapidly, faster than oxidative chain propagation, forming
new inactive radicals which do not propagate the autoxidation chain [26].

ROO* + AH ROOH + A*

(1.8)
1.2.1 Phenolic Antioxidants

Researches on antioxidants has been expanded in a wide variety of fields, such as food
and pharmaceutical products, owing to their protective roles toward oxidative damage,
as well as reducing oxidative stress associated with pathological processes [27,28].
Specifically, a growing number of studies are devoted to addressing the roles of
antioxidants in oxidative stress, apoptosis and neurological diseases, cancers and
cardiovascular health problems [29], etc.

Humans could get antioxidants from supplements or directly from dietary food such as
fruits and vegetables, where the most abundant ones are phenolics, also including
polyphenolics and flavonoids. Of course, there are also nonphenolic antioxidants such
as the well-known ascorbic acid [30] and sulfenic acids [31,32]. Comprehensive
reviews on the types, activity and mechanism of antioxidants have been published, here
only the general classification of antioxidants is given in Figure 1.1 [33].

) ) hydroxybenzoic acid derivtives
 phenolic acids

) hydroxycynamic acid derivtives
coumarins
~ Natural stilbens
< < . - 1l ]
Antioxidants | lignans avonols
tannins flavononols
L flavonoids J flavones
Phenolic ﬂavones' '
Antioxidants < antocyanidins

_ isoflavonoids

BHA (butylated hydroxyanisole)

Synthetic BHT (butylated hydroxytoluene )
Antioxidants 1 TBHQ (tert-butylhydroquinone)
PG (propyl gallate)
OG (octyl gallate)

Figure 1.1. Classification of phenolic antioxidants
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Phenolic antioxidants are also widely used antioxidants in industry, especially in the
food industry, where they are added to maintain food flavors, colors and textures, thus
prolong shelf life [32].

Among synthetic phenolic antioxidants, which are effective and cheap, the most
popular are butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), tert-
butylhydroquinone (TBHQ), propyl gallate (PG) and octyl gallate (OG), shown in
Figure 1.2 [34]. These synthetic phenolic antioxidants are also used as a standard to

compare and test activity of other antioxidants.

S g g

OCH3
TBHQ
(@) O
HO o ~_CH; HO o NN,
peg HOJ@*
OH OH
PG oG

Figure 1.2. Structures of the most putative and popular synthetic phenolic antioxidants

1.2.2 Activity of phenolic antioxidants

The activity of phenolic antioxidants depends on their hydroxyl groups which transfer
an H-atom to peroxyl radicals, yielding a stable phenoxyl radical (ArQOe) that is
unreactive to carry on the autoxidation chain [35]. In fact, ArOe are persistent until
they combine with another radical to quench their free valence, yielding a variety of
non-radical products (e.g. Scheme 1.7). That’s why mono-phenolic antioxidant are
reported to have a stoichiometric n = 2, such as BHT, whose mechanism is presented

below as an example [26].
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OH o

+ ROO’

OOR
Scheme 1.7. Phenolic radical-trapping antioxidants trap two peroxyl radicals, as exemplified by BHT.

When talking about the antioxidant activity, not only n, but also their rate constants of
reaction with peroxyl radicals (kinn) need to be considered to describe their autoxidation
inhibition efficiency. Generally, higher ki, and n means better effect, where Kiqp is
considered as the most important parameter. The performance of phenolic antioxidants
is influenced mainly by their own structure-determined properties, such as their O-H
BDEs, the steric hinderance around the OH group, and their interactions with solvent
and the oxidized substrates [36].

Table 1.4. O-H BDE of some phenolic antioxidants [39,40].

) OH OH OH OH OH
Phenolic HO
Antioxidants
OH

O-H BDE 88.3 82.7 81.0 79.3 80.8
(kcal/mol)

O-H BDE of phenolic antioxidants is a major contributor to their antioxidant potentials,
and lower O-H BDE usually means higher activity. As shown in Table 1.4, the O-H
BDE of phenols is directly influenced by the substituents on the aromatic ring.
Generally, electron donating substituents (e.g. 4-OMe) lower the O—H BDE, inversely,

13



electron withdrawing substituents (e.g. 4-NO,) increase the O—H BDE. Moreover, as
shown in Table 1.4, alkyls (e.g. methyl or tert-butyl) give similar contribution to the
O-H BDE [37]. In addition, introduction of a second OH group in the ortho or para
positions of the aromatic ring could decrease the O—H BDE in phenols significantly
[38].

Steric hindrance largely and obviously influences the reactivity of phenols, which also
depends on the identity and position of substituents. More hindered OH groups usually
indicate less effective antioxidants because they react slower with peroxyl radicals.
Hindered phenoxyl radicals have generally longer life-time, but this is not related to
the antioxidant activity. More hindered phenols are also more stable and convenient to
manufacture, which is why they are so widely represented in commercial synthetic
antioxidants. They are also more convenient to study with EPR radical equilibration
(REgQEPR) technique (see below) and so they are usefull to measure the O-H BDE of
substituted phenols, knowing that, as said, any alkyl substituent will give similar
contribution to the O-H BDE. The O-H BDEs of representative phenols in Table 1.4
were all measured by REQEPR technique, based on measuring by EPR spectroscopy
the quilibrium of H-atom exchange between two couples od phenol/phenoxyl radicals
generated together in the same sample. Measurement of the equilibrium constant
affords the O-H BDE of an unknown phenol, provided the value is known for the other
(reference) phenol, e.g. from previous studies or from high precision calorimetry [41].
Beside structure, also the reaction medium affects the antioxidant activity of phenols.
In general, Kinetic solvent effects influence the efficacy of phenolic antioxidants due
to the hydrogen bond formed between the hydrogen accepting solvent (e.g. acetonitrile)

and acidic phenolic O-H group, as depicted in scheme 1.8, thus decreasing kinn [42].

PhOH + Solvent PhOH --- Solvent

ROO % ROO

ROOH + PhO°® + Solvent No reaction

Scheme 1.8. Solvent effects on the activity of phenolic antioxidants.
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Moreover, acids, such as acetic acid, have recently been demonstrated to dramatically
enhance the reactivity of phenols in relatively polar H-bonding organic solvent such as
acetonitrile [43]. The rate acceleration increases positively with the increase of acid
concentration, but not with their strength, and proposed mechanism [43] is shown in
Scheme 1.9.

: OH OH
R,o—o- + HOAc ——— R,O—OH _— R,O—OH +
OH o°
QAc ©/ + HOAc

Scheme 1.9. The proposed mechanism of acid-catalyzed reaction peroxyl radicals with phenols.

In practical terms, discussions on the antioxidant performance should also take into
account the specific substrates that need to be protected. Since the experimental ki, in
principle is not dependent of the oxidizable substrate, it can be used to compare with
the propagation rate constant of the substrate (k) to judge the possible protection [23].
Take BHT (kinn= 1.1x10*M-s1) as an example: used at 0.1% compared to the substrate
to protect, it provides excellent protection of cumene (k, = 0.34 M*s™1) and fairly good
protection of tetrahydrofuran (k, = 4.4 M~1s™!); however, it hardly competes with the

propagation of styrene, offering humble protection of styrene (k, = 41 M~1s—1) [35,44].

1.3 Methods to test the antioxidant activity

Screening and comparing antioxidant properties require appropriate methods. Plenty
different methods were developed to evaluate antioxidant activity of various samples
of different research interests. Methods exist to measure reactivity of antioxidants, and
their limits and advantages have been recently reviewed [45,46], including direct

methods like peroxyl radical clocks and inhibited autoxidation studies, where the
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formation of products like hydroperoxides or the disappearance of reactants like
oxygen is monitored and kinetically analyzed. Other indirect methods include DPPH
(1,1-diphenyl-2-picrylhydrazyl radical scavenging), ABTS™ (2,2 " -azinobis-(3-
ethylbenzothiazoline-6-sulphonate) radical scavenging, FRAP (ferric reducing
antioxidant power assay), CUPRAC (cupric ions, Cu?* reducing power assay), which
are based on the reduction of persistent radicals or of inorganic oxidizing species. There
are also some direct methods that do not involve the oxidation of substrates, such as

laser flash photolysis [47] and electron paramagnetic resonance (EPR) [43].

1.3.1 Oximetry apparatus

The meaningful measurement of antioxidant properties requires proper methods,
wherein, the best-established quantitative method for chain-breaking termination-
enhancing antioxidants is arguably the one based on inhibited autoxidation [48]. This
method bases on measuring the autoxidation kinetics of a reference substrate, such as
styrene and cumene, both in the presence and absence of the investigated antioxidants
[48]. Usually, disappearance of reactants (e.g. O,) or the formation of products (e.g.
hydroperoxides) is monitored to determine the autoxidation kinetics. It’s well known
that autoxidation occurs spontaneously under air atmosphere; however, in order to
control the kinetics of autoxidation, radical initiators such as (AIBN) are usually added
at a given temperature to ensure a constant and well-defined rate of initiation (R;) [49].
The controlled autoxidation of styrene is depicted in Scheme 1.10 [50]. Although the
propagation of styrene autoxidation proceeds by addition of the peroxyl radical to its
C=C double bond, at variance with the propagation mechanism of alkylarenes (e.g.
cumene) and polyunsaturated fatty acids/esters (e.g. methyl linoleate), the kinetics are
identical to those of non-polymerizable hydrocarbons and can be subjected to the same
Kinetic analysis. Styrene is an ideal candidate as the oxidizable substrate to be used in
our studies, as it is a highly stable molecule, easy to purify, easy to obtain at modest

cost, and with a well stablished oxidation mechanism. Besides, it has a relatively high
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propagation constant (kr = 41 M s!) and consequent oxidizability, which makes it

ideal to use with good to very good antioxidants [23].

R.
rRNNR L. 2R+ N,
R + 0, ROO’
*_OOR
ROO® + PhA —_— Ph/\/
00°
" _OOR OOR
pr” +0, — Ph)V
00" 0%
OOR o~k Ph o A _00R

ROO® + ROO’ i ROOOOR ----» nonradical products

Scheme 1.10. Autoxidation of styrene initiated by AIBN.

Oxygen consumption is a simple, cost-effective, reliable and predictive method to
evaluate the performance of antioxidants, and the interpretation of kinetic data is well-
established, thus it is widely used throughout our studies on antioxidants. In our lab,
the autoxidation is conducted in a closed system and the consumption of oxygen is

monitored by a differential pressure transducer (Figure 1.3) [35,51].
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Syringe T Thermostatted bath

~ Pressuye transducer
3-Way tap
Glass tap
i~ ﬁ%\" Dh
= M M
X i
HPLC tubing T | \
Magnetic stirrer——" |/ 11 JIaoinwt-vo\.

I
Reference  Sample

Figure 1.3 Differential oxygen uptake apparatus set in our lab for autoxidation kinetics.

In this apparatus, built in our lab, there are two identical reaction vessels placed in a
thermostatic bath which is set at 30°, both the sample and reference flasks are attached
to the opposite sides of a differential pressure sensor (based on a variable reluctance
membrane) through PEEK™ (or stainless steel) high performance liquid
chromatography (HPLC) tubes. The equilibration and isolation of the two channels
could be achieved through a three-way valve, which is connected to air and the two
channels, and the continuous stirring by magnetic stirrers is used to ensure oxygen
equilibration between the air and solutions. In the reference vessel, autoxidation of the
substrate is totally inhibited by an excessive amount of a good antioxidant such as (o-
tocopherol (a-TOH), kinn = 3.2 x 10°M 1 s71), guaranteeing that no oxygen is consumed
[52]. However, the substrate in the sample is set to oxidize freely at the beginning in
order to get the autoxidation kinetics of the substrate, later on the antioxidant can be
injected into the sample flask by a micro syringe through its openable tap, resulting in
retarded oxygen consumption until the antioxidant is consumed.

Oxygen uptake plots are recorded as a function of time, as shown in Figure 1.4, where
the first line is the autoxidation of substrate without any inhibitor, and the other lines
are the inhibited tracts obtained after the addition of antioxidants with different

activities.
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Figure 1.4 Typical oxygen consumption plots obtained during autoxidation of styrene (A) in the
absence of and antioxidant, (B) in the presence of a very good antioxidant, (C) in the presence of an
average antioxidant, or D) in the presence of a modest antioxidant.

1.3.2 Interpretation of kinetic data

(Derivation of the equations below are shown in Appendix 1.1 and 1.2)

The oxygen consumption in the sample chamber, in fact, reflects the extent of
propagation of substrate oxidation. At the initial stages of autoxidation without any
antioxidants, the use of azo initiator eliminates the kinetic complications yielding a
linear plot of oxygen consumption (plot A in figure 1.4). Steady-state approximation
Is applied for transient radical species such as Re and ROO-.

d[R’]/dt =0 (Eq. 1.4)
d[ROO)/dt=0 (Eq. 1.5)
Given that the evolution of reactants (O, and RH) and products (ROOH) with time are
numerically equal, the autoxidation kinetics of substrate could be obtained as follows

(Eqg.1.6) when the autoxidation chain is sufficiently long [53].

~d[0;] _ —d[RH] _ d[ROOH] _

— kp
e dt it~ 2k \/E[RH]O + R; (Eq. 1.6)

Where [RH]o is the initial concentration of oxidizable substrate (the substrate
consumption at the initial stages of autoxidation was taken as negligible), R; is the
initiation rate; ky/(2ki)12 is the oxidizability of substrates.

As shown in the plot B of Figure 1.4, an effective antioxidant could inhibit the oxygen

consumption almost completely until the antioxidant is consumed totally, then an
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uninhibited autoxidation, similar to the one obtained without antioxidant, will show up
again.

During the inhibited period, antioxidant competes with the propagation by quenching
the peroxyl radicals produced by the initiators (or from substrate oxidation), thus the
length of the inhibition periods t (Figure 1.4) could provide an equation as follow

(equation 1.7) to determine the stoichiometric factors n [23].

n[AH]
T

R, = (Eq. 1.7)

[ArOH]o is the initial concentration of the antioxidant, and Tt is the length of the

inhibition periods. Alternatively, this equation could also be used to determine the
initiation rate (R;) based on an autoxidation inhibited by a known amount of effective
antioxidant, such as a-TOH, whose stoichiometric coefficient is well established [23].
The initial slope of oxygen consumption during the inhibited period provides equation
1.8 to determine the inhibition rate constant kin, by assuming that every ROO« radical

Is trapped by the antioxidant and its corresponding radical [54,55].

_di0] _ _kp [RHIR
dt nkinn [AH]

+ R, (Eq. 1.8)

If the inhibited period in Figure 1.4 is not so clearly identified as in plot B, or the initial
portion of the plot is not usable to get oxygen consumption rate (plot C), equation 1.9
can be used [54,55].

A[0,)t =20 (1-5) (Eg. 1.9)

kinh
There are also some cases like in plot D, where the efficiency of the antioxidant is so
small that inhibition period cannot be observed clearly: equation 1.10 was drived by
Denisov and Khudyakov to determined kin, in such cases [56].

Rox’o Rox _ nkinh [AH] 0
Rox Rox’o 1[R12kt

where Rox and Rox,o are the rates of oxygen consumption (—d[O,]/dt) measured from

(Eq. 1.10)

the plots, under identical experimental settings, in the presence and absence of the

antioxidant, respectively. Besides, kinetic data and the changes in reactants and
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products could also be obtained by computational simulation (e.g. with Copasi

software) of the oxygen-uptake trace [50].

In a summary, hydrocarbon autoxidation follows a free radical chain mechanism in the
absence of inhibitors, leading to a constant rate of oxygen consumption when it is
initiated with a constant rate R;. Antioxidants (AH) can break the radical chain and
compete with propagation, resulting in oxygen consumption that is slown down and/or
delayed by an inhibition time t. From the plot of oxygen consumption obtained with a
substrate whose rate constants for oxidative chain propagantion k, and termination 2k;
are already known, it is possible to calculate the inhibition rate constant (ki.,) and the
stoichiometric factor (n) for the trapping of chain-carrying peropxyl radicals by the
antioxidant from (Eqg.1.7 and Eq.1.8-1.10) [48]. Vice versa, Eqg. 1.6 and Eq. 1.8-1.10
allow to determine k, and 2k; of an unknown substrate by performing autoxidations in
the presence of an inhibitor whose values of ki, and n are known. The relative rate
constants can be used to compare the antioxidant activity of compounds or the
oxidizability of substrates [57]. Thus, the autoxidation kinetics of relevant subtrates
like stripped sunflower oil (SSO), olive oil (OO), squalene (SQ), and p-cymene (p-C)
were calibrated by using the same oximetry method, as described in the following

section.

1.4 Research objects

Despite the very extensive research on antioxidants in different field of science, which
has brought to an enormous number of publications on the topic in recent and less
recent years, still very few investigations have addressed the discovery and
characterization of new antioxidants on truly quantitative basis, focusing on the
Kinetics and mechanism of the antioxidant action. This is particularly true in the vast
field of natural antioxidants. Among them, plant essential oils have received enormous
interest in recent years, both for their purported beneficial properties to human health
and for the possibility to use them as natural preservatives for food products, where
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most of them can also contribute antimicrobial preservative action, thereby allowing to
replace synthetic preservatives of all kinds with natural alternatives, which are better
perceived by the consumer. Despite this interest, extremely limited data are available
of the kinetic behavior of essential oils or their components, and kinn, N values for such
compounds are virtually absent from the literature, most investigation being based on
rapid tests affording misleading or contradicting results [46]. At the same time, to
obtain quantitative measurements of the antioxidant activity, the best-established
method is that of controlled inhibited autoxidation of a reference substrate (see
previous section). This, in turn, requires well characterized substrates. Surprisingly
very few natural materials have been kinetically characterized in this respect, so far,
limiting the investigation of new natural antioxidants in food-born or biomimetic
settings. To overcome this lack of knowledge, we have worked in two parallel
directions in two studies that will be presented in the following of this chapter. First,
we have duly investigated and accurately calibrated natural oxidizable substrates,
which could be used for future investigation on new antioxidants. Second, we have
undertaken a systematic study on the antioxidant activity of common essential oils and

their representative components.

1.5 Calibration of natural substrates
(published as J. Agric. Food Chem. 2019, 67, 6902—6910. DOI: 10.1021/acs.jafc.9b01400)
The protection from autoxidation of food products or other agricultural materials used

in manufactured goods such as cosmetics and pharmaceuticals, is of the utmost
importance to guarantee their safety. Therefore, the search for novel antioxidants
remains an important area of research. [46]. The rational strategies to guarantee the
protection of different natural materials would require knowledge of their kinetics of
autoxidation, since the inhibition of autoxidation is always a process regulated on
Kinetic bases [23].
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Figure 1.5 Oxidizable substrates investigated in this study and reference antioxidants used to

calibrate the substrates (1—4) and to validate their use (5—8).

Surprisingly, very few natural biomimetic substrates have been Kinetically
characterized so far, limiting the quantitative testing of phytochemicals under
representative settings, as well as the knowledge of a key feature concerning the
antioxidant protection of food and agricultural materials. The choice is restricted to
(scarcely available) purified methyl esters of oleic, linoleic, and linolenic acids [58].
while more recently the rate constants for chain propagation (kp) for other unsaturated
fatty acids and their methyl esters (arachidonic, eicosapentenoic, docosapentenoic),
cholesterol, 7-dehydrocholesterol [59], and other cholestadienols [60,61] have been
reported, and their mechanism of autoxidation has been discussed [60,62]. None of the
many triglyceride-based natural oils have been kinetically characterized to date.
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Similarly, knowledge of the behavior of other representative natural materials is
missing. To fill this gap, we report here the full kinetic characterization of four different
substrates which are representative of the chemical diversity of natural oxidizable
materials: namely, stripped sunflower oil (SSO), and stripped olive oil (O0), two
triglyceride, squalene (SQ), an unsaturated hydrocarbon that is the main component of
olive oil unsaponifiable fraction, and p-cymene (p-C), a monoterpene ubiquitous in
essential oils and olive oil (Figure 1.5). Phenols 1-4 were used as reference
antioxidants. Further, we show the usefulness of such commonly available substrates
in studying representative chain-breaking antioxidants: magnolol (5), quercetin (6),
caffeic acid phenethyl ester (CAPE, 7), and 2,4,6-trimethylphenol (TMP, 8), chosen to

comprise the structural variability encountered in phenolic antioxidants.

1.5.1 Results and Discussion

1.5.1.1 Autoxidation kinetics of SSO

Stripped sunflower oil (SSO) is obtained from sunflower oil upon removing naturally
occurring phenolic components and carotenoids, which would protect the oil from
oxidation, by treatment with alumina and vegetal carbon. It was chosen as a reference
substrate due to its modest cost, high availability, facile oxidation and because it had
been used before for (qualitative) antioxidant tests [63]. The ease with which organic
substrates undergo autoxidation is quantified by a Kkinetic parameter named
oxidizability, which is given by the ratio of the rate constant for radical chain-
propagation k, and the square root of the constant for chain-termination 2k (Eq.1.11)
[23,64]. Under constant rate of radical initiation Ri, this quantity determines the rate
of autoxidation as detailed in reaction 1.3 [35].

Oxidizability = i (E.q. 1.11)

T2

Regular sunflower seed oil (i.e. not considering “high oleic” and “mid oleic” varieties)

Is composed mainly of triacylglycerols where about 60% of fatty acids residues is
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represented by highly oxidizable linoleic acid (C18:2), with negligible content of

linolenic acid (C18:3) or other PUFA, while the remaining residues are typically

represented by less oxidizable oleic acid (C18:1) and saturated fatty acids (C18:0 and

C16:0) [65].
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Figure 1.6 Uninhibited autoxidation of SSO measured in PhCI at 30°C. A) Plot of the oxygen
consumption against Ri ([SSO] = 0.517 M); B) Plot of the oxygen consumption against SSO
concentration, with [AIBN] = 0.025M; C) Plot of the oxidizability of SSO against Ri ([SSO] = 0.517
M); D) Plot of the oxidizability of SSO against its concentration, with [AIBN] = 0.025M.

Since linoleic acid has oxidizability 24-fold higher than oleic acid and thousands-fold

higher than saturated fatty acid [23]. One can expect that the oxidizability of sunflower

oil is dictated by its content in linoleic acid. This is due to the much higher reactivity

of peroxyl radical in abstracting H-atoms from of the >CH, function in bis-allylic
position (C11) in linoleic residues (k, = 62 Ms at 303 K) [23] as compared to the



allylic position (k, = 0.89 Ms™ for 2 methylene groups in oleic acid at C8 and C11) or
to saturated chains (k, ~ 0.01 M™s for a C18:0) [23]. Therefore, the average molar
concentration of triglycerides in neat SSO (d = 0.907 g/mL) was estimated as 1.034
mol/L, based on the average molecular weight of SSO triglycerides determined from
fatty acid composition (MW = 877.4 g/mol), which was analyzed by GC-MS (table
A1)

Autoxidation kinetic measurements revealed that SSO is a “well behaved” oxidizable
substrate, with the rate of oxygen consumption being linearly dependent on the
concentration of the substrate in the tested concentration range, and the oxidizability
being a true constant: ky/ v 2k; = 0.036 M/2s/2 at 303K in chlorobenzene, independent
of the concentration of substrate and of the rate of radical initiation (Figure 1.6). In
order to measure the absolute value of k,, we performed a series of autoxidation kinetic
measurements in the presence of different amounts of PMHC (1) or DBHA (2), as

reference antioxidants, the typical and representative plot was shown in figure 1.7.
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Figure 1.7 Oxygen consumption measured during the autoxidation of stripped sunflower oil (50 %
v/v; 0.517M) initiated by AIBN (0.05 M) in chlorobenzene at 303K, without inhibitors (dashed line);
or in the presence of: PMHC (1) 2.5 [1M. Regression lines indicates the slopes of the inhibited and
uninhibited periods, which can be processed with equations 8 and 7, respectively, to obtain the
oxidizability (ko/N2ki) and the value of kp, respectively. The cross-point of the two regression lines
indicates the inhibition time t (1600 s in this experiment), which affords the measured rate of initiation
Ri (3.1x10° Ms, in this experiment) upon processing with equation 10.
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Under these conditions (in the presence of a chain-breaking antioxidant) chain
termination is given mainly by reaction of the antioxidant with peroxy radicals, and
self-termination of the radical chain becomes negligible[23,64]. Therefore, the rate of
oxygen consumption can be analyzed by eqs 1.8-1.10, using the known inhibition
constants (kinn) of the two antioxidants to obtain the rate constant k, with high accuracy
[64].

Although kinh for both PMHC and DBHA are known with high accuracy in
chlorobenzene (the solvent used for autoxidations), upon using such kinh values
(3.2x10° and 1.1x10° Ms™, respectively [23,66]) to calculate the k, of SSO, results
obtained from the autoxidations inhibited by PMHC or DBHA were in clear
disagreement. This behavior was attributed to the presence in SSO of ester groups, able
to accept H-bonds from the reference phenols, thus lowering their ability to react with
radicals and their ki, [42,26]. This well-known effect is expected to be different in
magnitude for the two phenols because the steric crowding of the tert-butyl groups in
DBHA (2) protects the phenolic OH from forming H-bonds with SSO [26]. To
guantitatively ascertain the degree of H-bond formation, the infrared spectrum of the
reference phenols in chlorobenzene in the presence or in the absence of SSO was
measured (Figure 1.8) [66]. In the weak H-bonding solvent chlorobenzene, the
stretching of the “free” phenolic OH gives a sharp peak at about 3610 cm™. In the
presence of SSO, this peak decreases in intensity, and is replaced by a broader peak at
lower frequency corresponding to the H-bonded OH group. As it is clearly visible in
Figure 1.8, H-bond formation is more important for of PMHC than for DBHA, due to

the different steric crowding.

From IR spectra the amount of PMHC not H-bonded to SSO was calculated as 48%,
while that of DBHA as 88%. Therefore, considering that phenols H-bonded to substrate
molecules (here acting as a co-solvent) are not reactive toward peroxyl radicals [42]
the “effective” kinn Of the two antioxidants in the presence of SSO needs to be
downscaled to 1.5x10° and 9.8x10* Ms! respectively for PMHC and DBHA [26]. By
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applying this correction, the k, of SSO obtained with the two reference phenols
converged, affording k, = 66.9+5.8 Ms*for SSO at 30°C, (see table 1.5).
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Figure 1.8. Infrared spectra in the O-H stretching region of PMHC 1 (A) and DBHA 2 (B) (0.01 M),
dissolved in chlorobenzene (solid line) or in 1:1 SSO/chlorobenzene mixture (dashed line).

Table 1.5 Kinetic parameters measured for the autoxidation of stripped sunflower oil
(SSO) in chlorobenzene (50 %, v/v) at 30 °C, initiated by AIBN, in the presence of

PMHC (1) or DBHA (2) as reference antioxidants.

entry [antiox.] | Ri d[Oz]o/dt d[O2]in/dt kp/N2kt Kp
(M) (Ms™) (Ms) (Ms™) (M2 s172) (M*s™)
PMHC

1 5.0 35x10° |1.24x10° |1.30x10% |0.038 58.8

2 2.5 1.4x10° [6.93x107 |[1.05x10° |0.033 66.1

3 1.3 1.3x10° |[7.18x107 |[2.87x10° |0.036 76.1
DBHA

4 11 3.7x10° |[1.22x10° [1.83x107 |0.038 71.2

5 11 35x10° |[1.05x10° |[8.41x10®° |0.033 67.8

6 14 1.4x10° |754x107 [750x107 |0.037 61.2

7 5.5 1.6x10° |[757x107 |[7.20x10° |0.038 66.9

mean +SD 0.036+0.0022 | 66.9+5.82

Finally, upon combining it with the oxidizability (ky/ v 2k;) value, the value of 2k; for
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SSO was determined as 3.45x10° Ms? {Table 1.9). It is interesting to compare the
oxidizability measured for SSO to that of the monoester methyl linoleate, as it is
proportional to the number of linoleic acid residues in the molecule. Each
triacylglycerol unit contains an average of 1.7 molecules of linoleic acid and has ky/ v
2k; 1.7-fold that of methyl linoleate (0.021 M-Y2s"¥2 at 30° [67]). This observation is in
agreement with the pioneering work of Pryor and coworkers who found that the oxide
zability of synthetic linoleyl mono- di- and tri-glycerides was proportional to the total
number of “activated” >CH, groups in bis-allylic position in the molecule, i.e. to the

number of linoleyl residues [68].

Counterintuitively, our data show for the first time that this relationship does not hold
for the (most important) propagation rate constant, as k, of SSO is close to that of
methyl linoleate, and much lower than the value (62x1.7 = 105 Mst) that would be
expected in case the same proportionality was maintained. Therefore, the higher
oxidizability of the triacylglycerol is (almost) entirely due to the lower rate of chain
termination (viz. 3.5x10% Ms? vs. 8.8x108 M-st at 30°C in chlorobenzene [23]).

1.5.1.2 Autoxidation kinetics of olive oil

Olive oil is among the most common vegetable oils, which is usually used in cooking
like SSO, salad seasoning, as well as in cosmetic and pharmaceutical manufacturing.
It is mainly composed of oleic acid, with a small amount of other fatty acids, such as
linoleic acid and palmitic acid. Olive oil, being a complex mixture of triglycerides, is
hard to characterize as a substrate due to its high variability depending on its
geographic origin, type of olive and multiple other variables. In this study, the olive oil
was purchased from the local market, the average molar concentration of triglycerides
in neat OO (d = 0.911 g/mL) was estimated as 1.012 mol/L, based on the average
molecular weight of OO triglycerides according to its fatty acid composition (MW =
900 g/mol) determined by GC-MS (table A.1.2.). When OO was subjected to controlled
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autoxidation, the rate of oxygen consumption, was related to v Ri and its oxidizability

Ko/ v 2k; remained constant as previously observed for SSO (Table 1.6).

Table 1.6. Kinetic parameters measured for the autoxidation of OO in chlorobenzene
at 30 °C, initiated by AIBN, in the presence of PMHC (1) or DBHA (2) as reference
antioxidants.

entry 00 Ifi d[(?z]o/dt kol N 2kt antiox. d[()_z]in/dt -kp-
M) | (MsT) M s1) (M2 5712 (M) (Ms™) M s

2 0.506 | 49x10° | -3.02x107 | 9.44x107 PMHC2.5 | 1.41x10°®

3 0.38 |3.69x107 | -1.98x107 | 8.57x107 PMHC2.5 | 1.16x10® ;é‘;

4 0.25 | 4.4x10° |-1.54x107 | 9.06x107 PMHC2.5 | 1.07x10% |37.2

6 0.506 | 3.8x10” |-2.86x107 |9.17x107 DBHA 5 7.47x10% | 33.6

7 0.38 |3.27x107 | -2.00x107 | 9.22x107 DBHA 5 5.38x10° | 37.0

8 0.25 | 4.13x107 | -1.45x107 | 9.02x107 DBHA 5 4.37<10% | 34.9

9 0.506 | 3.08x107 | -2.29x107 | 8.86x107 DBHA 5 5.65x10% | 31.2

mean +SD (9.0£0.8)x10° | mean £SD 34.7£1.6

Similarly, to SSO, we measured the k, value by performing inhibited autoxidation

using reference PMHC and DBHA as antioxidants.

Being a triglyceride, its ester groups were also confirmed by the IR spectrum (Figure
1.9) to be able to accept H-bonds from the reference phenols, thus lowering their ability
to react with radicals and their kinn, as previously observed for SSO, and the amount of
PMHC not H-bonded to OO was calculated as 42%, while that of DBHA as 74%. Thus,
the “effective” ki, of the two antioxidants in the presence of OO needs to be
downscaled to 1.3x10° and 9.1x10* Ms respectively for PMHC and DBHA. (95) By
applying this correction, the k, of OO obtained with the two reference phenols was k;
= 34.7+5.8 Mstat 30°C, affording 2k; = 1.5x10” Ms! (Table 1.9).
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Figure 1.9 Infrared spectra in the O—H stretching region of PMHC 1 (A) and DBHA 2 (B) (0.01 M),
dissolved in chlorobenzene (solid line) or in a OO /chlorobenzene mixture (dashed line).

1.5.1.3 Autoxidation kinetics of Squalene

Squalene is a triterpenic polyunsaturated hydrocarbon that represents the main
component of olive oil unsaponifiable fraction. In this form it is widely used in
cosmetics and dermatologic products as skin emollient and to treat disorders like acne,
psoriasis, and atopic dermatitis [69]. It is ubiquitous in plants and abundant in vegetable
oils such as amaranth, rice and wheat [69,70]. It is found in all animals and in humans,
being the precursor of sterols, including cholesterol, along the mevalonic acid pathway
[71]. Itis most abundant in shark (Squalus genus) liver, which remains the main source
for its pharmaceutical use as immunologic stimulant [71,72], although more
sustainable sources are being investigated [73]. Squalene has long been used as
adjuvant in vaccines (e.g. for influenza) [72], and it has controversially been implicated
in Gulf War Syndrome [84]. Squalene is also used as diet supplement and functional
food for a variety of claimed beneficial properties [71,75,76]. By contrast, squalene is
also considered the primary target of human skin lipid peroxidation [76,77] and its
hydroperoxide oxidation products have been attributed a role in the development of
skin affections [76,77].

When we subjected it to controlled autoxidation, it followed the typical kinetic

behavior of a free radical chain reaction. It undergoes rapid autoxidation with a rate of
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oxygen consumption proportional both to its concentration and to the square root of
the rate of initiation as dictated by eq. 1.6, while its oxidizability remains constant.

Measured value was ky/ v 2k, = 0.025 M¥2s12 at 303K in chlorobenzene, slightly lower

than that of SSO (Table 1.7).

Table 1.7 Kinetic parameters measured for the autoxidation of Squalene in
chlorobenzene at 30 °C, initiated by AIBN, in the presence of PMHC (1), DBHA (2),
or 4-methoxyphenol (3) as reference antioxidants.

entry squalene Ri d[Oz]o/dt Ko/ v 2K: antiox. d[Oz])in/dt kp
(M) (Ms) (M) (M 2512 (uM) (Ms?) | (M*s?)
1 1.04 1.12x10° | 8.73x107 0.025 PMHC (1.2) 2.26x10® 63.9
2 1.04 1.95x10° | 1.06x10° 0.023 PMHC (2.5) 2.52x10® 69.7
3 1.04 3.43x10° | 1.56x10° 0.026 PMHC (5.0) 1.73x10® 66.8

PMHC (6.2) | 1.43x10% | 69.4
DBHA (7.0) | 2.07x107 | 6038
DBHA (7.5) | 2.65x107 |  68.9
DBHA (7.5) | 2.44x107 | 720
MeOPhOH(6.2) | 1.75x107 | 723
MeOPhOH(7.5) | 1.90x107 | 720
4 1.04 | 5.03x10° | 1.79x10% 0.024 PMHC (5.0) | 3.21x10% | 66.1
PMHC (6.2) | 2.42x10% | 65.7

5 0.78 3.94x10° | 1.32x10° 0.027
6 0.52 4.40x10° | 8.25x107 0.024
7 0.26 4.38x10° | 4.26x107 0.025
mean + SD | 0.025+0.002 mean £ SD | 68.0+3.7

As illustrated for SSO and OO, to determine the absolute value of k,, we performed
two series of standard inhibited autoxidations in the presence of PMHC (1) and DBHA
(2) as reference antioxidants. Unlike SSO and OO, experiments with the two reference
antioxidants processed via eg. 1.18 afforded identical k, values, without any correction,
i.e. 66.9+2.2 Mst and 67.2+5.8 M1s?, respectively. This indicates that, as expected,
no significant H-bonding interaction between the substrate and the antioxidant is

occurring. To confirm this finding, calibration was repeated using 4-methoxyphenol
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(kinn = 2.2x10° Ms 4) as standard antioxidant, as it has lower steric hindrance and
higher H-bond donating ability than both PMHC and DBHA [26]. Results were
coincident within experimental error (see table 1.7). Averaged k, = 68.0+3.7 Ms? is
very close to that of SSO and implies a two-fold larger rate of chain-termination (2k; =
7.40x10° M1s?t at 303 K, see Table 1.9). Concerning the mechanism of chain-
propagation, it is expected to occur mainly via H-abstraction from the methylene
(>CHy,) and (to lesser extent) from the methyl (-CH3) groups in allylic position (scheme
1.11A), as witnessed by the very recent identification of hydroperoxides in position 2
and 3, respectively, as the main and second main products of squalene free-radical
autoxidation at 50 °C (hydroperoxides in position 6, 7, 10 and 11 were also identified).
[76] However, addition of alkylperoxyl radicals to the double bonds to yield a tertiary
carbon-centered radical (scheme 1.11B) is expected to play a comparatively larger role
than in unsaturated fatty acids where a less stable secondary carbon-centered radical is
formed, somewhat resembling the known reactivity of cholesterol[62]. The
identification of epoxides among the products of squalene spontaneous oxidation at 62
°C supports the contribution of C=C addition [77].

A (H-abstraction) |-|
ROO' ROOH / ;\/\f
< H H
2 0, 2
i
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Scheme 1.11. Main reactions involved in the propagation of squalene autoxidation

1.5.1.4 Autoxidation kinetics of p-Cymene

p-Cymene is a common aromatic monoterpene component of plant essential oils,

particularly abundant in turpentine, thyme, oregano [78], cumin, santureja [79] and
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citrus. It has antibacterial activity [78] based on uncoupling mitochondrial respiration,
which boosts its interest as potential food preservative, besides its aroma [80]. p-
Cymene undergoes radical-mediated oxidation mainly by H-abstraction from the iso-
propyl group to form a tertiary carbon-centered radical in benzyl position with spin
delocalization onto the aromatic ring, which propagates the chain via the formation of
the tertiary alkylperoxyl radical (scheme 1.12), as established by the formation of the

tertiary hydroperoxide as main oxidation product [81].

ROO* ROOH .
—~ ) O o )00

Scheme 1.12. Autoxidation of p-cymene

When the autoxidation of p-cymene was monitored under controlled conditions, it
followed the typical kinetic behavior predicted by eq. 1.6 and, under our experimental
settings, oxidizability did not change on changing the concentration of the substrate or

the rate of chain-initiation. Measured ky/ v 2k; = (4.9x10* MY2s12 (Table 1.8) was

found at 303K in chlorobenzene, which, surprisingly, was significantly lower that the
corresponding value (1.6x10° MY2s"12 in 50% PhCl at 303 K ) for structurally related
cumene (iso-propylbenzene), a well-established synthetic oxidizable substrate used in
antioxidant testing [23,82]. As previously described for SSO and squalene,
deconvolution of k, and 2k; was achieved by performing sets of standard autoxidations
in the presence of reference antioxidants (having known value of kin,) and processing
the rate oxygen consumption with eq. 1.8. When PMHC (1) was used as reference
antioxidant inhibition was complete, preventing the reliable measurement of k,
Therefore, beside DBHA (2), more effective 4-methoxyphenol (3) [67] and less
effective BHT (4)[23] - a well-known synthetic antioxidant - were used as reference
(Figure 1.10).

34



0.00

-0.05 -

-0.10 A

-0.15 A

-0.20 A

-A[O2] / mM

-0.25 4 | === not inhibited
— PMHC (1)
030 4| —— DBHA(2)
e 4-MeOPhOH (3)
0351 BHT (4)
0 1000 2000 3000 4000
Time/s

Figure 1.10. Typical oxygen consumption plots during the autoxidation of p-cymene (3.2 M) initiated
by AIBN (0.05 M) in PhCl at 30 °C without inhibitors or in the presence of antioxidants 1-4, each at
a concentration of 5.0 x 107° M.

Results from the three calibrations converged (see Supporting Information) yielding
kp=0.8 M1s-1 (Table 1.8), which was used in eq. 5 to afford 2k;= 2.87x10° M!s* (table
1.9). Interestingly, k, is 2.5-fold larger for p-cymene compared to cumene, which is
perfectly justified by the lower bond dissociation enthalpy in the tertiary C-H due to
the electron-donating effect of the p-methyl group on the aromatic ring. On the other
hand, chain-termination is 64-fold faster for p-cymene, likely due to reaction of the
tertiary peroxyl radical with the p-methyl group of p-cymene to afford faster decaying
primary peroxyl radicals (scheme 1.13). Isolation of 16% primary hydroperoxides in

p-cymene oxidation at 72°C [83] supports this explanation.
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Table 1.8 Kinetic parameters measured for the autoxidation of p-Cymene in
chlorobenzene at 30 °C, initiated by AIBN, in the presence of PMHC (1), DBHA (2),
4-methoxyphenol (3) or BHT (4) as reference antioxidants.

p- Ri d[O2]o/dt Ko/ v 2kt antioxidant. d[Oz]in/dt Kp
entry | cumene
M) | MsH | (MsY) | (mizsie) (Om) Msh) | (M1sh
1 3.2 1.1x10° 4.49 x 108 0.000422 DBHA (1.25) 1.66 x 108 0.7981
2 3.2 2.4x10° 6.96 x 108 0.000444 DBHA (2.5) 2.05 x 108 0.7569
7.16 x 108 0.000457 DBHA (1.25) 241 %108 0.7741
3 3.2 5.1x10° 1.04 x 107 0.000454 PMHC (2.5) / /
1.11x 107 0.000487 DBHA (2.5) 3.86 x 108 0.8497
DBHA (5.0) 1.80 x 108 0. 8750
1.10 x 107 0.000481 MeOPhOH (2.5) | 2.23x 108 0.8360
MeOPhOH( 5.0) | 1.36 x 108 0.8525
1.01 x 10”7 0.000443 BHT (2.5) 8.06 x 108 0.9451
1.04 x 10”7 0.000454 BHT (5.0) 5.69 x 108 0.7147
BHT (12.5) 3.65 x 108 0.9007
BHT (2.5) 7.94 x 108 0.8229
BHT (5.0) 6.35 x 108 0.8696
4 3.2 6.5x10°° 1.34 x 10”7 0.000521 DBHA (2.5) 7.18 x 108 0.8198
1.39 x 10”7 0.000539 DBHA (5.0) 2.58 x 108 08174
5 2.4 4.9x10° 8.14 x 108 0.000484
6 1.6 4.7x10° 5.73 x 108 0.000523
7 0.9 5.1x10° 3.64 x 10 0.000566
mean + SD (4.9+0.7) x mean + SD 0.83+0.06
10+

. 02
CH3 CH2 —_—
0O0-
+ —_—> +
< > é 00- ( ) ; OOH

Scheme 1.13. Chain-transfer in the propagation of p-cymene explaining the fast termination step.

V fast decay
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Table 1.9 Oxidizability (ko/ V 2ki) and rate constants for chain propagation (k,) and

chain termination (2k;) for the investigated natural oxidizable substrates, measured at
303 K in chlorobenzene (Mean £ SD).

Substrates ky/ N 2k ky 2k
SSO (3.6+0.2) x107? 66.9+5.8 3.45 x10°
00 (9.0£0.8) x 1073 34.7+1.6 1.50%107
SQ (2.5+0.2) x107? 68.0+3.7 7.40 x10°
p-C (4.9+0.2) x10* 0.83+0.06 2.87 x10°

1.5.2 Validation and specific advantages of the four oxidizable substrates in testing

antioxidants

In order to validate the calibrated substrates and to highlight their distinctive usefulness
in testing antioxidants, controlled autoxidation studies were performed using each
oxidizable substrate inhibited by a different set of phenolic antioxidants, not previously
employed for calibration. Antioxidants were natural polyphenolic magnolol (5, from
Magnolia officinalis), quercetin (6), and caffeic acid phenethyl ester (7, CAPE) along
with synthetic monophenolic 2,4,6-trimethylphenol (8). They were chosen so to
comprise the structural variability encountered in typical phenolic antioxidants, and
because their antioxidant chemistry is known with great accuracy from previous studies
[23, 83-85].

Magnolol 5 is a moderately effective antioxidant able to trap two peroxyl radicals with
greater efficiency (higher kin, of 6 x10* M-1s-1, see Table 1.10) and about two more
peroxyl radicals in the second phenolic ring with lower efficiency [83]. This behavior
was visible when it was tested in the inhibition of p-cymene and OO (see figure 1,11B,
D), affording stoichiometric factors in very good agreement with literature (Table
1.10). The rate constants afforded by the substrate p-cymene was in good agreement

with literature, however, the rate constant afforded by substrate OO was smaller, which
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might be due to H-bonding of the antioxidant to the ester groups of the OO mentioned
above. Magnolol 5 also acted as antioxidant toward squalene and SSO, however with
both substrates it was not efficient enough to produce a neat inhibition period, so only
a reduced rate of autoxidation was observed. This is due to the much higher rate of

chain propagation (k) of the latter

-AJ0] f mid

AfO2] 7 mbd

o 500 1000 1500 2000 2500 0 a 1000 2000 0 AR

Time js

§ mibd
-A[DL] f miba

-AlO)

b [ d

T T T T T T T
a 1090 =000 2300 2000 5000 0 500 000 1500 2000 2500 3000 3500

Time .I.-1 VIFFIE &

Figure 1.11 Oxygen consumption during the autoxidation of A-SSO(1.1M), B-00(0.25M); C-
Squalene (1.04);D-p-Cymene (3.2 M) initiated by AIBN (0.05 M) in PhCl at 30° C without inhibitors
(dash) or in the presence of antioxidant (2.5x10° M): a (5), b (6), ¢ (7), d (8) in all panels.

substrates compared to p-cymene and OO, a feature that is more suited to test faster
chain-breaking antioxidants. Consequently, kinetic analysis could not provide the
stoichiometric factor and only the fastest kinetic constant for trapping (the first two)
peroxyl radicals was visible. Inhibition rate constant measured with squalene was,
again, in good agreement with literature, while the inhibition of SSO occurred with
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lower rate constant, due to H-bonding of the antioxidant to the ester groups of the
substrate [42,26], as previously discussed (see 3.1). Clearly, less oxidizable and non
H-bonding p-cymene is most suited to test the performance of magnolol. An opposite
behavior occurred when we used more effective quercetin (6) as antioxidant. Inhibition
of squalene autoxidation afforded results in very good agreement with previous
knowledge: the trapping of two peroxyl radicals with very high efficiency (kim ~ 10°
M-1s1) and two more radicals with lower ki, which differed less than a factor of two
from literature value (Table 1.10) [84]. On the other hand, inhibition of less oxidizable
p-cymene was too complete to be measurable and only information on the overall
number of trapped radicals (n = 3.8 £ 0.2) was obtained, in excellent agreement with
literature. Once again, inhibition of SSO was less efficient than that of squalene, despite
the similar k, value, due to H-bonding of the antioxidant to the substrate [26], allowing

to observe only the fastest trapping of the first two peroxyl radicals (table 1.10).

Table 1.10 Inhibition Rate Constant ki,, and Stoichiometric Factor n, for Trapping
Peroxyl Radicals by Antioxidants 5-8 (figure 1.5) Measured in the Inhibited
Autoxidation of Calibrated Substrates SQ, p-C and SSO at 303 K in Chlorobenzene

(Mean+SD).

Squalene (SQ) p-Cymene (p-C) Sunflower oil (SSO) Olive oil (O0) Reference (lit.)
Antiox.
Kinh (M5 n Kinh (M5 n Kinh (M5 n Kinh (M5 n Kinh (M5 n
(7.74£0.2)x10* | 1.940.2 (1.6+0.3) x10* 2.4+0.3 6.1x10%4¢ 2.0
5 (5.0+0.1)x10* / (1.440.1)x10* /
(9.0+0.3)x10° | 1.6+0.2 4.3x10%% 1.74%
(9.3+0.5)x10%2 | 2.040.2 (3.7£0.4)x10° | 1.8+0.2 1.0x10847 1.94
6 / 3.8+0.2 | (1.2+0.2)x10° | 2.1+0.2
(1.0+0.1)x10° 1.940.2 5.2x10%% 164
7 (6.240.3)x10°° | 2.3+0.2 | (5.440.3)x10° | 2.240.2 | (1.1#0.1)x10° | 2.0+0.1 (2.1+0.2)x10° 2.1+0.1 6.8x10°% 154
8 (6.240.5)x10* | 25+0.2 | (6.5+0.3)x10* | 2.240.2 | (2.5+0.1)x10° / (1.3£0.1) x10* | 2.3+0.2 8.5x10%* /

a) Experiment performed with 0.03% MeOH to aid dissolution of the antioxidant. b) Following the
main inhibition period, additional inhibition corresponding to apparent kinn = (1.8+0.2) x10° M1s

and n = 2.1 + 0.2 was observed (see Supporting Information).

Consistent with the above, CAPE (7) and TMP (8), having intermediate reactivity
compared to magnolol and quercetin, gave good inhibition of all the tested substrates

with consistent ki, values measured in the inhibition of squalene or p-cymene, which
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were in excellent agreement with literature (Table 1.10). Both antioxidants afforded
lower kinn Values in the inhibition of SSO due to H-bonding.

Of interest, when tested in the inhibition of squalene CAPE (7) showed protection of
extended duration with respect to expectations based on the trapping of two peroxyl
radicals (see footnotes in Table 1.10). We tentatively explain this behavior suggesting
that, during autoxidation, squalene may release hydroperoxyl radicals (HOOe), as a
side reaction along propagation path B (scheme 1.11), e.g. via the mechanism recently
disclosed by Pratt and coworkers for other unsaturated hydrocarbons [86].
Hydroperoxyl radical could partly reduce the semiquinone radical of CAPE back to the
starting catechol (scheme 1.14), making it available for further antioxidant activity, as

recently shown for other antioxidants during the autoxidation of cyclohexadiene [87].

Schemel.14. Hydroperoxyl radical (HOQO¢) reduce the semiquinone radical of CAPE.

The hypothesis of such side chemistry of squalene, consisting in the release of HOO-
during autoxidation, was investigated by studiyng the inhibition of squalene
autoxidation, by TEMPO (2,2,6,6-Tetramethylpiperidine-1-oxyl radical).

As shown in figure 1.12, the oxidation of squalene was retarded by TEMPO. This is a
radical without significant antioxidant property; however, it works as an antioxidant
catalyst in the presence of a source of hydrogen atoms, e.g. when the oxidizing
substrates releases HOO" during its autoxidation [88]. Overall, results collected in table
1.10 validate the quality of our calibrations, as the rate constants measured using
squalene and p-cymene were in good reciprocal agreement and were fully consistent

with the known chemistry of those antioxidants, differing in all cases by less than a
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factor of two with respect of literature values. Results also highlight the different

usefulness of the substrates.

HOOH! ROOH HOO /ROO"

- A[O5]/ mM

'25 T T T

0 10 20 30 40

time / 1000 S

Figure 1.12. Oxygen consumption during the autoxidation of squalene (1.04 M) initiated by AIBN
(0.05 M) in PhCl at 30° C without inhibitors (dotted) or in the presence of TEMPO 10x10° M (solid);
the inserted scheme is the antioxidant behavior of TEMPO with HOOs.

Indeed, highly oxidizable substrates like SSO and squalene are more suited to test fast
chain-breaking antioxidants, while less oxidizable p-cymene is better suited to less
effective antioxidants or to accurately measure stoichiometric factors (n) for any
antioxidant. Although SSO and squalene have similar k;, values and oxidizability, their
difference in antioxidant testing is clearly visible: due to H-bonding, for any acidic
antioxidant the performance in protecting SSO will always be lower than recorded with
squalene. Therefore, on comparing the performance with the two substrates one can
gather important information of the role of H-bonding on the protection of specific
substrates and account for the different performance of antioxidants in real-life
protection of food, or of relevant biomolecules.
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We wish to remark that the method described here is a powerful tool to investigate the
oxidation chemistry of relevant substrates at near room temperature, as well as the

antioxidant behavior of phytochemicals on quantitative grounds.

1.6 Antioxidant activities of essential oils

In various strategies aimed at improving food preservation, antioxidants play an
important role because they can slow down the oxidation of unsaturated fats and
prevent the development of rancidity in foods. In recent years, consumers’ choice has
pushed food technologists toward finding more natural and safer alternatives to
synthetic food antioxidants, especially focusing on plant-derived antioxidants [89].
Since ancient times, plants have provided effective ingredients for medicines and have
been the subject of research. They have attracted people's attention due to their
distinctive colors, shapes, flavors, smells and aromas. Medicinal and aromatic plants
have been the center of research and are regarded as valuable resources in the fields of
pharmacy, medicine, cosmetics and food [90]. Today, more than 80% of the world's
population still relies on drugs that use their active ingredients. Over the centuries,
essential oils (EOs) have been used with variable frequency. These are natural
compounds, most of which are volatile and have a distinctive scent [91]. They are
extracted from different plant organs (flowers, seeds, wood, leaves, bark, etc.), through
various extraction methods including fermentation processes, solvent extraction,
supercritical CO, extraction, microwave-assisted extraction, steam distillation, dry
distillation, and mechanical pressing [92].

EOs have a wide range of properties, such as antibacterial, antiviral, antifungal,
antioxidant and many others [93]. This wealth makes them important resources in the
fields of medicine and pharmaceuticals, food flavoring, cosmetics, cultural heritage
protection, agriculture and animal production, etc [94]. Various types of essential oils
have also been proposed as active antioxidants to replace the synthetic ones. For
example, the essential oils of thyme and oregano have been proposed to protect food,

especially meat and fish, from various forms of oxidative deterioration [95]. However,
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the research conducted is rarely based on sound scientific methods able to afford
reliable quantitative data, limiting to a rough evaluation of the antibacterial or
antioxidant properties of oils, which are sometimes mixed — e.qg. tests of food spoilage
often do not distinguish what is caused by microorganisms and what is caused by air
oxidation. For this reason, we believe that the following data will help clarify the

antioxidant potential of essential oils on quantitative grounds.

1.6.1 Phenolic composition of EOs

EOs are complex mixtures (usually 10 to 60 different active ingredients are observed),
where some of the main ingredients might be present in high concentrations (20-70%),
such as limonene in citrus oils. These mixtures have different components for different
plants and even for different varieties of the same plant, and are affected by factors
such as climate, environment and plant growth location, as well as their extraction
method [96]. Therefore, there may be different chemical types (called chemotypes) in
a species, such as the red thyme in our study. Furthermore, their properties are
attributed to their chemical components thus it is important to fully understand the
composition of each oil to relate their properties, including the antioxidant to the
identity and concentration of the main components in the mixture. Our research interest
is focused on their antioxidant activities which mainly depends on their phenolic
components. Thus, the phenolic pattern in 18 essential oil samples was analyzed, in the
frame of a collaborative project by Dr. Simone Gabbanini at BeC s.r.I a company, who
also provided the 18 EOs samples used in this study. The phenolic components and

their concentration in all the 18 essential oils are listed in Appendix Table A1.3.

Here, the structure of the main phenolic components is displayed in Figure 1.13. As
anticipated, essential oils obtained for the same botanical species might differ in
composition, hence in antioxidant properties. For this reason we included in our 18
samples different specimens of oils from the same botanical sources that are especially
renowned for their antioxidant properties, namely: red thyme (3 different specimens),

savory (2 different specimens), clove (3 different specimens).
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Figure 1.13 Phenolic compounds present in the studied essential oils.

1.6.2 Antioxidant activity of EOs

Measurements were performed by conducting cumene autoxidations inhibited by each
of the 18 essential oils. It should be pointed out that, in order to properly determine the
antioxidant properties and rate constants of the essential oils, the use of a well-known
oxidizable substrate was needed. The use of cumene was prioritized over styrene and
the substrates characterized in section 1.5, as the antioxidant power of the essential oils
was predicted to be substantially lower than that of PMHC, therefore a substrate with
low oxidizability would be more suited to the study and provide better inhibited
autoxidation plots, facilitating the analysis of results [83].

The following figures (Figures 1.14-1.18) show the typical autoxidation inhibition
resulting from the application of various essential oils. Inspection of autoxidation plots
reveals that 14 of the 18 tested EOs gave moderate to good, antioxidant protection of
cumene at the used concentration range of 1-5 uL/L (ppm) (Figures 1.14 to 1.17), while
the remaining 4 (carrot, marigold, cedarwood and celery) did not show any appreciable

antioxidant behavior. This is not entirely surprising if we match this behavour with the
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composition of the EOs reported in Appendix (Table A1.3), which reveals that those 4
oils are the only in our selection with no significative content in phenolic components.
Therefore, as a first glance, it is apparent that the observed antioxidant behavior should

depend exclusively or mostly from the phenolic components.
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Figure 1.14 Representative plots of oxygen consumption during cumene autooxidation (3.6M),
initiated by AIBN (0.05M), in PhCl, at 30 ° C, uninhibited (grey line) or in the presence of essential
oil (1 ppm) of: red thyme 2 (red), savory (pink), red thyme 3 (green), origan (black), Carnation (cyan),

cinnamon (blue).
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Figure 1.15 Representative plots of oxygen consumption during cumene autooxidation (3.6M),
initiated by AIBN (0.025M), in PhCl, at 30 ° C, uninhibited (grey line) or in the presence of essential
oil of: bay 2.4 ppm (red), savory 2.3 ppm (pink), birch 2.6 ppm (green), red thyme (sample 1) 2.3
ppm (dark red), spanish origan 2.6 ppm (cyan), cade 2.5 ppm (yellow).
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Figure 1.16 Oxygen consumption during cumene (3.6M) autooxidation, initiated by AIBN (0.025M),
in PhCI, at 30 ° C, uninhibited (grey line) or in the presence in the presence of essential oil (13 ppm)

of clove 2 (black line).
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Figure 1.17 oxygen consumption during cumene auto-oxidation (7.1M), initiated by AIBN (0.05M),
in PhCI, at 30 ° C, uninhibited (grey line) or in the presence of essential oil (5.3 ppm) of clove 1

(black line).
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Figure 1.18 Representitive plots of oxygen consumption during cumene autooxidation (3.6M),
initiated by AIBN (0.025M), in PhCl, at 30 ° C, uninhibited (grey line) or in the presence of essential
oil (13 ppm) of: carrots (red), marigold (pink), celery (blue), cedarwood (yellow).

Observation that the four oils not containing phenolic components did not show
significant inhibition of cumene, does not necessarily mean that they don’t possess any
kind of antioxidant properties, as it has been shown that some non-phenolic elements
of essential oils can also help to stop or delay autoxidation [82]. However, this occurs
with a termination-enhancing mechanism that requires much higher concentration of
the antioxidant for appreciable results. Such higher concentrations were not the point

of study in this work, and this will certainly deserve attention in further investigation.

Each essential oil which gave good inhibition contains multiple phenolic components
each endowed with its antioxidant activity, and a list of ki,, values determined by
inhibited autoxidation studies by our group is collected in Appendix (Table A. 1.3).
For those components identified in our EOs whose kinn values where unknown, these
were determined by other students in the group in parallel projects and were added to

Table A. 1.3 for reference.

Since, as previously noted, the antioxidant activity of EOs is related to the phenolic
components, in order to analyze the inhibition kinetics, we considered the weighted

sum of such components for each essential oil as the active inhibitor. This was

47



calculated from data in Table 1.10, upon taking into account the concentration of each
essential oil used in autoxidation (in ppm = mg/Kg), the density of the essential oil and
the molecular weight of each phenolic component.

Table 1.10 Phenolics’ concentration in the samples of Essential Oils (EOs) and

corresponding concentration of each component in the autoxidation mixture when the
EOs were used as inhibitor or cumene autoxidation.

Conc Antioxidant components' % [10° M]P
Essential Oil /ppm? Carva- | Thymol | Eugenol | 4-Allyl | Guaia- 4—Ethy1 p-Creosol | Other ¢
crol phenol col guaiacol

Red Thyme 1 | 2.25 122]9 [(3):‘5“2‘] / / / / / /
Sé’f}ziasf 2.25 6[91'8‘]3 / / / / / / /
Clove 1 5.5 / / 3234? / / / / /

Cade 2.45 / / [gigg] / [(%573] [(3)22] [g:gg] 1[(2);?

Bich | 260 | 0| 0| || ey | e | s | g
moms | 2| | 7 | e lnel | / /
Savory 1 23 [2:53.65] [1;'97] [(1):?3] / / / / /
Red Thyme2 | 1.0 [323 '39] [2‘.‘7] / / / / / /
Red Thyme3 | 1.0 [(i '211] [533 '51] / / / / / /
Savory 2 1.0 [436.'16] : ()1"171] / / / / / /
Origan 1.0 [649_'62] [00_5‘3] / / / / / /
Cinnamon | 1.0 / / [851'65] / / / / /
Clove 2 1.0 / / [8;'26] / / / / /
Clove 3 1.0 / / [849'98] / / / / /

a) Concentration of the EO used in inhibited autoxidation in puL/L. b) % content of each phenolic
components in the EO and corresponding micromolar concentration in the autoxidation experiments
when the EO was used as inhibitor. c) See appendix Table A. 1.3.

Analysis of autoxidation plots by means of Eq.1.7 (assuming n = 2 for the mixture of
phenols, since it is n = 2 for each component) and of Eq.1.8, afforded the apparent kin,

values for each EO from the slope of the inhibition period, and the total concentration
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of active antioxidant components (X[M]exp) from its duration. Results are collected in
Table 1.11.

Table 1.11 Apparent values of ki, of EO samples determined by inhibited
autoxidations at 303K in PhCI, resulting sum of phenolic concentration and total
phenolic concetration in the autoxidizing mixture from GC-MS analysis of the essential
oil and the corresponding concentration of use (ppm = mg/Kg).

Conc.
Essential Oil X [M]wsm? X [M]exp” kinn / M 1g71¢

(ppm)
Red Thyme 1 2.25 6.0x10°¢ (6.940.1)x10°® (1.5+0.3)x10*
Spanish Origan 2.25 1.0x10° (1.1£0.1)x10° (1.1£0.1)x10*
Clove 1 5.25 2.4x107 (2.240.2)x10° (5.0£0.1)x10°
Cade 245 4.3x10° (5.7+0.3)x10°® (1.940.2)x10*
Birch 2.61 1.0x107 (9.8+0.1)x10°® (7.9+0.1)x10°
Bay St. Thomas 24 9.2x10°¢ (9.240.3)x10°° (5.6+0.1)x10°
Savory 1 23 6.7x10%° (6.4£0.2)x10°° (1.1£0.1)x10*
Red Thyme 2 1.0 5.0x10° (2.5£0.1)x10°° (1.5£0.1)x10*
Red Thyme 3 1.0 3.7x10%° (4.0£0.1)x10°® (1.4£0.1)x10*
Savory 2 1.0 3.2x10® (2.940.1)x10°® (1.3+0.1)x10*
Origan 1.0 4.6x10°¢ (4.840.1)x10°° (1.3+0.1)x10*
Cinnamon 1.0 5.0x10°¢ (4.4+0.3)x10°° (4.940.3)x10°
Clove 2 1.0 5.2x10® (6.3+0.2)x10°° (1.1£0.1) x10*
Clove 3 1.0 4.9x10°¢ (4.6£0.2)x10°° (5.5+0.2)x10°

a) Calculated as the weighted sum of all phenolic components from GC-MS analysis (data from Table
1.10). b) Determined from the length of inhibited perior in autoxidation experiments assuming that n
= 2. c¢) Apparent inhibition rate constant from cumene (3.6M) autoxidation experiments in
chlorobenzene, with [AIBN] 50 mM, T = 30°C.

Although this is a simplified analysis that assumes similar contribution to the overall
antioxidant behavior by all active components, it is interesting to compare this
autoxidation-derived total concentration of antioxidant components (X[M]exp) With the
weighted sum of phenolic components (X[M]wswm) obtained from GC-MS analysis as

previously detailed. Analysis of Table 1.11 reveals a reasonably good matching of
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Y[M]exp With X[M]wsw, indicating that our initial assumption was correct and the
presence of phenolic components explains almost entirely the antioxidant behavour of

the investigated essential oils.

On the other hand, the magnitude of ki, for most essential oils is in line with that of
common synthetic antioxidants used to protect food products, e.g. BHT (Kin, = 1.1x10*
M-1s7), fully supporting their potential application as natural food preservatives, or to
protect other manufactured goods, such as cosmetic products, where natural additives

might represent a higher perceived value by the customer.

1.6.3 Conclusion and Perspectives

Several investigations accumulated so far indicate that plants with antioxidant and
pharmacological properties own their properties to the presence of phenolic
compounds (especially phenolic acids). Effective research on the sources of natural
antioxidant compounds requires reliable evaluation methods for the antioxidant
activity. There is currently a large number of analysis methods that can be used to
determine the antioxidant capacity of target substances; however, the variety of
experimental setting and the difficulty to obtain comparable results, often limits their
usefulness and value.

In this study, although more detailed experiments are needed, it has been proved that
the method of inhibited autoxidation of a reference substrate can be used to
quantitatively analyze the antioxidant activity of essential oils so to establish clear
correlations with their active components. Nonetheless, the total antioxidant capacities
of target species depend on a number of factors, for example some non-phenolic
compounds from essential oils have been found to have antioxidant properties [82] and
they may also interact with phenolic antioxidants. Clearly further studies will be
needed in this regard, but the approach described in this chapter will certainly provide
a valuable tool for such studies.
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1.7 Experimental section

1.7.1 Materials

All chemicals and solvents were commercially available (Aldrich-Fluka-Sigma, Milan,
Italy). 2,2’ -Azobis(isobutyronitrile) (AIBN) was recrystallized from methanol. 2,6-
Di-tert-butyl-4-methoxyphenol (DBHA), 2,2,5,7,8-pentamethyl-6-chromanol
(PMHC), and 2,4,6-trimethylphenol (TMP) were recrystallized from hexane. 4-
Methoxyphenol was recrystallized twice from hexane/ethyl acetate. Magnolol,
quercetin, and caffeic acid phenethyl ester (CAPE) were used as received. and cumene
(99%) were percolated twice through activated alumina to remove impurities and traces

of hydroperoxides.

1.7.2 Purification of substrates

It was necessary to carry out a preventive purification of the oxidizable substrates
(squalene and p-cymene), by eliminating antioxidant components present in the matrix
that prevented oxidation, as noted by some preliminary tests. The purification was
carried out by elution on a chromatographic column with a stationary phase consisting
of a third of alumina, a third of silica and, of another third, alumina. Silica is able to
retain polar impurities, such as any peroxides that can favor the oxidative phenomenon,

while alumina retains compounds stabilizers, which can hinder it.

1.7.3 Autoxidation Experiments.

Autoxidation experiments were performed in a two-channel oxygen uptake apparatus,
based on a Validyne DP 15 differential pressure transducer built in our laboratory [35,
97-101]. In a typical experiment, an air-saturated solution of the oxidizable substrate
containing AIBN (0.005—0.05 M) was equilibrated at 30 °C with an identical reference
solution containing excess 2,2,5,7,8-pentamethyl-6-hydroxychromane (PMHC, 25
mM). After the mixture was equilibrated and when a constant O2 consumption was

reached, a stock solution of the antioxidant (typically 1.0 mM in PhCI) was injected in
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the sample flask, in order to reach the desired concentration in the range 1-20 uM in
the sample flask. The oxygen consumption in the sample was measured after
calibration of the apparatus from the differential pressure recorded with time between

the two channels.

1.7.4 Infrared Spectroscopy

The liquid-phase FT-IR spectra were recorded at 298 K under a nitrogen atmosphere
in a sealed KBr cell with a 0.5 mm optical path. Solutions of PMHC (1) and DBHA (2)
were prepared in chlorobenzene or in 1/1 chlorobenzene/SSO in the concentration
range of 5-10 mM to avoid self-association of the phenols [35]. Spectra were recorded
in absorbance mode, and the signal in the “free” O—H stretching region at ca.

3610—3630 cm—1 was manually integrated after manual baseline correction

1.7.5 GC-MS analysis of fatty acid composition

Fatty acid composition of SSO and OO. Analysis was performed by GC-MS upon
conversion of the triglyceride into fatty acid methyl esters (FAME). This was obtained
according to previous work [102] by saponification of the oil with 0.01 N NaOH at r.t.
for 1 h, followed by acidification with HCI 6 N and extraction in diethyl ether.
Methylation of the isolated fatty acid mixture was obtained by reacting with 10%
methanolic solution of boron trifluoride at 80 °C for 2 min. GC-MS analysis for SSO
was performed on ZB-5 column, eluting with helium at 1.0 ml/min with temperature
programming: 45 °C for 3 min, ramp to 150 °C at 5 °C/min, then to 260 °C at 2 °C/min,
hold for 1 min. GC-MS analysis for OO was performed on ZB-5 column, eluting with
helium at 1.2 ml/min with temperature programming: 100 °C for 2 min, ramp to 200
°C at 5 °C/min, hold for 4 min. MS analysis was obtained in electron impact (El+)
positive mode at 70 eV in the range m/z 40 to 400. For quantitative analysis SIM
chromatograms were reconstructed at the base peak for each standard FAME (see
Supporting Information). Calibration of the spectrometer response (5 levels) was
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performed by injecting commercial standard organic solutions of mixed target

methylated fatty acids as previously described.

1.7.5 Statistical Analysis

All the reported rate constants are expressed as average + standard deviation from at

least three independent measurements.
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Appendix

A.1.2 Derivation of basic equations to calculate antioxidant activity.

Initiator L R

R +0, M, roo?

ROO" +RH o ROOH + R’

ROO®* +ROO° L» Non-radical products

. Kinh
ROO + AH ——» ROOH + A°

. . k .
ROO® +A°® ——» Non-radical products

Scheme A.1.2 Autoxidation inhibited by chain-breaking antioxidants

Applying the law of mass action, there are

__d[oz]
dt

(A.1.13)

= k1[R -][O,]

dIR]
dt

(A.1.14)

= R; + k,[ROO -][RH] — k;[R -][O,]

L2 = ky[R ][02] — 2kt[ROO 1% = k,[ROO J[RH] = ks [ROO -][AH] -

ks[ROO -][A -]
(A.1.15)

% = kinn[ROO -][AH] — k3[ROO -][A -]

(A.1.16)

In the context of the steady-state approximation the expressions (A.1.14) and (A.1.16)

can be set equal to zero, therefore
ki[R-][02] = Ri + k,[ROO -][RH]
(A.1.17)
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kinn[ROO -][AH] = k3[ROO -][A -]
(A.1.18)

Substituting these last two expressions in equation (A.1.15) and taking into account

the approximation of the steady state for the species ROO e will have:

2k, [ROO ‘)% + 2k;,,,[ROO ][AH] — R; = 0
(A.1.19)

Solving the equation (A.1.19) with respect to [ROO <] and ignoring the negative

solution will have:

[ROO -] = i{—kinh [AH] + \/k.Z

2k; inh

[AH]? + ZktRi}
(A.1.20)

Substituting equation (A.1.17) into (A.1.13) will find:

_d[oz]
dt

(A.1.21)

= k,[ROO J[RH] + R

Substituting the expression (A.1.20) for [ROO <] will have:

d[02] _ kp[RH]
dt  2kq

inh

{—kinh [AH] + \/kz [AH]? + 2ktRi} + R;

(A.1.22)

The expression (A.1.22) is of a general nature and represents the consumption of

oxygen both in the absence and in the presence of an induction period. In the latter

case it is possible to derive a simpler equation if we consider that, in the presence of a

good antioxidant, it is possible to neglect the recombination reaction between two

peroxyl radicals (2 ROOe — Products), as the termination reactions with the

antioxidant (ROO ¢ + AH) and with the corresponding radical (ROO ¢+ A ¢) are by far

more important. Based on these considerations the equation (A.1.15) becomes
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d[ROO]
dt

(A.1.23)

= k1[R-][O2] — k,,[ ROO ‘][RH] — ks [ROO -][AH] — k3[ ROO ‘][4 -]

while equation (A.1.19) can be rewritten as:

(A.1.24)

Since in this case

R;
[ROO - = Z A

(A.1.25)

substituting equation (A.1.25) in (A.1.21), the oxygen consumption in the inhibited

tract will be first we will have:

dl02] _ ky[RH]R;
dt  2kyu[AH]

(A.1.26)

+ R

If the chain is long enough, the term R; can be neglected with respect to the

d[02] _ kp[RH]Rl'
dt  2kiyp[AH]

(A.1.27)

Now considering the equation that describes the decay of the inhibitor

__d[aH]
dt

(A.1.28)

= Kinin[AH][ROO -]

Substituting in equation (A.1.28) the equation (A.1.25) will have:

_d[AH] _ R
at 2
(A.1.29)

Integrating the differential equation will have:
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— J,d[AH] =2 ["dt
(A.1.30)

[AH], — [AH]t = It
(A.1.31)

By choosing t = t, that is the time at which all the inhibitor has been consumed will

obtain
[AH]O = R;i
(A.1.32)

R, = 2

T

(A.1.33)

The term 2 that appears in the numerator is the stoichiometric coefficient which in
general can assume values between 1 and 2. (A.1.32) it is therefore possible, given
the initiation speed R;, and the induction time t, determine the stoichiometric of the

inhibitor, or vice versa °.

° If the inhibition time T is not known, the stoichiometric coefficient or the rate of initiation can be

calculated using equation (A.1.30).
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Table A. 1.1. GC-MS analysis of fatty acid composition in SSO, after trans-
esterification to the corresponding methyl esters (FAME). For each FAME analysis
was performed in Single lon reconstructed chromatograms using the base peak (bp) in
mass spectrum. Calibration was performed at 5 levels using Supelco and Aldrich
standard FAME mixtures. % Amount was then calculated on the total fatty acid content
found in the chromatogram.

Entry | R.t. Compound (FAME) Characteristic Ms lons | Fatty acid
(min) content
(wW/w)“¢
1 25.40 Lauric acid methyl ester 74 (bp), 55, 87, 214 Trace ®
2 31.94 | Myristic acid methyl ester | 74 (bp), 87, 143, 242 0.01
3 39.94 | Palmitic acid methyl ester 74 (bp), 87, 143, 270 7.29
4 47.00 | Linoleic acid methyl ester 67 (bp),81, 95, 294 57.02
5 47.31 Oleic acid methyl ester 55 (bp), 69, 97, 296 29.81
6 47.69 | Linolenic acid methyl ester | 81 (bp), 67, 95, 292 0.12
7 48.47 | Stearic acid methyl ester 74 (bp), 87,143, 298 4.98
8 55.39 | Eicosadienoic acid methyl | 67 (bp), 81, 95, 322 Trace ®
ester
9 55.75 | Eicosenaoic acid methyl 55 (bp), 97, 292, 324 Trace ?
ester
10 56.91 | Arachidic acid methyl ester | 74 (bp), 87,143, 326 0.61
11 64.93 | Behenic acid methyl ester 74 (bp), 87,143, 354 0.09

a) % Amount calculated on the total fatty acid fraction from the measured molar concentration of FAME. b)
Content lower than 0.01% w/w; not considered in calculating %.
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Table A. 1.2. GC-MS analysis of fatty acid composition in OO, after trans-
esterification to the corresponding methyl esters (FAME). For each FAME analysis
was performed in Single lon reconstructed chromatograms using the base peak (bp) in
mass spectrum. Calibration was performed at 5 levels using Supelco and Aldrich
standard FAME mixtures. % Amount was then calculated on the total fatty acid content
found in the chromatogram.

Entry (Rn.1ti.n) Compound (FAME) IC;r:]zzracteristic Ms Eg;ttyé%md
(wiw)

1 20.51 | Palmitoleic acid methyl ester | 74(bp), 69, 84, 87,55 | 0.21

2 20.94 | Palmitic acid methyl ester 74(bp), 87, 43,55,41 | 7.70

3 24.14 | Linolelaidic acid methyl ester | 67(bp), 81, 55, 41, 79 | 1.64

4 24.25 | Oleic acid methyl ester 55(bp), 41, 69, 74,43 | 82.16

5 24.35 | Elaidic acid methyl ester 55(bp), 41, 69, 43,74 | 4.84

6 24.73 | Stearic acid methyl ester 74(bp), 87, 43,55, 41 | 2.83

a) % Amount calculated on the total fatty acid fraction from the measured molar concentration of FAME.

Table A. 1.3. The pehnolic components of investigated EO samples, analysized GC-
MS (courtesy of Dr. Simone Gabbanini — BeC s.r.l.)

Essential oils Aromatic plant Phenolic components Content
(Italian / English) % (W/w)

1 | Cade/Cade Juniperus oxycedrus Phenol 1.10
0-Cresol 1.00
m-Cresol 2.34
Guaiacol 2.70
2,4-Dimethylphenol 0.78
2,3-Dimethylphenol 0.55
4-Methylguaiacol 5.04
4-Ethylguaiacol 3.67
4-Propylguaiacol 1.32

2 | Betulla/ Birch Betula alba Phenol 1.90
0-Cresol 2.03
m-Cresol 4.33
Guaiacol 8.91
2,4-Dimethylphenol 1.35
2,3-Dimethylphenol 0.86
4-Methylguaiacol 14.68
4-Ethylguaiacol 7.89
Syringol 2.01
Eugenol 1.22
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4-Propylguaiacol 2.06
Syringol 2.64
3 | Bay st Thomas / Pimenta racemose 4-Allylphenol 8.47
Bay rum tree Eugenol 50.97
4* | Carota semi / Daucus carota (beta-Myrcene) 2.70
Carrot seeds (B —Terpinene) 11.11
(y-Terpinene) 4.39
5 | Santoreggia (esperis) | Satureja ortensis Thymol 18.7
1 / Savory (esperis) 1 Carvacrol 23.5
Eugenol 1.23
6 | Timo Capitato / Thymbra capitata Carvacrol 69.70
Spanish Origan
7 | Garofano Chiodi 1/ Eugenia caryophyllus or | Eugenol 73.90
Clove 1 Syzygium aromaticum
8 | Timo Rosso 1/ Red Thymus vulgaris carvacrol 33.51
Thyme 1 48.72
9% | Sedano / Celery Apium graveolens (Sedanolide) 2.19
10 | Calendula / Marigold | Calendula officinalis (Ocimene) 14.53
11 | Cedro Atlas / Atlas Cedrus atlantica (B-Himachalene) 49.02
? | Cedarwood
12 | Timo Rosso 2 / Red Thymus vulgaris Carvacrol 33.90
thyme 2 Thymol 4.01
13 | Timo Rosso 3 / Red Thymus vulgaris Carvacrol 3.1
thyme 3 Thymol 53.10
14 | Santoreggia 2 / Savory | Satureja ortensis Carvacrol 46.60
2 Thymol 1.70
15 | Origano / Origan Origanum vulgaris Carvacrol 69.20
Thymol 0.41
16 | Cannella/ Cinnamon | Cinnamomum verum Eugenol 81.51
17 | Chiodi di Garofano 2 / | Eugenia caryophyllus or | Eugenol 84.62
Clove 2 Syzygium aromaticum
18 | Chiodi di Garofano 3 / | Eugenia caryophyllus or | Eugenol 80.81
Clove 3 Syzygium aromaticum

a) These essential oils contained no phenolic component at concentration > 1% (w/w). The components

reported in brackets are just characteristic marker components, with no known antioxidant activity
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Table A 1.4. Phenolic compounds identified in the investigated essential oils (> 1.5%
wi/w) and corresponding kin, values measured at 30°C in inhibited autoxidations.

kinh (M—ls—l)a
Phenolic compound Structure Reference
(140)

Carvacrol® (1.3+£0.1) x 10* | unpublished

Thymol® ?L (13+0.2) x 10* | unpublished

HsCO

Eugenol (4.8 +£0.2)x 103 [[103]

4-Allylphenol® /©/\/ (1.2+0.1) x 10° | unpublished

Guaiacol @0% 0.47 x 10* [104]

OCH,
4-Ethylguaiacol® 1.2 x 10* [104,105]

p-Creosol 7.5 %107 [103]
OCH3

Phenol 6.0 x 10° [104]

2,6-Dimethylphenol \©/ 1.5 x 10* [104]
CO

4-Methoxyphenol Ha 2.7 % 10° [104]
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OH
Syringol H300©00H3 1.8 x 10* [104]
OH
2-Allylphenol ©/\/ 2.4x 10* [83]
OH
o-Methylphenol ©/ 1.6 x 10* [83]
p-Methylphenol OOH 23x 10* [83]
N
Umbelliferone® m (1.9£0.3) x 10* | unpublished
HO o Yo

a) the kinn values from reference were analyzed by inhibited autoxidation of styrene (or Cumene) in PhCI at
30°C. b) These unpublished inhibition constants of these phenolic compounds were analyzed by conducting
the inhibited autoxidation of cumene in PhCI at 30°C, initiated by AIBN (0.05M), which were conducted by
other students in our lab. ¢) kinn 0f 4-Ethylguaiacol was estimated base on the of kin Since 4-methylguaiacol,

and 4-ethylguaiacol were reported exerting similar antioxidant activities in a dose-dependent manner

[104,105].
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Chapter 2

Regeneration of phenolic and polyphenolic antioxidants by
v-Terpinene and related hydroperoxide (HOQe¢) releasers.
Implications in Melanins’ antioxidant behavior.
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Summary

In this chapter, we set to investigate the possible interplay of y-terpinene with reference
antioxidants, where PMHC and DTBC were chosen as prototype of mono- and poly-
phenolic antioxidants respectively, with the aim of disclosing new unconventional
synergistic combinations of antioxidants. Our studies show a clear synergism between
y—terpinene with either monophenolic or polyphenolic antioxidants, where y—terpinene
acts as the co-antioxidant that regenerates the main (phenolic) antioxidants. It was
found that regeneration depends on the release of HOO" by y—terpinene upon being
attacked by ROO-, thereby causing a chain-transfer with exchange of the chain-
carrying species from ROO" to HOO". In this system HOO" carries on a dual function:
it is the oxidative-chain carrier and it also acts as reducing species for phenoxyl radicals,
which regenerates the inhibitor. Mechanistic experiments showed that y-terpinene
could only regenerate monophenols from their phenoxyl radical, but a different, 2e-
two-steps regeneration mechanisms was demonstrated for polyphenols like catechols,
which could be regenerated also from the oxidized quinone. Since quinones and
hydroquinones/catechols are the redox-active structural motif of melanins, this
chemistry was judged key to understanding their previously unexplained antioxidant
behavior. Therefore, the reduction of quinones by HOO", along with the oxidation of
catechols/hydroquinones and reduction of the parent semiquinone radicals by the same
species (HOO") was investigated on quantitative grounds and the resulting knowledge
was used to better rationalize melanins’s redox-mediated bioactivity. To this goal
studies were extended on polydopamine (PDA) as a representative member of
melanins’s family. PDA was found to have modest activity in trapping ROO" radicals,
after accurate purification. However, in the presence of HOO", it turns into an effective
antioxidant, which is due to reduction of ortho-quinones to semiquinones and catechols
by HOO'. This explains their redox-mediated bioactivity, given the abundance of O,
/HOO" species in biological systems. This chapter addresses this chemistry stepping
form a short review of current knowledge concerning the generation of O,”/HOO" in
biological systems.
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2.1 Reactive Oxygen Species (ROS)

Life is sustained by oxygen (dioxygen or triplet O,), which is necessary for our
energetic metabolism due to its oxidizing activity that allows producing adenosine
triphosphate (ATP) during oxidative phosphorylation [1,2]. However, the respiration
and metabolism processes in organisms also generate reactive oxygen species (ROS),
which can lead to biological toxicity when they are not balanced or formed in excessive
quantities [3,4]. Besides, a variety of exogenous agents, such as radiation, pollutants
and toxins (Figure 2.1) [5,6], can also stimulate their generation.
Cells (e.g.neutrophils)
endogenous| | Metabolism (e.g. Mitochondrial respiratory chain)

/ Enzymes (e.g. Xanthine oxidase)

Diseaes (e.g. metals disorder)

< v irradiation

UV irradiation
Ultrasound

_ |exogenous Food
Pollutants

Xenobiotics
\-Toxins

Figure 2.1. Main exogenous and endogenous sources of ROS.

Biologically significant reactive oxygen species are listed in Table 2.1 [7,8], and
mainly include highly reactive free radicals, such as superoxide anion (O,™) in the
electron-trasnport chain, its protonated (neutral) form, the hydroperoxyl radical
(HOOe), highly reactive hydroxyl / alkoxyl radicals (HO® / RO") formed from
decomposition of peroxides (e.g. Fenton reaction), more lipid soluble peroxyl radicals
(HOO'/ ROO"), and some non-radicals, such as peroxides (H,O, / ROOH) and ozone
(O3). There are also reactive nitrogen species (RNS), such as nitric oxide, nitrous oxide
(N20), peroxynitrite (ONOO-), peroxynitrous acid (ONOOH), etc. These species
overall contribute to the oxidiative stress in biological systems, if not balanced by

antioxidant defences [9,10].
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Table 2.1. Main reactive oxygen species (ROS) of interest in oxidative stress

Free Radical Species Non-Radical Species

hydroxyl radical HO- hydrogen peroxide H,0,

superoxide radical 0, singlet oxygen 10,

hydroperoxyl radical HOO- ozone Os

aloxyl radical RO- peroxide ROOH

peroxyl radical ROO- hypochlorite HOCI

nitrogen NO+/ NOy* peroxy nitrite/peroxynitrous acid ONOO"/ ONOOH

oxide/dioxide radical

thiyl radical RSe nitrous oxide and nitroxyl anion/ NO/NO7/ NO*

cation

2.2 Oxidative Damage

ROS, especially free radicals, i.e. molecular fragments with an unpaired electron,
display high reactivity toward their surrounding molecules, such as lipids, proteins and
DNA, resulting in biological damage [11]. And oxidative stress is thought to be
involved in the development of several human diseases such as cancer, Parkinson's
disease, Alzheimer's disease, atherosclerosis, heart failure, infection, and chronic
fatigue etc. [12-14]

2.2.1 Lipid peroxidation

Among the oxidative damaging biomolecular targets, damage to lipids, especially
polyunsaturated fatty acids (PUFA) and the derived triglycerides and phospholipids,
are primary due to the radical chain propagated peroxidation [15]. Radicals species,
such as HO", HOO", RO’, and ROO", could abstract an hydrogen atom from the allylic
(or bis-allylic) position of PUFA, yielding the corresponding alkyl (C-centered) radical
to initiate the lipid peroxidation process [16]. The alkyl radical reacts extremely

quickly (diffusion controlled) with molecular oxygen [17], forming a related peroxyl
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radical, which is able to abstract another hydrogen from the lipid molecule, thus
propagating the oxidation chain and leading to the progressive lipid oxidation, unless

external antioxidants terminate such radical chain [18].

2.2.2 Oxidative damage to proteins

Proteins, as major constituents of cellular membrane, are also vulnerable to ROS
attack, which might lead to damage of the protein’s structure and function, particularly
to enzyme [19]. These protein oxidative damages include various pathways: radicals
can attack aminoacids, peptides and proteins, forming various modifications, such as
protein backbone cleavage or crosslink, formation of protein carbonyls, etc [20].
Protein backbone oxidation is induced by hydroxyl radicals, which abstract alpha-
hydrogens, forming the corresponding carbon-centred radical [21]. In the absence of
oxygen, such carbon-central radicals could react with each other, forming (-C-C-)
crosslink. Additionally, other (-S-S-) or (-S-N-) crosslinks have been reported to be
formed by oxidation of amino acids with specific residues, for example, cysteine,
lysine and arginine [22]. In fact, oxygen can rapidly add to carbon-centered radicals,
inducing the cleavage of peptides by diamide or a-amidation pathways. Moreover,
radicals might attack at the $-(C3)-position of protein, releasing a carbonyl compound
and a-carbon-central radical, which could proceed with backbone fragmentation
through mechanisms similar to diamide or a-amidation pathways. Additionally,
oxidation of side chains such as glutamyl, aspartyl, and prolyl can also form protein
fragmentation via single backbone cleavage [23]. Proteins carbonyls are the most
common damage for proteins: they form not only from the backbone fragmentation
mentioned above, but also can be introduced by side-chain oxidation including proline,
arginine, lysine, and threonine. Alternatively, they can also generate through addition
with reactive aldehyde or ketone derivatives from oxidation of lipids and sugars [24].
2.2.3 Oxidative damage to DNA

Although DNA is a quite stable and resistant molecule, oxidative damage still possibly
happens upon interaction with ROS, especially hydroxyl radicals [25]. HO® radicals
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predominantly add to 4, 5, or 8 position in the purine ring, and in 5 or 6 position in the
pyrimidine ring, yielding chemically modified bases [26]. ROS can also damage
deoxyribose sugar, producing sugar peroxyl radicals, which can undergo further
reactions yielding carbonyl products [27]. Ultimately, those reactions under ROS

attacks lead to DNA damages, even cell death and cancer.

2.3 The HOO/ O2"” System: a special case of ROS

O, generated by the reduction of molecular oxygen, O, + e~ — O, is the predominant
form of superoxide in neutral water [28,29]; however, its protonated form, HOO"
radical is an acid, the only species present under strongly acid condition [30,31]. They
work as the precursor of most other reactive oxygen species, for example, the
disproportionation of HOO/O,gives hydrogen peroxide and oxygen [32]. Radical
chemistry of HOO® /O, has been implicated as mediators in a wide variety of
processes, such as metal catalyzed oxidation [33,34], environmental chemistry [35,36],
and oxidative damage in biological system [37]. O, was once considered as the main
ROS responsible for biological oxidative stress, before it was discovered that O, very
poorly interacts with PUFAs and proteins [38,39]. Later, hydroxyl radical ("OH)
originated from (O,™) were suspected as the oxidant, due to its high reactivity [28].
However, "*OH was found be able to react with organic molecules indistinctly, and at
nearly diffusion-controlled rate. The short lifetime of *OH radicals (~10° sec) prevents
it from reaching the inner layer of lipid membrane to attack the unsaturated double
bonds [40]. However, the protonated form of superoxide anion, hydroperoxyl radical
(HOO"), which predominate at lower pH (pKa = 4.7) [41], is always present in the cell
with superoxide anion due to the equilibrium O, + H,O = HOO® + OH™. HOO" radical
behaves like other peroxyl radicals, which could abstract hydrogen form lipids; for
example, it reacts with linoleic acid to generate pentadienyl type radical [42]. Although
the low pKa of HOO" holds off its abundance in the cytoplasm (pH 7.4), and it was also
reported less than 1% of [O,] is present in pronated form, HOO" is hydrophobic and
more reactive than O, [43]. In fact, the important role of HOO® on membrane lipid
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peroxidation was not realized until some researchers reported that the pH values around
the charged membranes may be several units lower than in the bulk cytoplasm. It
should be also kept in mind that HOO" has no charge, so it can easily pass into or cross
the lipid membrane, providing it action as lipid peroxidation initiator, by abstracting
hydrogen atoms like alkylperoxyl radicals do, in contrast with O™, which undergoes
no hydrogen abstraction reaction [44]. However, the H-OO® BDE of hydroperoxyl
radical has an extremely low value (45 kcal mol*), which allows it to behave as a
potential H-atom donating agent. Recently, some of us showed that HOO" could reduce
phenoxy!l radical to their parent phenol because of the extremely low Bond Dissociation
Enthalpy (BDE) [45], which is lower than the O-H BDE of phenolic antioxidants
(typically 77 to 82 kcal/mol) [41]. And its interesting role in autoxidation inhibition

system will be discussed in this chapter.
2.3.1 Highlights on the generation of HOO*/ O,
Superoxide radicals exist widely in aerobic systems and are produced in enzymatic and

non-enzymatic oxidation processes in biological systems, such as Mitochondrial

Table 2.2. The main O, formation paths in biological processes

Process reference
Mitochondrial respiratory chain [46]
Microsomal oxygenation [47]
Photosynthetic oxygen reduction [48]
Enzyme: xanthine oxidase [49]
NADPH-dependent oxygen reduction by granulocytes and [50]
Macrophages

respiratory chain, NADPH-dependent oxygen reduction, etc. (Table 2.2).
A comprehensive review about superoxide generation in biological system is available
in the literature [51], here highlight is made on small compounds which are capable to

undergo redox reactions with molecular oxygen to generate superoxide (O;™).
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Peroxyl radicals with heteroatom substitutes to a-carbon

Some peroxyl radicals able to eliminate O,™, due to the stabilization of the formed
carboncations by heteroatom substituent X (scheme 2.1), such as 4-morpholine-
propanesulfonic acid (MOPS), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) [52] and trimethylamine [53]. Also acetaldehyde dimethyl acetal in dilute
aqueous solution was oxidized by HO" radicals in the presence of oxygen, to form a
similar peroxyl radicals, with oxygen atom substitutes to a-carbon, releasing O,",

rapidly at a rate of 6.5 x 10* s, according to Schuchmann et al. [54].

R

. |

OO—(IJ—X—R" -
R’

R-0-7
>|< +
Py
+
®)
N

.
(CH3),NH,CO; ——> (CH3),N=CH, + 02

. + .
CH3C(OCH3)202 —> CH3C(OCH3)2 + 02

Scheme 2.1. Elimination of O, by peroxyl radicals.

Az0 compounds

Electron-rich carbon-centered radicals could react with dioxygen to yield the respective
carbocations and O,". To have an O, supplier which could generate it continuously
to satisfy experimental settings to mimic O,™ in vivo, Ingold invented a suitable
precursor di-(4-carboxybenzyl)hyponitrite, an azo-compound, which could thermally
decompose, and generate O, at a well-defined rate, where the 1,2-H-atom shift was

the critical step in the overall reaction to eliminate O, (Scheme 2.2) [55,56].
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Scheme 2.2. Thermal decomposition of di-(4-carboxybenzyl) hyponitrite to generate O,™

Bimolecular decay of some peroxyl radicals

The key intermediate step in such a process was the bimolecular decay of peroxyl
radicals, which was proposed also involved into the HOO® elimination mechanism of
diethyl ether (scheme 2.3), besides, the 1,2-H shift reaction mentioned above was also
important here. Basically, two 1-ethoxyethylperoxy radical, derived from diethyl ether,
were found to combine following with the oxygen release and forming a respective
oxyl radicals. The oxyl radical subsequently formed a corresponding peroxyl radical
by adding oxygen. This peroxyl radical after a 1,2-H shift reaction, could eliminates

HOO quickly and spontaneously, yielding ethyl acetate [57].

?Hs o, ?Hs (|3"'3 0-CoHs
H-C- —— > H=C-0- o — H—/c—o-o—o—o—?—H
C,H5-0 CyH5-0 CzHs-0 CHs

o

CH

| A\ (l:H?’ 0 Cl:H3 H-atom shift (|:H3
0=C <—=— HO-C-0-0'=— HO-C- ~ HCO
C2H5‘O C2H5'O C2H5'O CzH5'O

Scheme 2.3. HOO' elimination mechanism of diethyl ether.
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a-hydroxy alkylperoxyl radicals

In addition, a-hydroxy alkylperoxyl radicals resulting from the oxidation of aliphatic
compounds in aqueous solution could eliminate HOO" spontaneously (scheme 2.4),
which could also be accelerated by a base. It was proposed that a five-membered
transition state is involved in this process. And elimination rate constant increases with
increasing methyl substitution in a-position, for example: (k(CH,(OH)O5’) < 10 s;
k(CH3CH(OH)O,') = 52 st; k((CH3),C(OH)O,’) = 665 s?. The differences of the
elimination rates might be due to the stability of newly formed carbonyl (>C=0), which

Is influenced by the interaction with the substituent alkyl groups. [58,59].

R

\C/OO. R\ _O- R\ .
RN = |ge-Cl 9|7/ C=0 + HO;
OH O-H R"

Scheme 2.4. HOO- elimination from a-hydroxy alkylperoxyl radicals.

This reaction involving a five-membered transition might also include the formation of
O, from vitamin C. Ascorbyl radical formed by extraction of hydrogen atoms from
ascorbic acid by free metal or peroxyl radicals could react with oxygen. The oxi-adduct
(peroxyl radical) formed could eliminate HOQO®, vyielding the respective stable
dehydroascorbic acid (scheme 2.5) [60-62].

HO_ OH HO, O
_ " <H _ oy O
HO.H —~—"> HOH HO.H
Ho~CH2 Ho-CH2 Ho~CH2
O
O\
o, 0 o H HO
0 / 0 :
C (0] N H
0 ;o C N\g” O C o)
HO/CHZ HO. / / O
2 Ho-CHz Ho-CHz

Scheme 2.5. HOO- generation during the oxidation of vitamin C.
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Phenolic antioxidants

Phenolic antioxidants such as pyrogallol are well known to autoxidize rapidly in
alkaline solution [63-64], and pyrogallol was used as a O, source to study the activity
of enzyme dismutase [65]. It was reported that O, could add to pyrogallol and to the
propy| ester of gallic acid relatively rapidly with a rate constant of k = 3.4 x 10° and 2.6
x 10° M1S?, respectively, in aqueous alkaline solution [66]. The adduct radical could
eliminate HO, following the oxidation to an a-hydroxy peroxyl radical, which then
eliminates O, and H* (HOQ"), to propagate the oxidation of pyrogallol by forming a
quinone product (scheme 2.6). However, phenolic compounds with two OH groups,
such as catechol, react at quite lower rate with O, (8 x 10 Ms?) than pyrogallol

through a similar mechanism [66].

In addition, Midle at al. proposed that HO" radicals, generated by pulse radiolysis, could
add to the simplest phenol rapidly, at a rate of 1.4 x 10'° Ms in neutral aqueous
solution (pH 7.2 to 6.8), forming a related-radical which then adducts with oxygen to
form peroxylhydroxy cyclohexadienyl *O,CsHsO-H(OH) radicals. Radicals *O,CsHs0-
H(OH) decompose at a rate constant of (8.0 + 1.0) x 10% s to form HOO"/ O, [67].

H02 0 _

ﬁj ﬁj RS
R

R C02C3H7 + 02

§ 1y

Scheme 2.6. O, / HOO' propagated oxidation of pyrogallol or the propyl ester of gallic acid.
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Carbohydrates, such as simple sugars like D-glucose

Mashino et al. [68] studied the oxidation of dihydroxyacetone initiated by O, provided
from the xanthine oxidase reaction in aqueous solution (pH 7.8). It was proposed that
simple sugars which are able to tautomerize to enediols might be oxidized by O,
involved both in the initiation and in the propagation steps. The mechanism was
depicted as in scheme 2.7. The similar oxidation of a, B-dicarbonyl compounds, such

as glycolaldehyde was also studied by Okado-Matsumoto and Fridovich. [69]

O, H+ 02_'
HC—OH HC—OH
o CU OH <:ﬁ c—o
U o 0, * /
H,C—OH M R 2raH RO g
(Gu—p) —
R/ O, + 2H
O,
R = CH20OH: dihydroxyacetone H20,
R = H: glycolaldehyde —
gly y . |_|+_'_ 0,
HC—O HC|)I—O
c—o c—oO
/
R/ R

Scheme 2.7. Oxidation of simple sugar.

D-glucose, the most abundant monosaccharide, was also reported to be able to generate
O, due to metal-mediated oxidation in cells [70]. The free radical induced oxidation
of D-glucose, in neutral agueous solution was also studied by Von Sonntag’s group.
[71,72]. Six peroxyl radicals (figure 2.2) derived from D-glucose subjected to flash
photolysis in oxygenated aqueous solutions of H,O, (pH 5.5), were able to eliminate
HOO-" at different rates, where the fastest one was C1-peroxyl radical (k > 7000s™, in
agreement with the HOO" elimination rate of ethers), and the slowest one was the C5-

peroxyl radical.
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Figure 2.2. Peroxyl radicals of D-glucose.

Some biomolecules such as glycine [73], glycine anhydride, alanine anhydride [74-77]
and pteridines [78] were reported to be able to eliminate O," by forming a C=N double

bond during their oxidation.

Thiolate ions

Nan Zhang proposed that the reaction of oxidation of thiolate ions RS to disulfide and
water was a chain reaction propagated by O,", and studied it by the example of
compound I,4-dithiothreitol (DTT) [79]. Basically, in agueous solutions under pH 8.7,
HO" radical, generated by the radiolysis, abstracts hydrogen from DTT forming DTT-
H radical, which further forms a disulfide radical anion by cyclizing and deprotonating.
This disulfide radical anion reacts with O, rapidly, (k = 7.1 x 108 M-s?), generating
disulfide and O,, which in turn could add to the thiolate ions RS, forming a radical
complex based on the typical three-electron bond of sulfur radicals, which was
proposed as the initial step of radical chain reaction. The radical complex then
protonates rapidly, giving a sulfinyl radical by decomposition. This sulfinyl radical
reacts with thiolate ions RS-, forming a DTT-H radical, and then occurrence of a chain

reaction forms new O, (Scheme 2.8).
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Scheme 2.8. Proposed mechanism of the chain oxidation of |,4-dithiothreitol propagated by O>™.

Lipids

As discussed in chapter 1, polyunsaturated fatty acids (PUFA) and esters are easily
attacked by radicals forming the corresponding C-centered radicals, which could react
with oxygen rapidly and then progress to radical-chain autoxidation. It was found that
during the oxidation of arachidonic acid (ArAc) and linoleic acid (LnAc), C-centered
radicals formed include 80% nonconjugated R, and ~20% conjugated bis-allylic Rys"
radicals. Moreover, the R, radicals of ArAc could transfer to bis-allylic Ry, radicals
rapidly with a rate constant of 7.5 x 10* s via intramolecular H-atom transfer. The
ArAc peroxyl radicals formed from the conjugated bis-allylic Ry, radicals with oxygen
could eliminate superoxide radical anions spontaneously with a rate constant of 3.4 x
10* M1s -1[80].

ArAc: R v R'
R = (CH2)4CH3
R' = (CH,);COOH y

. 0,

00

— \ pr— —
R R’ = —

l R R’
00
VAR Ve We .
R R * O

Scheme 2.9. Proposed mechanism for the formation of peroxyl radicals and O™ from beta-

hydroxyalkyl and bis-allyic radicals produced by the one-electron oxidation of ArAc, respectively.
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During our research, squalene, a molecule that possesses three terpene units, was
found able to eliminate HOO" in organic solvents, the mechanism might be the similar
Rpa’ radicals formed during the oxidation of PUFA. Besides, the short chain of alkenes
such as ethylene and 1-3-butadienes were also proposed to generate HOO" during their
oxidation [81].

Oxidation of cycloalkenes to aromatic compounds

The formation of HOO" from cyclohexadienyl peroxyl radicals is well known [82,28]
and cyclohexadiene (CHD) was used as HOO"source in the subsequent research in this
chapter. The autoxidation scheme of cyclohexadiene is summarized below (scheme
2.10): it is shown that the five-membered transition state previously mentioned might
also was involved in the formation of HOO* from cyclohexadienyl peroxyl radicals, but

the driving force in this case is the conjugation energy of the aromatic products.

ROO" ROOH
(HoO) * @ (HOOH)

H H
0, —= Qoo’ - © +  HOO
H H Hon
HOO + @ - > H,O, +
H H

HOO  * HOO'  — HOOH *+ O

Scheme 2.10. Mechanism of HOO" generation from cyclohexadiene (CHD).

A similar occurrence was also found in the oxidation of 4a,4b-dihydrophenanthrenes
and its derivates like 9,10-cyclopentano-4a,4b-dihydrophenanthrene; the mechanism
shown in Scheme 2.11 was proposed by K. A. Muszkat’s group [83,84].
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Scheme 2.11. Oxidation of mechanism of 4a,4b-dihydrophenanthrenes or its derivates like

9,10-cyclopentano-4a,4b-dihydrophenanthrene.

2.3.2 Specificity and properties of HOO/ O, " pair

Generally, superoxide is considered the primary reactive oxygen species (ROS) and
precursor of many other ROS, thus it is certainly reguarded as an oxidant species, also
due to its high generation during a large number of enzymatic and nonenzymatic
oxidations. However, superoxide can also act as a reducing agent since the redox
potential Eq (O,/0,7), the standard potential of the reaction O, + e~ — O, relative to
the standard hydrogen electrode (SHE), is -0.33V [85], meaning that O, tends to
release electrons. Besides, its pronated form HOO" was reported by our group as being
both oxidant and reductant, due to the low BDE value of its H-OO* bond. For instance,
nitroxides were found to become extremely effective (and catalytic) radical-trapping
antioxidants during the oxidation of styrene in organic solvent when HOO® sources
were present (e.g. cyclohexadienes, triethylamine, 1,4-hydroquinones or benzyl
alcohol), and the inhibition mechanism was proposed as due to the involvement of the
HOQO® radicals formed during the autoxidation — i.e. formed on co-oxidizing
cyclohexadienes, trimethylamine, etc with the substrate — where HOO" radicals operate
the reduction of the nitroxide to the parent hydroxylamine (reaction at diffusion
controlled rate, k = 1.1 x 10° M1s?), thus forming a catalytic antioxidant cycle
(Scheme 2.12) [86]. This reaction and the H-donating property of HOO" are particularly
interesting. Recently, Pratt’s group also studied the regeneration of the diarylamine

phenoxazine from their corresponding aminyl radicals by HOO® in liposomes model
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(Scheme 2.12), and the mechanism was proposed as an H-atom transfer directly from
HOOQe, or an electron transfer from O, followed by (or concerted with) a protonation

[87], thereby paralleling the mechanism we identified for nitroxides.

{

ROOH ROO*

Scheme 2.12. Mechanisms of co-antioxidant activity of TEMPO or diarylamine phenoxazine with
HOO".

The reductive properties of HOO" are quite interesting, since its deprotonated form is
abundantly produced in biological system, and it is usually quenched by SOD
(Superoxide Dismutase) in vivo, and HOO® was considered as membrane lipid
oxidation inducer. Thus, research on its comprehensive role in biological system

should be conducted as soon as possible.

2.4 Research objectives

Taking the HOO" specificity in mind, the research objectives of this chapter were the
exploration of the possible synergism of HOO" with phenols, polyphenols and related
phenol-based melanin-like polymers. Phenols and polyphenols are prototypical chain-
breaking antioxidants and are used for the preservation of most man-made materials
incusing processed food products. On the other hand, they are also naturally contained
in so-called healthy foods and dietary intake is considered and important part of
physiological antioxidant defenses. Phenols and polyphenols also undergo spontaneous

88



or enzyme (e.g. tyrosinase) catalyzed oxidation to quinoid structures followed by
oligomerization of polymerization to afford a variety of tannins and melanin-like
polymers, which occurs in fruits and vegetables as well as in animal tissues, and, in all
cases, they have been reported to have protective functions, including protection from
ROS. Nonetheless, it remains largely unclear why oxidized products arising from
polyphenols should have antioxidant properties or why eating fruits containing
flavonoids should remain healthy even after they have been, for most part, oxidized by
air on storage. Melanins and allomelanins have recently received major attention from
the scientific community for their possible role as antioxidants, among others, and new
possible applications are being proposed every day. On the other hand, the mechanistic
basis is largely unclear, particularly upon consideration that the polyphenolic
monomers undergo polymerization to melanins upon their oxidation, hence a modest

reducing ability is left on the polymer.

Our hypothesis was that there might be a unifying mechanism that justifies the
purported beneficial and antioxidant properties of oxidized phenols and their
derivatives, which involves the intermediation of the HOO®/ O, system. In other
words, our hypothesis was that HOO" could have a synergic co-antioxidant role with
phenols, polyphenols and melanin-like polymers, and this could be exploited rationally
to build new antioxidant strategies, or it could explain the antioxidant properties of
melanins. We therefore undertook two investigation, specifically aimed at addressing
the occurrence, kinetics and mechanism of such a synergic interplay. Its application in
food protection and in helping explain the biological role of melanins will be

specifically addressed in the following sections of this chapter.

2.5 Synergic Antioxidant Activity of y-Terpinene with Phenols and Polyphenols
(published in Food Chemistry 2020 as DOI: 10.1016/j.foodchem.2020.128468)

Plant essential oils have been shown to possess a wealth of biological effects,
which have often been associated to a purported antioxidant activity [88]. Hundreds of

them are classified as Generally Recognized as Safe (GRAS) by the US Food and Drug
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Administration and are also studied as potential alternatives to synthetic antioxidants
in the food industry [89]. Their antioxidant activities clearly depend on their
composition, particularly on the concentration of phenolic components, which have
chain-breaking antioxidant activity [18]. On the other hand, recent work from our
group has demonstrated that also some non-phenolic components of essential oils can
have antioxidant behavior, albeit with different mechanisms, which we helped clarify.
[90]

Among such non-phenolic components, y-terpinene, a pre-aromatic terpene, is
widely present in essential oils of many medicinal and aromatic plants, like citrus [91],
savory, thyme [92], juniperus, oregano [93], and others. It has been reported to possess
not only anti-inflammatory but also antioxidant activity [94]. The antioxidant
mechanism of y-terpinene was first clarified by Foti and Ingold [95]. However, little is
known on the possible interplay of the antioxidant acitivty of y-terpinene with that of
phenolic antioxidants, be them found in the same plant or added to food products to
aid their preservation.

Phenolic compounds, including many flavonoids, are abundant in plants [96].
They possess ideal structure as antioxidants and are well-known to inhibit or stop the
autoxidation of lipids [97]. Although phenolic antioxidants at a low concentration can
provide an effective protection to lipids, they do not work perfectly for long-term
protection [98]. Interestingly, research in food preservation has shown that essential
oils can extend the shelf life of polyphenols-rich food like berries and that they reduce
the decay on storage of naturally contained flavonoids [99]. This apparently suggests
a cooperative effect among phenolic antioxidants and essential oils components,
although the mechanism is not clarified in its molecular basis. Synergism among
antioxidants is certainly one of the most prominent strategies in modern antioxidant
research [100-102], besides being the primary strategly set up by nature [103].

With those thoughts in mind, our hypothesis was that there might be synergic
antioxidant effect between y-terpinene and phenolic antioxidants. The present

investigation aims to provide an insight into the occurrence and mechanism of such a
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synergic effect, and its potential application in food chemistry. a-Tocophenol is
perhaps the most important lipid-soluble phenolic antioxidant in nature [103], hence
we chose its close mimic PMHC (2,2,5,7,8-pentamethyl-6-chromanol), 1H, as a model
monophenolic antioxidant in our investigation, since it has identical core structure and
reactivity compared to the natural counterpart (it differs only by truncation of the
lipophilic tail, Fig. 2.3) and can be obtained in high purity [104]. Caffeic acid is
ubiquitous in plants [105] and it is a very effective catechol-type antioxidant [106,107],
which was chosen as the model structure for polyphenols. Its lipophilic phenetyl ester
CAPE (2H) was selected in our experiments to study the antioxidant interaction of
polyphenols with y-terpinene (Fig. 2.3).

In the present work, we studied the behaviour of monophenolic 1H and
polyphenolic 2H> combined with y-terpinene in the inhibition of the autoxidation of
sunflower oil and squalene by differential oximetry. This is a direct method for
monitoring the Kinetics of oxygen consumption during the inhibited autoxidation of a
reference substrate, which we have duly discussed in Chapter 1 and that was
demonstrated to be the golden standard in antioxidant testing [108,109,18]. The choice
of sunflower oil and squalene as model oxidizable substrates was based on their
Importance as dietary lipids and on their structural differences (see Fig. 2.3), so to
comprise the variability encountered in food products. Sunflower oil is a prototypical
natural oxidizable dietary lipid, due to its modest price, high availability in the food
industry and facile oxidation [110,111]. Squalene, a triterpenic polyunsaturated
hydrocarbon which has attracted a lot of research interest because of its benefit to
human health, was chosen as another natural lipidic oxidizable substrate in this study.
It is ubiquitous in plants and abundant in vegetable oils [104], it is present also in all
animals and in humans, being the precursor of sterols including cholesterol. Moreover,
it is used as a diet supplement due to its numerous beneficial properties [112].

The choice was also based on the necessity to use substrates/systems whose
autoxidation kinetics is well behaved and accurately calibrated, so to allow quantitative

measurments and achieve (hopefully) clear mechanistic insights [104]. We have
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previously calibrated the autoxidation kinetics (see Chapter 1), so they appreared as
the ideal oxidizable substrates. To prove that results are of general relevance and are
not dependend on the substrate, we extended the investigation to styrene, since it is the
best-known reference oxidizable substrate in antioxidant testing [100,109]. In order to
rationalize the mechanism of antioxidant interaction between y-terpinene and
polyphenolic antioxidants we also performed experiments with well-established 3,5-
di-tert-butylcatechol (DTBC, 3H2) and its oxidized product 3,5-di-tert-butyl-o-
benzoquinone (DTBQ, 3) as a model catechol/quinone redox couple [113]. Finally, to
assess the relevance of our results in real food products we investigated the
autoxidation of sunflower oil inhibited by natural vitamin E (d-a-tocopherol) and

hydroxytyrosol from olive in the presence and absence of y-terpinene.

Oxidizable substrates
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Figure 2. 3. Oxidizable substrates and antioxidants investigated in this study
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2.5.1 Inhibition of the autoxidation of natural lipids by phenolic antioxidants with y-
terpinene

Stripped sunflower oil (SSO) was obtained from food-grade commercial sunflower
oil by removing natural phenolic components and carotenoids that would impair its
oxidation, as described in Chapter 1.

Squalene, from olive oil unsaponifiable fraction, was used after percolation on
activated alumina and on silica to remove traces of hydroperoxides, which would affect
its rate of peroxidation, as also described in Chapter 1.

The antioxidant behavior of y-terpinene was investigated in the controlled
autoxidation of both SSO and squalene. The analogue of a-tocopherol PMHC (1H),
and the lipid-soluble phenethyl ester derivative of caffeic acid (CAPE, 2H>) were also
used as antioxidants in matched experiments with the same lipid substrates. Results
summarized in Fig. 2.4 showed that y-terpinene alone, in the millimolar range, could
only slow down the lipid autoxidation by a modest margin, while, as expected, the
mono- and poly-phenolic antioxidants (1H and 2H) showed neat inhibition of the
autoxidation already at micromolar concentrations. Most interesting, when y—terpinene
and each of the phenolic antioxidants where used together in the protection of either
SSO or squalene, the antioxidant activity toward both lipids was greatly enhanced as
compared to the use of 1H or 2H, alone, being clearly higher that the sum of the
contributions of each phenolic antioxidant and y-terpinene, i.e. the combination
showed clear synergic antioxidant effect.

In oxygen-uptake kinetics during autoxidation, when a clear inhibited period is
observed as in Fig. 2.4 (A,C,D), the slope on the inhibited period is inversely related
to the rate constant for peroxyl radical trapping by the antioxidant (see equation 20 in
experimental section), while its duration (t) depends on the concentration of the
antioxidant and the stoichiometric factor n, i.e. the number of radicals trapped by each
molecule of antioxidant according to equation 21 in experimental section. An
inspection of Fig. 2.4 shows that while y—terpinene produced no neat inhibition period,
and both 1H or 2H> did so, the combination of either 1H or 2H» with y—terpinene did

93



not significantly change the slope of the inhibited period as compared to that produced
by each of the phenols alone, but it extended its duration in a dose-dependent fashion
(see inserts in Figure 2.4 A-D). This kinetic behavior would indicate, that y-terpinene
acts as the co-antioxidant which regenerates the main antioxidant, 1H or 2H>, as it is
consumed during the autoxidation, similarly to the behaviour previously observed and

discussed for other co-antioxidant couples [114, 102].
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Figure 2. 4. Oxygen consumption during the autoxidation of SSO (A-B), and squalene (C-D). Each
panel displays the curves recorded for the autoxidation of the substrates without inhibitors (dotted
lines), and in in the presence of 15.65 mM y-terpinene (dashed lines). In panels A and C grey plots
represent the inhibition by PMHC 1H (2.5 uM) alone, while black curves represent inhibition by the
mixture of 1H (2.5 puM) with y-terpinene (15.65 mM). In panels B and D grey plots represent
inhibition by CAPE 2H2 (2.5 pM) alone, and black curves inhibition by the mixture of 2H2 (2.5 uM)
with y-terpinene (15.65 mM). Inserts: plots of the experimental inhibition periods t vs the
concentration y-terpinene for different mixtures 1H or 2Hz (2.5 uM) / y-terpinene.

Such a synergic antioxidant behavior was observed both with SSO and squalene
as the oxidizable substrates, despite the structural differences, indicating that the
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synergy between y-terpinene and phenols might be a general property, not related to
the oxidizing substrate. To confirm this hypothesis, we further investigated the synergy
in the autoxidation of styrene initiated by AIBN. Indeed, styrene is by far the best-
known reference oxidizable substrate to test antioxidants [100,109,18] and its clearly
defined rate constants for chain propagation (k, = 41 Ms? at 30°C) and chain
termination (2k;= 4.2 x 10’ Ms*! at 30°C) allow quantitative evaluation of synergy,
as well as representing a robust model to achieve mechanistic understanding [115].
Results were qualitatively superimposable to those obtained with SSO and
squalene as the oxidizable substrates (Fig. 2.5). From the oxygen-uptake plots, the
apparent n value of the mixtures was calculated according to equation 21 in

experimental section, where R; is the rate of radial initiation produced by AIBN.O
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Figure 2.5. Oxygen consumption measured during the autoxidation of styrene initiated by 0.025
M AIBN at 30°C in the absence of antioxidant (dashed line in both panels), and inhibited by (A)
PMHC 1H (2.5uM) in the absence of y-terpinene (green line), in the presence of y-terpinene
(7.83mM-yellow line; 15.7mM-blue line; 31.3mM -purple line), or by (B) CAPE 2H2 (2.5uM)
alone (green line) or in the presence of growing amounts of y-terpinene (the same color coding
as in panel A is used).

According to the well-known chain-breaking antioxidant mechanism, each molecule
of phenol or catechol inactivates two ROQO" (see reaction 18, 19 in experimental
section). Hence, the stoichiometric factors of both 1H and 2H., have the theoretical
value n = 2. The apparent n value obtained for the phenolic antioxidants when mixed
with different mounts of y-terpinene, shown in table 2.3, were always larger than 2,
and increased with the concentration of y-terpinene. Moreover, there was no major
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difference between the rate of oxygen consumption recorded in the presence or absence
of y-terpinene, hence both for 1H and 2H>the apparent rate constants for inhibition Kinn
(calculated from equation 20 in experimental section) was not significantly different
In the presence/absence of y-terpinene (see table 2.3), which supports the role vy-
terpinene only as the co-antioxidant, able to afford regeneration of the main phenolic
antioxidants, similarly to what was observed using SSO or squalene as the oxidizable
suybstrates. It is worth noting that the rate constant ki,, measured here for 1H is in
excellent agreement with previous literature [102]. while that determined for 2H> is
reported for the first time but is in line with that of other catechol-type antioxidants

[113], which stands for the reliability of our current kinetic measurments.

Table 2.3. Apparent stoichiometric factors (n) and inhibition rate constant (ki) of
PMHC (1H) and CAPE (2H:) when mixed with different mounts of y-terpinene during
the autoxidation of styrene initiated by AIBN at 30°.

Synergic [antiox]  [y-terpinene] T na -(d[O2)/dt)inn? app. Kinn
combination (LM) (mM) (s) (Ms™) (10° M1t
PMHC/ 2.5 0 1836  2.0+0.1 3.1x108 31.3+3.5
y-terpinene 7.83 2372  2.6x0.2 3.5x108 28.1+4.1
15.65 2751  3.0x0.2 3.7x10® 26.2+5.8
31.30 3396  3.7+0.3 3.0x108 32.0+£3.9
CAPE/ 2.5 0 1150 2.0+0.1 2.0x1077 48+1.1
y-terpinene 7.83 1650  2.9+0.2 1.8x1077 5.5+0.9
15.65 1914  3.3%0.2 1.8x1077 5.5+0.7
23.48 2022  3.6%0.3 2.1x1077 45+1.3

All values are average from at least 3 independent measurements. @ Errors for n and kinn represent +
SD.

2.5.2. Exploration of the mechanism behind the synergy

Phenolic antioxidants can retard or block the oxidation of lipids by scavenging
chain-carrying peroxyl radicals. Both monophenolic antioxidants like a-tocopherol or
1H and polyphenolic like caffeic acid or 2H. have a stoichiometric factor n = 2,

although they possess different number of active OH groups. The first step of their
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antioxidant mechanism is similar: a formal H-atom transfer to a ROOe«. The difference
Is in the second step. For monophenolic antioxidants like 1H, the phenoxyl radical
resulting from the first step will trap a second ROO" by addition to the aromatic ring.
Instead, the phenoxyl radical resulting from a catechol is a semiquinone and can donate
another hydrogen atom to ROO" to yield the corresponding quinone, as illustrated in
scheme 2.13. [113,115].

A synergetic effect between antioxidants based on the regeneration of a more
effective antioxidant by a less effective synergist occurs mostly when one antioxidant
has a higher reduction potential than the other [114,116,100] or when the radical
formed from one antioxidant can be reduced by H-atom transfer from another
antioxidant having a weaker X-H bond in the active site [114,115]. A typical example
is the long-established synergy between a-tocopherol and ascorbic acid, in which
ascorbic acid regenerates a-tocopherol by transfering a hydrogen to a-tocopheroxyl
radical [103]. The synergism between a-tocopherol and other co-antioxidants was also
investigated [113,114,116,117]. In general, synergism between phenol-type
antioxidants was attributed to a similar mechanism in which the fastest antioxidant
reacts first with chain-carrying peroxyl radicals to yield the corresponding phenoxyl
radical that is reduced back by formal H-atom transfer from the co-antioxidant [102].

In this scenario, the synergic contribution of y-terpinene is less obvious. The
antioxidant mechanism of y-terpinene was disclosed by Foti and Ingold [95] who
proposed that the addition of y-terpinene in the peroxidation of lipids would change the
propagation chain-carrier from ROO*to HOO' (hydroperoxyl radical) since y-terpinene
itself is rapidly attacked by ROO" and releases HOO". Hydroperoxyl radicals, HOOe-,
can both propagate the oxidation and be quenched by another HOO" or by ROO" (self-
termination or cross-termination). Since the self-termination of HOO" and its cross
termination with ROO" is much faster than the self-termination of ROQO", the overall
termination efficiency would increase in the presence of y-terpinene, justifying its

antioxidant behavior (scheme 2.13 A). This termination-enhancing antioxidant activity
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Is common to other terpenoids and is expected to bring only limited contribution to the

overall antioxidant activity [90].
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Scheme 2.13. Mechanism of the antioxidant activity of (A) y-terpinene alone (after Foti & Ingold,
2003) [95] and of the antioxidant synergy between (B) y-terpinene and monophenolic antioxidants

(using 1H as model compound) and (C) y-terpinene and polyphenolic antioxidants (using 2Hz or 3H>
as model compound).

The regeneration of the starting phenol from its phenoxyl radical by HOO*
generated from y-terpinene nicely explains the synergy with monophenols like PMHC
1H as depicted in scheme 2.13 B; however, in the case of catechols, in principle
regeneration could occur both by 1-electron reduction of the semiquinone radical and
by (stepwise) 2-electron reduction of the quinone as depicted in scheme 2.13 C. To
achieve a better understanding of the regeneration mechanism of phenolic antioxidants

by y-terpinene, matched sets of experiments were conducted by injecting y-terpinene
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into the styrene autoxidation system at the beginning of the experiment and/or after the
phenolic antioxidant was consumed, i.e. at the time when the substrate starts to oxidize
again. PMHC 1H was again used as the prototype of monophenolic antioxidants, while
2,5-di-tert-butyl catechol (DTBC, 3H2) was used as model for polyphenols, since it is
a better established catechol-type antioxidant [113] and its corresponding quinone

(DTBQ, 3) is also commercially available and stable in solution.

(A) (B)
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: 1 not inhib.
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Figure 2.6. Oxygen consumption measured during the autoxidation of styrene initiated by 0.025 M
AIBN at 30°C. (A) 1: uninhibited; 2: injection of 1H (2.5 uM); 3: injection of y-terpinene (15.7 mM).
(B) 1: uninhibited; 2: injection of 3H2 (7.5 uM); 3: injection of y-terpinene (15.7 mM).

As shown in Fig. 2.6 A, injecting y-terpinene into the sample after the inhibition
by 1H had ended, meaning that 1H had been completely oxidized, could not restart the
inhibition; instead if y-terpinene was injected before 1H, the subsequent injection of
1H gave an inhibition period much longer than that observed without prior injection of
y-terpinene (see figure 2.7). This means that the final oxidized products of 1H could
not be regenerated by y-terpinene, while only the intermediate phenoxyl radical can be
efficiently regenerated. This confirms our suggested mechanism depicted in scheme
2.13 B. On the other hand, using the catechol 3H: instead of 1H, injection of y-
terpinene caused the reboot of a new inhibition period when injected after the complete
consumption of 3H>, i.e. when inhibition by 3H> had terminated and the autoxidation

was running again uninhibited (Fig. 2.6B). This implies that the quinone (3) formed as
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the final oxidized products of the catechol can be reduced back to the starting

antioxidant (see scheme 2.13C).
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Figure 2.7. Oxygen consumption during the autoxidation of styrene initiated by 0.025 M AIBN at 30°
without inhibitors and upon injection of antioxidants at the time points indicated by numbers: (A) 1
=injection of PMHC 1H (2.5 uM), 2 = subsequent injection of y-terpinene (20 mM); (B) 1 = injection
of y-terpinene (15.7 mM), 2 = subsequent injection of PMHC 1H (2.5 puM), 3 = subsequent injection
of y-terpinene (15.7 mM). Note that inhibition period t in panel B is larger than in panel A (where it
corresponds to n = 2.1) despite the identical concentration of injected PMHC.

Quinones are easily formed by the oxidation of related catechols, and they are
generally expected to be the main final oxidized product when catechols behave as
antioxidants. This was also confirmed in our experimental settings by monitoring the
growth of UV absorbance of ortho-quinone 3 at 400nm during the autoxidation of
styrene inhibited by 3H: (Figure 2.8A).
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Figure 2.8 (A) Growth of the UV signal at 400 nm due to quinone 3 during the autoxidation of styrene
initiated by 0.025 M AIBN at 30°C, inhibited by 3H2 67 uM. (B) Oxygen consumption during the
autoxidation of styrene initiated by 0.025 M AIBN at 30°C in the absence of antioxidant (1), and
upon their addition: 2 = injection of DTBQ 3 (7.5 uM); 3 = injection of y-terpinene (7.83 mM). (C)
Oxygen consumption during the autoxidation of SSO initiated by 0.025 M AIBN at 30°C in the
absence of antioxidant (1), and upon their addition: 2 = injection of DTBQ 3 (7.5 uM); 3 = injection
of y-terpinene (7.83 mM). (D) Oxygen consumption during the autoxidation of squalene initiated by

0.025 M AIBN at 30°C in the absence of antioxidant (1), or in the presence of a mixture of DTBQ 3
(7.5 uM) and y-terpinene (7.83 mM).

To confirm our hypothesis, autoxidation experiments were performed using the
oxidized quinone DTBQ 3 as the antioxidant. While the injection of 3 alone in
autoxidizing styrene did not produce any inhibition (Fig. 2.8B) subsequent injection of
y —terpinene caused the appearance of a long inhibition period, confirming that the
quinone 3 could be regenerated by y-terpinene to its starting catechol. This was also
confirmed by parallel experiments in which the time-course of the concentration of 3

was monitored by UV spectroscopy at 400 nm during autoxidations inhibited by 3 and
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y-terpinene: the UV signal of 3 progressively declined during the autoxidation

supporting its reduction to 3H: (see Fig. 2.9).
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Figure 2.9. Decay of the UV signal at 400 nm due to quinone 3 during the autoxidation of styrene
initiated by 0.025 M AIBN at 30°C, inhibited by 3 (67 uM) and y-terpinene (15.7 mM).

Additional experiments with co-injection of the the quinone and y-terpinene in
different order confirmed this conclusion (see Fig. 2.10).

We attribute the reduction of 3 (and other quinones) by y-terpinene during the
autoxidation to the release of HOO", which would act as the reducing agent. Although
this reducing behavior might be counterintuitive for a reputedly oxidizing radical, it is
supported by previsous solid evidence that it rapidly reduces both phenoxyl radicals
[45] and nitroxides [86]. However, to explain the reduction of quinones by y-terpinene
other mechanistc possibilities could also have a role, like those recently disclosed to
explain the synthesis of catechols using methylcyclohexadiene as the reducing agent
[118].
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Figure 2.10. Oxygen consumption measured during the autoxidation of SSO initiated by 0.025 M
AIBN at 30°C in the absence of antioxidants and (1) upon injection of DTBQ 3 (7.5 uM), (2) upon
subsequent injection of y-terpinene (15.7 mM). The blue dashed line represents the autoxidation under
identical settings inhibited by a mixture of DTBQ 3 (7.5 uM) and y-terpinene (15.7 mM) injected
together at the beginning of the autoxidation. Note that despite the identical concentration of the
antioxidants their effectiveness is higher if they are added together, possibly meaning that some side
reaction is consuming 3 in the absence of y-terpinene.

2.5.3 Relevance of the interaction between quinones and y-terpinene in food science
and the application of the synergic antioxidant behavior in real food products

The chemistry disclosed in the previous section concerning the possibility for vy-
terpinene to enable the antioxidant behavior of quinones by reduction to the parent
catechols appears particularly important in the protection of food products, since
quinones are often abundant in vegetable tissues, also resulting from air oxidation of
the parent polyphenols. This suggests that y-terpinene could afford unusually effective
protection owing to its synergic interplay with such products. On the other hand, it is
clear from Fig. 2.6 and 2.8 that the redox cycling of the quinones to the parent
catechols, then back to quinones and so on, is not fully efficient and either redox species
migh be consumed in side reactions, since the inhibition is not infinite or limited only
by the consumtion of y-terpinene. Clearly, further studies would be necessary fo fully

rationalize the reasons for imperfect redox cycling; however, in current investigation
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our interest focused on assessing its relevance in food chemistry. Therefore, we
switched back to SSO and squalene as relevant dietary lipids and tested the antioxidant
protection of quinone 3 in combination with y-terpinene. With SSO 3 afforded no
protection when used alone; however, subsequent addition of y-terpinene enabled its
antioxidant activity (Fig. 2.8C), and co-addition of 3 and y-terpinene at the beginning
of the autoxidation afforded even higher antioxidant protection (see Appendix, Fig.
2.10). Similarly, co-addition of 3 and y-terpinene afforded full protection of squalene
(Fig. 2.8D). Interestingly, with squalene even 3 alone afforded some antioxidant
protection (Fig. 2.11) possibly due to the release of HOO" radical as a side event during
the autoxidation of squalene, as previously observed in chapter 1 [104, 118]. This
aspect would certainly deserve further investigation. However, its combination with vy-
terpinene resulted in much enhanced antioxidant activity (see figure 2.11). Overall,
current results demonstrate the effectiveness hence the relevance of the redox interplay
between quinones and y-terpinene in protecting food products, and complete the
rationale explaining the synergy between y-terpinene and both mono-and poly-

phenolic antioxidants in this respect.
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Figure 2.11 Oxygen consumption measured during the autoxidation of squalene initiated by 0.025 M
AIBN at 30°C in the absence of antioxidant (black line), inhibited by 2.5 uM DTBQ 3 (red line), or
inhibited by 2.5 pM DTBQ 3 and 15.7 mM y-terpinene (green line).
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In our investigation, we used model phenolic antioxidants (1H, 2H2 and 3H2) rather
than foodborne examples, since we needed molecules which were perfectly
characterized so to achieve clear mechanistic understsanding of the synergic
antioxidant behavior in combination with y-terpinene. For the same reason, we chose
SSO and squalene, along with styrene, all in chlorobenzene solution, as model
oxidizable substrates, since these systems had previsouly been characterized for
quantitative studies. In order to demonstrate that the synergic antioxidant chemistry
disclosed here is directly applicable to real food products, we further investigated the
autoxidation of neat sunflower oil as a prototypical highly oxidizable food, protected
by food born natural vitamin E (d-a-tocopherol from vegetable oils, FDA GRAS notice
N° 781) and hydroxytyrosol from olive (FDA GRAS notice N° 837) as examples,
respectively, of mono- and polyphenolic antioxidants currently approved (and used) in
food products. Both models showed clear synergic protection in combination with -
terpinene, as exemplified in Fig. 2.12, standing for the relevance in food science of the

antioxidant chemistry disclosed here.
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Figure 2.12 Oxygen consumption measured during the autoxidation of sunflower oil initiated by
0.025 M AIBN at 30°C in the absence of antioxidants (dotted lines), inhibited by 15 mM y-terpinene
(dashed lines) or: (A) inhibited by 3 uM vitamin E (d-a-tocopherol, gray line) or by a mixture of 3
MM vitamin E + 15 mM y-terpinene (black line); (B) inhibited by 6 uM hydroxytyrosol (gray line) or
by a mixture of 6 uM hydroxytyrosol + 15 mM vy-terpinene (black line).

Clearly, sunflower oil is a rather simple albeit highly oxidizable food product, in that

it represents a homogenous lipid system. This is at variance with many other foods in
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which oxidizable lipids are dispersed with aqueous components to form complex
heterogeneous environments, which would possibly affect the kinetic behavior of
antioxidants due to partitioning issues. This calls for further research to assess the
actual contribution of the antioxidant synergic behavior in such heterogenous systems,

which we hope to pursue in future work.

2.5.4 Conclusions on the synergic antioxidant activity of j~terpinene with phenols in
food preservation.

In conclusion, y-terpinene can enhance the protection of natural lipids or other
oxidizable substrates operated by phenolic antioxidants. The synergic mechanism is
based on the sacrificial oxidation y-terpinene with release of HOO® during the
autoxidation. The exact consequence of such chain-transfer process then depends on
the structure of the phenolic antioxidants. With monophenolic antioxidants like
tocopherol, HOO" could reduce the the phenoxyl radical formed upon trapping chain-
carrying radicals (ROQO") thereby regenerating the starting antioxidant. No synergy is
however displayed when the phenol has been fully oxidized to the final oxidation
products, meaning that the phenol and y-terpinene need to be simultanously present in
the system. On the other hand, with polyphenolic catechol antioxidants regeneration to
the starting catechol can occur both from the phenoxyl (semiquinone) radicals and from
the final oxidized quinone, expanding the usefulness of this synergic antioxidant
chemistry. In both cases synergy occurs via establishing a catalytic cycle in which v-
terpinene acts as the sacrificial reductant. Since phenols and polyphenols are normally
co-existing with terpinene or structurally related terpenes in vegetable extracts and
food products, the synergic activity disclosed here is likely to have major significance
and it can be exploited in rational strategies for antioxidant food protection.
Additionally, it helps explain the purported beneficial effect of flavonoids even after
they have been oxidized due to prolonged storage of food of vegetable products.

Lipids are essential cell membrane constituents [119] and key components in food.

Their non-enzymatic oxidation causes deterioration of food flavour, color, texture and
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nutritional value [120] beside the formation of toxic off-products like 4-
hydroxynonenal and other electrophilic carbonyl compounds [110]. Thus, great
research effort in food science has been devoted to protecting lipids from oxidation by
antioxidants, especially those obtained from natural sources [120]. We believe that the

chemistry disclosed here brings relevant contribution in this respect.

2.6 Hydrogen Atom Transfer from HOO® to ortho-Quinones Explains the
Antioxidant Activity of Polydopamine (published in Angewandte Chemie
International Edition 2021 as DOI: 10.1002/ange.202101033)

Melanins are a family of intensely colored polymers derived from oxidative
polymerization of phenols such as tyrosine, DOPA and dopamine. [121,122] Although
the structure of melanins is not fully clarified, there are evidence that it consists of
reduced (catechol) or oxidized (ortho-quinone) units (see Scheme 2.14). [123,124].
Besides their important role in living organisms [125-128], melanins are currently
being investigated for many applications, including energy storage, biocompatible
adhesion or coating systems, drug delivery, and skin protection [125,126,129].
Melanins have been proposed to possess a “multi-antioxidative” activity, that has been
related, for instance, to their anti-inflammatory [132] wound regeneration [133] and
anti-ischemic activity [134]. Natural eumelanin (see Scheme 2.14) has been reported
to have the strongest capability to quench radicals, with respect to the melanin from or
dopamine polymerization, while negligible activity was reported for those obtained
from DHI or DOPA [125]. Polydopamine traps HO" radicals [134] and has superoxide
dismutase (SOD)-like activity by the reactions 1 and 2 [134] presumably involving the
stable radicals “hosted” inside melanins [129,131,135].

melanin®+ O, — melanin™ + O, (1)

melanin~ + O, + 2 H,O — melanin®+ H,O0, + 2 OH™ (2)
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A. Biosynthesis of melanins
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Scheme 2.14. (A) (Bio)synthetic pathway leading to the formation of melanins; (B, C) radical used
to investigate the antioxidant activity of melanins.
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The number of papers reporting the antioxidant activity of melanins is steadily
increasing, although results are often controversial. The most critical aspects is,
however, the fact none of those investigation has been able to provide a clear rationale
for the purported antioxidant activity and the mechanism of radical trapping remains
unclear. Most mechanistic studies have been performed by using stable persistent
radicals such as DPPH" [127,128,130,131] and ABTS™ [127], but these artificial
radicals have limited similarity to transient alkylperoxyl radicals (ROO?), the
biologically relevant oxygen-centered radicals involved in autoxidation reactions (see
Scheme 2.14) [109, 137-138]. The structure of melanins at the molecular level largely
depends on the nature of the phenolic monomer [127], on the polymerization
conditions (i.e. reactants concentration and buffer components) [139,140] and on the
post-synthetic functionalization (for example, with amino-terminated polyethylene
glycol) [134]. Therefore, results obtained for a particular type of polymer might not be
directly applicable to other melanins. A good starting point to face this problem would
be having a clear understanding of the radical trapping behavior of the basic structural
units that are present in all melanins, namely the 1,2-dihydroxy benzene (catechol) and

the 1,2-benzoquinone moieties.

2.6.1 The reaction of ortho and para quinones with HOO*

Catechol moiety is a well-known reducing agent for peroxyl radicals, [108, 141-142]
however, its reactivity may dramatically decrease as effect of intra- or inter-molecular
H-bond formation with H-bond accepting groups. [108] The second building block,
ortho-benzoquinone moiety, does not exhibit a reactivity toward ROO" radicals, [142-
146] although the structurally related para-benzoquinone (pQ) is able to trap
hydroperoxyl (HOO¢) radicals via a mechanism triggered by reaction 3[147].

pQ + HOO" — pQH"+ O, (3)

Recently, we and others have employed autoxidation of 1,4-cyclohexadiene (CHD)

(scheme 2.10) alone or in mixture with other oxidizable substrates as an expedient to
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study the interplay of ROO" and HOO" radicals in determining the activity of
antioxidants such as Vitamin E and dialkyl nitroxides (Scheme 2.12). [45,82,86,148].
Herein, we apply this approach to understand the reactivity and the mechanisms of
antioxidant action of polydopamine (PDA, Scheme 2.14) and of two model ortho (3)
(scheme 2.13 C) and para (4) quinones (Scheme 2.15). Prompted by Denisov seminal
observation that para-benzoquinone behaves as HOO" trap, we demonstrate herein that
ortho-benzoquinones are much more effective than the para isomer. Then, we
demonstrate that PDA inhibits lipid peroxidation only if its radical chain is carried on
by mixed alkylperoxyl (ROO") and hydroperoxyl (HOO") radicals. Ortho-quinone
moieties appear to be responsible for the antioxidant activity of PDA while the

contribution of catechol moieties is proportionally less important.

tBU tBu
4 OH4H,

Scheme 2.15. Model compounds investigated in this study and semiquinones radicals transiently
formed during the reactions.

The chain-breaking antioxidant activity of 3 and 4 was evaluated by measuring, at 30
°C and in a low-polarity solvent (chlorobenzene), the rate of O, consumption during
the azo-bis(isobutyronitrile) (AIBN) initiated oxidation of styrene, a reference organic
substrate whose autoxidation at low temperature is propagated by ROO" [149-151]. As
expected, [142,143] 3 and 4 had no effect on the peroxidation of styrene (Figure 2.13,
traces b-c), in line with what previously observed in section 2.5. When CHD was added
to styrene, both quinones efficiently suppressed the peroxidation, as shown by the

Kinetic traces d and e in Figures 2.13 and 2.14
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Figure 2.13 O2 consumption during the autoxidation of styrene in chlorobenzene at 30 °C initiated
with 25 mM AIBN in the absence of inhibitors (a), and in the presence of quinones: 4 (curve b), 3
(curvec), 4 +0.023 M CHD (curve d), and 3 +0.023 M CHD (curve €). The concentration of quinones
was 5 [1M. B) O co-nsumption during the autoxidation of CHD (0.23 M) initiated by 25 mM AIBN
at 30 °C in chlorobenzene with no antioxidants added (a), with 40 (1M of 4 or 4H2 (curves b and c,
respectively), and with 5 M 3H: or 3 (d and e, respectively).

Control experiments (styrene containing CHD but without quinones) indicated neither
inhibition nor retardation, thus the strong inhibition observed for styrene/CHD/quinone
can be explained by the reactions reported in Scheme 2.16. Comparing the kinetic
traces in Figure 2.13, we should notice that 3 generates longer induction period than 4
used at the same concentration (see t: and t) and, additionally, the rate of O, uptake
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during the inhibition period is smaller for 3 than for 4, demonstrating a superior
antioxidant activity of the ortho-isomer.

05
(A) —— 8mCHD
0.0 1 — 23mMCHD —— 8 mM CHD
—— 23 mMCHD
79 mM CHD — 79mMCHD
-0.51 —— 132mM CHD oD
s -1041\ ——-noCHD =
£ \ £
=157 =
O o
720 &
254
-3.0 1
'35 T T ¥ -35 T T T
0 5000 10000 15000 20000 0 5000 10000 15000 20000
time /s time/s

Figure 2.14. O, consumption during the autoxidation of styrene in chlorobenzene at 30 °C initiated

with 25 mM AIBN in the absence of inhibitors in the presence of 5 uM of quinone 3 (A) or 4 (B) and
increasing amounts of CHD.
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Scheme 2.16 Key reactions explaining the antioxidant activity of ortho and para-quinones, Q, in the
presence of 1,4-cyclohexadiene, CHD.

To better clarify the mechanism proposed in Scheme 2.16, we completely replaced

styrene with CHD. figure 2.13B presents the kinetic traces recorded for the system,
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with the autoxidation propagated exclusively by HOO® radicals. [82] Lines b and e
indicate that 3 almost completely stopped the autoxidation of CHD (i.e trapped HOO*
with high efficiency), while 4 was less effective even if used at much higher
concentration. We also employed 3H: and 4H. to test their behavior during
autoxidation of CHD. Results, reported in figure 2.13B (traces ¢ and d), indicated a
smaller and a higher HOO" trapping ability than the corresponding quinones for 3H:
and 4H respectively [152].

Having clarified the unique behavior of ortho-benzoquinone 3 toward the reaction with
HOOe, as previously observed in 2.5 using y-terpinene as the source of HOOe, and
having clarified its superior reactivity compared to the para isomer, we set here to
quantify its reactivity with HOOe. The rate constants for this reaction was calculated
by using equation 12, which relates the rates of the inhibited and non-inhibited
autoxidation (Rinn and Ry, respectively) to the rate constant for the reaction of the
antioxidant with the chain-carrying radicals and the stoichiometry of radical trapping
(n). [151]

(Ro/Rin) — (Rin/Ro) = n k3 [AH] / (2k; Ri)Y? (12)

The rate of initiation (Ri) was determined experimentally as 3.1x10°° M s%, while 2k;
for CHD in chlorobenzene is 1.2x10° M-1s~1, [82] With the assumptions that the rate
of the back reaction k.3 is negligible and that n = 2, k3 was obtained as (1.4+0.2)x10’
M-1s7t. Numerical modeling of some representative O, consumption traces of CHD
and styrene autoxidations was performed by using COPASI, a kinetic simulation
software [155-158] as illustrated in figure 2.15A. The values of ks and k; obtained with
this procedure were 1.5x107 and 1.5x10° M-1s1, respectively, while for k3 an upper
limit of 65 Ms'was determined. Results also show that a substantial quantity of
catechol 3H: is formed from 3 (figure 2.15A). This finding, although in line with
previous hypothesis (see section 2.5) is somewhat counterintuitive, as it means that the
antioxidant is being reduced, albeit transiently, during the inhibition of CHD

autoxidation. Therefore, we attempted to have experimental evidence in support of
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numerical modelling. Formation of 3H2 was confirmed by ESI-MS analysis performed
on the reaction mixture containing 3, CHD and AIBN (figure 2.15B-C). Quinone 3 was
visible only in positive ion mode mainly as 3+Na* peak, while catechol 3H> could be
detected in negative ion mode as 3H". The same result was obtained by GC-MS, after
derivatization of the sample with trimethylsilyl-N,N-dimethylcarbamate (TMSDMC)
as silylating agent, so to protect 3H> from decomposition during the analysis (see
Appendix, Figure A. 2.3-2.5).
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Figure 2.15. (A) Numerical fitting of the O consumption traces during the autoxidation of CHD
initiated by AIBN in PhCI at 30 °C inhibited by 3. Experimental results for oxygen consumption
(black, solid line) and the simulated results (red line), perfectly overlapping each other. The transient
concentrations of the quinone or hydroquinone species obtained during the simulations are reported.
(B-C) ESI-MS spectra showing 3Hz formation during the reaction of 3 (0.1 mM) with CHD (0.23 M)
and AIBN (50 mM) in MeCN at 30 °C; after 1 hour of reaction in positive (B) and negative (C) ion
mode.
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Figure 2.16. O2 consumption measured during the autoxidation of CHD (0.13 M) in MeCN initiated
by AIBN (0.5 mM) at 30 °C in the absence of antioxidants (a) or in the presence of 3 (a) 5 uM, (b)
25 uM.

In acetonitrile, the inhibiting effect of 3 during the autoxidation of CHD was weaker
than in PhCI (see figures 2.16). Numerical fitting (see Figure A. 2.6) provided ks =
1.1x10° M-1s?, that is 180 times smaller than in PhCI. From the observed magnitude
of this kinetic solvent effect (KSE) the ability of HOO" as H-bond donor (H-bond
acidity parameter, o) can be calculated [160,161] as 0.78, in reasonable agreement
with previous estimates. [45,162]. KSE is a proof that the reaction of 3 with HOO*
involves a H-atom transfer and that this process starts with formation of a pre-reaction
H-bond complex (see Scheme 2.17), that is competitive with the interaction of HOO®

radical with a solvent molecule.

‘Bu '‘Bu

0 o}
- ,\H + Oy
'Bu O---HOO"’ Bu 0

0]
/i:i + CH3CN---HOO" —>— no reaction
'Bu o

Scheme 2.17 Kinetic solvent effect for H-atom donation from HOO".
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2.6.2 The role of HOO- in the antioxidant activity of polydopamine (PDA)
Polydopamine (PDA) nanoparticles were synthetized by the oxidative polymerization
of dopamine in alkaline water/ethanol solution and were accurately purified by
repeated centrifugation cycles (characterization by DLS, TEM and FT-IR is reported
in figure 2.17A and B, figure A.2.7-2.9 [163,164].

(A) ; ; ; ; (B)  1.00
©)1) & |BotasaEaEcass ............. ............ ............. ............. 0.95 1

0.90 A

0.85 A

0.80 A

Intensity / %
Trasmittance / %

0.75 _|Popamine HCI

0.70 1

! ' 0.65 T T T
0.1 1 10 100 1000 10000 4000 3000 2000 1000

size / nm

wavenumber / cm’™

(€

(D) os

0.0

t-Bu

-0.5 4

-1.0 4

-1.5 4

-AlO,] 1 mM
-A[C], / mM

2.0 1

25 4

-3.0

T T T T -3.0 T T r r
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

time/s time/s

Figure 2.17. (A) dynamic light scattering of PDNPs water solution. (B) ATR-FTIR spectrum of dried
PDNP. (C) O2 consumption recorded during the styrene (2.1 M) autoxidation initiated by AIBN (25
mM) in MeCN without inhibitors (a) and in the presence of: (b) CHD; (c) PDA (25 g/mL); (d) PDA
(25 [1g/mL) + CHD. (D) Same conditions as C, without inhibitors (a) and in the presence of: (b)
CHD; (c) 3 (5 IM); (d) 3H2 (5 IM); (e) 3H2 (5 [IM) + CHD; (f) 3 (5 M) + CHD. In all cases,
[CHD] = 23 mM.

The nanoparticles were concentrated, dispersed in acetonitrile and then used as
inhibitor in autoxidation studies. As shown in figure 2.17C, PDA itself had negligible
antioxidant activity toward styrene autoxidation (solvent MeCN), presumably due to

the low concentration of catechol moieties, or their engagement in strong

116



intramolecular H-bonds [165]; however after the addition of CHD the antioxidant
activity of PDA became much stronger. Under the same conditions, CHD had a
negligible effect on 3H: (figure 2.17D traces d and e), while it greatly increased the

activity of 3 (traces c and f).

radical
trapping

Scheme 2.18. Catechol and quinone units in the polydopamine polymer are non-reactive toward
alkylperoxyl radicals (ROOe¢) but upon the reaction with HOO" the quinones are converted to
semiquinone radicals with enhanced ability to trap both species, HOO" or ROO".

The negligible reactivity toward ROO® of PDA can be explained by considering that
the catechol moieties are strongly bonded to H-bond acceptors, such as carbonyl
groups, present into the polymer (scheme 2.18). [166] Not H-bonded catechols, which
would be more reactive toward radicals than H-bonded ones, are most probably
oxidized during the preparation of PDA. Instead, upon reaction with HOOe, ortho-
quinones can form “exposed” semiquinones and catechol groups able to trap both
HOO'® and ROO". Ortho-semiquinones are interesting radical intermediates because
they are stabilized by a strong intramolecular H-bond and are therefore generally
unreactive toward O, [61]. It can be estimated that the reaction of HOO" with ortho-

benzoquinone is exothermic by ~16 kcal/mol (while for the para isomer is ~11

kcal/mol) and this explains the high ks value measured herein [45,87]. The present
results however leave open the question concerning the role of radicals naturally hosted
inside melanins to explain the antioxidant activity of these materials. [134,135]. Such
radicals have been shown to contribute to the redox properties of melanins and it has
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been clarified that they are mainly represented by semiquinone-type radicals. Our
current data indicate that they would realct at close to diffusion controlled rate with
HOOe, hence the intermediacy of HOOe< might also support their important
ocntyribution to the overall antioxidant behavior of melanins. Clearly further studies
would be neede to fully elucidate this specific point. Current data suggest that the
ability of peroxyl radical trapping by PDA, in the presence of HOO« is nicely explained
by the chemistry of quinones/HOO-* system.

2.6.3 Conclusions on the role of HOO- on the antioxidant behavior of melanins

The simultaneous presence of alkylperoxyl and hydroperoxyl radicals is a common
feature in many systems. Alkylperoxyl radicals are responsible of lipid peroxidation of
unsaturated membranes [149], while the HOO' radicals are constantly produced by
protonation of superoxide leaking from the mitochondrial respiratory chain [86,87].
Moreover, HOO" radicals are generated during the autoxidation of alcohols and
aliphatic amines [86], such as Lys, Arg, Ser amino acids (leading to the formation of
protein carbonyls). The results obtained herein by investigating the reaction of ROO*
and HOO' radicals with polydopamine and with two reference quinone/hydroquinone
couples allows us to propose a mechanism for the antioxidant activity of melanins.
Para- and ortho-benzoquinones Q are unable to act as antioxidants by trapping
akylperoxyl radicals (ROO"); however, both turn into radical trapping antioxidants in
the presence of hydroperoxyl radicals (HOO") due to stepwise reduction of Q to the
semiquinone radical QH*and to the parent hydroquinone/catechol QH>. The reduced
forms QH"and QH: can trap ROO" and HOO' radicals. The redox cycling and overall
antioxidant behavior are very efficient for ortho quinones because of their reduction
via fast H-atom transfer from HOO" (i.e. reaction 3), and because the intramolecularly
H-bonded ortho-semiquinone radical is not sensitive to the back reaction with O,
(reaction -3).

Ortho-quinones are good models to rationalize the antioxidant behavior of melanins,

as they represent one of the repeating functional units, along with their parent reduced
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catechol form. Our measurements demonstrated that, contrary to expectations,
polydopamine affords low protection of oxidizable materials when oxidation is
mediated only by alkylperoxyl (ROO") radicals. This is explained by i) a low
concentration of catechol groups, reasonably because they are oxidized during the
synthesis of polydopamine; ii) low reactivity of the catechol units having OH groups
blocked by H-bonding to the neighboring quinone or other H-bond acceptors moieties
in the polymer chain. We showed herein for the first time that the antioxidant activity
of polydopamine develops upon introduction of HOO" radicals in the autoxidizing
system, due to the reduction of quinone segments to the corresponding semiquinones.
The interplay of oxidizing ROO" and reducing/oxidizing HOO" as chain carrying
species is well established in biological systems, thereby making the chemistry
disclosed herein an important piece of the puzzle in rationalizing the redox-mediated
bioactivity of melanins and of ortho and para-quinones. The mechanism proposed by
us for antioxidant action of polydopamine can be implemented for the rational design
of novel antioxidant materials and biomaterials that can be selectively activated by

hydroperoxyl radicals.

2.7 Materials and Methods

2.7.1. Materials

All chemicals and solvents were commercially available (Aldrich-Fluka-Sigma-
Merck, Milan, Italy). 2,2°-Azobis(isobutyronitrile) (AIBN) was recrystallized from
methanol. 2,2,5,7,8-Pentamethyl-6-chromanol (PMHC, 1H) was recrystallized from
hexane. Caffeic acid phenethyl ester (CAPE, 2H>), 3,5-di-tert-butylcatechol (DTBC,
3H;) and 3,5-di-tert-butyl-o-benzoquinone (DTBQ, 3), 2,5-di-tert-butyl-1,4-
benzoquinone (4), 2,5-di-tert-butyl-1,4-hydroquinone 4Ha, (+)- a -tocopherol type V
(1000 1U/g) and 3-hydroxytyrosol were used as received. Squalene (=98%), styrene (
=99%), cyclohexadiene (97%) and y-terpinene (97%) were percolated twice through

activated basic alumina and once through silica to remove impurities and traces of
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hydroperoxides (see chapter 1). Stripped Sunflower Oil (SSO) was prepared from food-
grade sunflower oil (Helianthus annuus Seed Oil) purchased from a local market by
purification as described in chapter 1. All solvents (PhCl, MeCN, ethanol) were of the
highest grade commercially available (>99.9% HPLC grade) and used as received.

Deionized water was Millipore grade.
2.7.2 Measurements of the antioxidant activity

As introduced in chapter 1, hydrocarbon autoxidation is a free-radical chain reaction
described by reaction 13-16, and it causes oxygen consumption at a constant rate when
it is initiated with a constant rate R;, under controlled conditions in the absence of
inhibitors, as described in equation 17, where k, and 2k; are, respectively, the rate
constant for chain propagation and termination of the oxidizable substrate. Oxygen
consumption is instead slowed down or delayed by an inhibition time t when an
antioxidant (AH) is breaking the radical chain, competing with propagation (reaction
18 and 19), depending on the efficacy of the antioxidant [101,109]

R.

Initiator —> R (13)

R- + O, —> ROO*: (14)
kp

ROO- + RH —— ROOH + R- (15)
2k,

2 ROO- —> products (16)

Cdfo] kK,[RHLR

" TR K, Ri a7

kinh

ROO- + AH ROOH + A- (18)

ROO:- + A ——> products (19)

Efficacy of antioxidants was studied by measuring the kinetics of oxygen consumption
during the autoxidation of a reference substrate, both in the presence and in the absence

of antioxidants in a closed system. A two-channel oxygen uptake apparatus developed
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in our laboratory, based on a Validyne (Northridge, CA, USA) DP15 differential
pressure transducer, was used to record the consumption of the oxygen (see chapter 1).
From the plot of oxygen consumtion, it was possible to calculate the inhibition rate
constant (kisn) and the stoichiometric factor (n) from equation 19 and 20, using the

already known rate constants k, and 2k; of the chosen substrates (see chapter 1).

dlo,] k&, [RH]RI

. |
m [AH]

+R; (20)

R =n[AH]/x 1)

The initiation rate R; was determined in matched preliminary experiments by the
inhibitor method, using PMHC as a reference antioxidant and equation 21, where 71 is
the length of the inhibition time. The length T could also be used to compare the
antioxidant activity directly, the longer the duration, the bigger of the activity [109,
117].

Numerical fitting of the experimental O, consumption traces were performed by using
the kinetic simulation software COPASI, freely available on the Internet [155]. The
reaction scheme used to simulate the experimental data is reported in the table A. 2.1-
2.4,

2.7.3 UV-Vis Spectroscopy

Spectra were recorded at 30°C in a Thermo Scientific (Milan, Italy) Biomate 5 coupled
with a Heto DBT Hetotherm (Birkergd, Denmark) thermostatting water circulator for
temperature control. Kinetics of formation and decay of the quinone 3 were monitered
at 400 nm in PhCI containing 0.025 M AIBN so to match the rate of radical generation
R that was set during autoxidation, in presence and absence of y-terpinene.

2.7.4. Synthesis of polydopamine nanoparticles

Ethanol (3 mL) was mixed with deionized water (7 mL) and dopamine hydrochloride
(25 mg) under mild magnetic stirring at 50°C for 30 min [163,164]. The solution of

ammonium hydroxide (NH3 in H,O 28% wi/w, 100 pL) was cooled and then injected
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into the above mixed solution and let react for 24 h. The material was cleaned by five
consecutive centrifugation (150009 for 10 min) and washing cycles. The concentration
of nanoparticles suspension was 0.5 mg/mL, as determined by weighing the mass after
drying. The nanoparticles were characterized by dynamic light scattering (DLYS),
transmission electron microscopy (TEM) and attenuated total reflection infrared
spectroscopy (ATR FT-IR) as described in figure A. 2.7-2.9. The nanoparticles were
then concentrated by centrifugation (15000 g), re-dispersed in acetonitrile (final

concentration 0.5 mg/mL) before being used as inhibitors of the styrene autoxidation.
2.7.5. ESI-MS Measurements

Mass spectra were obtained by direct infusion with a microsyringe pump (15 uL/min)
into a Micromass ZMD ESIMS spectrometer using the following instrumental settings:
positive ions; desolvation gas (N,), 250 L/h; cone gas (skimmer), 22 L/h; desolvation
temperature, 100 °C; capillary voltage, 3.0 kV; cone voltage, 10-40 V; hexapole
extractor, 3 V; RF lens, 0.3 V.

2.7.6. GC-MS analysis

See Appendix.

2.7.8 Numerical analysis with COPASI software
See Appendix

2.7.9 DLS and TEM analysis of PDA

See appendix

2.7.10 Statistical Analysis

Each inhibition rate constant (kinn) and stoichiometric factor (n) is expressed as an
average * standard deviation (SD) from at least three independent Kkinetic

measurements.
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Appendix to Chapter 2

Kinetic analysis by COPASI software

The numerical modeling of some representative O, consumption traces were performed
by using a kinetic simulation software (Copasi). [155] This software was used
previously in other studies by us and by other research groups to analyze the
autoxidation kinetics [156,157]. We used the kinetic equations reported in Scheme2.16
in addition to those describing the autoxidation of CHD or styrene. The propagation
(kp) and termination (2k;) rate constants in chlorobenzene at 30 °C, are respectively
1400 and 1.2x10° Ms! for CHD.[82] (for CHD, k, = ks), and 41 and 4.2x10" M1s

for styrene.[149] The rate constant ks for disproportionation of 3H*was assumed to be
the same as for the 3,6-di-tert-butyl-2-hydroxyphenoxyl radical in benzene at room
temperature (8.0x10° M1s1)[158]. because of similar steric crowding around the
phenoxyl oxygen. The rate constants kg and ki, i.e. for radical-radical cross
terminations, were assumed to be 2.0 x 10° M-!s, and the rate constant k;; was let free
to vary in the range (1-50) x10® Ms14 With these approximations, we could
reproduce with good accuracy the experimental O, consumption traces as illustrated in
figure 2.17. In the case of 3 in CHD, its concentration was adjusted to account for its
slightly shorter inhibition period (by about 20%) typically observed, probably due to a
side reaction not included into the reaction scheme (see ref. 37 for our attempts aimed
at clarifying this point). Different sets of ks and k.3 values provided a good fitting of the
O, consumption traces, indicating that these constants cannot be determined
independently in a single experiment. However, we noticed that for CHD inhibited by
3, the rate of O, consumption is most sensitive to the 3 + HOO" reaction (i.e. to ks),
whereas for styrene inhibited by 3H., the length of the induction period depends on
3H" + O, reaction (i.e on k.3). Therefore, we adopted the graphical approach shown in
figure A. 2.1, with ks as a function of k3 for CHD autoxidation inhibited by 3 and for
styrene autoxidation inhibited by 3H> figure A. 2.1 The crossing point of these plots is
the best estimate for the two rate constants. The values of ks, k.3 and k; obtained with
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this procedure were 1.5x10” Mst, 65 M Istand 1.5x10° Ms?, respectively.
Interestingly, the ks value obtained by numerical fitting is in excellent agreement with
that found by using equation 12, the reason being that the k.3 value is small enough to
make the slope of O, consumption during CHD autoxidation sensitive only to the ks
value. The rate constant for the reaction of 3H, with HOO" (ks = 1.5 x10® M1s?) is
very similar to that previously recorded for the same catechol with ROO" (1.1 x10°
M1st at 303K in chlorobenzene)® confirming that HOO® and ROO" have similar

oxidizing reactivity.

[1 or 1H2] / LM

0 2000 4000 6000 8000 10000
time/s

103 104 105 108 107 108 10° 1070
ky (M's™)

Figure A. 2.1 A) Numerical fitting of the O> consumption traces during the autoxidation of CHD
initiated by AIBN in PhCl at 30 °C inhibited by 3. Experimental results for oxygen consumption
(black, solid line) and the simulated results (red line) perfectly overlap each other. The transient
concentrations of the quinone or hydroquinone species obtained during the simulations are reported.
B) Values of k3 as a function of ks (logarithmic scale) obtained by numerical fitting of the rates of
CHD autoxidations inhibited by 3 (A) or of styrene autoxidation inhibited by 3H2 (O).
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Table A. 2.1. Species considered in numerical fitting of the autoxidation of 1,4-

cyclohexadiene (CHD) initiated by AIBN at 30 °C.

chemical name symbol used in equations Initial concentration

I Initiator not relevant. Radical initiation is
determined directly by Ri.

HOO HOOQe 0

R cylohexadienyl alkyl radical 0

02 dissolved O; 1.8e-3

02g 02 in the headspace 1ma

RH 1,4-cyclohexadiene depending on experiment

HOOH H20, 0

QH2 1,4-di-tert-butyl catechol depending on experiment

QH radical from 1,4-di-tert-butyl catechol 0

Q 1,4-di-tert-butyl ortho quinone depending on experiment

P non radical product 0

a) The concentration of Oz in the headspace is set to an arbitrary high value to ensure that the dissolved O,
concentration remains constant. This approximation holds because during the experiment only a small
fraction of O in the system is consumed. In a typical autoxidation experiment, less than 30% of total O is

consumed.

Table A. 2.2 Kinetic scheme considered in numerical fitting of the autoxidation of
1,4-cyclohexadiene (CHD) initiated by AIBN at 30 °C in chlorobenene.

N | Reaction Equations

Rate Constants (M1S%)
or Fluxes (Ms™?)

Notes and references

1 |1->HOO v =2.5e-009? Initiation rate (Ri), depends on experiment

2 |R+0,->HOO+8B k = 5e+009 B. Maillard, K. U. Ingold, J. C. Scaiano J. Am.
Chem. Soc. 1983, 105, 5095-5099

3 | HOO +RH->HOOH +R k = 1400 Howard, J. A.; Ingold, K. U. Can. J. Chem.

1965, 43, 2729-2736

4 HOO + HOO -> 0, + HOOH

k = 6.3000e+008

Howard, J. A.; Ingold, K. U. Can. J. Chem.
1965, 43, 2729-2736

5 | QH2 + HOO ->QH + HOOH k = fit initial guess: k=1e6
6 | QH+HOO->Q+HOOH k=2e9 assumed
7 | QH+HOO->QH2 + 0, k=2e9 assumed
8 | 02g=02 kl=1.9e+6 assumed. Equilibrium constant from 02
k2 = 1e+009 solubility in benzene.
9 QH+QH->Q+QH2 k = 8e5 Tumanskii, B. L.; Solodovnikov, S. P,;
Prokof’ev, A. I.; Bubnov, N. N.; Kabachnik,
M. I.; Ivz. Akad. Nauk SSSR Ser. Khim. 1977,
1309 [from Landolt—Bdrnstein]
10 | Q+HOO = QH+0; k1 = fit
k2 = fit
11 | QH+HOO > P k = fit initial guess: k=1e8 E. T. Denisov, I. V.

Khudyakov Chem. Rev. 1987, 87, 1313-1357

a) constant flux.
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Table A. 2.3 Species considered in numerical fitting of the autoxidation of styrene
initiated by AIBN at 30 °C in chlorobenzene.

chemical name symbol used in equations Initial concentration

I Initiator not relevant. Radical initiation is
determined directly by Ri.

ROO styryl peroxyl radicals 0

R styryl alkyl radical 0

02 dissolved O; 1.8e-3

02g 02 in the headspace 1ma

RH styrene depending on experiment

ROOH styrene polyperoxide or hydroperoxide 0

QH2 1,4-di-tert-butyl catechol depending on experiment

QH radical from 1,4-di-tert-butyl catechol 0

Q 1,4-di-tert-butyl ortho quinone depending on experiment

HOO HOOQOe 0

HOOH H.0, 0

P non radical product 0

a) The concentration of Oz in the headspace is set to an arbitrary high value to ensure that the dissolved O,
concentration remains constant. This approximation holds because during the experiment only a small
fraction of O in the system is consumed. In a typical autoxidation experiment, less than 30% of total O is

consumed.

Table A. 2.4. Kinetic scheme of the autoxidation of styrene initiated by AIBN at 30

°C in chlorobenzene.

N | Reaction Equations Rate Constants (Ms) or | Notes and references
Fluxes (Ms™?)
1 |[I>R v =5e-009 Initiation rate (Ri), depends on
experiment
2 R+ 02 ->ROO k = 5e+009 B. Maillard, K. U. Ingold, J. C. Scaiano J.
Am. Chem. Soc. 1983, 105, 5095-5099
3 ROO + RH -> R + ROOH k=41 Howard, J. A.; Ingold, K. U. Can. J.
Chem. 1965, 43, 2729
4 | ROO+ROO->P k=2.1e7 Howard, J. A.; Ingold, K. U. Can. J.
Chem. 1965, 43, 2729
5 | 02g=02 kl=1.9e+6 assumed. Equilibrium constant from
k2 = 1e+009 02 solubility in benzene.
6 | ROO->HOO k = fit a
7 | QH2 +ROO ->QH + HOOH fit
8 | QH +ROO ->Q + ROOH k = 2e+009 assumed
9 QH+QH->Q+QH2 k = 8e5 Tumanskii, B. L.; Solodovnikov, S. P,;
Prokof’ev, A. |.; Bubnov, N. N.;
Kabachnik, M. I.; Ivz. Akad. Nauk SSSR
Ser. Khim. 1977, 1309 [from Landolt—
Bornstein]
10 | Q+HOO=QH+02 k1 = fit
k2 = fit
11 | HOO +RH -> R + HOOH k=41 assumed equal to the reaction of
ROO*®
12 | ROO + HOO -> 02 + ROOH k = 6.3000e+008 assumed equal to the reaction HOO" +
HOO*
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13 | HOO + HOO -> 02 + HOOH k = 6.3000e+008 Howard, J. A.; Ingold, K. U. Can. J.
Chem. 1965, 43, 2729-2736

14 | QH2 + HOO -> QH + HOOH k=1e6 assumed equal to the reaction ROO* +
QH2

15 | QH + HOO -> Q + HOOH k=2e9 assumed

16 | QH + HOO -> QH2 + 02 k=2e9 assumed

17 | QH+ HOO ->P k=1e8 E. T. Denisov, I. V. Khudyakov Chem.
Rev. 1987, 87, 1313-1357

a) the formation of HOO' radicals during styrene autoxidation has been recently demonstrated by Pratt and
coworkers (reference 33). This reaction explains the slight retardation of styrene autoxidation by ortho-
guinones.
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Figure A 2.2 Example of fitting of the autoxidation of styrene inhibited by 3Ho.

Product analysis of CHD autoxidation initiated by AIBN analyzed by GC-MS.

Materials: Trimethylsilyl-N,N-dimethylcarbamate (TMSDMC, 98%) was purchased
from SantaCruzBiotechnology (Dallas, TX, USA)

Derivatization: 3H: produced from 3 via autoxidation of CHD in acetonitrile (MeCN)

was

derivatized by

silylating agent,

trimethylsilyl-N,N-dimethylcarbamate

(TMSDMC). Derivatization reaction of 3H> was carried out under standard conditions
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for 2 hours and TMSDMC was added in large excess to assure 100% conversion of

3H. formed to its silylated derivatives.

\./ a \/

fBu Si— Si—
/
o) O
tBu OH fBu O
\,
Si—
3H(SiMe;) /' \

3(SiMe3)2

Structures of the silylated derivatives 3H,,

GC-MS analysis: GC-MS analysis was performed with HP5 capillary column (0.32
mm diameter, 30 m length, 0.25 um thickness, Hewlett-Packard) with GC-17A Ver.3
Shimadzu and GCMS-QP5050A Shimadzu mass detector. Mass spectrum was
obtained by electron impact ionization mode, scanning from 40 m/z to 650 m/z. Inlet
temperature was 280C and oven temperature program was as follows: an initial step
starts at 60°C; raising at a rate of 10°C/min to 260°C; then holding at 260°C for 5 min.

GC-FID analysis: GC-FID analysis was performed with HP5 capillary column (0.32
mm diameter, 30 m length, 0.25 um thickness, Hewlett-Packard) with Agilent
Technologies 7820A GC System. Inlet temperature and oven temperature program

were the same as in the case of GC-MS analysis.

Results: One microliter of the reaction mixture was injected through the inlet of GC-
MS or GC-FID with split ratio of 2:1. Two significant molecules, 3HSiMes (Mw =294
Da) and 3(SiMes). (Mw = 366 Da) were found. Retention time (RT) of the molecules
were 10.75 min and 12.25 min respectively (figure. 2.15). Both molecules were well

separated and believed, basing on structural characteristics and mass profiles (figure.
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2.17a and 2.17Db), to be re-structured products during TMS derivatization originated
from hydrogen atom of hydroxyl groups of 3H>

1,2e+5

1,0e+5 A

8,0e+4 -

6,0e+4 -

abundance

4,0e+4 A

2,0e+4 +

0,0 T T T T
10,5 11,0 115 12,0 12,5 13,0

retention time [min]

Figure A. 2. 3 Total ion chromatograms (TIC) of derivatization products (A - 3HSiMes; B -
3(SiMes)2) of 3H2 formed during autoxidation of CHD (0.13 M) initiated by AIBN (0.05 M) in the
presence of 3 (6x10° M) in MeCN at 30°C (brown line) and reference 3Hz (2x10° M) in MeCN
(green line).
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Figure A. 2. 4 Mass pattern of compound 3HSiMes (Mw = 294 Da).
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Figure A. 2.5 Mass pattern of compound 3(SiMes)2 (Mw = 366 Da).

GC-FID analysis indicated that during the autoxidation of CHD (0.13 M) in MeCN at
30°C initiated by AIBN (0.05 M) and inhibited by 3 (6x10° M), the conversion of

compound 3 to 3H> reached the values of 56%, 77% and 80% after 4, 6 and 17 hours,
respectively.
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Figure A. 2.6 Example of numerical fitting by Copasi of the O consumption trace (b) reported in
figure 2.16.

Dynamic Light Scattering (DLS) analysis of PDA nanoparticles

The determination of the nanoparticles hydrodynamic diameter distributions was
carried out through Dynamic Light Scattering measurements employing a Malvern
Nano ZS instrument with a 633 nm laser diode. Samples were housed in disposable
polystirene cuvettes of 1 cm optical path length, using water as solvent. The width of
DLS hydrodynamic diameter distribuition is indicated by Pdl (Polydispersion Index).
In case of a mono-modal distribuition (gaussian) calculated by means of cumulant
analysis, PdI=(c/Zavg)?, where o is the width of the distribuition and Z,yq is average

diameter of the particle’s population respectively.
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Size (d.nm): % Intensity: St Dev (d.nm):

Z-Average (d.nm}); 9337 Peak 1: 98 46 1000 23,60
Pdl: 0,037 Peak 2: 0,000 0,0 0,000
Intercept: 0,933 Peak 3: 0,000 0.0 0,000

Result quality : Good

Size Distribution by Intensity

4%}
Lh

[
[=]

=
on

=
(=1

Intensity (Percent)

0.1 1 10 1000 10000

Size (d.nm}

—— Record 68 2505 5c 2580520 2

Figure A. 2.7 Dynamic Light Scattering measurement of PDA nanoparticles; size distribution by

intensity.
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Transmission Electronic Microscopy (TEM) of PDA nanoparticles

A Philips CM 100 transmission electron microscope operating at 80 kV was used. For

TEM investigations a Formvar foil supported on conventional copper microgrids (400

mesh) was dried up under vacuum after deposition of a drop of nanoparticles solution
diluted with water (1:10).

PDA2

Diam. = 97.9 nm

50 100 150 200 250

diameter / nm

Figure A. 2.8 TEM images of PDA nanoparticles.
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Figure A. 2.9 ATR-FT-IR spectra of: (A) Dopamine HCI (solid); (B) non-purified polydopamine
nanoparticles; (C) Purified polydopamine nanoparticles.
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Chapter 3

Kinetic study by combined UV-Vis spectroscopy and
oximetry on monophenolase / diphenolase activities of
tyrosinase inhibited by glabridin.
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Summary

In this chapter, tyrosinase inhibition by glabridin from Glycyrrhiza glabra was studied
by both UV-Vis spectroscopy and oximetry kinetic analysis. Tyrosinase is the key
enzyme involved in the biosynthesis of melanin in species ranging from bacteria and
fungi to humans. Hence its role is broadly important in living organisms and its control,
including its inhibition, is of great importance, with several relevant applications
ranging from frood preservation on storage to control of human skin pigmentation. As
tyrosinase activity is essentially and oxidation process we surmised it would be
possible to investigate it with great accuracy by oxygen consumption kinetics, which

IS the core expertise of our research group.

UV-Vis spectroscopy is routinely used in enzyme activity tests and remains as the most
versatile method. However, the instability of the oxidation products L-dopa and
dopaquinone forces to monitor tyrosinase kinetics only by monitoring the
accumulation of late product dopachrome. Thus we set to improve the reliability of
spectrophotometric measurements by parallel oximetry studies, to measure the kinetics
of oxygen consumption during reaction progress, since the uptake of oxygen is
stoichiometrically related to the generation of dopachrome. The two kinetic methods
were matched to afford a robust combined investigation approach. They afforded the
competitive dissociation constants K, of glabridin as 13.95 nM and 61.22 nM, for
monophenolase and diphenolase activities, respectively, supporting glabridin as one of
the most effective, reference natural inhibitors. We believe that our improved

investigation method would prove very valuable in future studies.
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3.1 Pigmentation and tyrosinase

3.1.1 Pigmentation

Melanin is a group of dark pigments widely distributed in different kingdoms such as
bacteria, fungi, plants, and animals including humans [1]. Besides the antioxidant
potential mentioned in second chapter, it also became the focus of material science in
different fields (photo bioelectronics, nanomedicine and mussel-inspired surface
coating) due to its versatile properties for biomedical and technological applications
[2,3]. Colors in skin, hair bulbs and eyes of mammals including humans are due to the
synthesis and distribution of melanin, which is produced in pigment cells
(melanocytes) located in melanosomes [4,5], specialized cytoplasmic organelles at the
basal layer of epidermis, and a series of chemical reactions is involved, which is

collectively called melanogenesis (fig. 3.2) [6,7].
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Figure 3.1. Schematic representation of melanogenesis pathway (in the blue frame on the right) inside
melanocytes, and melanosome transfer.

Melanin in fact is a complex of several component molecules with different properties
and proportion, and melanin formed during melanogenesis in skin basically

include eumelanin and pheomelanin (Figure 3.1) [8], where the most common one is
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eumelanin_responsible for the black or brown color, while pheomelanin_is responsible
to the color of red hair [9]. Besides skin pigments, neuromelanin found in the brain is
believed to protect neurons [10,11]. It is well known that melanogenesis in the human
skin can be triggered and accelerated by exposure to UV light, and the resulting
melanin is able to absorb UV radiation, so to protect skin cells from subsequent UV
exposure [12]. Any interference with melanin biosynthesis processes can lead to
pigmentation disorders, including both increase and decrease of melanin [13]. Besides
the biological importance of melanin, however, human skin hyperpigmentation is an
undesirable consequence of melanin’s role [14,15]. Therefore, control of skin
pigmentations has been a long-term goal of cosmetic and pharmaceutical applications,
as a result of dramatic social attention is specific cultures. Production of melanin in
food gives rise to a dark color (enzymatic browning), accompanied by other
deterioration processes such as changes of flavor, unpleasant odor and loss of
nutritional value, especially during postharvest processing and storage of vegetables
and fruits [16]. Therefore, food preservation should not be limited to inhibiting lipid
autoxidation by phenolic or non-phenolic antioxidants,but needs also to inhibit
browning which depends on melanin synthesis. Both the synthesis of melanin in skin
and in food is mainly catalyzed by tyrosinase. In the presence of oxygen, tyrosinase
catalyzes the oxidation of monohydroxy phenols (phenol, L-tyrosine, o-p-cresol) by
insertion of another OH group on the benzene ring to convert them into ortho-
dihydroxy phenols (catechol, L-dopamine, adrenalin), followed by catalyzing the
dehydrogenation from dihydroxy phenols to o-quinones, which then undergo

polymerization to form dark colors (Scheme 3.1)[17].

Scheme 3.1 key oxidation steps of phenols to melanin.

3.1.2 Tyrosinase
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Tyrosinase is the key enzyme in melanin synthesis, which initiates and catalyzes a
series of reactions to convert amino acid L-tyrosine into melanin biopolymer [18]. They
have been separated and studied from various sources, such as fungal, plant, animal
[19]. The commence of all tyrosinases is the type 11l copper center within the active
sites, although_tyrosinase structures occurring across all species are diverse [20,21].
The two copper atoms coordinated by surrounding histidine residues serve as the active
sites due to the highly reactive intermediates formed by their interacting with dioxygen.
Generally, tyrosinase exists in three states: deoxy-tyrosinase, met-tyrosinase and oxy-
tyrosinase (fig 3.2) [22,23].
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Figure 3.2. Tyrosinase active site and its three forms.

Tyrosinase is involved in two different oxidative catalytic cycles: the ortho-
hydroxylation of monophenols by oxygen to o-diphenols (monophenolase reaction)
and the oxidation of o-diphenols by oxygen to o-quinones (diphenolase activity), as
shown in Figure 3.3[24]. Tyrosinases’ monophenolase forms ortho-diphenols from L-
tyrosine, which can react only with the oxy-tyrosinase. However, the diphenolase
reaction cycle involves both the oxy and met forms of tyrosinase, and o-quinones

formed are subsequently polymerized to melanin.
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Figure 3.3. Monophenolase and diphenolase catalytic activities of tyrosinase enzyme.

As shown above, melanin synthesis is ultimately regulated by tyrosinase, thus the most
effective approaches to control skin pigmentation or food browning are the inhibition
of tyrosinase [25]. With special focus on skin pigmentation, to date, a large number of
compounds with a tyrosinase inhibition activity of synthetic, semi-synthetic or natural
origin have been introduced into the market [26], and among them, the most commonly
used are arbutin [27], tretinoin (trans-retinoic acid) [28], alpha-hydroxy acids (lactic,
glycolic, citric, malic, pyruvic and tartaric acid) [29], kojic acid [30], azelaic acid [31]
and various forms of vitamin C [32]. However, many skin-whitening agents on the
market have been subject to some proven adverse effects on human health [33].

In recent years, the use of products of natural origin has grown increasingly in the
medical, food and cosmetic fields [34]. As far as cosmetics are concerned, many
companies have focused their research on alternative sources, such as natural active
ingredients to be used in cosmetic products to offer safer alternatives to synthetic ones,

responding to changing market demands without losing effectiveness. In addition,
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natural products are preferred thanks to their wider consumer appreciation and better
biodegradability [35]. Numerous studies aimed at finding bleaching agents of natural
origin, capable of replacing those of synthetic derivation. Most molecules identified as
tyrosinase inhibitors are characterized by the presence of one or more phenolic groups
[36]. The discovery that some polyphenols have a depigmentation effect given by their
analogy with the natural substrates of tyrosinase has stimulated scientific research on
these substances as potential agents useful to counteract melanin accumulation. These
compounds are widely distributed in leaves, barks, roots, seeds and flowers [37]. Many
polyphenol derivatives have been studied in depth (in particular flavonols,
isoflavonoids, and coumarin) and it has been shown that the components that share a
catecholic and/or resorcinol residue and the susbstitution in position 4 of resorcinol
manifest a greater anti-tyrosinase activity [38]. Flavonoids also have antioxidant and
anti-inflammatory properties and are able to inhibit the production of ROS [39]. Since
they do not alter cellular proliferation, the suppression of melanogenesis have a little
invasive and safe action. A valuable review on those natural and bioinspired phenolic
inhibitors was presented by Panzella et al. [40]. In the past few decades, the inhibition
of tyrosinase in the treatment of hyperpigmentation has collected relevant scientific
efforts, and it is still a very interesting research topic, not only in the discovery of new
and effective tyrosinase enzyme inhibitors, but also the important insights into their

inhibitory mechanism.
3.2 The Fundamentals of Enzyme Inhibition Mechanism

Enzyme inhibition means the enzyme active sites are influenced by the so-called
inhibitors, which usually are small molecular compounds, causing a decrease or loss
of catalytic activity of the enzyme. Generally, enzyme inhibition is divided into two
mainly types: reversible and irreversible inhibition based on the mode of inhibitor’s
interaction with enzyme active site [41]. The irreversible inhibitors usually bind
covalently thus modify the enzyme, which might destroy the functional groups of

active sites[42]. Irreversible inhibitors often contain reactive electrophilic groups, such
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as phenyl sulfonates, haloalkanes or nitrogen mustards, which react with enzyme
residues such as cysteine or L-tyrosine by forming covalent adducts, that can not be
reversed. However, the reversible inhibitors usually interact with residues in the active
sites by multiple non-covalent bond forces, such as hydrogen bonds, hydrophobic
interactions and ionic bonds, thus no irreversible chemical reactions happen [43]. Before
looking into the mechanism details of different reversible inhibition types, it is
convenient to briefly address the concept of enzyme complex and Michaelis-Menten

Kinetics, which are the fundamentals of enzyme inhibition research.

3.2.1- Michaelis-Menten kinetics and Lineweaver—Burk plot

Generally, a steady-state means that the concentrations of intermediates are constant
or not changing perceptibly during the ongoing chemical reaction which will change
the intermediates’ concentration [44]. And It is very important in enzymatic analysis,
where the concentrations of the enzyme or of the enzyme-substrate complex are small

compared to the substrate and considered constant, as described in Figure 3.4.

concentration

ES

/e N\ X

Time

Figure 3.4. Change on the concentration of enzyme(E), substrate(S), enzyme-substrate complex(ES)
and product (P) during the time course of reaction.

The idea of enzyme-substrate complex was introduced and discussed by Brown and
Henri at the beginning of the 20" century [45,46]. Later on, Leonor Michaelis and
Maud Menten proposed a mathematical model of the enzyme catalytic reaction, the

Michaelis-Menten kinetics, based on the concept of enzyme-substrate complex and
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steady-state [47]. Until now, Michaelis-Menten kinetics is still one of the best-known
models of enzyme kinetics and is broadly applied in enzyme kinetic research. Usually
an enzymatic reaction involving one substrate is assumed to follow Michaelis—Menten

Kinetics which is presented schematically in Scheme 3.2:

k k
E + S ’k ES < g 4+ p
-1

Scheme 3.2. basic one substrate enzyme kinetic model.

where E, S, ES and P represent enzyme, substrate, enzyme-substrate complex, and product,
respectively. The double arrows between S and ES represents the reversible mode of
enzyme-substrate binding, and the rate constants k; and k., represent the forward and
reverse rate constant, respectively. The product formation step is represented by a
single forward arrow with catalytic rate constant, Kc,.

The Michaelis-Menten equation, where the initial reaction rate V, (usually expressed
as the product formation rate d[P]/dt) is related to the concentration of substrate [S]
and derived on the basis of the steady-state assumption, is shown below in Eg. 3.1.

Details on its derivation are reported in appendix.

v=2_y B (Eq 3.1)

de max g +[9]

In Michaelis-Menten (M-M) equation V.« represents the maximum reaction rate when
the substrate concentration is saturating, K, is the Michaelis-Menten constant, which
Is equal to the substrate concentration where the reaction rate is half of V.

Enzyme Kinetics are studied by measuring and plotting the initial velocity (Vo) as a
function of the substrate concentration [S]: the resulting hyperbolic plot (Figure 3.5)

could be used to compute Vmax and Ky,
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Figure 3.5. Hyperbolic plot of Michaelis-Menten kinetic model.

From the Michaelis-Menten hyperbolic plot we can see that at low substrate
concentration [S], the initial velocity (Vo) increases almost linearly with increasing [S],
however, further increase of [S] induces less than proportional increase of (Vo). In the
end, Vo will arrive its maximal value (Vmax) and will not change with increase of

substrate anymore.

Based on Michaelis-Menten equation, Lineweaver—Burk plot, described by Hans
Lineweaver and Dean Burk [48] was widely used to determine terms in enzyme
kinetics before the wide availability of nonlinear regression software. Further,
Lineweaver—Burk plot could provide a quick and intuitive judgement of different
enzyme inhibition types (details will be given in the following). Basically, it consists
in the double reciprocal plot generated by plotting the reciprocals of V, on the y-axis

and 1/[S] on the x-axis. The equation (Eq. 3.2) and resulting linear plot (Figure 3.6) are

shown below.

1 _ Kmt[S] _ Km 1 1 E
V' Vimax [S] Vimax [S]  Vinax |
3.2)
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It is obvious from the plot that the x-intercept equals to -1/K,, and the y-intercept is
1/Vmax. Other methods of linearization of M-M equation are Hanes-Woolf and Eadie—

Hofstee plots, which similarly can afford the enzyme kinetic parameters.

1V,

1/ Vmax

/

-1/K,, 1/[S]

Figure 3.6. Double reciprocal linear plot of Lineweaver-Burk kinetic model.

3.2.2 Types of reversible inhibition (plots interpretation)

As discussed above, enzyme inhibition, in fact, is the enzyme interaction with an
inhibitor. According to the Michaelis-Menten kinetic model, there are at least two kinds
of enzyme states, thus the enzyme inhibition might happen in different manners,
depending on where the inhibitors interact, or on which enzyme kinetic parameters
they affect. Here we only discuss the reversible inhibition. The most common modes
of reversible inhibition include competitive reversible inhibition, uncompetitive
reversible inhibition, non-competitive inhibition and mixed reversible inhibition [4-
51].

Competitive Inhibition

In competitive inhibition (Scheme 3.3), the inhibitors compete with the substrate for
binding to the free enzyme: this kind inhibitor generally possess affinity to the active
site of the enzyme like the substrate does, and competitive inhibitors are thought to

have similarity in structure with the substrate.
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Scheme 3.3. Schematical kinetic model of competitive inhibition

The competitive inhibition effects are shown in the Figure 3.7: Vimaxdoesn’t change
with the increase of the inhibitor; however, K, will increase accordingly, meaning
more substrate is needed to reach the %2 Vimax. Usually, this kind of inhibition can be

overcome by increasing the substrate concentration.

1/V,

-1/K,,0r -1/Ky, 10 1/[8]

Figure 3.7. The theoretical effect of a competitive inhibitor on the LB plots of substrate-initial rate

relationship.

Uncompetitive Inhibition

In uncompetitive inhibition, inhibitor binds only to the substrate-enzyme complex
reversibly (Scheme 3.4), meaning that binding sites for the inhibitors are created after
the substrate binding.

,k’:~ESME + P

k_
%—/ ESI —— No product
I

Scheme 3.4. Schematically kinetic model of uncompetitive inhibition

158



The inhibition effects are shown in the Figure 3.8: both Vnax (because of inhibitor
combining to the substrate-enzyme complex to form a nonproductive complex) and K,
will decrease (looking like a better binding efficiency of substrate) with the increase

of inhibitors.

1V,

......................

/ /
/ / f P
/ i Increasing inhibitor

1/ Vpayor V, / / |

max app L e

“1/K,y 0F ~1/Ky 20 1/[8]

Figure 3.8. The theoretical effect of uncompetitive inhibitor on the LB plots of substrate-initial
rate relationship.

Pure Noncompetitive Inhibition

In pure noncompetitive inhibition, inhibitor could bind to both the free enzyme and the
substrate-enzyme complex, simultaneously, and substrate binding and inhibitor
binding do not affect each other (Scheme 3.5), resulting in unchanged K., with different
concentrations of the inhibitors (Figure 3.9).

k k
E + S§ —L_-ES —“ E + P

ki
%J El Ir ESI —— No product
I v

Scheme 3.5. Schematically kinetic model of pure non-competitive inhibition

The ternary complex (ESI) is not productive, thus the inhibition effect looks like
removing some enzyme from the system, which in the end will decrease the Vmax with

increase of inhibitor.
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Figure 3.9. The theoretical effect of pure non-competitive inhibitor on the LB plots of substrate-initial
rate relationship.

Mixed Inhibition

The last one is mixed inhibition, where inhibitor can bind both to the enzyme and the
substrate-enzyme complex, but unlike the non-competitive inhibition, substrate
binding and inhibitor binding do affect each other, resulting in both apparent change
of Vimax and Ky, (Scheme 3.6). That’s why non-competitive inhibition is also named as
pure non-competitive inhibition, which in fact is found mainly in textbooks and theory.
The plots details were not shown here, since the slopes and intercepts might be around

all over the places of the cartesian graph.

k 3
E + S ———ES —“ E + P
kg
- K
: El a ESI

Scheme 3.6. Schematic kinetic model of mixed inhibition.

3.2.3 Quantitative description of different reversible inhibitions
All the plots mentioned in the previous sections, including Michaelis-Menten non-
linear plot, and Lineweaver—Burk, Hanes-Woolf and Eadie—Hofstee linear plots, can

be used to both diagnose the inhibition type and estimate the apparent values of the
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Kinetic parameters, especially the inhibition constants. The relationship between the

apparent Vimax and K, and inhibition constants are shown in table 3.1 [52].

Table 3.1. ERelationships between apparent Ky, Vmax and the inhibition constant for
different reversible inhibition types.

Type of inhibition yaprp verr K PP KPP
Competitive 1% V/Kn K1+ [I]/K;")
1+ [1]/K;-
Mixed 4 V/Km Kn(1+[I]/K; /)
1+ [1]/K, 1+ [1]/K,; 1+ [1/K;
Non-competitive® 4 V/Kn K
1+ [1]/K, 1+ [I1/K;
Uncompetitive 4 V/K, Ky
1+ [1]/K; 1+ [1]/K;

a) For pure non-competitive inhibition, K; = Kp

3.4 Research objects

As introduced above, physiological production of the melanin pigment, known as
melanogenesis, plays an important role in the protection from UV exposure by
absorbing the ultraviolet sunlight and removing reactive oxygen species (ROS),
contributing to the prevention of sun-induced skin injury [52]. However, accumulation
of excessive epidermal pigmentation can cause various hyperpigmentation disorders
such as melasma, lentigines, age spots, and sites of actinic damage [53,54]. Regulation
of such disorders has been a long-standing objective for cosmetic and pharmaceutical
preparations, tackling different pathogenetic processes [55], wherein, regulation of
melanin synthesis through inhibition of tyrosinase is being intensely studied for the
prevention of hyperpigmentation and tyrosinase inhibitors could eventually act as skin
whitening agents in cosmetics [56,57]. There is overlapping of application of
antioxidants and compounds for pigmentation control in cosmetics and several

compounds with known antioxidant activity are used also as skin whitening agents.
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Stepping from this overlapping our goal was to investigate tyrosinase inhibition along

with the antioxidant behavior.

UV-Vis spectroscopy is routinely used in enzyme activity tests and remains the most
widely used method, where analysis of product accumulation is preferred due to its
higher sensitivity than monitoring the depletion of substrate [58]. Typically the
measured absorption is that of dopachrome (475nm), spontaneously formed from the
o-dopaquinone [59], and as shown in Figure 3.10, one half of o-dopaquinone is going
to dopachrome, while the other half is going back to L-dopa [60]. However, since
tyrosinase activity is essentially an oxidation process operated by oxygen, where
oxygen is directly involved into the accumulation of late product dopachrome, we set
to improve the reliability of spectrophotometric measurements by parallel oximetry
studies, to measure the kinetics of oxygen consumption during reaction progress.

This technique is the main distinctive expertise of our research group and we aimed at
exploiting it to strengthen current investigation approaches. It was reported that the
uptake of oxygen is stoichiometrically related to the generation of dopachrome [12],
where only half of o-dopaquinone proceeds to spontaneous cyclization to form
dopachrome, implying Y2 O, consumption; however, the half o-dopaquinone
regenerating L-dopa undergoes another oxidation cycle to consume % O, again, thus

in total, the stoichiometric number of O,to dopa is 1 (Figure 3.10) [61].

HO
COOH COOH ---= Melanin
( Cyclodopa m Dopachrome
COOH COOH
NH
© 2 HO NH2
Dopaquinone L-Dopa

Figure 3.10. Non-enzymatic cyclization of dopaquinone to form dopachrome regenerating L-dopa.

We therefore set and optimized a matched approach to monitor tyrosinase kinetics both
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by conventional UV-Vis spectroscopy and by oximetry and we applied this approach

to the investigation of mushroom tyrosinase inhibition.

Many tyrosinase inhibitors from natural and synthetic sources have been recently
reviewed though many of them suffer from limitations, such as low activity and high
cytotoxicity, poor skin penetration, and low stability [34,62]. Many flavonols were
identified as tyrosinase inhibitors [63], usually behaving as competitive inhibitor for
the monophenolase activity due to the 3-hydroxy-4-keto moiety which provides copper
chelating properties [64]. Polyphenols from green tea [65], Heterothecainuloides [66],
Artocarpus incisus [67], Morus alba [68] showed moderate to good inhibitory activity
of tyrosinase. The extracts from roots of licorice (Glycyrrhiza glabra L.) have gained
special interest as anti-melanogenetic agents, mainly for the presence of the prenylated
isoflavonoid glabridin. Nerya and coworkers [69] demonstrated strong tyrosinase
inhibitory activity for both glabridin (Figure 3.11) and the isoflavan glabrene from the
roots of the G. glabra: glabridin was the first confirmed inhibitor with 15-fold the
activity of kojic acid and exhibited higher depigmenting activity than arbutin [70],
whereas glabrene was found to be 100-fold less active than glabridin. Other natural
components isolated from the roots of Glycyrrhiza species (i. e. licochalcone A) [71]
were found effective inhibitors of tyrosinase activity. Kim and coworkers [72] isolated
glyasperin C from G. uralensis and showed it to be twice as active as glabridin against
mushroom tyrosinase. However, glabridin had the best melanogenesis inhibitory
activity in human cell culture, among tested compounds, and was judged the most
interesting candidate as skin-whitening agent. Although glabridin is one of the most
effective natural inhibitors, there is major uncertainty on its actual activity on

quantitative grounds, despite its central role as reference compound [73].

Indeed, I1Csp values in the inhibition of monophenolase activity of mushroom tyrosinase
(the typical reference in current literature) as different as 2.93 uM [73], 0.77 uM [69]
and 0.09 uM [74] have been reported, spanning over almost two orders of magnitude.

Similar spreading affects results on diphenolase activity. Only one kinetic investigation
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addressing the mechanism of inhibition is available in the literature, which indicates
noncompetitive inhibition both for monophenolase and diphenolase activity with
respective values of inhibition constant K, of 0.38 mM and 0.81 mM. These
surprisingly high values are at odds with the much lower K, values available for
reportedly less effective inhibitors like kojic acid (K, in the range 18-23 uM for
monophenolase activity) [75], 6,7,4’-trihydroxyisoflavone (K, = 1.9 uM) [76], or
oxyresveratrol (K, in the range 0.3-0.4 uM) [77], it should be recalled that lower K|
values mean higher inhibiting activity. Since glabridin is often chosen as reference
tyrosinase inhibitor to test other molecules, on using it, it occurred to us that both its
mechanism and inhibition constants may require revision. Given its importance, we
started this new area of research for our group with a detailed kinetic study on the
inhibition of both monophenolase and diphenolase activities by glabridin, as a test-

bench for our new oxygen uptake approach.

Glabridin

Figure 3.11. Structure of glabridin (from Glycyrrhiza glabra L.)

3.5 Results and Discussion

In order to study monophenolase and diphenolase activities of tyrosinase, L-tyrosine
or L-dopa were used as substrate, respectively, following the o-hydroxylation of L-
tyrosine to L-dopa and its further oxidation to o-dopaquinone, or just the second step,
respectively. The inhibitory activity of glabridin was preliminarily evaluated by a UV-

Vis spectrophotometer monitoring product formation (dopachrome) at Amax Of
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absorption (475 nm), in parallel, the oxygen consumption under identical settings was
also studied in matched kinetic experiments by the oximetry method set-up in our lab
(Figure 3.12).

2.5e-1
2.0e-1
%15&1
R‘\ Oe-1
B o)
- (3] - 5.0e-2
B Oxygen oo

e Sensor 0 500 1000 1500 2000 25‘00
time/ S
Woater Bath: 30°C

Figure 3.12. Schematic set-up of the oxygen sensor

3.5.1 Correlation of oxygen consumption to dopachrome generation

The stoichiometric ratios of oxygen consumption to dopachrome accumulation for both
substrate L-tyrosine and L-dopa were determined, respectively, by Garcia-Canovas et
al. [78] and by Riley et al. [79], by correlating the total oxygen consumption and
product formation in the end of the reaction process. In our experiments, the correlation
of the initial velocity, both of oxygen consumtion and dopachrome formation, was
instead studied, either in the presence or absence of enzyme inhibitors, since the initial
velocity is the parameter universally used to analyze the M-M Kkinetics. Besides, the
further spontaneous polymerization of dopachrome (to melanin) will also influence the
apparent dopachrome absorbance at the later stages of enzyme reaction; therefore, we
felt that using initial rates of dopachrome formation and oxygen consumption would
bring to less biased kinetic data. As shown in Figure 3.13, for both substrates L-dopa
and L-tyrosine correlation between initial velocities is more accurate than the one
between the final amount of product generation and substrate consumption, since the

UV absorbance is still growing when the oxygen consumption is complete.
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Figure 3.13. Representative time traces of O, consumption (solid lines) and dopachrome formation
(dashed lines) during the oxidation of L-dopa 1.6 mM (A: tyrosinase 3.85 U/ml; B: tyrosinase 5.78
U/ml) and L-tyrosine 1.6 mM (C: tyrosinase 7.70 U/ml; D: 11.55 U/ml) at 30°C, pH 6.8. The
regression lines in plots C and D were drawn using the indicated (red) time range for the initial rate,
and ratios (average 1.5+0.1) of their slopes was used to determine the stoichiometric ratio between
oxygen consumption and dopachrome production for substrate L-tyrosine.

Moreover, not every single experiment was conducted until reaction completion, thus
it would not have been possible to guarantee that every oximetry experiment was
conducted with identical time-duration as the UV experiment, at the same condition.
Therefore, the stoichiometric ratios of the initial rates of oxygen consumption and
dopachrome accumulation for both substrates L-tyrosine and L-dopa were determined

from the ratios of initial rates of reaction.

The initial rates correlation experiments were conducted by measuring the initial

reaction velocity of the oxidation of both L-dopa and L-tyrosine by different sets of
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enzyme or substrate concentration, as shown in Figure 3.14, and the stoichiometry ratio
of oxygen consumption / dopachrome formation were calibrated as 1.0£0.1 and

1.5+0.2 (oxygen to dopachrome) for substrate L-dopa and L-tyrosine, respectively.
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Figure 3.14. Correlation of the stoichiometry of oxygen (O2) consumption to dopachrome (DC)
production during oxidation of both L-tyrosine (A and B) and L-dopa (C and D), correlating initial
rates of DC production and Oz consumption as a function of tyrosinase concentration at fixed
concentration of substrate (A and C), and initial velocity of DC production and O2 consumption as a
function of tyrosinase concentration at fixed concentration of tyrosinase (B and D).

3.5.2 kinetic study on both monophenolase and diphenolase activities of tyrosinase

inhibited by glabridin: UV-Vis spectroscopy and oximetric methods.

Preliminarily, the kinetic behaviour of mushroom tyrosinase in the oxidation of L-
tyrosine and L-dopa have been studied by both UV and Oximetry without inhibitors.
As shown in Figure 3.15. the production rate of dopachrome and the rate of oxygen

consumption affords excellent matching.
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Figure 3.15. Time-course of DC production and Oz consumption during the oxidation of L-dopa (A,
B) and L-tyrosine (C, D) catalyzed by tyrosinase (3.85 U/ml for L-dopa and 7.70 U/ml for L-tyrosine).
The inserts are the initial rates of oxygen consumption (B, D) and dopachrome formation (A, C)
during oxidation of both L-dopa (A and B) and L-tyrosine (A and B) with the corresponding non-
linear fitting of Michaelis-Menten kinetics (solid lines).

The initial rates collected from the reaction progress satisfy the Michaelis-Menten
kinetics. The Kn, and Vmax values for the monophenolase activity and the diphenolase
activity of tyrosinase were analysed by non-linear regressions, and results are listed in
Table 3.2. The reaction mechanism and the kinetic parameters of the tyrosinase enzyme
have been studied by Fenoll et al. [80] using a more sophisticated and accurate
spectrophotometric method than the simple evaluation of the dopachrome product.
Their Michaelis-Menten constants (Km = 0.25 mM and 0.28 mM for L-tyrosine and
L-dopa respectively) are in reasonable agreement with our kinetic data. In addition, our

data also match with Espin’ s data [60], where the Vmax for L-tyrosine and L-dopa

are 1.8 1 M/min and 24.5 1 M/min respectively.
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Table 3.2. Michaelis-Menten Kkinetics parameters measured both by UV-Vis
spectrophotometry and by oximetry.

dopachrome formation oxygen consumption
activity substrate Km (MM) Vimax Km (MM) Vimax (MM/min)
(UM/min)
monophenolase L-tyrosine 0.18+0.01 9+0.12 0.17+0.02 8.4+0.06
diphenolase L-DOPA 0.26 +0.02 25.8+0.53 0.21+0.02 24.18+0.96

Given the higher rate of the diphenolase reaction, the Vmax Of this process was calculated at the
beginning of the process (between t=0 and t=3 min) and monophenolase activity was evaluated
between 5 and 20 min.

3.5.3 Inhibition kinetics by glabridin

Glabridin (Figure 3.11) is one of the most effective natural inhibitors of tyrosinase, but
there is major uncertainty on its actual activity on quantitative grounds, in spite of its
central role as reference compound, as previously discussed. Given its importance, we
investigated its kinetic of inhibition in detail, addressing both monophenolase and
diphenolase activities, by both methods (spectrophotometry and oxygen uptake) in
matched studies. Results are summarized in Figure 3.16, and the method to get the raw

initial rates is described in the experimental section).
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Figure 3.16. Plots A and B are the non-linear fittings based on Michaelis-Menten kinetics of glabridin
inhibition of monophenolase and diphenolase tyrosinase activity. Data were obtained by UV-Vis
spectrophotometry: (A) diphenolase activity on L-Dopa, glabridin concentrations: @-0 nM, - 90
nM, A-180 nM, ,-300 nM; (B) monophenolase activity on L-tyrosine, glabridin concentrations: .-
OnM, A-15nM, H-37 nM, @-50nM. (C) and (D) are the Lineweaver-Burk plots corresponding to
A and B. (E) and (F) are the Lineweaver-Burk plots of glabridin inhibition on monophenolase and
diphenolase activity studied by oximetry method: (E) diphenolase activity on L-Dopa, glabridin
concentrations: O-0nM, [1-80nM, A-200nM; (F) monophenolase activity on L-tyrosine, glabridin
concentrations: O-0nM, [1-20nM, A-40nM. Enzyme concentration for substrate L-dopa and L-
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tyrosine were 3.85 U/ml and 7.7U/ml respectively, all experiments were conducted at pH 6.5 and
30°C. Due to the higher rate of the diphenolase reaction, the Vmax 0f this process was evaluated at the
beginning of the process (between t=0 and t=2 min), the Vmax of monophenolase activity was instead
evaluated between 5 and 30 min.

Data in the literature on the activity profile of this molecule indicate a non-competitive
inhibitory activity, which implies that glabridin is a compound capable of binding with
the same affinity both the free enzyme and the complex substrate- enzyme. However,
both the UV and oximetry analysis of our study did not show pure non-competitive but
preferring competitive inhibition as shown in Figure 3.16, where the Vmax (intercept on
Y-axis in Lineweaver-Burk plots) keeps constant, while the values of K, (intercept of
X-axis) increase with the inhibitor’s concentration.

For an inhibitor, the determination of K, is important to define inhibition efficiency as
the lower (numerically) is the value of the constant, the more the balance is shifted
towards the formation of the EI complex, therefore the catalyzed reaction will be more
inhibited. Herein, in order to assess more closely the type of inhibition, to a first
judgment it was considered as a mixed inhibition, since the value of V. in Figure 3.16

IS not exactly constant, particularly in oxygen uptake plots (Figure 3.16 E-F).

Mixed inhibitors interfere with both the free enzyme and enzyme-substrate complex,
so there are two dissociation constants K, and K- that need to be considered (Scheme
3.6), the first relating to the inhibitor bonded to the enzyme and the other indicating the
inhibitor bonded to the ES complex. We can define K, and K- as described as below
[80].

K, =— (Eg. 3.3)

_ [ES]I]
K, = (Eq. 3.4)

As described in Table 3.3, in order to determine K, and Ky for a mixed inhibition from
M-M Kkinetic treatment, it is necessary to introduce the parameters a and an o', which

are given as follows:
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a=—ra (Eqg. 3.5)
a ="m7 (Eq. 3.6)
\%4

max

Where K, and K" are respectively is the Michaelis-Menten constant, (substrate
concentration giving half-maximum rate) in the absence and in the presence of the
inhibitor, and Vmax and Vma@ are respectively the maximum rate measured in the
absence and in the presence of the inhibitor. K, and K- values can then be obtained

from the following equations at each given concentration of the inhibitor [I].

a=1+ (%) (Eq. 3.7)
@ =1+ (%) (Eq. 3.8)

The apparent M-M kinetics parameters K, and K®? and a. and an o' from data in Figure
3.16, are listed in Table 3.3 and Table 3.4, for substrate L-tyrosine and L-dopa
respectively. The calculation of inhibition constants K, and K, for various
concentration of glabridin as the inhibitor are also collected in Table 3.3 and Table 3.4,
for substrate L-tyrosine and L-dopa respectively.

Table 3.3. Kinetic parameters of tyrosinase diphenolase activity inhibition by

glabridin. Kinetics data were obtained both by non-linear and linear regression fit (see
experimental section) at different glabridin concentrations.

Dopachrome (DC) formation Oxygen (02) consumption average
[Glabrindin] (nM) | 0 90 180 300 0 80 200
Vimax OF Viax 2PP 25.840.53 | 25.74+1.14 | 22.74+£2.52 | 18.54+4.32 | 24.18+0.96 | 22.5+1.32 | 16.02+1.26
(LM/min)
K or Ky ?PP (mM) 0.26 £0.02 | 0.67+0.06 1.08+0.02 1.21+0.46 0.21+0.02 0.47+0.08 0.56+0.05
o= (Kn "X o')/Kn 2.17 4.79 6.58 2.34 3.95
o' = Vimax / Vinax *P 1.00 1.14 1.39 1.075 1.51
K= [1]/(a-1) 77.24 47.54 53.75 59.86 67.71 61.22
+10.43
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K= [T/(a-1)

39130.4

1337.7

1071.4

392.65

8539.7
+15298.6

766.13 ‘

Vimax OF Vimax 2P refer to not inhibited and inhibited assays, respectively, and K or K 2P refer to not
inhibited and inhibited assays, respectively. Data were obtained both by UV-Vis spectrophotometry
and oximetry method.

Table 3.4. Kinetic parameters of tyrosinase monophenolase activity inhibition by
glabridin. Kinetics data were obtained by non-linear and linear regression fit at

different glabridin concentrations.

Dopachrome (DC) formation Oxygen (02) consumption ? average

[Glabrindin] (nM) | 0 15 37 50 0 20 40

Viax OF Vinax 2PP 9.00+£0.12 | 7.50+0.6 | 7.80+0.24 | 7.56+£1.20 | 8.40+0.06 | 7.62+1.20 | 7.92+1.38

(uM/min)

Kmor K, *P (mM) 0.18+0.01 | 0.27+0.04 | 0.61+0.03 | 0.97+0.20 | 0.17+£0.02 | 0.39+0.06 | 0.65+0.08

o= (Kn?Px o)/Kn 1.74 3.86 6.25 2.46 3.99

o' = Viax / Vinax *PP 1.20 1.15 1.19 1.10 1.06

K= [11/(a-1) 20.21 12.95 9.53 13.70 13.37 13.95+
3.46

Kr=[1]/(a'-1) 74.38 239.81 267.42 190.77 648.30 284.13+
93.68

a = Vmax Or Vmax ®P were calibrated by using the stoichiometry ratio of 1.5 for O2/DC (see 3.5.1).

As it can be seen, glabridin shows very potent activity in inhibiting both
monophenolase and diphenolase activities of tyrosinase. Notably, spectrophotometry
and oximetry afford results in very good agreement, despite the major difference
between the techniques, validating our new oxygen-uptake kinetic approach for the
study of tyrosinase inhibition. Concerning the mechanism of inhibition, it is interesting
to note that K- quantifying the inhibition based on interaction of glabridin (I) with the
ES complex is over two orders of magnitude larger than K, describing the competitive
inhibition (interaction of | with E), for diphenolase activity, and over 10-folds larger
for inhibition of monophenolase activity. This means that less than 1% the inhibition
of diphenolase activity and less than 10% the inhibition of monophenolase activity by
glabridin is due to binding to ES i.e. to uncompetitive behavior. For most of its activity

glabridin competes with substrate (L-tyrosine or L-dopa) for the enzyme’s active site
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in a classical competitive mode with K| values of 13.95 nM and 61.22 nM, respectively.
This is at variance with the previously reported mechanism and the absolute magnitude
of K, values measured here for glabridin fully justify its reputation as one of the most
potent natural tyrosinase inhibitors, and explain its much higher activity compared to

Kojic acid, at variance with previous literature.

3.5.4 Determination of I1Cso (half-maximal inhibitory concentration)

In biochemistry, inhibitors are usually described in terms of inhibition type and
inhibition constant, as we have done above. This is obviously the appropriate method
since it has a clear connection with the inhibitory mechanism and offers full
understanding of the inhibition on kinetic bases. However, enzyme inhibition is of
crucial importance also in pharmacology, where pharmacologists are more interested
in the consequences of inhibition than in inhibition mechanism. That’s why it is
common to see the inhibition performance being reported as 1Csy values in the enzyme
inhibition literature. The value of 1Csy, a quantitative parameter, indicates the
concentration of an inhibitor that is able to produce a rate of enzyme reaction which is
half that observed in the absence of the inhibitor under the same conditions, and 1Cs
value is usually expressed as molar concentration. Usually a dose-response diagram is
used to track the effect of inhibitors on the initial rate of enzymatic reaction at a fixed
concentration of substrate [81], and there is also an equation (Eg. 3.9), Langmuir

isotherm equation [82], describing the effect of inhibitor concentration on reaction.

4 (Eq. 3.9)
VO 1+E

The 1Cs of glabridin inhibition of tyrosinase for substrates L-tyrosine and L-dopa at
different substrate concentration were calculated and shown in Table 3.5. It is clearly
possible to see the positive correlation between the 1Cs value and the concentration of
substrates. This demonstrates that 1Csy values depend on the exact experimental

settings and somewhat limits their usefulness in quantifying inhibitors’ performance.
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Thus, 1Cso data were listed here to give a reference to compare with current literature,
showing that the ICsy for both substrates (L-tyrosine and L-dopa) are significantly
smaller, down to 4 orders of magnitude, compared to literature data, which already
contradict each-other and span over 2 orders of magnitude (e.g. 2.93 uM [73] to 0.09
uM [74] for monophenolase activity).

Table 3.5. 1Csq values calculated according to Eq. 3.9 for tyrosinase inhibition by
glabridin at different concentrations of L-tyrosine and L-dopa substrates.

[L-dopa] (mM)  0.05 0.10 0.16 0.25 0.32 0.40
ICso (nM) 80.89  81.57 9637  114.03 229.67 292.63

[L-tyrosine] (mM)  0.05 0.10 0.16 0.25 0.32 0.40

ICso (nM) 1650  21.02 2278 2932  31.6 38.4

The 1Cso were calculated from the data of Figure 3.16 using UV-Vis experiments.

3.5.5 Is Glabridin a substrate for tyrosinase?

Several molecules with reported inhbiting activity of tyrosinase have also been found
to be able to act as alternative substrates for tyrosinase. This means that, beside slowing
down the production of “normal” intermediates in the biosynthesis of melanin, they
can, nonetheless, be transformed by the enzyme. This is because mushroom tyrosinase
is a polyphenol oxidase (PPO) enzyme, which have no strict specificity of only one
substrate. Particularly inhibitors with a relevant ability to access the enzyme’s active
site (e.g. competitive inhibitors) with a non-hindered phenolic or polyphenolic
structure might act as alternative substrate. For instance, this is the case for catechins
[83], caffeic acid [84], ferulic acid [85], neohesperidin and other phenolic compounds
[85]. Since glabridin is a phenolic compound it cannot be excluded that it also acts as
alterantive substrate. To the best of our wknowledge this has never been assessed
before. Although I have not investigated this point personally, it was investigated in a
parallel study in our research group, and I am shortly mentioning the results, since this
behavior might potentially interfere with the spectrophotometric assay and bring to
misleading results [85]. Incubation of mushroom tyrosinase under identical contitions
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used in the assay with glabridin 200 nm or 1 mM in the absence of other substrates, i.e.
without tyrosone or L-DOPA, showed no reaction in 60 min either when monitored
spectrophotometrically or by oxygen sensing. Since the two concentrations of
glabriding tested correspond, respectively, to the highest level it was employed as
inhibitors and one of the highest concentration used for the natural substrate tyrosine,
the absence of any detectable reaction allow excluding that glabridin acts as alternative

substrate under our testing conditions.

3.6 Conclusions and perspective

Accurate quantitative analysis in this study indicated that the inhibition kinetics of
tyrosinase by glabridin is of mixed type, where glabridin is able to interfere both with
the E and the ES binding forms with two distinct dissociation constants K, and K;'.
Results allowed to solve a long-standing controversy on glabridin inhibiting
mechanism both for monophenolase and diphenolase activities, showing its prevailing
competition with the respective substrates (L-tyrosine or L-dopa). Our results afforded
for first time competitive dissociation constants K; as 13.95 nM and 61.22 nM, for
monophenolase and diphenolase activities, respectively, supporting its role as one of
the most effective, reference natural inhibitors. Our new oximetry method showed to
be practical and reliable to investigate tyrosinase inhibition and nicely complements
and supports conventional spectrophotometric measurements. Further studies will
certainly benefit for this achievement.

Given the possibility of application of the oximetry approach in the tyrosinase
inhibition analysis, which was confirmed in this study, we also have a positive attitude
towards the application of this method in the analysis of other oxidative enzyme
inhibition, where oxygen is consumed during reaction process. Besides, since the
oxygen sensor monitors the oxygen concentration every second, this might provide
more possibility and accuracy to analyze the kinetic data, for example, by fitting the
whole reaction progress with Copasi software mentioned in chapter two (or with other

software), instead of limiting to the initial rate, which brings higher error.
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As for the tyrosinase inhibitors, there are plenty research focusing on the revealing of
new molecules, both synthetic and natural, where the Michaelis-Menten kinetics are
often reduced only to reporting ICs values. As we discussed in this chapter, ICso seems
not a good parameter to show the potential of the inhibitors, given its dependence on
the chosen substrate concentration. Instead, the inhibition constants are comparatively
better parameters. Among investigations reporting a full kinetic analysis, often kojic
acid or arbutin are used as a reference inhibitor, although they possess moderate
inhibition activity. Thus, compounds with high inhibition efficacy like glabridin might
provide more meaningful references, which will be enabled by the solid kinetic data

provided in this chapter.

According to the whole process of tyrosinase-catalyzed melanin formation (Figure 3.3),
tyrosinase inhibition kinetics should be treated as a two-substrates enzyme inhibition
Kinetic, where oxygen is another substrate beside L-tyrosine or L-dopa. However,
tyrosinase, and even other oxidase, are normally considered as one substrate enzyme
kinetics due to the complexity of the mathematical analysis and the difficulty to
monitor the oxygen concentration as a substrate. In other word, the concentration of
oxygen is taken as constant during the initial period of the reaction. The chemistry
discussed in this chapter brings another inspiration, suggesting the study of tyrosinase
with a simple dual-substrate enzyme segmentation method, which can become more
easily accessible, given the possibility of real-time oxygen concentration monitoring,

allowed by our current oxygen uptake method.
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3.7 Experimental section
3.7.1 Materials

Glabridin (= 98%), L-tyrosine (= 98%), L-dopa (= 98%), water, acetonitrile,
methanol (HPLC grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Commercial mushroom tyrosinase (EC 1.14.18.1, activity = 3130 units/mg) was
purchased from Sigma-Aldrich and used without further purification. It was diluted in
potassium phosphate buffer solution (50 mM, pH 6.8) and stored in small aliquots at -

20°C. All other reagents were of analytical grade from Sigma-Aldrich-Fluka.

3.7.2 kinetics evaluation by UV-Vis spectrophotometer

Kinetic evaluation of monophenolase and diphenolase inhibition of tyrosinase with or
without glabridin was carried out using UV-Vis spectrophotometry at 30°C in a
Thermo Scientific (Milan, Italy) Biomate 5 coupled with a Heto DBT Hetotherm
(Birkergd, Denmark) thermostatting water circulator for temperature control. The

samples were analyzed in polystyrene micro cuvettes (= 1.5 mL, | =1 cm, 12.5x12.5

x45 mm). Absorbance of dopachrome was measured at 475 nm from 20 min to 60 min
(1 scan / 55s) reading the solution against a reference cuvette containing all reaction
components except the substrate, which was replaced with potassium phosphate buffer
(50 mM, pH 6.8). Absorbance variation vs time at different substrate concentration
allowed to obtain initial velocity (V = AA/Amin) which was converted in pM/min
according Lambert-Beer law as follows! : V (UM/min) =V (AA/Amin) x 10° / gmax X
l. The molar extinction coefficient (g) for dopachrome at Ama= 475 nm is 3700 M1 cm’
Land UV path (I) was 1 cm. Michaelis-Menten parameters (Km € Vmax) Were obtained
processing initial velocity vs substrate concentration data by nonlinear regression using

Sigmaplot software.
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The effect of inhibition of monophenolase activity was evaluated at fixed tyrosinase
units (3.85 U/mL for L-dopa, 7.70 U/ml for L-tyrosine) at varying substrate
concentrations (6 levels of L-dopa and L-tyrosine, from 0 to 1.2 mM and 0 to 0.4 mM
respectively) testing reactions without and with glabridin (varied from 0 to 300 nM for
L-dopa and 0 to 50 nM for L-tyrosine).

Given the difficulty to maintain the activity of enzyme, the tyrosinase activity was
analysed at the beginning of every integral week during the experimental period
according to supplier indications, in order to adjust to fixed tyrosinases units for
different substrates. Briefly, Sigma unit corresponds to the amount that will cause an
increase in absorbance at 280 nm of 0.001 per minute at pH 6.8 in a 3 mL reaction

mixture containing L-tyrosine. Sigma units were used thoroughly in this study.
3.7.3 kinetics evaluation by oximetry

Kinetic evaluation of tyrosinase monophenolase and diphenolase kinetics or inhibition
by glabridin was carried out using oximetry at 30°C by the oxygen sensor (Pyrosience
Bremen, Germany) immersed in a water bath controlled by Heto DBT Hetotherm
(Birkergd, Denmark). The fconsumtion of oxygen ii only one single sample could be
studied at one time, which costs considerably more time than UV-Vis
spectrophotometry. The samples were contained in 1 ml glass flask had-made by a
local scientific glass blower. The oxygen consumption was recorded every second, and
all reaction components, except the inhibitor concentration, were maintained identical

to those set for UV-Vis spectrophotometry.

The raw data collect directly from the oxygen sensor is a percentage, of the saturation
oxygen concentration in the flask, corresponding to 0.236 mM at 30°C which reflects
in the computer reading as 20%. Thus, the oxygen concentration during the time course
of the enzymatic oxidation of L-dopa or L-tyrosine were converted into uM/min by the
following equantion: V (UM/min) =V (AP /As) x 0.236 x 10°x 60 / Py The initial rate
of the oxygen consumption (reported in Figure 3.16) was obtained by Sigmaplot

regression of the initial data range of oxygen consumption vs time, as illustrated in the
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following representative Figure 3.17, and the initial rates are collected in Table 3.6,

which were used to further analyze data according to Michaelis-Menton kinetic.

0.26

0.24 -
0.22 -

0.20 -
0.18 -
0.16 1

[02]/ mM

0.14 1

0.12 1
0.10 1

0.08 . . . . .
0 5 10 15 20 25 30

time / min
Figure 3.17. The time progresses of O, consumption during the oxidation of L-dopa at different initial
concentration from 0.1 mM (purple line) to 1.2 mM (red line), inhibited by glabridin (80 nM). The

black lines are the linear regression (Vo) for every L-dopa concentration, taken in the highlighted time
range (40s to 160s).

Table 3.6. Raw data of initial rates obtained from the linear fitting by Sigamplot
software of initial rates of oxygen consumption for different L-dopa concentrations.

[L-dopa] (mM) | 0.1 0.2 0.4 0.8 1.2
Vo=slope of O, | 5.71x10% | 1.14x1077 1.70x107 [ 2.37x107 | 2.63x1077
uptake (mM/s)

The non-linear analysis was conducted by non-linear fitting of initial velocity V, as a

function of L-dopa concentration with the hyperbolc equation y = % using

sigmaplot software, where y, X, aand b represent Vo, [S], Vmax and K, respectively. The
results of fitting are shown in Figure 3.18.
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Figure 3.18. Initial rates of oxygen consumption during tyrosinase catalyzed oxidation of L-dopa and
the corresponding non-linear fitteing to Michaelis-Menten Kkinetics.

The results from the non-linear fitting by Sigmaplot is shown in table 3.7

Table 3.7. Non-linear fitting report by Sigmaplot of figure 3.18

Parameter Value Standard Error
a 22.29 0.9109
b 0.4759 0.4586

Where the value of a and b represent Vma*P and Ky, 2P, respectively.

Identical kinetic data collection and treatment was applied when using L-tyrosine as
the substrate and either in the absence of inhibitor or for each concentration of

glabridin.
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Appendix
Derivation of M-M Kinetic equations

k k
E + S ! ES —<“ E 4+ p
k_

basic one substrate enzyme kinetic model.

Applying the law of mass action, the rate of a reaction is proportional to the product of
the concentrations of the reactants, which gives a system of four non-linear ordinary

differential equations that define the rate of change of reactants with time

% = —ky[E][S] + k_y[ES] + ko [ES]
d[s]
—- = ~ka[E[S] + k_, [ES]
d[ES
% = kl [E] [S] — k_l[ES] - kcat[ES]
d[ES
% = ky[E][S] — k_1[ES] — kca[ES]
d[P]
W = kcat[ES]

In this mechanism, the enzyme E is a catalyst, which only facilitates the reaction, so
that its total concentration free plus combined is given by [E] + [ES] = [E],, This
conservation law can also be observed by adding the first and third equations above. In
their original analysis, Michaelis and Menten assumed that the substrate is in
instantaneous chemical equilibrium with the complex, which implies:
k1 [E][S] = k4 [ES].
[E] = [E]o — [ES]
ki([E]o — [ESDI[S] = k_4[ES]
k1[E]o[S] — k_1[ES][S] = k_4[ES]
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k—1[ES] + k1[ES] [S] = k1[E]o[S]
[ES](k_y + k1 [S]) = k4[E]o[S]

_ k[ETolS]
[ES] = k_, + k{[S]
(ES] = k,[E]o[S]

(2 +151)

Upon simplification, we get

[E]olS]
K + [S]

Where K, is the dissociation constant for the enzyme-substrate complex. Hence the

[ES] =

velocity of the reaction — the rate at which P is formed - is

d[P] [S]

~Tdr | max K., + [S]

where Vmax 1S the maximum reaction velocity.
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