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Peroxyl Radical Trapping Antioxidant Activity of Essential Oils and
Their Phenolic Components

Wenkai Pan, Albert Velasco Abadia, Yafang Guo, Simone Gabbanini, Andrea Baschieri,
Riccardo Amorati, and Luca Valgimigli*

ABSTRACT: Essential oils (EOs) are gaining importance as sustainable food antioxidants, but kinetic data on peroxyl radical
trapping are missing. Thirteen EOs from 11 botanical species were studied in the inhibited autoxidation of cumene by oxygen-uptake
kinetics. EOs of Juniperus oxycedrus, Syzygium aromaticum, Thymus vulgaris, Thymbra capitata, Betula alba, Pimenta racemosa, and
Satureja montana, containing 23—86% phenolic components by gas chromatography/mass spectrometry (GC—MS) analysis,
afforded inhibition rate constants ky, in the order of 10 M~" s™" at 30 °C similar to reference butylhydroxytoluene (2,6-di-tert-butyl-
4-methylphenol) (BHT). They matched or outperformed BHT in the protection of olive oil. The EOs Daucus carota and Cedrus
atlantica with <1% phenols and those of Apium graveolens and Tagetes minuta with no phenolics had no chain-breaking activity. Key
components carvacrol, thymol, eugenol, dihydroeugenol, umbelliferone, conyferyl alcohol, o-cresol, m-cresol, p-cresol, 4-allylphenol,
2,3-xylenol, 2,4-xylenol, and phenol had ki, in the range of 10°~10* M~ s™" and, along with EOs containing them, could potentially
replace BHT in the protection of food products.

KEYWORDS: rate constants, synergy, olive oil, sustainable foods, Pimenta racemosa, Betula alba, Juniperus oxycedrus, Thymbra capitata,

Satureja montana

B INTRODUCTION

Plant essential oils (EOs) continue attracting major research
interest concerning their biological properties, several of which
have been associated with a purported antioxidant activity.' ™
Yet, the main interest related to the antioxidant activity of
essential oils is perhaps their potential use as natural food
preservatives™® to counteract lipid peroxidation.” In this
regard, their importance as food aromas,” combined with the
antimicrobial activity that is being highlighted by a wealth of
studies,” "' is the ideal complement of a possible antioxidant
activity, making them highly interesting multifunctional natural
food additives, ” able to respond to the evolving demand for
sustainable products and lifestyles."?

Despite the interest, only limited data are currently available
on the actual ability of EOs to act as antioxidants and protect
lipids from peroxidaﬁon.lz’14 Indeed, most studies have relied
on rapid assays such as the discoloration of persistent radicals
like 2,2-diphenyl-1-picrylhydrazyl (DPPH) or 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), or on other
assays that, despite their popularity, do not actually test the
ability of the potential antioxidant to protect a substrate from
oxidation; hence, they are unable to quantify it.!>1° Although
exceptions might be observed in some food products under
some circumstances,’’ the most effective mechanism for the
antioxidant protection of lipids or other oxidizable materials is
the, so-called, chain breaking.ls’w This is based on the
reactivity of the antioxidant with alkylperoxyl radicals, which
are the carriers of the radical chain, thereby sparing the
oxidizable material. The activity is best quantified by
determining the inhibition constant k., ie., the rate constant

for trapping peroxyl radicals by the antioxidant. This value
should be orders of magnitude higher than the rate constant
for reaction of the same radicals with the oxidizable
substrate—the rate constant of chain propagation k,—so to
guarantee that, even when used at a very low concentration,
the antioxidant would outcompete the substrate, e.g, the
unsaturated fatty acid chain of vegetable oils, in reacting with
peroxyl radicals, thereby preserving it.'"” Therefore, the
knowledge of ki, is key in assessing the performance of any
antioxidant, including EOs, as well as to enable their use in
rational antioxidant strategies, as opposed to time-consuming
trial-and-error approaches.'*'%'%"?

Unfortunately, while different experimental approaches have
been validated to measure k;;, for pure molecular antioxidants,
be them synthetic or of plant origin,lé'20 the task becomes
much more difficult for complex mixtures like essential oils,
often containing several potential antioxidant molecules, which
might differently contribute to the overall radical reactivity and
antioxidant (or even prooxidant) behavior.”' This has
precluded obtaining ki ;, values for essential oils.

In the preliminary work, we have proposed a simplified
experimental approach to handle such a complexity and

measure the chain-breaking activity of raw EOs, upon



experimentally isolating it from other types of redox
activities.'"” This was based on focusing on the characteristic
phenolic components, treating them as a single molecule, and
testing the EO at a very low concentration to protect a
kinetically well-known oxidizable substrate in controlled
autoxidation studies.'” Despite its simplicity, the approach
proved to be effective and to open to truly quantitative
evaluation of EOs’ antioxidant performance. However, it was
only tested on a limited number of EOs, each with a relatively
simple structure and containing one or two, out of overall only
three phenolic components.'”

In this work, we wish to report on our much-extended
investigation on 13 new specimens from 11 botanical sources,
boosting overall 27 phenolic components and whose total
phenolic content ranged from ~0 to 86%. EOs were selected
among those interesting as food aromas. Red thyme (Thymus
vulgaris, L.) and clove bud (S. aromaticum, L.) are among the
richest in phenolic terpenoids and phenylpropanoids, respec-
tively. Although we had previously studied them,'” we have
included in this study two (different) additional specimens
each, since their composition is subjected to major natural
variability. Winter savory (Satureja montana, L.) and Spanish
oregano (Thymbra capitata, L., Cav.) EOs were also included
for the expected high phenolic content. Birch (Betula alba, L.),
cade (Juniperus oxycedrus, L.), cedarwood (Cedrus atlantica,
Endl), and bay St. Thomas (Pimenta racemosa, Mill.) EOs
were selected for their interest as smokey-woodsy aromas in
food technology, along with aromatic carrot seeds (Daucus
carota, L.), celery (Apium graveolens, L.), and marigold (Tagetes
minuta, L.) EOs. The aim of this work was to validate our
quantitative approach, based on controlled inhibited autox-
idations of reference substrates, in affording EOs’ ki, values
and allowing full rationalization of their antioxidant activity.
Several individual phenolic components were also investigated
since no ki values were available in the literature to allow
comparison with raw EOs and evaluate on quantitative
grounds any possible synergic interplay among components.
Additionally, a selection of EOs was further tested in the
protection of olive oil triglycerides in an accelerated oxidation
test, in comparison with the benchmark synthetic antioxidant
butylhydroxytoluene (2,6-di-tert-butyl-4-methylphenol)
(BHT), chosen for its widespread use in food products, to
prove their real-life usefulness as alternative food preservatives.

Antioxidant protection of food products is sometimes
further complicated by the partition or confinement of the
antioxidant in heterogeneous systems;13 these aspects are
outside the scope of the current investigation and will not be
discussed.

H MATERIALS AND METHODS

Materials. The essential oils of Cade (J. oxycedrus, L.; origin =
Italy), Clove bud 1 (S. aromaticum, L.; origin = Madagascar), Red
Thyme 2 (T. vulgaris, L.; origin = Spain), and Spanish oregano (T.
capitata, L. Cav.; origin = Italy) were from Maraschi & Quirici (Turin,
Italy); the oils of Birch (B. alba, L.; origin = North America), Bay St.
Thomas (P. racemosa (Mill), JW. Moore; origin = Caribbean),
Winter Savory (S. montana, L.; origin = Italy), and Wild Marigold (T.
minuta, L.; origin = South America) were from Esperis S.p.A. (Milan,
Italy); the oil of Carrot seeds (D. carota, L.; origin = Europe) was
from Silvestris & Szilas Ltd. (Kerepes, Hungary); the oil of Red
Thyme 1 (T. vulgaris, L.; origin = Italy) was from G.E.L Nectar
(Settimo Torinese, Italy); the oils of Clove bud 2 (Syzygium
aromaticum, L.; origin = Zanzibar) and Celery (A. graveolens, L.;
origin = Spain) were from Muller & Koster (Milan, Italy); the oil of

Cedarwood Atlas (C. atlantica, Endl; origin = Morocco) was from
Pell Wall (Stone, UK.); they were all provided of a certificate of
origin. 2,2-Azobis(isobutyronitrile) (AIBN, Merck, Milan Italy) was
recrystallized from methanol. 2,2,5,7,8-Pentamethyl-6-chromanol
(PMHC, Merck, Milan Italy) was recrystallized from hexane. Cumene
(>98%, Merck, Milan Italy) was percolated twice through activated
basic alumina and once through silica to remove impurities and traces
of hydroperoxides.u'22 2,4-Dimethylphenol (2,4-xylenol, 98%), 2,3-
dimethylphenol (2,3-xylenol, 98%), 2,5-dimethylphenol (2,5-xylenol,
>99%), 2-methylphenol (o-cresol, >99%), 3-methylphenol (m-cresol,
>98%), 2-methoxy-4-propylphenol (dihydroeugenol, >99%), eugenol
(>98%), coniferyl alcohol (98%), umbelliferone (99%), thymol
(Ph.Eur.99—101%), and carvacrol (99%), all from Merck (Milan,
Italy), and 4-allylphenol (chavicol, >98%) from TCI (Tokyo, Japan),
were used without further purification. Solvents were of the highest
grade commercially available (Merck, VWR, Milan, Italy) and were
used as received. (d)-a-Tocopherol and stripped olive oil (with native
phenolic components removed) were available from previous
studies. ™

Analysis of the Essential Oils. GC—MS analysis was carried out
on a Star 3400 CX gas chromatograph (Varian, Palo Alto, CA)
equipped with two detectors: a Saturn 2000 ion-trap mass
spectrometer detector (Varian) and a flame ijonization detector
(FID;H2/Air), each connected to a Zebron ZB-5 column (5%
phenyl—95% dimethyl-polysiloxane, 30 m, 0.25 mm, 0.25 m) from
Phenomenex (Bologna, Italy), each fed by one of two identical split/
splitless 1078 Universal Capillary Injectors (Varian). Injection (0.4
puL) was operated by a CombiPAL 2-axis autosampler (CTC
Analytics, Zwingen, Switzerland). The carrier was helium at 1.25
mL/min, and the split ratio was 1:16. The injection and transfer line
temperature was 250 °C, while the column had the following
programming: 50—220 °C at 2 °C/min. Mass spectra were collected
in electron impact (EI+) mode at 70 eV, with a range of 40—650 m/z
and used to build the TIC chromatogram. Compounds’ identification
was based on matching the MS spectrum with the NIST14 library and
with a self-built EOs/terpenes library and then confirming the identity
with Kovat’s retention index.”** Semiquantitative analysis of each oil
was based on the relative % area of the chromatographic peak over the
total area in the chromatogram, by means of 3 repeated injections in
gas chromatography flame ionization detector (GC-FID), under
identical settings as those used in gas chromatography/mass
spectrometry (GC—MS). The concentration (in g/L) of the phenolic
components was estimated from the above % values assuming equal
relative response factor (RRF) for all components.'

Inhibited Autoxidation Kinetics. The antioxidant activity of
EOs and their phenolic components were analyzed by determining
their kinetics of reaction with alkylperoxyl radicals during inhibited
autoxidation studies.”® Cumene was used as the reference oxidizable
substrate (k, = 0.34 M~' 57!, 2k, = 4.5 x 10* M™' 57" in PhCl at 30
oc).12,26

Oxygen consumption during the autoxidation of the substrate was
measured in a differential oxygen-uptake apparatus built in our
laboratory, based on a Validyne DP15 pressure transducer (North-
ridge, CA), which has been previously described.””~*° The reaction
was thermally initiated at constant rate (R; in the range (1-5) X 107°
M s7') by the decomposition of AIBN (0.01-0.1 M), and
tocopherol’s mimic 2,2,5,7,8-pentamethyl-6-chromanol (PMHC) was
used as a reference antioxidant.'®'® In a typical experiment, an air-
saturated solution of cumene (50% v/v, 3.6 M) in chlorobenzene
(PhCl) containing 0.05S M AIBN (sample) was equilibrated at 30 °C
with an identical solution (reference) containing an excess of PMHC
(25 mM) to block any radical chain and the consumption of oxygen.
After reaching a constant O, consumption in the sample, a stock
solution of the antioxidant to be tested (e.g., the EO or some phenolic
component) was injected in the sample flask at a final concentration
(typically 1-10 uM for pure molecules or 1—5 uL/L for EOs)
adjusted to allow some oxygen consumption even during inhibition,
i.e,, a chain length of at least 8—10.”"">° Oxygen consumption in the
sample was measured from the difference in pressure between the two
channels upon calibration of the apparatus. The slope of the oxygen



Table 1. Phenolic Components Found in the Investigated Essential Oil Specimens, Reported as % Peak Area in Gas-

Chromatogram (Average + SD, n=3)

essential oil (g/fnL) phenolic component % (GC) essential oil (g/dmL) phenolic component % (GC)
birch (B. alba, L.) 1.042  phenol 1.88 + 0.06  cade ( J. oxycedrus, 1.012  phenol 1.10 + 0.04
o-cresol 2.03 + 0.08 L. o-cresol 0.99 + 0.03
m-cresol 145 + 0.02 m-cresol 0.72 + 0.06
p-cresol 296 + 0.07 p-cresol 234 +0.10
guaiacol 893 + 0.16 guaiacol 2.70 + 0.08
2,6-xylenol 0.34 + 0.02 2,6-xylenol 0.26 + 0.02
2,5xylenol 1.36 + 0.05 2,5-xylenol 0.78 + 0.03
2,4-xylenol 0.86 + 0.02 2,4-xylenol 0.55 + 0.03
4-ethylphenol 0.24 + 0.02 4-ethylphenol 0.26 + 0.02
3-ethylphenol 023 + 0.01 3-ethylphenol 0.22 + 0.01
3,5xylenol 0.59 + 0.03 3,5-xylenol 0.10 + 0.03
3-methylguaiacol 0.44 + 0.02 3-methylguaiacol 0.25 + 0.04
2,3-xylenol 025 + 0.01 2,3xylenol 0.20 + 0.03
4-methoxy-3-methylphenol 044 + 0.05 4-methoxy-3-methylphenol 0.19 + 0.01
p-creosol (4-methylguaiacol)  14.73 + 0.43 p-creosol (4-methylguaiacol)  5.04 + 0.12
3,4-xylenol 0.15 + 0.02 3,4-xylenol 027 + 0.04
1,2-benzenediol 1.17 + 0.16 1,2-benzenediol 0.56 + 0.02
6-ethyl-o-cresol 029 + 0.01 6-ethyl-o-cresol 0.27 + 0.01
4-ethylguaiacol 7.92 + 0.09 4-ethylguaiacol 3.68 + 0.09
syringol 2.10 + 0.06 eugenol 0.59 + 0.05
eugenol 122 + 0.03 dihydroeugenol 1.32 + 0.07
dihydroeugenol 2.07 + 0.07 total 22.67
total 51.65 winter savory (S. 0921  thymol 18.70 + 0.41
bay St. Thomas (P. 0972  4-allylphenol 868 + 017  montana, L) carvacrol 2351 + 0.55
racemosa, Mill.) eugenol 5125 + 1.04 eugenol 1.23 + 0.05
total 59.93 total 43.44
carrot seeds (D. 0.886  umbelliferone 0.86 + 0.04  Spanish oregano (T. 0.920  carvacrol 69.43 + 1.19
carota, L.) total 0.86 capitatua, L., Cav.) total 69.43
cedarwood (C. 0922  coniferyl alcohol 0.88 + 0.07  red thyme 1 (T. 0914  thymol 3.44 + 0.08
atlantica, vulgaris, L.) carvacrol 36.39 + 0.42
Gaussen)
total 0.88 total 39.83
celery (A. 0.882 ND ND red thyme 2 (T. 0910  thymol 53.77 + 0.88
graveolens, L.) vulgaris, L.) carvacrol 3.50 + 0.06
total ~0 total §7.27
clove bud 1 (S. 1.050  eugenol 86.02 + 1.72
aromaticum, L.) total 86.02 wild marigold (T. 0892 ND ND
clove bud 2 (S. 1.044  eugenol 73.90 + 1.54 minuta, L.) total ~0
aromaticum, L.) total 73.90
consumption during the inhibited period afforded ki, values using eq d[O, ) kP[RH]Ri
1, where n is the stoichiometric coefficient of the antioxidant dt nk, , [AH] (1)
(assumed as n = 2 if not known) and kp was the rate constant for
chain propagation of the substrate.'® For pure phenolic components, R, = nAH]
n was determined from the duration of the inhibited period 7 using eq T )
2, where [AH] is the concentration of the antioxidant.””’ R, Ry,  nk,,[AH]
The rate of initiation R; was determined, for each experimental m - R_o = W 3)

setting, by preliminary measurements using PMHC as the reference
antioxidant also in the sample (at a concentration of 1—5 gM) using
eq 2. In those cases in which a clear inhibition period was not
observed, the value of k;;, for the antioxidant was determined from
the reduced slope of oxygen uptake in the presence of the inhibitor,
R, compared to the uninhibited rate of oxygen uptake in its absence,
Ry, via eq 3, where 2k, is the chain-termination constant of the
oxidizable substrate. The duration of the inhibition period (7) was
determined graphically as the crosspoint between the initial tangent of
the inhibited period and the final tangent of the not-inhibited
period.lz’29 Details on the meaning and applicability, as well as on the
derivation of eqs 1 and 3, are provided in the Supporting Information.

Autoxidation Studies with Stripped Olive Oil. The autox-
idation of olive oil was investigated using the same equipment and
protocols on triglycerides from which native antioxidants had been
removed to avoid interference with the kinetics.” Triglycerides had a
measured density of 0.9074 g/mL (at 30 °C) and an average M.W. of
880.10** and were tested in a PhCl solution at a concentration of 25—
50% v/v (0.26—0.52 M). Autoxidation was initiated by AIBN (0.05—
0.1 M) at 30 °C and inhibited by 5—25 uL/L of the tested EOs or by
1—-10 uM BHT or a-tocopherol as reference antioxidants.

Statistical Analysis. Each measurement was performed in
triplicate, and each antioxidant or essential oil was tested at least at
two different concentrations; results are expressed as mean + standard
deviation (SD).



B RESULTS AND DISCUSSION

Composition of the Essential Oils. In order to
rationalize their antioxidant behavior, it was necessary to
preliminarily determine the actual composition of the
investigated essential oils. It is well-known that EOs’
composition is subjected to significant variability due to
epigenetic and environmental factors, even for oils from the
same botanical species, beside the influence of collection time
and extraction technique.’*™**

We subjected the EOs to GC—MS analysis and identified
the components by a combined evaluation of the MS spectrum
and Kovats retention index.”* Mass spectra were matched to
the NIST14 library and to an internal library of terpenoids and
EO’s components. Since our focus was on the chain-braking
antioxidant activity of EOs, components showing less than
0.1% area in TIC chromatogram were not investigated, as they
were judged unlikely to afford any significant contribution to
the EO’s overall antioxidant behavior. In the absence of
individual standards for all of the many identified components,
semiquantitative analysis was performed by three repeated
injections using flame ionization detection (FID), under
identical columns and instrumental settings as used for the
GC—MS analysis, assuming a similar relative response factor
(RRF) for all components when expressed as a g/L
concentration in the EO, which is justified by the
proportionality of the FID response to the number of carbons
in the analyte,33 and was sufficient for the purpose of this
investigation.'” Detailed results are reported in the Supporting
Information (Tables S1—S13), while the phenolic components
found in oils are collected in Table 1 and their structure is
displayed in Chart 1.

The two specimens of red thyme (T. vulgaris) EO showed a
significantly different composition. Sample 1 (origin = Italy)
had p-cymene as the main component (43.4%), followed by

Chart 1. Structure of the Phenolic Components Identified
in the Studied EOs
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phenolic carvacrol (36.4%) and camphene (6.2%), while the
characteristic phenolic thymol was only 3.4% (Table S11): it
can tentatively be classified in the p-cymene/carvacrol/thymol
chemotype, according to Satyal et al.*” Instead, sample 2
(origin = Spain) belonged to chemotype thymol®* showing
such a component as largely prevailing (55.7%), while
carvacrol was only 3.5%, being the only other phenolic
component among 21 identified, accounting for ~98% of the
oil (Table S12). Carvacrol (23.5%) and thymol (18.7%) were
also the main components of winter savory (S. montana) EO,
which also listed smaller amounts of eugenol (1.2%) among
the phenolic components that summed up 43.4% of the oil
(Table 1). Other characteristic (nonphenolic) components
were linalool, p-cymene, eucalyptol, limonene, and y-terpinene,
among 18 identified components accounting for 99% of the oil
(Table S9). The EO composition was in range w1th the very
major variability encountered in this species.””** The highest
levels of carvacrol (69.4%) were found in Spanish oregano (T.
capitata), where it represented the only phenolic among 19
overall 1dent1ﬁed components (Table S10), in line with
previous reports.’® Clove bud EOs had the highest phenolic
content among the investigated oils, and eugenol was the only
contributor representing, respectively, 86 and 73.9% of the EO
for specimens 1 and 2 (Table 1). In both cases, the
composition was very simple, as expected,'” albeit different
(Tables S7 and S8). Bay St. Thomas (P. racemosa) EO also
boosted large amounts of eugenol as the main component
(51.25%), along with the structurally related p-allylphenol
(chavicol, 8.68%) summing up at ~60% phenolics among 15
overall identified components (Table S3). The composxtlon of
our specimen was in line with some previous reports;’ "*
however, it was at odds with another study that found only
trace amounts of phenolics, although it reported a prominent
antioxidant activity.”” Birch (B. alba) buds EO had a more
complex composition, with 40 identified components (Table
S1), among which it boosted a wealth of 22 phenolic
components representing an overall ~52% of the oil (Table
1). p-Cresol (4-methylguaiacol) and guaiacol were the most
abundant (14.7 and 8.9%, respectively) followed by 4-
ethylguaiacol (7.9%), the cresols (ortho, meta, and para in
the range of ~1.5-3%), syringol (2.1%), eugenol and
dihydroeugenol (1.2 and 2.1%, respectively), phenol itself
(1.9%), 1,2-benzenediol (catechol, 1.2%), and a variety of
xylenols and related disubstituted phenols, each at a level of
~1% or lower (see Table 1 and Chart 1 for structures). Most
of the available literature on Betula species EOs focused on
sesquiterpenoids or specific components held responsible for
the anti-inflammatory and antimicrobial properties of the oil;*’
however, our phenolic and overall composition is in accord
with a very recent study on B. alba buds EO in pest control.*'
Cade EO obtained from the distillation of twigs and bark of J.
oxycedrus had an even more complex composition with 48
identified components among which sesquiterpenes trans-
calamenene and f-cadinene were prevailing (Table S2). Its
phenolic composition somewhat copied that of birch, with the
absence of syringol, although its overall concentration was
approximately halved (22.7% of the oil) and with a different
relative ratio (Table 1). It varied with the composition of other
J. oxycedrus oils obtained from leaves or frunts, rich in terpenes
and sesquiterpenes but poor in phenolics.*”

At variance with the above oils, cedarwood atlas (C.
atlantica, Gaussen) EO showed negligible content in phenolics:
coniferyl alcohol was the only identified, weighting less than
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Figure 1. Examples of oxygen consumption plots during the autoxidation of 3.6 M cumene in PhCl at 30 °C initiated by (A) 0.025 M AIBN in the
absence of antioxidants (dashed line) or in the presence of EO phenolic components as indicated in the legend; (B) 0.1 M AIBN in the absence of
antioxidants (dashed line) or in the presence of EO phenolic components as indicated in the legend. Regression of inhibited ad uninhibited periods
(dotted lines) and the length of the inhibited period 7 are shown for representative compounds.

Table 2. Rate Constant (ky,;,) and Stoichiometric Factor (n) for Trapping Peroxyl Radicals (at 30 °C) by Phenolic EO
Components Measured in This Study (Average + SD), from the Literature, or Estimated (Values in Parentheses) from Data

for Related Compounds

PhCI MeCN
no. compound ki (103 M1 s71) n ki (10° M s71)
1 carvacrol 14+1 22+02 29 +£03 20+02
2 thymol 13+2 20+0.1 26 +02 1.8 £ 02
3 umbelliferone 19 +£03 2.1 +02 0.2 + 0.04
4 coniferyl alcohol 10 £ 0.5 2.1 +0.1 9.0 +03 22+03
S eugenol 54 +05 20+ 0.1 46 + 0.5 20 +0.1
6 guaiacol 3.8 +05 2.1+0.1 23+04 1.9 +02
7 p-creosol” 12 2
8 3-methylguaiacol (8)
9 4-ethylguaiacol” (12)
10 dihydroeugenol 11+2 20+0.1
11 syringol” 18 2
12 4-methoxy-3-methylphenol® (40)
13 o-cresol 89+ 12 21+0.1 0.8
14 m-cresol 39+ 05 22 +0.1 0.5 +0.1
15 p—cresolb 15 2
16 2,3-xylenol 14 +2 1.8 +02 09 +0.1 20+03
17 2,4-xylenol 35+S 1.8 £ 02 LS £ 035 2.1+02
18 2,6-xylenol” 25 2
19 2,5-xylenol” (14)
20 3,4-xylenol” (20)
21 3,5-xylenol” (8)
22 4-allylphenol 9.1+ 11 1.9 £ 02 LS £05 1.8 +03
23 3-ethylphenol® (39)
24 4-ethylphenol® (10)
25 6-ethyl-o-cresol” (25)
26 phenol 28 +0.5 22+02 04 + 0.1
27 1 ,2-benzenediolb 550 2

“Data from ref 47. "Data from ref 48. “Estimated from the current experimental data and literature, as described in refs 47 and48.

1% (Table 1), while sesquiterpenes S-himachalene (49.2%)
and thujopsene (22.9%) were the main components (Table
S5), and (E)-atlantone was another characteristic component,
in line with previous studies.*’ Carrot seeds (D. carota) EO
had a very minor content of umbelliferone (0.86%) as the only
phenolic, while, in line with the previous literature, carotol
(26.7%) was the main component,” and terpenes a-pinene
(7.2%), p-pinene (13.41%), sabinene (13.4%), a-terpinene

(11.1%), and y-terpinene (4.4%) were characteristic compo-
nents (Table S4).

No phenolic component could be identified in celery (A.
graveolens) EO, where limonene (64.6%), S-selinene, and
sedanolide were the characteristic components (Table S6), as
expected.45 Wild marigold (T. minuta) EO also showed no
phenolic component: it had limonene, #-(Z)-ocimene, and
dehydrotagetone as the characteristic terpenoids (Table S13),



in line with previous studies that, however, reported a
significant antioxidant activity of the oil.*®

Antioxidant Activity of the Individual Phenolic
Components. Only limited data are available in the literature
on the antioxidant activity of the phenolic components
identified in the essential oils; hence, we investigated a
representative selection of them (13 compounds) on the
inhibited autoxidation of cumene as a reference substrate
(Figure 1).

Results of our measurements are collected in Table 2 along
with the available data from the scientific literature for the
other phenolic components identified in our EOs.*”** Analysis
of the kinetic constants k;; and the stoichiometric factors n
allows some general considerations. All of the phenolic
components showed a stoichiometric factor n of 2 within
experimental error, in line with the well-established knowledge
that they quench two peroxyl radicals: one by rate-determining
formal H atom transfer from the phenolic PhO-H to ROO® to
afford the hydroperoxide ROOH and the phenoxyl radical
PhO®, which traps a second ROO®, generally by fast addition
into the aromatic ring.*® The value of ki, for most compounds
bearing electron-donating (ED) substituents (e.g., alkyls) on
the aromatic ring was higher than the value for unsubstituted
phenol (26; k, = 2.8 X 10° M™! s7'), and the actual kinetic
advantage was maximum for phenols substituted in conjugated
ortho and para positions, and lower in meta, owing to
(different) reduction of the O—H-bond dissociation enthalpy
(BDEqy) of the phenolic O—H."**

Indeed, frequently encountered isomeric carvacrol (1) and
thymol (2) had a k,;;, of ~1.4 X 10* M~ s}, which was similar
to that of most xylenols bearing one methyl in 2 or 4 positions
and one in 3 or S. 2,4-Xylenol (17) having both substituents in
the conjugated positions had a higher inhibition constant,
while the related 2,6-xylenol (18) was slightly less effective
than the former due to a higher steric hindrance around the
phenolic —OH.** The same reasoning explains the slightly
lower performance of the singly substituted cresols (13—15)
and their relative ranking. Compounds bearing a methoxy
substituent in the ortho position deserve further discussion.
While the strongly ED MeO- group would lower the BDEqy
and increase the reactivity—e.g., when it is in the para
position—in the ortho position, it also “blocks” the phenolic —
OH in an intermolecular H-bond (see Scheme 1), which
affects the reactivity in the opposite direction, and the two
effects are approximately counterbalancing.*” Thus, eugenol,

guaiacol, syringol, and the related phenols have lower kiy, than

Scheme 1. Intramolecular (A) and Intermolecular (B) H-
Bonding of Phenols Affecting Their Antioxidant Activity
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the ED character of the substituents might suggest. Occurrence
of the intramolecular H-bonding with an ortho substituent,
however, has the opposite effect in catechol (1,2-benzenediol,
27) as the BDEgy of the second —OH group is massively
decreased, thereby boosting the reactivity with peroxyl
radicals.'”**

Extension of the conjugated system of the aromatic ring into
the substituents, as in coniferyl alcohol, (4) also improves the
antioxidant performance (compared to eugenol); however, it
has the opposite effect if such an extended 7 system is
conjugated with an electron-withdrawing (EW) group as in
umbelliferone (5) since EW substituents increase the BDEyy
and decrease k;;.'”**

Since the contribution of each substituent as a function of its
position in the ring in determining the BDEqy is known for
many substituents and approximately additive,” and since
there exist em?irical linear free-energy correlations between
BDE and kg, **” by combining the current and available
literature kinetic data, it was possible to estimate the missing
data for all compounds listed in Table 2, as illustrated bg
Lucarini and Pedulli,** and in our previous work.'”*
Estimated values are reported in parentheses in Table 2.

It is interesting to note that most EO components had a k;;,
~1x10*M's!or higher, which favorably compares with
the known value k; = 1.1 X 10* M~ s for ubiquitous food
antioxidant BHT (often labeled E321 as the food additive).*®
This indicates that many EO key components would offer
similar or better antioxidant protection in food products.

One feature largely affecting the antioxidant protection by
phenols is the occurrence of intermolecular H-bonding to the
medium (e.g., the solvent or the substrate to protect), which
diminishes the reactivity of the antioxidant as illustrated in
Scheme 1.%° This is relevant in the protection of natural lipids
like tri%lg'cerides as they are good H-bond acceptors
(HBAs).'™** Sensitivity to such a medium effect depends on
the H-bond-donating (HBD) ability of the antioxidant, and it
varies among phenols; hence, for a representative selection of
them, we remeasured the reactivity in HBA solvent acetonitrile
(Table 2). It is interesting to note that while for most
con;})ounds the solvent effect was very relevant with kthhCl/
kignM*N in the range 3-to-10, for ortho-methoxy-substituted
phenols (e.g., eugenol, conyferyl alcohol, guaiacol), it was
negligible, as the phenolic OH is already engaged in a more
stable intramolecular H-bond. Thus, the relative antioxidant
potency of EO components could vary depending on the
medium, with possible consequences in lipids’ protection (vide
infra).

Antioxidant Activity of Whole Essential Oils. On
turning to study the antioxidant activity of raw essential oils,
we focused exclusively on the chain-breaking mechanism,
aiming at determining their k;;;, for trapping peroxyl radicals.
To isolate such a mechanism from others, such as the
preventive and the termination-enhancing, the latter requiring
rather large concentrations of the antioxidant to be
appreciated,ls"w'21 we set to study the inhibited autoxidation
of cumene initiated by the thermal decomposition of AIBN,
using very low concentrations of the EO (1—5 ppm or yL/L),
so to reproduce the same experimental approach used for the
isolated components and allow direct comparison.'® As shown
in Figure 2, several EOs were able to produce neat inhibition of
cumene autoxidation. This was the case for EOs of bay St.
Thomas, birch, cade, red thyme, Spanish oregano, winter
savory, and clove, which were rich in phenolic components,



- A[O,]/ mM

Time/s

- A[OZ] / mM

0 2000 4000 6000
Time /s

Figure 2. Examples of oxygen consumption plots during the autoxidation of 3.6 M cumene in PhCI at 30 °C initiated by 0.1 M AIBN in the
absence of inhibitors (a, dashed) or in the presence of the EOs of (panel A): A. graveolens S uL/L (b), D. carota S uL/L (c), T. vulgaris (sample 1)
2.5 uL/L (d), P. racemosa 2.5 uL/L (e), S. montana 2.5 uL/L (£), S. aramaticum (sample 1) 2.5 uL/L (g), and T. capitata 2.5 uL/L (h); (panel B):
T. minuta S uL/L (b), C. atlantica S uL/L (c), J. oxycedrus 2.5 uL/L (d), B. alba 2.5 uL/L (e), T. vulgaris (sample 2) 2.5 uL/L (f), and S.
aramaticum (sample 2) 2.5 uL/L (g). Regressions of inhibited and uninhibited periods are shown for representative examples (dotted lines).

Table 3. Antioxidant Activity of EO Samples from Inhibited Cumene Autoxidation Studies at 30 °C in Chlorobenzene: EO
Concentrations, Concentration of All Phenolic Components from GC Analysis, Apparent Total Phenolic Concentration, and

Apparent k;;, Values (Average + SD)

essential oil concn (uL/L)* ¥ [PhOH] ¢ (M)® [AH],p, (M) ki (M~ 571)9

birch (B. alba, L.) 2.5 9.7 x 107% (9.8 £0.1) x 10°° (L0 +0.1) x 10*
cade (J. oxycedrus, L.) 2.5 42 % 107 (55 +03) x 10°° (12 +02) x 10*
bay St. Thomas (P. racemosa, Mill.) 25 7.8 x 107¢ (7.5 £ 0.3) x 1075 (89 +0.5) x 10°
winter savory (S. montana, L.) 2.5 72% 107 (7.9 + 02) x 107° (1.4 +02) x 10*
Spanish oregano (T. capitatua, L., Cav.) 2.5 12 x 107° (1.1 £0.1) x 1078 (1.5 +£02) x 10*
red thyme 1 (T. vulgaris, L.) 2.5 6.6 x 107° (6.6 +0.3) x 10°° (1.4 +0.3) x 10*
red thyme 2 (T. vulgaris, L.) 1.0 4.0 x 107 (40 £0.1) x 10°° (L5 + 0.3) x 10*
clove bud 1 (S. aromaticum, L.) 1.0 52x 107° (58 £04) x 10°° (7.0 + 0.5) x 10°
clove bud 2 (S. aromaticum, L.) 5.0 23x 107° (22 +£02) x 1078 (5.5 £0.3) x 10°
carrot seeds (D. carota, L.) 2.5 1.3 x 1077 ~0 ND*

cedarwood atlas (C. atlantica, Gaussen) 5.0 2.6 x 1077 ~0 ND*

celery (A. graveolens, L.) 5.0 0 ~0 ND*

wild marigold (T. minuta, L.) 5.0 0 ~0 ND*

“Reference concentration used in the calculations; similar results were observed at the other tested concentrations. bCalculated as the sum of all
phenolic components from GC analysis (data from Table 1). “Determined from the length of inhibited period in autoxidation experiments
assuming that n = 2 for all antioxidants. “Apparent inhibition rate constant from autoxidation experiments. “No inhibition could be measured up to

a concentration of 12.5 uL/L.

while no significant inhibition was observed with the EOs of
celery and wild marigold, both containing no phenolic
components, or with the EOs of cedarwood and carrot seeds
containing, respectively, coniferyl alcohol and umbelliferone,
albeit at a very low concentration.

Concerning the phenol-rich EOs, to quantify their
antioxidant performance, we tested the approach proposed in
our preliminary report.'> Since all of the studied phenolic
components showed the expected stoichiometric factor n ~ 2
(see Table 2), to a first approximation, we treated each EO as
containing a single phenolic component, which simplified the
kinetic treatment allowing the use of eqs 1—3. The duration of
the inhibited period 7 was analyzed by eq 2 to afford [AH],,,,
the apparent total antioxidant concentration in the autoxidizing
mixture, and, for each experimental setting, we matched such a
value with )} [PhOH] ¢, the sum of all phenolic components
contributed by the EO, determined by GC and GC—-MS
analyses of the EO (Table 1), under the simplified hypothesis
that only the phenolic components were contributing to
inhibition, behaving as a single component. Results are

collected in Table 3 for a representative set of experiments,
showing a single concentration of each EO. There is excellent
matching of [AH] appr and Y [PhOH] g, for the majority of oils
(minor exceptions are noted in the following), confirming that
our simplified hypothesis is generally correct: only the phenolic
components of EOs contribute to the chain-breaking
antioxidant activity, and all such components apparently
contribute; hence, their sum is key in determining the overall
antioxidant behavior. This general statement is supported by
the lack of inhibition shown by wild marigold and celery, while
the similar lack of inhibition observed for carrot seeds and
cedarwood is easily explained by the very minor content in
phenolics, <1% in each oil, which contributes submicromolar
concentrations of chain-breaking compounds in the autoxid-
izing mixture under our experimental settings, making any
activity negligible. It should be noted that the lack of chain-
breaking activity shown here does not imply that other
antioxidant mechanisms such as the termination-enhanc-

. 1521 . .
ing, 521 would not occur under different settings.



Analysis of the rate of consumption of O, during the
inhibition period offered further insights. Following the
simplified approach to treat the sum of all phenolic
components as a single molecule, by eq 1 we could determine
the apparent inhibition constant ki, for whole EOs, which are
collected in Table 3. Interestingly, they were of the same order
of magnitude (10* M~ s™') previously determined for most
phenolic components (Table 2), which prompts a comparison
of the apparent ky;, of each oil with that of its specific
components. Both red thyme specimens had ki, similar within
the experimental error to that of thymol and carvacrol;
furthermore, the [AH],, well matched the expected value on
the basis of GC analysis, proving that their antioxidant
behavior is entirely due to their phenolic content. Spanish
oregano that contained only carvacrol as the main component
had ki, and [AH],,, entirely dictated by such a component.
Winter savory containing both thymol and carvacrol with the
minor presence of eugenol had antioxidant behavior that
copied that of the main and most active components; however,
its duration was slightly higher (10%) than predicted on the
basis of the sum of phenolic components. The two clove bud
EO specimens, with different contents of eugenol as the main
component, also behaved mostly as a source of such a
component as the only antioxidant. However, sample 1 (but
not sample 2) had both k;;, and [AH]GPP slightly exceeding the
expected value based on the eugenol content. Bay St. Thomas
containing prevalently eugenol, with a lower content in more
effective 4-allylphenol, had ki, coincident with that of 4-
allylphenol, and [AH],, corresponded to the sum of the two
components. The scenario was more complex for birch and
cade EOs. Both birch and cade were very good antioxidants,
with similar apparent ki, which was roughly average among
the values of the same very complex set of phenolic
components. However, while birch had [AH],,, matching
well to the sum of components, cade EO exceeded the
expected value by about 30%. The higher proportion of
effective xylenols and ortho- and para-substituted phenols (o-
and p-cresol, 4-ethylphenol, etc.), the similar proportion of
highly effective 1,2-benzenediol, and the lower proportion of
less effective guaiacol and derivatives apparently justify the
slightly higher k;;, of cade EO; however, understanding the
longer than expected duration of protection requires the
involvement of some synergic interplay among components.

Is There Synergism Among EO Components? Syner-
gism among antioxidants is an important contributor to the
activity of biomolecules and has often been claimed in relation
to essential oils.””'® It is normally based on the regeneration of
a main antioxidant from its oxidized products by other
molecules acting as coantioxidants or sacrificial reducing
agents.'”””*? Synergism among phenolic compounds normally
implies that the fastest reacts first with one peroxyl radical to
afford the corresponding phenoxyl radical that, before it can
trap the second peroxyl radical, is reduced back by another
(coantioxidant) phenol, which would be of more modest
efficacy on its own, thereby regenerating and extending the full
antioxidant power (see Scheme 2A).'"” If this mechanism
occurred with full efficiency, it would imply that the mixture
has similar k;y;, as the best antioxidant component(s), with a
duration that corresponds to the sum of contributing
coantioxidants.'” Since this mechanism is based on the kinetic
competition among reactions, its efficiency is dictated by the
relative rate of reaction of phenoxyl radicals with the other
phenolic components or with peroxyl radicals and hence also

Scheme 2. Synergy (A) Between a Phenolic Main
Antioxidant (AH) and Coantioxidant (CoAH) and (B)
Between Phenolic and Nonphenolic Antioxidants Using a-
Calacorene as an Example
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on the relative concentration of the competing species. Clearly,
in EOs such as thyme, synergism between phenolic
components cannot be distinguished from simple additive
behavior, as carvacrol and thymol have identical reactivity.
Similar is the case for winter savory, where weaker eugenol
only accounts for about 1%. However, synergy is clearly
occurring in Bay St. Thomas EO whose k;;;, matches the least
abundant but more reactive 4-allylphenol, which is then
regenerated by eugenol acting as a sacrificial coantioxidant
(Scheme 2). Indeed, a single inhibited period is observed in
Figure 2, with a slope representing 4-allyphenol and a duration
representing the sum of the two phenols. Instead, an additive
contribution would have produced a bimodal inhibition: a
faster very short phase due to 4-allylphenol, followed by a more
modest protection (steeper O, uptake plot) of longer duration
due to eugenol.'””’ Although the complex phenolic pattern
does now allow us to unequivocally demonstrate its
occurrence, our kinetic data suggest that synergism might
actually be operating with cade EO and to some lower extent
with birch EO. Both showed a single inhibited period with ki,
close to the phenolic fraction with the higher reactivity (e.g,
the xylenols) despite the fact that the less reactive cresols,
guaiacols, and phenol are more abundant. These last are likely
working as coantioxidants regenerating the formers. Clearly,
however, the efficiency of synergism is not complete, ki, of
the oils and is not matching that of the single most effective
component 1,2-benzenediol, and it varies with the relative ratio
of components, being more pronounced in cade EO. Synergy
among phenols, however, does not justify a duration of
protection exceeding that expected from their sum, as observed
in a few cases.

In cade EO, allyl-type cadinenes or proaromatics like a-
calacorene could also possibly contribute to different
mechanisms, such as by undergoing co-oxidation with the
release of hydroperoxyl radicals (HOO®), similarly to the
established behavior of y-terpinene.*” In turn, HOO® might act
as a sacrificial reducing agent and regenerate the phenolic
components, extending their antioxidant protection—a mech-
anism demonstrated to occur between p-terpinene and
phenolic or polyphenolic antioxidants (Scheme 2B).””* A
similar mechanism likely takes place in winter savory whose
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Figure 3. (A and B) Examples of oxygen consumption plots during the autoxidation of olive oil (50% v/v in PhCI) at 30 °C initiated by 0.1 M
AIBN in the absence of inhibitors (dashed) or in the presence of 5 uL/L of selected EOs as indicated in the legend. Inhibition by 2.5 mg/L BHT
(panel A, red full) and S uM (2.2 mg/L) a-tocopherol (panel B, dotted) is shown for comparison.

duration of inhibition slightly exceeds the expected value:
beside y -terpinene, it contains carvone and linalool. This last
along with abundant p-cymene might also produce faster
radical-chain termination, which might contribute to some very
minor extent to the overall antioxidant activity.”'

It should be noted that the contribution of synergy between
phenolic and nonphenolic components, as well as that of other
antioxidant mechanisms, is of quite limited magnitude in our
experiments (only 10-to-30% of [AH]IPP extension), by their
own design, as we aimed at favoring the chain-breaking
mechanism, as we have previously discussed. Additional studies
under different settings might be needed to clarify the
relevance of such mechanisms.

Antioxidant Protection of Olive Oil by Whole
Essential Oils. To assess the ability of essential oils to
protect real food products and lipids, beside model oxidizable
substrates, we studied the autoxidation of olive oil as
representative triglyceride, upon removal of the native
antioxidants so to unmask the effect of essential oils.'® Only
a selection of seven EOs that had shown good antioxidant
behavior in protecting cumene were tested in the protection of
olive oil: red thyme 1, clove bud 2, winter savory, Spanish
oregano, birch, cade, and Bay St. Thomas.

All of them showed a clear antioxidant activity toward olive
oil, already when used at the modest concentration of 5§ uL/L;
however, they were able to afford less marked protection of the
triglyceride compared to model cumene, owing to much larger
oxidizability and ~100-folds faster chain propagation rate of
olive oil compared to cumene,” which makes antioxidant
protection more challenging.”* Results, summarized visually in
Figure 3, were, however, surprising in that also the relative
efficacy of the EOs changed compared with experiments with
cumene. Only birch and cade EOs could afford a clear
inhibition period, Bay St. Thomas, Spanish oregano, and red
thyme could only slow down the rate of oxygen consumption
without a neat inhibition period, while winter savory and clove
bud EOs had some intermediate performance. For all oils
affording only a slow-down of the autoxidation rate, a neat
inhibition period could be observed upon increasing the
concentration of use (e.g, by 5-folds), as exemplified in Figure
$20 (Supporting Information) for Bay St. Thomas EO.

In the protection of olive oil, the ranking of antioxidant
efficacy was Cade EO > Birch EO > Winter Savory > Clove >
Red Thyme = Spanish Oregano = Bay St. Thomas.

This change in the relative ranking can be rationalized by
considering the medium effects on the antioxidant kinetics of
the phenolic components. Since triglycerides are good H-bond
acceptors,lg’23 they hamper the antioxidant performance of
carvacrol, thymol, 4-allylphenol, and other strong H-bond
donor (HBD) phenols more markedly than that of eugenol
and guaiacol derivatives, which are marginally sensitive to
medium effects owing to the occurrence of intermolecular H-
bonding (see Scheme 1 and the discussion therein). Indeed,
we have noted that the kinetic constants k;,;, measured in HBA
solvent acetonitrile are very close to that measured in PhClI for
guaiacol, eugenol, and dihydroeugenol, while it is strongly
reduced for most other phenols lacking an ortho-methoxy or
significant steric hindrance in the ortho positions. Such a
medium effect would also extend to the synergic interplay
among coantioxidants in the same EO."? Additionally, we have
previously suggested that during the autoxidation of complex
lipids like triglycerides, minor amounts of HOO® radical could
be released as a side reaction,”> which would trigger
nonconventional antioxidant mechanism similar to the one
previously mentioned to explain synergism (vide supra).
Clearly, medium effects and the need for testing in actual
lipids cannot be overlooked in planning antioxidant strategies.

It is interesting to note that the absolute performance of
most EOs was similar to or higher than that produced by
reference antioxidant BHT at a concentration similar to that of
their EO phenolic components, although it was clearly lower
than the protection offered by a-tocopherol (Figure 3).

Advantages and Limitation of Our Investigation
Method. Unlike other assays on essential oils as antiox-
idants,"” our approach, while being relatively simple, offers
reliable kinetic constants for peroxyl radical trapping, thereby
allowing full quantitative assessment of antioxidant efficacy,
which would be transferable lab-to-lab and favor the rational
design of antioxidant strategies. It is also a potent tool to
investigate the mechanistic aspects and synergism. Although it
works reliably with essential oils protecting a homogeneous
lipid, it may need further work to apply in the protection of
heterogeneous food products, since partition and confinement
of EO components would need to be considered. The



simplified approach of treating antioxidants in a mixture as a
single molecule may not be applicable to other vegetable
extracts, particularly in case they contain antioxidants with
largely different structure and reactivity, or with different
polarity and able to differently partition in heterogeneous
systems. Specific adaptation and validation would appear
necessary, or a more rigorous approach addressing the
individual components should be preferred."®

In conclusion, 9 out of 13 tested EOs showed prominent
antioxidant activity, which could be quantified with our kinetic
approach affording k;, values close to 1 X 10* M™' 57}, i.e,, of
the same magnitude of ubiquitous synthetic antioxidant BHT.
Values of k;;, of the same magnitude were also measured for 13
representative phenolic EO components, which largely dictate
the chain-breaking antioxidant behavior of the tested EOs.
Indeed, EOs not containing significant amounts of phenolic
components (e.g., A. graveolens, D. carota, T. minuta, and C.
atlantica) did not show chain-breaking activity. This does not
imply that other antioxidant mechanisms like the termination-
enhancing” cannot be elicited; however, they would require
higher testing doses to be relevant and were deliberately
excluded in our experimental design. Synergic interaction
among phenolic components was observed in some EOs such
as P. racemosa, S. montana, B. alba, and particularly J. oxycedrus,
allowing the EOs to perform as the fastest phenolic
components, likely regenerated by the less active. An additional
synergic interaction between phenolic and nonphenolic
components was also apparent in some cases, particularly for
J. oxycedrus, allowing a longer duration of the antioxidant
activity than predicted on the basis of the sum of the phenolic
components. Overall, our kinetic studies demonstrate the
efficacy of phenol-rich EOs in breaking the autoxidation chain
reaction both in model systems and in the protection of
complex natural lipids like olive oil, being able to match or
surpass the protection offered by BHT. This supports their use
in place of this reference additive in food products or in high-
value health products such as cosmetics and pharmaceuticals,
to afford more sustainable alternatives, in line with the current
demand.
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