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Introduction 

Since the middle ages, essential oils have been 
widely used for virucidal, fungicidal, bactericidal, 
antiparasitical, insecticidal, medicinal, and cosmetic 
applications [1]. Nowadays, the use of essential oils 
as functional ingredients in pharmaceutical, sanitary, 
cosmetic, agricultural, and food industries is gaining 
wide interest because of increasing concern about 
potentially harmful synthetic additives [2]. Within 
the wide range of the above-mentioned products, 
there is a common need for natural substances 
with not only a pleasant smell but also with a pre-
servative action, aimed to avoid lipid deterioration, 
oxidation, and spoilage by microorganisms. In this 
case, the essential oils and their components are 
constantly gaining increasing attention because of 
their relatively safe status, their wide acceptance 
by consumers, and their application for potential 
multipurpose functional use [3]. 

Essential oils are extracted from various aro-
matic plants. Because of the mode of extraction, 
they contain a variety of volatile molecules such as 
terpenes and terpenoids, phenol-derived aromatic 
components, and aliphatic components [4]. 

Generally, essential oils have been widely studied 
mostly from the viewpoint of their fl avor and fra-
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grance chemistry as they are used for fl avoring foods, 
drinks, and cosmetics [5]. However, the essential 
oils are natural sources of phenolic components, so 
the investigators are attracted to evaluate their activ-
ity as antioxidants or free radical scavengers [6, 7]. 

In the present work, we report the results of a 
study aimed at comparing radical scavenging prop-
erties of four essential oils widely used for skin care 
products such as creams and bath salts. The studied 
essential oils are Rosmarini aetheroleum (rosemary), 
Menthae piperitae aetheroleum (mint), Lavandulae 
aetheroleum (lavender), and Thymi aetheroleum 
(thyme). Spin trapping ESR was performed utiliz-
ing N-tert-butyl--phenylnitrone (PBN) spin probe. 
Fenton reaction in the presence of ethanol was used 
to generate free radicals. Since essential oils are 
known to be lipid soluble, we also conducted studies 
of essential oils in Fenton reaction in the presence of 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) as model lipids. The infl uence of essential oils 
on the model lipid bilayer structure was also studied. 

Materials and methods 

Electron spin resonance 

The ESR measurements were performed on a Mi-
niScope MS 200 spectrometer from Magnettech at 
room temperature (24 ± 1°C) using 50 l capillary 
tubes. Typical instrument settings were: sweep width 
69 G, microwave attenuation 10 dB, modulation 
amplitude of 0.5 G, sweep time 20 s. 

Spin trapping ESR 

Fenton reaction was used to generate free radicals. 
PBN spin trap and DTBN (di-tert-butyl nitroxide) spin 
probe were obtained from Sigma-Aldrich. Hydrogen 
peroxide (30%) and ferrous sulfate (FeSO4·7H2O) 
were obtained from POCH (Gliwice, Poland). DOPC 
and DPPC lipids were obtained from Avanti Polar 
Lipids as chloroform solution (25 mg/ml). PBN 
solution was prepared using PBS buffer (pH 7.5), 
115 l of 20 mM PBN solution was mixed with 3 l of 
selected essential oil or of 96% ethanol (for reference 
measurements). Then, 3 l of water, 7.5 l of 100 mM 
FeSO4 solution, and 55 l of 25 mM H2O2 solution 
were added. The sample was vortexed for 30 s. 

For Fenton reaction in lipids: 236 l (DOPC) 
or 220 l (DPPC) of chloroform solutions of lipids 
were dried for 24 hours. Then 115 l of 20 mM PBN 
solution added and vortexed (2 min). The sample 
was then sonicated for 3 min. Then, 3 l of ethanol 
solution of selected essential oil, 3 l of deionized 
water (Millipore), 7.5 l of 100 mM FeSO4, and 
55 l of 25 mM H2O2 were added and vortexed for 
30 s. The fi rst measurement was performed 105 s 
after the addition of H2O2. The next 20 measure-
ments were performed every 3 min. The following 
concentrations of ethanol solutions of essential oils 
were used: lavender (0.033% v/v), rosemary (0.1% 

v/v – Fenton, 0.013% v/v for Fenton in lipids), thyme 
(0.001% v/v ), and mint (0.01% v/v). The concentra-
tion of PBN radical adducts were estimated from the 
reference measurements of 0.1111 mM (for Fenton 
reaction) and of 0.0111 mM (for Fenton reaction in 
the presence of lipids) solutions of DTBN spin probe 
at the same conditions and spectrometer settings. 

Spin probe ESR 

236 l (DOPC) or 220 l (DPPC) of chloroform solu-
tions of lipids were dried for 24 h. Then 135 l of PBS 
buffer (10 mM, pH = 7.5), 10 l of ethanol solution 
of essential oil, and 15 l of 7 mM DTBN solution 
were added, vortexed for 2 min, and then placed into 
an ultrasound bath for 3 min. Samples were measured 
immediately after preparation, 1 h, and 24 h. 

ESR spectra simulations 

ESR spectra were simulated using EasySpin Toolbox 
for Matlab utilizing ‘garlic’ function [8]. 

DFT calculations 

DFT calculation were performed in Gaussian 09 at 
Interdisciplinary Centre for Mathematical and Com-
putational Modeling (Warsaw, Poland) under the 
computational Grant G14-6 [9]. Geometry optimiza-
tion of PBN/•OH, PBN/•(CH3)3, PBN/•(CH2)nCH3 
(n = 0:4), and PBN/•CHCH3(OH) were performed 
at B3LYP/6-31G level of theory using PCM model for 
water solvent and two solvent molecules. Hyperfi ne 
splittings were calculated at B3LYP//6-311G+(d,p)/
EPR-II level of theory. 

Results and discussion 

Spin trapping ESR 

The Fenton reaction in the presence of ethanol was 
used as a reference system. In this system, two types 
of PBN radical adducts were identifi ed, namely 
PBN/•OH and PBN/•CHCH3OH (Fig. 1a), which 
is in agreement with previously published data 
[10]. Moreover, PBN/•CHCH3OH is responsible 
for 90–95% of the total ESR signal. With time, the 
decrease of PBN/•CHCH3OH radical adduct signal 
was responsible for the decrease of the total ESR 
signal (Fig. 1c). All studied essential oils show 
high antioxidant activity (Fig. 1b). As the ESR 
signal decreases too fast to be registered after 105 s 
(Fig. 1b), the essential oils were appropriately dilut-
ed to slow down the reaction and get comparable re-
sults (Fig. 1d). In the systems with essential oils, the 
same radical adducts (90–95% of PBN/•CHCH3OH 
and 5–10% of PBN/•OH) were identifi ed as the ones 
in the reference system. The concentration of PBN 
radical adducts (calculated from the reference DTBN 
signal) at 240 s after adding H2O2 was compared to 
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the reference system (cPBN_adducts = 0.09 mM). Even 
though the lavender essential oil has lower concentra-
tion (0.033% v/v) than that of rosemary (0.1% v/v), it 
shows slightly higher antioxidant activity (cPBN_adducts = 
0.0555 mM) in Fenton reaction than that of rosemary 
oil (cPBN_adducts = 0.0648 mM). Thyme essential oil at 
0.05% v/v concentration shows strong antioxidant 
effect (cPBN_adducts = 0), whereas its 0.001% v/v concen-
tration leads to slight prooxidant effect (cPBN_adducts = 
0.098 mM). The mint essential oil (0.01% v/v) shows 
strong antioxidant effect (cPBN_adducts = 0.0485 mM) as 
compared to the reference systems. 

Taking into account the dilutions of the essential 
oils, we could conclude that the strongest effect on 
Fenton reaction was induced by thyme essential oil 
(0.05% v/v), followed by mint and lavender oils. 
Rosemary oil has the weakest antioxidant properties. 
Since essential oils are known to be lipid soluble, 
we also conducted studies of essential oils in Fenton 
reaction in the presence of lipids. 

Effect of essential oils on lipids 

Prior to Fenton in lipids studies, the effect of essen-
tial oils on lipid structure was studied using free spin 
probe DTBN, which can easily partition into both 
phases, that is, lipid and water. In this study two model 
lipids, DOPC and DPPC, were used. 

In the reference, DOPC system ratio of DTBN in 
water and lipid phase was 0.75:0.25 (Fig. 2-IA,B). 
At fi rst, it is the mint essential oil that has the largest 
effect on DOPC. However, after 24 h, the strongest ef-
fect (larger ratio of DTBN in lipid phase) was observed 
in DOPC systems with thyme and rosemary essential 
oils (0.63:0.37 water to lipid ratio) (Fig. 2-IA). 

In the case of the second lipid system, DPPC 
lipids organize into a more rigid structure at room 
temperature, thus the DTBN is not partitioning into 
lipid phase in the reference system (Fig. 2-IIA,B). 
The same situation was observed in the presence of 
lavender essential oil. Mint and thyme essential oils 
induce some change in the lipid structure as 30% of 
the DTBN spin probes were in lipid phase immedi-
ately after sample preparation. After 24 h, that ratio 
decreased to only 20% of the spin probes in DPPC 
lipids (Fig. 2-IIA). The effect of rosemary essential 
oil was similar to those of mint and thyme oils, but 
weaker (15% of DTBN in lipid phase, decreasing to 
3%) (Fig. 2-IIA). 

Spin trapping in the presence of lipids 

Based on spin probe ESR results in DOPC lipid 
systems, we could expect partitioning of Fenton 
generated free radicals as well as of PBN into lipid 
bilayer. Here one could expect that PBN would also 
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Fig. 1. (a) Experimental (1) and simulated (2) spectra of PBN spin adducts, residuals (3), PBN/•OH radical adduct 
component (4), and PBN/•CHCH3OH radical adduct component (5). (b) Experimental ESR signal of the spin adducts 
produced upon the Fenton reaction in the presence of ethanol in reference system (1) and in the presence of essential 
oils: lavender (2), mint (3), rosemary (4), and thyme (5) after 3 min of the reaction. (c) Kinetics of ESR signal – inte-
grated intensity of spin adducts of PBN that resulted from radicals formed upon the Fenton reaction in the presence 
of ethanol together with PBN/•OH and PBN/•CHCH3OH components obtained from simulations. (d) Kinetics of ESR 
signal of radicals formed upon the Fenton reaction in the presence of ethanol and essential oils.

b)

d)



464 K. Makarova et al.

trap radicals inside the lipid bilayer. The obtained 
results suggested that in the presence of DOPC 
lipids, the PBN/•OH and PBN/•CHCH3(OH) 
radicals are formed in both phases, that is, water 
and lipids (Table 1, Fig. 3A). Lavender (0.033% 
v/v), mint (0.01% v/v), and thyme (0.001% v/v) 
essential oils show similar antioxidant activity 
(Fig. 3B,D,E,F). The rosemary essential oil (0.013% 
v/v) reveals prooxidant properties in the presence 
of DOPC lipids (Fig. 3C). When comparing the sys-
tems at the moment of fi rst measurement (240 s), 
in contrast to the reference system (Fig. 3B), where 

most radicals (c-centered (0.0309 mM) and •OH 
(0.0023 mM)) are formed in the water phase, in these 
systems PBN/•OH radical adduct concentration in 
water is much lower (0.0001–0.001 mM) (Table 2). 
At the same time, there is noticeable increase in 
PBN/•CHCH3OH concentration in lipid phase, that 
is, 0.0103 to 0.0239 mM as compared to reference 
0.0055 mM (Table 2). The increased concentration 
of spin adducts in lipid phase in the presence of 
essential oils correlates with the increase of DTBN 
partitioning in the same systems, that is, it could 
be explained by more fl uid DOPC lipid structure. 

Fig. 2. (A) Ratio of DTBN sp in probes in water phase in the reference system and in the presence of essential oils. 
(B) Experimental (1) and simulated (2) spectra of DTBN spin probe in lipid system with mint essential oil, residuals 
(3), DTBN in water phase component (4), DTBN in lipid phase component (5). (I) DOPC lipids, (II) DPPC lipids. 
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Table 1. Experimental hyperfi ne splittings of PBN adducts in DOPC and DPPC systems 

Spin adduct Hyperfi ne splitting, G

System DOPC DPPC

Phase
water lipid water

aN aH aN aH aN aH 
PBN/•CHCH3(OH) 16.10 3.3 14.10 3.35 16.10 3.3
PBN/•OH 15.54 2.8 14.46 2.74 15.54 2.8
PBN/X 16.10 2.9
Table 2. Concentrations of PBN radical adducts at 240 s of the Fenton reaction in water and lipid (DOPC) phases in 
the presence of essential oils 

System 
of study

Total 
concentration 
of PBN radical 
adducts [mM]

Water phase DOPC lipid phase

PBN/•CHCH3(OH) PBN/•OH PBN/•CHCH3(OH) PBN/•OH

Reference 0.0444 0.03090 0.0023 0.0055 0.0057
Lavender 0.0469 0.02256 0.0007 0.0139 0.0066
Mint 0.0452 0.02690 0.0009 0.0105 0.0068
Thyme 0.0428 0.02170 0.0004 0.0103 0.0104
Rosemary 0.0818 0.04530 0.0001 0.0239 0.0125
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Partitioning of PBN into DPPC is highly unlikely 
at room temperature (below its phase transition), 
as PBN is a larger molecule than DTBN. In Fen-
ton reaction, the presence of DPPC PBN/•OH and 
PBN/•CHCH3(OH) radicals were observed in the 
water phase. However, the additional PBN/X radical 
adduct was also observed in all systems with DPPC 
lipids (Fig. 4, Table 3) at different concentrations. It 
could be located in the water environment as suggest-
ed by the large value of aN splitting (16.1 G) (Table 1). 
The highest concentration of PBN/X radical adduct 

was observed in DPPC system with mint essential 
oil (Fig. 4C). The lowest concentration (0.0007 mM) 
of PBN/X was observed in lipid system with thyme 
essential oil (Table 3, Fig. 4D). Also, in the presence 
of lavender and rosemary essential oils, the systems 
appeared to be stabilized as compared with reference 
DPPC system (Fig. 4E,F). 

It seems possible that X is part of the oxidized 
DPPC lipid. It was shown that during the oxidation 
process in DPPC lipid molecule, only hydrogen 
abstraction could occur, leading to formation of 
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various length aliphatic radicals [11]. On the other 
hand, the PBN adduct with similar hyperfi ne split-
tings (aN = 16.1 and aH = 2.9) was observed in 
Fenton system together with PBN/•OH, however 
it was not identifi ed [10]. We could assume that 
PBN/X adduct in both cases is a c-centered radical 

originating either from decomposition of PBN spin 
probe or DPPC lipid oxidation (both reaction could 
lead to c-centered radical formation). However, PBN 
splitting pattern is not very sensitive to c-centered 
radical structure [10]. 

Table 3. PBN adducts concentrations at 240 s of reaction in Fenton reaction in the presence of DPPC lipids 

System of study
Total concentration 

of PBN radical adducts 
[mM]

PBN/•OH PBN/•CHCH3(OH) PBN/X

Reference 0.0107 0.0410 0.0013 0.0053
Lavender 0.0057 0.0001 0.0019 0.0030
Mint 0.0060 0.0025 0.0007 0.0029
Thyme 0.0048 0.0018 0.0023 0.0007
Rosemary 0.0050 0.0014 0.0014 0.0022
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Fig. 4. (A) Experimental (1) and simulated (2) spectra of PBN spin adducts produced upon the Fenton reaction in 
DPPC lipids system in the presence of ethanol, residuals (3); PBN/•OH (4); PBN/•CHCH3OH (5) and PBN/X (6) 
radical adduct components. (B–F) Kinetics of ESR signal integrated intensity of spin adducts of PBN that resulted 
from radicals that were formed upon the Fenton reaction in DPPC lipids system in reference system (B) and in the 
presence of rosemary (C), thyme (D), lavender (E), and mint (F) essential oils.
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DFT calculations 

Based on the suggested mechanism of DPPC oxi-
dation [11], there is a set of •(CH2)nCH3 radicals 
which could be trapped by PBN. The mechanism 
of PBN degradation was proposed by [12] and lead 
to the formation of t-BuNO, which subsequently 
decomposes to NO• and t-Bu•. 

In order to perform the identifi cation of the 
observed PBN/X radical adduct, the hyperfi ne split-
tings of PBN/•(CH2)nCH3 (n = 0:4), PBN/•(CH3 )3, 
PBN/•CHCH3OH, and PBN/•OH were calculated 
(Table 4). The solvent effect was accounted by PCM 
model and two water molecules [13]. The previous 
studies showed that B3LYP//6-311+G(d,p)/EPR-II 
basis are the most accurate for PBN adducts calcula-
tions [13, 14], however 1-2G difference is still pro-
duced. Previous studies suggest the evaluation of the 
trend in hyperfi ne splitting’s (correlation plot) rather 
than direct comparison [14]. The DFT calculations 
reveal similar values for the whole set of PBN/
•(CH2)nCH3 radicals (Table 4) as well as similar 
values for PBN/•CHCH3OH and PBN/•(CH3)3 
radical adducts. Since the experimental hyperfi ne 
values of PBN/X radical adduct is close to that 
of PBN/•CHCH3OH, we could suggest that the 
observed radical adduct is PBN/•(CH3)3. However, 
the additional experiments with another spin trap 
with more specifi c splitting pattern for c-centered 
radicals are necessary. 

Conclusions 

Spin trapping studies of interactions of essential oils 
with radicals produced in Fenton reaction showed 
that the presence of essential oils generally decreased 
the amount of radical adducts formed, but did not 
change the type of radicals formed. The weakest 
effect on radical adducts formation was observed 
for rosemary essential oil. In the presence of DOPC 
and DPPC lipids systems, rosemary essential oil 
stabilized the trapping of radicals, that is, ESR 
integrated intensity as well as ratio of the radical 
adduct components remind the same with time. 
Also, in the presence of DOPC lipids two radical 
adducts (PBN/•OH and PBN/•CHCH3OH) in two 
phases (water and lipid) were identifi ed. Whereas 
in the case of the DPPC lipids, all radicals appeared 
to be in water phase. In addition to PBN/•OH and 

PBN/•CHCH3OH radical adducts, the new PBN/X 
radical adduct was observed in the presence of DPPC. 
Based on DFT calculations, this PBN/X radical could 
originate from the decomposition of PBN spin trap. 
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