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Abstract The use of natural antioxidants is of increasing
importance in the human diet, because they are recognised
as compounds essential to health which minimize or delay
the aging process. Despite apparent simplicity, however, it
is very difficult to measure and quantify such properties,
for which a robust analytical method is required. Because
oxidation usually is caused by the presence of OH-
radicals, a new method involving the in-situ, vapour-phase
generation of these radicals and their quantification in the
presence and absence of potential antioxidant extracts has
been developed. The oxidant atmosphere generated from
hydrogen peroxide is carried by an air stream through an
empty quartz chamber in which UV radiation promotes
the formation of radicals by a photochemical reaction. The
products then pass through a cartridge containing the
essential oil, finally bubbling into an impinger containing
an aqueous solution of salicylic acid, at pH 4.5, which
reacts with the OH- radicals forming 2,5-dihydroxyben-
zoic acid. This solution is quantified by RP-HPLC using
UV and fluorescence detectors connected in series.
Detection and quantification limits for OH- radicals were
approximately 0.01 pg g ' air. Description and optimization
of the method are discussed, as also is the antioxidant
performance of an extract of ginger (Zingiber officinale R.),
which reduced the oxidation process by up to 92%.

Keywords Hydroxyl radicals - Salicylic acid - Zingiber
officinale R. - Antioxidant evaluation - HPLC—
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Introduction

Nowadays, consumption of natural products with antiox-
idant properties is increasingly used to delay or prevent the
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aging process and to protect humans against severe
diseases, for example cancer. Among natural products,
essential oils are becoming of great importance, because
they have been used for decades to increase the shelf life of
food, because of their antioxidant and antimicrobial
properties [1, 2]. Essential oils are a group of volatile oils
responsible for the characteristic odours or fragrances of
plants. They contain a complex mixture of compounds
from different chemical groups, including terpenoids,
aldehydes, ketones, and phenols. Some of these com-
pounds are known to be antioxidants but to establish their
antioxidant capability is very difficult, because a multistep
procedure involving the oxidation process and a final
quantitative measurement are required. The methods more
commonly used are based on spectrophotometric determi-
nations such as the Trolox equivalent antioxidant capacity
(TEAC) [3, 4], ferric-reducing antioxidant power (FRAP)
[3], or thiobarbituric acid reactive substances (TBARS) [5],
chemiluminiscence techniques with Iuminol [3, 4], and
other, more specific, methods in which enzymes are
involved [4].

It is known that the oxidation process is a radical
reaction initiated by the presence of OH- and O- radicals.
Because these radicals are the main oxidation agents
responsible for most organic reactions [6], their direct
determination is very interesting, because it would enable
measurement of the antioxidant properties of compounds
by quantitative determination of radicals. This is not an
easy task, however. OH- exists in the atmosphere at very
low concentration (0.04 pg g ' air, approx. 10° mole-
cules cm ° air), with a very short half-life [7]. This means
that to measure such low concentration of radicals a
detection limit of 0.04 pg g ' air would be necessary.
Alternatively, longer sampling periods could be used to
reach the quantification limits of existing analytical
procedures for analysis of OH- radicals. This step involves
sampling periods of more than 10 days for each sample,
which is not useful for practical purposes. One solution is to
generate an OH--enriched atmosphere which can be placed
in contact with antioxidant substances; quantitative measure-
ment could then be performed. For this reason, to measure, in
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a reasonably short time, the antioxidant capacity of essential
oils and simultaneously demonstrate the antioxidant mech-
anism, generation of a significant, known concentration of
OH:- in the gas phase is required.

Generation of an oxidant atmosphere with a given
concentration of OH- radicals has previously been studied
using aqueous media. Although very energetic (A=185 nm)
UV-photolytic OH- generation directly from water is
possible [7]. Most previous studies have been performed
with hydrogen peroxide, which decomposes under the
action of UV radiation at 254 nm giving very reactive
species, mainly OH- radicals [8]. Generation of OH-
radicals in vapour phase, however, one of the main targets
of this work, is difficult, because radical stability is very
low and the radicals readily disappear as a result of
chemical reaction.

Because of these difficulties, quantification of OH-
radicals is usually performed by indirect methods which
entail determination of hydroxylation products, for exam-
ple 2-hydroxyterephthalic acid [9—11] or 8-hydroxy-2'-
deoxyguanidine [12, 13], generated in aqueous media from
radical scavengers. Among these, especially for biological
systems, the most frequently used is an approach devel-
oped by Halliwell et al. [14], based on measurement of
hydroxylated species from salicylic acid. This method has
become the most common procedure for determination of
OH- radicals in the aqueous phase, because of the ease of
analysis of the resulting compounds by HPLC with
fluorescence detection. Nevertheless, application of this
method to the determination of OH- in gas phase is
relatively new [7, 8]. After hydroxylation, dissolved
oxygen abstracts hydrogen from the intermediate releasing
HO, and a range of oxidation products, the most important
of which are 2,5-dihydroxybenzoic acid (2,5-DHB), 2,3-
dihydroxybenzoic acid (2,3-DHB), and catechol. Because
these are the main products, they are used as tracers to
determine the OH- concentration [7]. In in-vivo studies
only 2,3-DHB and 2,5-DHB are considered, because
catechol formation is negligible [15] under the test
conditions.

It is well known that, in addition to being produced by
radical reactions, 2,5-DHB is also a reaction product of
microbial metabolism of salicylic acid. Consequently, in
biological research 2,3-DHB evaluation is preferred,
because its origin is solely via radicals [14, 16—18]. The
fluorescence intensity of 2,5-DHB is, however, much
higher than that of 2,3-DHB. Because microbial metabo-
lism can be reduced to a minimum by controlling the
generated OH-, only 2,5-DHB will be considered as target
compound for OH- evaluation.

This paper reports a new system developed to generate,
in a controlled manner, a known concentration of OH-
radicals in the gas-phase. They are then passed through a
cartridge containing the antioxidant compound under test,
in this work a natural essential oil of ginger (Zingiber
officinale R.). Finally, OH- radicals are trapped in an
aqueous solution of salicylic acid, then converted into 2,5-
DHB. The final solution is measured by HPLC with highly
sensitive fluorescence detection. Although assessment of

the antioxidant capacity of different plant species is not a
challenge analytically [3], the complexity of existing
methods makes the study presented here a relatively
simple, cheap, and portable option for monitoring hydroxyl
radical (OH-). It is also important to confirm that these
antioxidant extracts are efficient radical scavengers, by
demonstrating protection against oxidation mechanisms.
Optimization of the device used and results obtained in the
presence of different concentrations of the essential oil are
reported and discussed.

Experimental
Reagents

Sodium salicylate >99.5% (CAS 54-21-7), salicylic acid
(SA) >99.0% (69-72-7), and 2,5-dihydroxybenzoic acid
(2,5-DHB) >99.0% (490-79-9) were from Sigma—Aldrich
(Madrid, Spain). Methanol, gradient HPLC grade (67-56-
1) was from Scharlab (Barcelona, Spain). Ultrapure water
was obtained from a Milli-Q system (Millipore. Billerica,
MA, USA). Hydrogen peroxide >34.5% (7722-84-1) was
from Scharlab. Silanized glass wool was from Supelco
(Bellefonte, PA, USA). Ginger, Zingiber officinale R.,
extract (084696-15-1) was from Artibal (Sabifidnigo,
Spain). Because SA and its oxidation products are light
sensitive, special care was taken to prevent their degrada-
tion by covering the flasks containing the solutions with
aluminium foil in both storage solutions and experimental
setup, thus avoiding possible interferences.

Apparatus

OH- radical generation in the gas phase was achieved by
means of the set-up shown in Fig. 1. Compressed air was
supplied by a Cecatto Bluair compressor (Brendola, Italy).
Aerosol was generated by means of the complete pneu-
matic section (flow controller and nebulizer) of an old
Perkin Elmer 370A atomic absorption spectrophotometer
(Wellesley, MA, USA). To improve the accuracy of
hydrogen peroxide feed flow, the capillary inlet tube was
connected to a peristaltic pump from Bio-Rad (Hercules,
CA, USA), set at 0.8 mL min '. Total air flow was set at
940 mL min . The reaction chamber used to generate
OH: from H,0, (2.9X10_l mol L_l) consisted of a
300 mmx30 mm cylindrical quartz tube with opposite
inlet and outlet. UV radiation required for the reaction was
supplied by four 140 mmx=15 mm Philips fluorescent UV
lamps TL 4W/08 F4T5/BLB Hg, (Eindhoven, Holland),
placed axially around the quartz tube. Two home-made
glass traps (two pieces each, with 29/32 male-female
connectors) were used to contain the glass wool on which
the essential oil was supported in one of the lines; the other
contained only glass wool as blank reference. Salicylate
solution (50 mL, 1.25x107° mol L™" sodium salicylate in
250 umol L ™! H3PO, at pH 4.5) was contained in two glass
Drechsler-type gas-washing bottles. To minimize interfer-
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Fig. 1 Experimental device. (a) nebulizer, (b) photoreactor,
(¢) antioxidant cartridge, (d) impingers with SA solution

ences, all connections were made with PTFE tubing
(6 mm i.d., 9 mm o.d.) of the shortest possible length to
achieve maximum efficiency.

Chromatographic analysis of 2,5-DHB and remaining
SA were performed with a Hewlett—Packard 1050 Series
HPLC system (Palo Alto, CA, USA) coupled to a Waters
474 fluorescence detector (Waters, Milford, MA, USA)
operating at the optimum wavelengths for both compounds
(2,5-DHB and SA: A\e=324 nm, \.,,—448 nm). Separa-
tion was achieved on a reversed-phase column (250 mm
long, 4.6 mm i.d., 5 um) Luna C18(2) 100 A (Phenom-
enex, Torrance, CA, USA). The mobile phase (isocratic
mode, 1.5 mL min ') was aqueous acetate buffer (pH 5.9,
35 mmol L™")-methanol, 90:10 (v/v); the injection volume
was 20 uL. A UV detector (Hewlett—Packard 1050 Series
HPLC System) coupled in series before the fluorescence
detector was used to monitor the non-fluorescent
compounds.

Air Air flow
compressor] 940 mL-min-!
H,0,(03M) () aerosol Photoreactor

Nebulizer ~2% 0,0,

0.8 mL-min"!

Peristaltic
pump

lamps)

Drain
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Results and discussion
Generation of OH- radicals

As mentioned in the Introduction, generation of OH:-
radicals in the gas phase is possible by photolysis of
aqueous hydrogen peroxide solution using the experimen-
tal device depicted in Fig. 1 and sketched in Fig. 2. Because
yield is critically affected by particle size, to obtain the
smallest possible drops, in a controlled and reproducible
manner, the described nebulizer was used. When nebulized
solution is irradiated with UV light at 254 nm, the aerosol
drops decompose, giving OH- radicals which can be carried
by the air stream to another chamber. This was the basis of
the developed device.

Critical conditions for obtaining the maximum concen-
tration of OH- radicals were:

1 the concentration of hydrogen peroxide;
2 the air flow;

3 the size of the photoreactor; and

4 the intensity of the UV radiation.

Maximum generation of radicals was achieved by using
2.9x107" mol L' H,O, and 940 mL min ' air flow.
Greater flows carried the largest drops of the aerosol to the
cartridge in which the antioxidant was supported on
silanized glass wool (to eliminate possible adsorption by
normal glass wool), producing larger signals for both 2,5-
DHB and free H,O, in the final impinger, which was not
the purpose. To demonstrate that the essential oil can act as
antioxidant without direct contact with the oxidant solution
of OH- radicals, and consequently in vapour phase, it was
necessary to guarantee that the OH- radicals were generated
and transported in the vapour phase. The concentration of
H,0, should not, therefore, exceed 2.9x10 ' mol L' and
the air flow was maintained at 470 mL min ' for each
impinger.

Three different sizes of cylindrical quartz photoreactor
were tested. The first, 100 mmx30 mm, resulted in very
low concentrations of OH- radicals and the pathway of
drops was too short to guarantee that no drops of the H,O,
solution reached the cartridge. The second reactor tested
was 500 mmx50 mm; this resulted in an even lower
concentration of radicals, although the H,O, drops did not
reach the cartridge. The pathway was so long, however,
that the radicals did not survive long enough in the system.
Finally, a 300 mmx30 mm chamber gave the best results
and was therefore selected for the study.

Glass trap 1
(blank)
Glass trap 2
(essential oil)

Vent

Impinger 1

(gas phase) Vent

Impinger 2

Fig. 2 Flow-chart diagram of the experimental setup depicted in Fig. 1
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Fig. 3 Mechanism of oxidation
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Oxidation reaction

As already mentioned above, SA was used to trap the OH-
radicals. Figure 3 shows the mechanism of the reaction.

It is commonly accepted that reaction occurs via an
intermediate hydroxycyclohexadienyl radical [19], because
of ring activation, the positions ortho and para to the
hydroxyl group are more easily oxidized than the meta
position [20]. Different conditions affect the reaction. First,
pH is expected to affect the reaction because of the acidity
constants of SA. The pK,; corresponding to dissociation of
the carboxyl group is 2.97 and that for —OH- dissociation,
pKao, is 13.74 [21]. Because the reaction is supposed to be
based on the presence of carboxylate species, the optimum
pH should be between 2.97 and 13.74, which is a large
range.

When the effect of pH was studied in depth it was found
that at pH below 4.0 no signal was obtained from 2,5-DHB,
because the response was below the detection limit.
Maximum response was obtained at pH 4.5, which
means the reactive species is the salicylate, as mentioned
by other authors [19, 22, 23]. This can be explained on the
basis of the inductive effect of the functional groups. In
particular, the main difference is the presence of ~-COOH or
—COQO . The first is electron-withdrawing (as also is —OH-
which remains unchanged) whereas the second is electron-
donating, which contributes more efficiently to stabiliza-
tion of the ionized structure than does the carboxyl form.
The concentration of SA also has a critical effect. The range
of concentrations studied was between 4.00x10°° and
1.30x107° mol L™" and the optimum SA concentration was
1.25x107° mol L™".

Table 1 Analytical data

Salicylic acid 2,5-DHB 2,5-DHB?
Linear dynamic ~ 6.87x10°~  3.24x10'- 1.77x10'-
range (nmol L) 1.83x10* 3.21x10° 6.68x10"
Correlation 0.999 0.999 0.992
coefficient (%)
Detection limit 7.3
(nmol L™")
Quantification 17.7

limit (nmol L")

Linear calibration plot for low concentrations used to calculate DL
and QL

Assuming that the concentration of generated radicals is
very low, long periods of photochemical reaction were
required to produce enough OH- radicals to exceed the
quantification limit of 2,5-DHB, the final fluorescent
compound to be measured. For this reason, numerous
experiments were required with different photoreaction
times to discover the optimum conditions: 0.5, 1, 2, 4, 6, 8,
12, 24, 48, 96, and 240 h were tested. Not detectable or
very low concentrations of 2,5-DHB were observed when
sampling times were less than 8 h. When samples were
subjected to oxidation for more than 48 h, on the other
hand, and despite adequate conversion of SA into 2,5-
DHB, high RSD values (more than 50%) were observed.
Taking both considerations into account, a reaction time of
24 h was finally selected for optimum sensitivity and
reproducibility.

Analytical features

As mentioned above, the final product to be measured was
2,5-DHB, a fluorescent compound. Calculated analytical
data for the quantitative determination were as shown in
Table 1.

The detection limit for 2,5-DHB was calculated from the
errors associated with the calibration plot [24]. The second
isomer (2,3-DHB), a side product of oxidation, was not
used because of its low fluorescence sensitivity.

1004

80

601

407

% Hydroxylation

201

0.00 0.10 0.20 0.30 0.50

Mass of Ginger essential oil (g)

Fig. 4 Hydroxylation after 24 h (the blank is regarded as the 100%
reference)
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Fig. 5 Overlapped HPLC—fluorescence chromatograms showing a
comparison of SA hydroxylation after 24 h for the blank and
different concentrations of essential oil

The concentrations of OH-, expressed as molecules per
cm’ air, were determined from the concentration of 2,5-
DHB, expressed in mol L', by use of Eq. (1):

2,5 — DHB|VN,

H®| =
(O] 1000FtB

(M

Where V' (L) is the post-reaction volume, N, is
Avogadro’s constant, F (L min_ ') the air flow during the
test, ¢ (min) is the time of the test, and B the hydroxylation
coefficient, which is the ratio of the amount of SA

Table 2 Hydroxylation by generated OH- radicals
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Table 3 Results from significance tests

F-test for variances of two samples

F 17.81
Critical value of F' (one tail) 5.05

t-test for two samples supposing unequal variances

62.81
2.57

Statistical ¢
Critical value of ¢ (two tails)

remaining to the amount of SA eliminated by the reaction
[7], as shown by Eq. (2):

@

To determine this coefficient and the concentration of
2,5-DHB it is crucial to quantify the OH- radicals. During
the test, substantial loss of water by evaporation was
observed, between 1.7x10 2 and 3.3x10> mL min /,
because of the high air flow used (940 mL min™"). To avoid
miscalculations during quantification, the volume was kept
constant during the process by adding the required volume

of water to the impinger when required.

Quantification of the antioxidant capability

When generation of OH- radicals and their measurement
had been optimized using the system described, the
behaviour of different concentrations of ginger essential
oil, with known antioxidant properties [25], was studied.
After screening experiments to select the most appropriate
concentration range (more exactly mass), 0.1 to 0.5 g was
tested in the cartridges. Use of the larger amounts led to the
presence of the essential oil in the SA solutions, which was
not acceptable, whereas masses below than 0.1 g gave
results which were not statistically significantly different
from those for the blank. Figure 4 shows the dependence on
the concentration of ginger in the cartridge of the size of the
chromatographic peak obtained from the reaction product
2,5-DHB.

It is apparent that the higher the concentration of ginger,
the smaller the peak. Thus, the OH- radicals are trapped by
the ginger, which acts as a scavenger, and, consequently,

Ginger essential oil (g) 2,5-DHB (nmol L) OH-

% RSD (95%, n=6)

Molecules cm > air

rg g_1 air
Blank 2.43%10? 1.46x101° 0.41 3.0
0.1 1.12x10? 6.26x10° 0.18 2.7
0.2 5.75%10" 3.16x10° 0.09 2.9
0.3 421x10" 2.16x10° 0.06 3.1
0.5 2.00x10* 9.99x108 0.03 3.3
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they do not reach the salicylate solution. Quantitative
values were obtained for both 2,5-DHB (Fig. 5) and OH-
radicals and are listed in Table 2, confirming the initial
hypothesis of antioxidant properties of ginger.

To verify that the differences found in the study were a
result of the absence or presence of different concentrations
of ginger, a significance test was applied. Table 3 lists the
values obtained.

From these data it can be concluded there are significant
differences, because ¢ was much higher than the critical ¢
value for the 95% confidence level, and the same was true
of the F-value. This means that the variance of the data are
not of the same magnitude. So, there is no homogeneity of
variances and, consequently, there is a statistically signif-
icant difference.
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