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other agricultural products increases, methods for performing

radical scavenging activity assays based on the electron paramag�

netic resonance spectroscopic method, in which there is no inter�

ference from the sample color and turbidity, are required. In this

study, we have developed a rapid and simple electron paramag�

netic resonance based assay to evaluate the alkylperoxyl radical

scavenging activity of several antioxidants. The alkylperoxyl radical

species was generated by the photolysis of azo�radical initiator

2,2'�azobis(isobutyronitrile), in which the radical generation rate

and period were controlled by the illumination light. The relative

alkylperoxyl radical scavenging activity was obtained by a simple

formula of competing reaction of antioxidant and spin trap toward

the oxygen radical. The scavenging activities toward alkylperoxyl

radical and alkoxy radical species were evaluated in six antioxi�

dants. Although quercetin showed the highest activity toward

both radicals, the order of the relative activities in the other anti�

oxidants was different mutually between the alkylperoxyl radical

and the alkoxyl radical. This alkylperoxyl radical scavenging activity

assay based on electron paramagnetic resonance spectroscopy is

useful for evaluation of colored and turbid food samples.

Key Words: alkylperoxyl radical, radical scavenging activity, 

EPR spin trapping, AIBN

IntroductionPreviously, we reported the electron paramagnetic resonance
based oxygen radical absorbance capacity (ORAC-EPR)

assay by employing the electron paramagnetic resonance (EPR)
spin trap method, which evaluates the radical scavenging activity
(RSA) of antioxidants toward the oxygen radical produced from
the azo-radical initiator 2,2'-azobis(2-amidinopropane) dihydro-
chloride (AAPH).(1) This was developed as a rapid ORAC
assay with simpler data analysis in comparison to the original
fluorescence-based ORAC (ORAC-FL) assay developed by Ou
et al.(2) It was originally thought that the oxygen radical produced
by AAPH in the original ORAC-FL assay was an alkylperoxyl
radical (ROO•). However, the experiments have showed the
oxygen radical to be alkoxyl radical (RO•) in nature.(3,4) Accord-
ingly, the objective of this study was to develop a novel assay to
evaluate the RSA of antioxidants toward ROO• by adopting the
framework of the ORAC-EPR.
ROO•, one of the reactive oxygen radicals generated in

organisms, also functions as good oxidizing agents.(5) ROO• is
reproduced in the chain reaction processes as well as damages
biological molecules in organisms.(6) Such propagation of conse-
quent damage to biological molecules continues until reproduced
ROO• is scavenged. It has been thought that ROO• of hydrophilic
proteins damages other biological molecules in organisms.(7) Since
the production of ROO• is associated with the propagation of

serious damage to biological molecules in organisms, hydrophilic
antioxidants are thought to scavenge ROO• frequently.(8) The
ROO• scavenging activity of hydrophilic antioxidants is an
important area of reactive oxygen species scavenging, which
should be further evaluated.
Because of increasing interest in the reduction of oxidative

stress by the intake of antioxidants through a proper daily diet,(9,10)

an RSA evaluation method for samples extracted from fruits,
vegetables, and other edible natural products is desired. Many
samples extracted from these sources are colored owing to the
presence of natural pigments such as anthocyanidins or carot-
enoids. EPR spectroscopy, the method employed in this study, is a
magnetic resonance spectroscopy, which is not affected by sample
color owing to utilizing microwave. The assay to evaluate the
RSA of colored samples would be advantageous in comparison to
other spectrophotometric methods.

Materials and Methods

Materials. AAPH, acetonitrile, 2,2'-azobis(isobutyronitrile)
(AIBN), caffeic acid, glutathione, n-propyl gallate (PG), quer-
cetin, trolox, uric acid and sodium phosphate were purchased
from Wako Pure Chem. Ind. Ltd. (Osaka, Japan). The spin trap
CYPMPO [5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-
methyl-1-pyrroline-N-oxide] was obtained from Radical Research
Inc. (Tokyo, Japan).

Instrumentation. A UV light illuminator (RUVF-203SR,
Radical Research Inc., Tokyo, Japan) was employed to generate
oxygen radicals from the azo-radical initiator. The light source
was a 200-W Xe arc lamp (San-ei Electronics, Osaka, Japan). The
illuminator was equipped with a quartz fiber-optic guide and its
far end was mechanically fitted to the hole in front of the EPR
cavity. The illuminator was equipped with a computer-controllable
mechanical shutter, which controlled the illumination time. The
illumination period was determined so that a sufficient amount of
the oxygen radical adduct would be obtained. Light from the Xe
arc lamp light was attenuated to minimize the photochemical
decomposition of the antioxidants. For EPR measurements, a
JEOL RRX-1XS X-band ESR spectrometer equipped with
100 kHz field modulation (Tokyo, Japan) and the WIN-RAD
operation software (Radical Research Inc.) was employed. The
spectrometer settings were as follows: field modulation width,
0.1 mT; microwave power, 6 mW; field scan width/rate, ± 7.5 mT/
2 min; time constant, 0.1 s. A disposable borosilicate flat sample
cell (Radical Research Inc.), which was loaded with the sample
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liquid, was placed inside the EPR cavity and the EPR signal was
recorded. The magnetic field of the observed spectrum was
corrected by the spectrum of the same radical observed in the other
EPR spectrometer. The hyperfine coupling constants [HFCC,
A(H), A(N), A(P)] were estimated by fitting the Gaussian type
function to the observed spectrum using the least square method.
HFCC is represented in militesra in this paper.

ROO• scavenging activity assay. AIBN and quercetin were
dissolved in acetonitrile. The other antioxidants (caffeic acid,
glutathione, PG, trolox and uric acid) and CYPMPO were dis-
solved in sodium phosphate buffer (100 mM, pH 7.4). The assay
mixture was prepared by mixing the constituent solutions. The
typical concentrations of the constituents in the assay mixture
were as follows: AIBN, 10 mM; CYPMPO, 10 mM; antioxidant,
0.1 mM; acetonitrile, 20% (w/w); 100 mM sodium phosphate
buffer, 80% (w/w). After loading into the flat sample cell, the
liquid sample was illuminated for 180 s inside the cavity. The EPR
signal was recorded immediately after termination of the illumina-
tion.

RO• scavenging activity assay. Quercetin was dissolved in
acetonitrile, and the other chemicals were dissolved in sodium
phosphate buffer (100 mM, pH 7.4). The assay mixture was pre-
pared by mixing the constituent solutions. The concentrations of
the constituents in the assay mixture were as follows: AAPH,
20 mM; CYPMPO, 10 mM; antioxidant, 0.1 mM in 100 mM
sodium phosphate buffer. Twenty percent (w/w) of the solvent
was replaced by acetonitrile in RSA assay of quercetin and the
blank for quercetin. The peak height of the EPR spectrum did not
show a statistically significant change as compared to the blank
prior to solvent replacement (p = 0.36, two-sided t test, n = 5).
Once loaded into the flat sample cell, the liquid sample was
illuminated for 60 s inside the cavity. The EPR signal was
recorded immediately after termination of the illumination.

Data analysis. The ROO• and RO• scavenging activity was
evaluated by comparison of the rate constants in this assay. The
reactions of ROO• (or RO•), spin trap CYPMPO (C), and anti-
oxidant (A) were assumed to be as follows:

ROO• + C → S, rate constant: kC ..................... (1)

ROO• + A → X, rate constant: kA .................... (2)

S, and X represent the spin adduct and product generated by the
reaction, respectively. It was assumed that no other reactions
between the components occurred and that only the spin adduct
gave the EPR signal. The rate equations are given as follows,
respectively.

The ratio of [X] and [S] is derived as follows:

[X] can be replaced by [S]B – [S], where [S]B and [S] represent
the concentration of the spin adduct in the presence of the spin trap
alone (the blank) and in the combined presence of the antioxidant
and spin trap, respectively. In addition, since the EPR peak heights
are proportional to the concentration of the spin adduct, ([S]B –

[S])/[S] on the left side of Equation 5 is replaced by (IB – I)/I,
where IB and I denote the peak height in the presence of the spin
trap alone and in the combined presence of the antioxidant and
spin trap, respectively. The amounts of C and A consumed are
assumed to be negligible in the reaction and [C] and [A] are nearly
equal to [C]0 and [A]0, respectively, in which [ ]0 denotes the initial
concentration. Finally the rate constant of the antioxidant normal-
ized by spin trap CYPMPO is given as follows:

The height of the 5th peak from the lower-magnetic-field side was
employed for the analysis as IB and I.

Results

The EPR spectra of the spin adduct of CYPMPO when
coexisting AIBN was photolyzed is shown in Fig. 1A, and its
simulated spectrum is shown in Fig. 1B. The EPR spectrum
pattern was same as the reported spectrum generated by the pho-
tolysis of AIBN.(4) The HFCCs were estimated as follows:
A(H) = 1.11, A(N) = 1.33, A(P) = 4.68. This spectrum was
assigned to ROO• adduct of CYPMPO [R is -C(CH3)2-CN]. The
EPR spectrum of radical adduct of CYPMPO by the photolysis of
AAPH and its simulation spectrum are shown in Fig. 1C and D,
respectively. The relative differences of the estimated HFCCs
[A(H) = 1.21, A(N) = 1.35, A(P) = 4.78] were less than 3% com-
pared to the previously reported values.(4) This spectrum was
assigned to RO• adduct of CYPMPO [R is -C(CH3)2-C(NH2)NH2

+].
The same spectrum pattern was also obtained in experiments
where an AIBN solution cooled in an ice bath during illumination
was mixed with CYPMPO solution after termination of illumina-
tion (Fig. 2). The estimated hyperfine coupling constants were as
follows: A(H) = 1.03, A(N) = 1.30, A(P) = 4.62. The EPR spectra
of the ROO• adduct in the presence of various concentrations of
PG are shown in Fig. 3. As the concentration of PG increased, the
peak height decreased. The value of (IB – I)/I was plotted as a
function of [Antioxidant]/[CYPMPO] in Fig. 4 in which the
antioxidant was caffeic acid, and PG. The theoretical relationship
is represented as a line passing through the origin by the equation,
(IB – I)/I = kA/kC [Antioxidant]/[CYPMPO], derived from Equa-
tion 6. The results were well fitted to the theoretical line. The
relative RSAs of the antioxidants toward ROO• and RO• are
summarized in Table 1. The orders of the relative RSAs were
different between ROO• and RO• but quercetin which was the top
in both two radicals.

Discussion

By employing the framework of the ORAC-EPR, a method
for evaluating the ROO• scavenging activity of the hydrophilic
antioxidants was developed. Some merits, including the moderate
concentration of the azo-radical initiator (10 mM) required, the
controllable generation of ROO• by adjusting the intensity and
the period of the illumination light, and the simple data analysis,
were inherited from the original ORAC-EPR method.(1) Minimal
photodamage of the antioxidants and sufficient generation of
ROO• could be accomplished by optimizing the power of the
illumination source and the illumination period. Previously,
Rodrigues et al.(11) developed an alkylperoxy RSA assay of
lipophilic antioxidants by employing the thermolysis of AIBN
(175 mM, 41°C), similar to the ORAC-FL assay. The assay period
in this study (180 s) was much shorter than that in the above-
mentioned thermolysis assay (120 min). Since the framework
employed in this study is similar to that of the ORAC-EPR assay,
the RSA assay toward two oxygen radicals (RO• and ROO•) could
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Fig. 1. Observed EPR spectra of radical adduct of CYPMPO and their
simulated spectra. A) An observed EPR spectrum of CYPMPO AIBN�
derived radical. A 80 μl solution containing 10 mM AIBN, 10 mM
CYPMPO, 80% (w/w) of 100 mM phosphate buffer, and 20% (w/w) of
acetonitrile was illuminated with UV light for 180 s. B) The EPR
spectrum simulating the observed spectrum shown in Fig. 1A. The
hyperfine coupling constants (mT) used for the simulation were as
follows: A(H) = 1.07, A(N) = 1.32, A(P) = 4.66. C) An observed EPR spec�
trum of CYPMPO AAPH�derived radical. A 80 μl solution containing
20 mM AAPH, 10 mM CYPMPO, and 100 mM phosphate buffer was
illuminated with UV light for 60 s. D) The EPR spectrum simulating the
observed spectrum shown in Fig. 1C. The hyperfine coupling constants
(mT) used for the simulation were as follows: A(H) = 1.21, A(N) = 1.35,
A(P) = 4.78.

Fig. 2. EPR spectrum of spin adduct of CYPMPO trapping the radical
generated from AIBN after termination of illumination. A 72 μl solution
containing 11 mM AIBN, 67% (w/w) of 100 mM phosphate buffer, and
33% (w/w) of acetonitrile was illuminated by UV light for 30 s on an ice
bath, followed by addition of an 8 μl solution of 100 mM CYPMPO after
termination of illumination.

Fig. 3. EPR spectra of AIBN�derived alkylperoxyl radical adduct of
CYPMPO in the presence of several concentrations of PG. The height
of the peak marked with an asterisk (*) was used for the analysis. A
80 μl solution containing 1 mM AIBN, 10 mM CYPMPO, PG, 95% (w/w)
of 100 mM phosphate buffer, and 5% (w/w) of acetonitrile was
illuminated with UV light for 60 s.

Fig. 4. Plot of (IB – I)/I against [Antioxidant]/[CYPMPO] and the regres�
sion line. PG and caffeic acid were chosen as antioxidants. The value of
(IB – I)/I is the average of three measurements. The error bar represents
the standard deviation. The coefficients of determinations of the
regression line were 0.997 and 0.959 in PG and caffeic acid, respectively.
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be implemented by changing the radical generation reagent and
the illumination period. Additionally, the chemical decomposi-
tion, or photolysis of tert-butyl hydroperoxide has been utilized
to generate ROO• in hydrophilic solution.(12,13) It has also been
reported that oxygen radicals other than ROO• were generated
simultaneously by the chemical decomposition, and photolysis
of tert-butyl hydroperoxide.(13,14) In contrast, AIBN which was
utilized in this study was decomposed into alkyl radical and
nitrogen by the photolysis. This alkyl radical species rapidly reacts
with dissolved oxygen molecule to generate ROO• (second-order
rate constant: ca. 109 M−1s−1).(3) The EPR spectra of the spin adduct
assigned to other radicals were not observed in the photolysis of
AIBN. Some radicals which are not assumed in this assay are
generated from antioxidants by the UV light illumination, or in
radical scavenging reactions possibly. When the spin trap and the
spin adduct are consumed by some extra radicals, the evaluation of
the RSA is affected directly. The linear relationship of (IB – I)/I
and [Antioxidant]/[CYPMPO] and the EPR spectrum pattern can
be useful to find extra radicals. If the linearity is insufficient, or
other spectrum pattern is superimposed on the EPR spectrum of
the spin adduct, the spin adduct, or spin trap may react with extra
radicals. The experimental condition should be modified to inhibit
the extra radical generation in the case.
Although the absolute RSAs toward ROO• and RO• can not

be compared by kA/kC obtained in this study, the relative activity
can be compared by kA/kC. The relative RSA toward both ROO•

and RO• was the highest in quercetin among the six antioxidants.
Both ROO• and RO• cause hydrogen abstraction reaction.(15) This
common reactivity of these radicals and rich hydroxyl groups of
quercetin may be responsible for these relatively high activities.
Trolox, ranked 5th in relative RSA order toward RO•, could be
ranked second in relative RSA order toward ROO• among the
six antioxidants. This difference is reasonable considering that
trolox is an analog of α-tocopherol, which is an inhibitor of lipid
peroxidation.(16) No common order among the relative activities
was evident in any of the antioxidants except for quercetin. The
difference in the reactivity of the oxygen radical species (ROO•

and RO•) with antioxidants contributed to the difference of the
relative RSAs of the antioxidant toward ROO• and RO•. The
corresponding oxygen radical should be generated in the oxygen
RSA assay of antioxidants. It was thought that the other factors
(the difference of alkyl group, the presence of acetonitrile, and so
on) also contributed to the difference of the relative RSAs.
The estimated HFCCs of the AIBN-derived peroxyl radical

adduct in this study was larger than the previously reported values
[A(H) = 0.84, A(N) = 1.24, A(P) = 4.39].(4) Although the previous
reported HFCCs were measured in benzene, we obtained the
HFCCs in the mixed solvent of phosphate buffer and acetonitrile.
It was reported that the increased value of HFCC was observed
when the nitroxide radical was contained in polar solvent.(17) The
larger values of our HFCCs were thought to due to be the differ-
ence of the solvent.

Assay solutions including the antioxidant and AIBN were
illuminated by UV light to generate ROO• in this study. If the
antioxidant is sensitive to UV light, photochemical reactions will
result from UV light exposure. We propose a potential solution
to resolve this shortcoming. It was found that radicals were also
generated after termination of the illumination, provided the AIBN
solution was sufficiently cooled during illumination (Fig. 2).
Engel(18) has reported the isomerization of azoalkanes in which
two alkyl groups bonded to the azo group adopt the stable trans-
configuration. Absorption of UV light promotes transformation
to the unstable cis-isomer, which then decomposes to two alkyl
radicals and a nitrogen molecule. AIBN also decomposes rapidly
via isomerization of the stable trans-isomer to the unstable cis-
isomer by UV absorption. It is thought that cooling decreased
the decomposition rate. The remaining cis-isomer was allowed
to generate the radicals after termination of illumination. If this
radical generation method is adopted in our assay, UV-induced
photochemical damage of antioxidants will not be caused by
addition of illuminated AIBN solution to antioxidant solution.
Further investigation of optimal experimental parameters, in-
cluding cooling temperature, UV illumination period, and AIBN
concentration, is needed.
In addition to agricultural and natural products, antioxidants

can be also taken through processed foods in which antioxidants
are enriched. Addition of antioxidants derived from natural
sources to raw materials of processed foods is common during the
manufacturing process. Processing such as heating might result
in deterioration of the antioxidant RSA. The decrease in the RSA
of processed foods found in each processing step is a concern as
well as the RSA in the final products. If the processing conditions
are optimized to prevent decrease of the RSA by evaluating the
consequent change in RSA of the processed foods, the rapid RSA
assay described here will be useful. Processed foods also contain
natural pigments derived from materials or added coloring agents.
Though several spectrophotometric methods that determine RSA
have been developed, these methods show possible interference
by sample pigmentation.(19,20) In the 1,1-diphenyl-2-picrylhydrazyl
(DPPH) RSA assay, in which the same sample was evaluated
by using both EPR and UV-visible spectrophotometry, it was
suggested that absorption by the decomposition products of the
antioxidants accounts for the difference in the outcomes of the
two techniques.(21) If necessary, turbid samples, which are not
extracted, can be measured by the EPR based assay reported
herein. In conclusion, this RSA assay employing EPR spectros-
copy is highly useful for the determination of ROO• scavenging
activities of colored or turbid food samples.
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Table 1. Summary of ROO• and RO• scavenging activity of antioxidants evaluated in this study

†Mean ± SD (Relative SD, %), n = 5.
‡Mean ± SD (Relative SD, %), n = 4 or 5.

Antioxidant
ROO• scavenging activity RO• scavenging activity

Order kA/kC
† Order kA/kC

‡

Caffeic acid 6 79 ± 6.6 (8.4) 3 550 ± 40 (7.3)

Glutathione 4 120 ± 16 (13) 6 160 ± 27 (17)

PG 3 210 ± 15 (7.1) 2 820 ± 160 (20)

Quercetin 1 330 ± 46 (14) 1 1200 ± 130 (11)

Trolox 2 230 ± 21 (9.1) 5 260 ± 54 (21)

Uric acid 5 87 ± 13 (15) 4 280 ± 31 (11)
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Abbreviations

AAPH 2,2'-azobis(2-amidinopropane) dihydrochloride
AIBN 2,2'-azobis(isobutyronitrile)
CYPMPO 5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-

methyl-1-pyrroline-N-oxide
EPR electron paramagnetic resonance
HFCC hyperfine coupling constant
ORAC-EPR electron paramagnetic resonance based oxygen

radical absorbance capacty

PG n-propyl gallate
ROO• alkylperoxyl radical
RO• alkoxyl radical
RSA radical scavenging activity
UV ultraviolet
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