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Hydroxyl radical scavenging capacity estimation for lipophilic antioxidants is a challenge due to their
poor solubility in aqueous radical generating and measuring systems. In this study, an electron spin
resonance (ESR) method was developed and validated for its application in estimating the relative
hydroxyl radical (HO*) scavenging capacity for lipophilic antioxidants under physiological pH using a
Fenton Fe2*/H,0, system for radical generation and acetonitrile as a solvent. The Fenton Fe2*/H,0,
system generates a constant flux of pure HO® under the assay conditions. The method was validated
by linearity, precision, and reproducibility using selected known lipophilic antioxidants including
o-tocopherol, lutein, p-carotene, and BHT. The potential effects of commonly used water-miscible
and water-immiscible organic solvents on the Fenton Fe?*/H,0O, HO* generating system as well as
their possible interactions with the fluorescent and spectroscopic probes were also reported. In addition,
the limitation of the ESR assay was described.
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INTRODUCTION propagation of the oxidative chain reactions in hydrophobic
Antioxidants are well recognized for their potential role in SYStéms. It was also suggested that tocopherols incorporated in
reducing the risk of several aging-associated human diseasedn® ceéllular membrane might interact with and scavenge
such as cardiovascular disorder and canterd). Free radical ~ nydrophilic ROS in the surrounding aqueous phase outside of
medicated oxidative chain reaction is a commonly accepted C€llS because their chroman head groups might orient near the
mechanism of lipid peroxidation in the biological systems, and Surface of cell membranes (5). Lipophilic antioxidants may

this mechanism may apply to oxidation of other cellular provide stronger protection against lipid peroxidation and other

components such as cholesterol and proteins. Antioxidants may/Te€ radical mediated oxidative damage to important biological
molecules because of their better cellular availabilify Rapid,

suppress the initiation and propagation of the oxidative chain "' . ) ; T
reaction through a number of mechanisms including but not _S|mp_le, reliable, and phyS|oIog|caIIy relevant in vitro assays are
limited to chelating transition metals, quenching free radicals, " Nigh demand for screening and development of novel
and reducing peroxides. Generally, antioxidants are classifiedIPOPhilic antioxidants.

into hydrophilic and lipophilic antioxidants according to their ~ Among all known ROS, hydroxyl radical (HDis the most
solubility in water or nonpolar organic solvents. It is well damaging one, which may be produced under the physiological
accepted that hydrophilic or hydrophobic antioxidants may act conditions and reacts rapidly with almost any biological
synergistically and provide stronger protection to biological molecule and may be involved in pathology of many human
systems and reduce the damage caused by reactive oxygesliseases (6). The production of M@ biological systems is
species (ROS) including free oxygen centered radicgisi mainly attributed to the decomposition of hydrogen peroxide
contrast to hydrophilic antioxidants, lipophilic antioxidants have and superoxide catalyzed by transition metals including Fe and
a tendency to be distributed in or penetrate into the hydrophobic Cu. Fenton and Fenton-like reactions generating H@ugh
domain of cell membranes and biological particles such as thea similar chemical mechanism may serve as in vitro models
nonpolar core of lipoproteins. Tocopherols, the most important for investigating the HOscavenging properties of lipophilic
representatives of lipophilic antioxidants, may act mainly as antioxidants. In 2006, a novel in vitro fluorometric assay was
oxygen radical scavengers thus to inhibit the initiation and developed for HO scavenging capacity (HOSC) estimation
using a Fenton-like Fe/H,0, system at the physiological pH
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testing period. However, this assay cannot be used to estimatg\Varian, Inc., Palo Alto, CA). Individual samples were placed in the
HO" scavenging capacity of lipophilic antioxidants due to their ESR cavity using two 5@L glass capillaries for the measurements.
poor solubility in aqueous acetone. Typical spt(a;trometer parameters were: scan range, 100 G; receiver
In vitro antioxidant property estimation is still a challenge gaggﬂlfsxwleré gcgﬁgadvzspmg{slgfnc]xv’|i§23eﬁrﬁfa?uorgmtﬁ?2' LG
for lipophilic antioxidants. Antioxidant properties of lipophilic ep P '
. ; Fluorometric and Spectrophotometric Measurements of HO
components might be underestimated or could not be measured; .

. f thei lubilitv in th avenging Capacity for Lipophilic Antioxidants in Fenton Reaction
in aqueous systems because of their poor solubility in these gygiem_ Fiuorometric and spectrophotometric measurements were

testing systems such as that in the oxygen radical absorbingperformed using a Victdémultilabel plate reader (Perkin-Elmer, Turku,
capacity (ORAC), HOSC, and total peroxyl radical-trapping Finland). All components of Fenton reaction were identical to the ESR
potential (TRAP) assays/{9). Efforts have been made to experiments, except that a fluorescent or spectroscopic probe was used
enhance the solubility of lipophilic antioxidants in aqueous to replace DMPO, the spin trapping agent. Fluorescein and dichlorof-
phases to be able to examine their antioxidant properties. Thesduorescein (DCFH) were tested for their potentials to be used for
included the utilization of amphiphilic solvents such as DMSQ fluorometric determination of HGscavenging capacityr(15), whereas
(10) and solubilizing agents such as randomly methylated nitro blue tetrazolium (NBT) was evaluated_asapossmle spectroscopic
pB-cyclodextrin (RMCD) (1, 12). It was reported that RMCD probe (16). DCFH was prepared from dichlorofluorescin diacetate

might reduce the total HQconcentration in the assay system (DCT-DA) by hydrolysis with 1.0 mM KOH under the conditions
9 . . Ey Y Sy previously describedl6). The Fenton reaction conditions were the same
when using the Fenton-like H20, system for radical as those for ESR determination, while the total volume of each reaction

generationT), suggesting its capacity to directly react with and - mixture was 25@iL. The 96-well plate was covered with a lid to prevent
quench HO, which may lead to overestimation of antioxidant  solvent evaporation during determination. All experiments were carried
capacity for lipophilic components. These previous studies also out in duplicate measurements.

indicated that solubilizing agents might alter the radical purity

in the tegting systems and 'Iead to inacgurgte estimation of HO RESULTS AND DISCUSSION

scavenging capacity for lipophilic antioxidants (7). Several ) ] )

organic solvents including DMSO, methanol, and ethanol were ~ Selecting a Hydroxyl Radical Generation SystemPure
able to generate carbon-centered radica/48, 14), showing HO- at constant concentration is required during the entire assay
possible solvent interference in HOSC assay, which measuresP€riod for examining radical scavenging capacity of lipophilic
HO* scavenging capacity using the Fenton-like>#e,0, antioxidants. In 2006, Moore and others reviewed available HO
system. Therefore, this study was undertaken to develop agenerating systems and classified them into five categories
practical assay for examining HGscavenging capacity of including the classic Fenton reaction, the superoxide-driven

lipophilic antioxidants such as lutein apecarotene under the ~ Fenton reaction, Fenton-like system, pulse radiolysis of water,
physiological pH. and the photo-Fenton system, based on the chemical reactions

involved in the radical generatioi@)( A Fenton-like F&/H,0,
reaction system was developed to generate pure hydroxyl
radicals at constant concentration for measuring st@venging

Chemicals. Disodium ethylenediaminetetraacetate (EDTA), iron- capacity of antioxidants that have adequate solubility in aqueous
(1) chloride, iron(ll) sulfate heptahydrate,,2'-dichlorodihydrofluo- acetone at physiologica| pH7X Attempt was first made to
rﬁg:_‘l?)i”Sd?‘zj?tat‘t?h(?ﬁF‘pdA)’ fluorlgsciighﬁl;lg,) ”grﬁ E’j'“e teztrgz;léum identify a solvent that may dissolve lipophilic antioxidants and

, 9,0-dlme -oxiae rroline , O- roxy-2,9,1,0- H ; : H H
Eetramethylchroma);l—Z—carbof)Xic acid (trolox), butylgted h);droxytolu— is compatible Wlth the aqueous_ Fenton-llkegﬁ’éiz_oz tegtmg
system. Acetonitrile is an organic solvent compatible with water

ene (BHT),a-, 6-, andy-tocopherols, lutein, and-carotene were all . - . . . .
purchased from Sigma-Aldrich (St. Louis, MO). 30% hydrogen peroxide and has significant solubility for lipophilic compounds including

(H.0) was purchased from Fisher Scientific. Randomly methylated tocOpherols ang-carotene. The possible effect of acetonitrile
B-cyclodextrin (RMCD) was purchased from Cyclolab R&D Ltd. on hydroxyl radicals generated by the Fenton-liké*Re,O,
(Budapest, Hungary). Ultrapure water was used for all experiments from System was thus evaluated because some organic solvents may
an ELGA (Lowell, MA) A Purelab Ultra Genetic polishing system with  interfere with the radical generation reactior. (Figure 1
<5 ppb TOC and resistivity of 18.2 € All other chemicals and shows the time-dependent ESR spectra of DMPO/Idfin
solvents were of the highest commercial grade and used without further ggducts formed during the #éH,0, reaction with the presence
purification. . . . of 5% acetonitrile (v/v). The ESR spectra of DMPO/H&pin

The Fenton+React|.on SystemThe classical Fenton reaction (Fe  5qqycts formed at the different concentrations of acetonitrile
+ H0, = F&* + HO* + HO") was used to generate M@k pH 7.4. in the Fé1/H,0, reaction system are presentedFigure 2.

The typical spin-trapping reaction mixture consisted of /0 of o . .
250 mM DMPO, 30uL of 1.0 mM H,O,, 30 uL of 1.0 mM EDTA, Acetonitrile may reduce the total hydroxyl radical concentration

22.5uL of 100 mM sodium phosphate buffer (PBS, pH 7.4), il5 in the assay mixture at low dose and may generate carbon-

of lipophilic antioxidants or acetonitrile for blank, and 3@ of 1.0 centered radicals at doses of -120% (v/v). These data

mM FeSQ, added in that order. The solution of FeS®as freshly suggested that acetonitrile is not a suitable solvent for measuring

prepared daily and kept on ice undeg. Nhe reaction mixture was  HO® scavenging capacity of antioxidants using the Fenton-like

vortexed, and the electron spin resonance (ESR) spectrum was recordee*/H,0, system.

after 2 min subsequent to addition of Fe&®the ambient temperature. It was shown that the HQproduction was reliable and stable
The Fenton-like Reaction SystemThe Fenton-like reaction mixture using the classic Fenton ¥éH,0, radical generating system,

contained 4QuL of 400 mM DMPO, 40uL of 100 mM H,0;, 32 uL and the amounts of DMPO/HQormed in this system were

of 100 mM PBS (pH 7.4), &L of acetonitrile, and 4GiL of 2.72 mM y Proportional with ESR peak height or signal intensity, which

FeCk, added in that order (7). Final concentrations were 100 m .
DMPO, 25 mM HO,, 20 mM PBS, 0.68 mM Fe@l and 5% (vIv) was measured at the second peak of the ESR curve in the spectra

solvent blank in each reaction mixture. All reaction mixtures were (17). The antioxidant capacities may be determined by measur-

vortexed, and the ESR spectra were recorded at 5, 10, and 20 min ofind and comparing the decrease of ESR peak height with and
the reactions at the ambient temperature. without the presence of antioxidants using the Fentott/Fe

ESR Spin-Trapping Assay.All ESR experiments were conducted  H2O radical generating system. The Fentor .0, system
at ambient temperature using a Varian E-109 X-band spectrometer coupled with ESR measurements was successfully used to

MATERIALS AND METHODS
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Figure 1. Time-dependent effect of acetonitrile on DMPO/HO* production
in Fenton-like reaction (Fe®*/H,0,) system measured by ESR. Reactions
were performed at ambient temperature in sodium phosphate buffer (PBS,
100 mM, pH 7.4). All reaction mixtures contained 40 «L of 400 mM DMPO,
40 uL of 100 mM H,0,, and 40 ulL of 2.72 mM Fe®* in the absence
(control: 5% PBS) or presence of 5% acetonitrile (v/v).
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Figure 2. Dose-dependent effect of acetonitrile on DMPO/HO* production
in Fenton-like reaction (Fe3*/H,0,) system measured by ESR. Reactions
were performed at ambient temperature in PBS (100 mM, pH 7.4), and
detected at 20 min after the reaction was initiated. All reaction mixtures
contained 40 uL of 400 mM DMPO, 40 uL of 100 mM H,0,, and 40 uL
of 2.72 mM Fe®* in the absence (control: PBS) or presence of different
percents of acetonitrile (v/v).

evaluate the HOscavenging capacity of several phenolic acids

(18, 19). In the present study, the Fentor?Fel,0, system

J. Agric. Food Chem., Vol. 55, No. 9, 2007 3327

was further investigated for the purity and concentration
consistency of HOgenerated at pH 7.4. Typical ESR spectra
of the Fenton F&'/H,0, system at 1, 5, 10, 15, and 20 min of
the reaction in the absence of any antioxidant or organic solvent
showed that the ESR peak height remained consistent (data not
shown) during the measurement period with a relative standard
deviation (RSD) value of 3.30% (= 5), indicating its possible
application for evaluating antioxidant properties against.HO
Further investigations were performed using the Fentdii/Fe
H,0, system to develop a HGcavenging capacity assay for
lipophilic antioxidants.

Effect of Commonly Used Solvents on the Fenton Fé/
H,0, HO* Generation SystemPrevious studies have detected
the possible interaction of organic solvents with 1énd the
effect of this interaction on antioxidant capacity estimation (7,
13,14). Acetone was a recommended solvent for K€aveng-
ing capacity estimation of hydrophilic antioxidants using the
Fenton-like F&/H,O, reaction system7, but had interference
with the Fenton F&/H,O, system during our preliminary
examination, suggesting that the effect of a selected solvent on
HO* scavenging capacity evaluation depends on the reaction
systems used for radical generation. Different organic solvents
and their mixtures have been used for extraction and evaluation
of natural lipophilic and hydrophilic antioxidants. To use the
Fenton F&"/H,O, system for estimating the HGcavenging
capacity of lipophilic antioxidants, it is necessary to understand
the possible effect of these solvents on this*H@neration
system.

A number of commonly used organic solvents were selected
and tested for their potential interaction with the FentoAFe
H,0, reaction system. Based on solubility in water, organic
solvents may be generally classified into two groups: the water-
immiscible (immiscible) ones such as chloroform, hexane,
benzene, ethyl acetate, amebutanol, as well as the water-
miscible (miscible) ones mainly including acetone, acetonitrile,
methanol, and ethanoFigure 3 shows the ESR spectra of
DMPO-radical adducts in the Fenton?EéH,0, reaction system
with individual immiscible solvents. Slight reduction of the ESR
signal intensity at about 3.1%, 11.2%, and 4.6% was observed
in the presence of hexane, cyclohexane, and chloroform,
respectively, at a final concentration of 5% (v/v) in the Fenton
reaction system Higure 3). Under the same experimental
conditions, benzene, ethyl acetate, and toluene significantly
decreased the ESR signal intensity to about 66.1%, 63.9%, and
23.7% of that in the control reaction without any organic solvent.
Also noted was that carbon-centered radicals were produced
during the reactions in the presence of chloroform, ethyl ether,
and n-butanol (Figure 3). These solvent effects cannot be
explained by their chemical structures or their different partition
coefficients between oil and water.

Further investigation was performed to evaluate and compare
hexane and chloroform for their potential utilization in HO
scavenging capacity examination for lipophilic antioxidants. The
ESR results showed that-tocopherol dissolved in hexane or
chloroform did not quench HQyenerated by the Fenton #¢é
H»0, reaction systemHigure 4). Further increase af-toco-
pherol concentration in hexane or chloroform did not signifi-
cantly increase its radical scavenging capacity as measured by
ESR with the Fenton system (data not shown). The presence of
these lipophilic solvents may suppress the diffusion of lipophilic
antioxidant molecules into the aqueous phase where the radicals
are formed and available for antioxidant-radical reactions. These
data suggest that immiscible organic solvents are not suitable
for evaluation of lipophilic antioxidants against H®ecause
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Figure 3. Effect of selected immiscible solvents on DMPO/HO* production.
Measurements were conducted via ESR in Fenton FeZ*/H,0, reaction
system 20 min after the reaction was initiated. Reactions were performed
at ambient temperature in PBS (100 mM, pH 7.4). All reaction mixtures
contained 30 L of 250 mM DMPO, 30 uL of 1 mM H,0,, 30 uL of 1
mM EDTA, and 30 uL of 1 mM Fe?* in the absence (control: 5% PBS)
or presence of 5% solvents (v/v).
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Figure 4. Effect of 0.55 mM a-tocopherol on DMPO/HO* production in
three different solvents detected by ESR in Fenton Fe*/H,0, reaction
system. Reactions were performed at ambient temperature in PBS (100
mM, pH 7.4). All reaction mixtures contained 30 uL of 250 mM DMPO,
30 uL of 1 mM H;0,, 30 uL of 1 mM EDTA, and 30 uL of 1 mM Fe?*
in the absence (control: 5% acetonitrile) or presence of 5% o.-tocopherol
(VIv).
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Figure 5. Effect of selected miscible solvents on DMPO/HO* production
detected by ESR in Fenton Fe?*/H,0, reaction system at 20 min of the
reaction. Reactions were performed at ambient temperature in PBS (100
mM, pH 7.4). All reaction mixtures contained 30 uL of 250 mM DMPO,
30 ulL of 1 mM H,0,, 30 uL of 1 mM EDTA, and 30 L of 1 mM Fe?*
in the absence (control: 5% PBS) or presence of 5% solvents (v/v).

of HO* scavenging capacity for a selected antioxidant sample.
Furthermore, these three solvents were found to significantly
inhibit the ESR signal intensity in a time- and dose-dependent
manner without addition of any antioxidant (data not shown),
indicating that these solvents cannot be used in evaluation of
HO* scavenging capacities. In contrast, the presence of acetone
and acetonitrile did not generate carbon-centered radicals in the
Fenton Fé&"/H,0, system, and acetone at the same concentration
resulted in a larger reduction of ESR signal intensity, which
may be associated with a lower measuring sensitivity of HO
scavenging capacity (Figure 5). A 39.4% decrease of ESR signal
intensity was observed 2 min after acetone was added in the
Fenton reaction system, although no further decrease in the ESR
signal was noted from 2 to 20 min measurements (average

decrease of 43.3%, RSB 3.93%). Additional investigation
showed no obvious effect on DMPO/MQroduction by
increasing acetonitrile concentration from 1% to 20% (v/v) in

of suppressed diffusion of lipophilic antioxidants into the the Fenton F&/H,0, reaction system (five concentrations, RSD
aqueous Fenton reaction systems, although they have bette= 5.93%) (Figure 6), although the ESR signal intensity

solubility for lipophilic antioxidants and may not interfere with  decreased 7.7% on an average in 20 min (Figure 7). This is
highly consistent with the finding that acetonitrile has the lowest

the Fenton F&/H,0; reaction system.

DMSO, ethanol, methanol, acetone, and acetonitrile are rate constant for reacting with HGmong commonly used
miscible organic solvents commonly used in antioxidant extrac- organic SO|Vent§2(0). |t.IS wgl] known that a.cetonl.tnle has
tion and evaluation. The effect of these solvents on the Fentonexcellent solubility for lipophilic compounds including caro-

Fe/H,0, HO® generating system is reported Figure 5.

tenoids and tocopherols. Taken together, these results indicated

Methanol, ethanol, and DMSO had strong interaction with this that the Fenton Fé/H,O, reaction system may produce a

HO- generating system, showing F&cavenging capacities and
the formation of carbon-centered free radicals, which was physiological pH, and acetonitrile may be used as a solvent for

consistent with the previous report&3( 14). Formation of HO* scavenging capacity estimation of lipophilic antioxidants

constant flux of pure HOIin the presence of acetonitrile at

carbon-centered radicals may lead to the inaccurate estimatiorusing this radical generating system.
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Figure 6. Dose-dependent ESR spectra of acetonitrile on DMPO/HO*
production in Fenton Fe2*/H,0, reaction system at 20 min of the reaction.
Reactions were performed at ambient temperature in PBS (100 mM, pH
7.4). All reaction mixtures contained 30 uL of 250 mM DMPO, 30 uL of
1 mM H,0,, 30 uL of 1 mM EDTA, and 30 uL of 1 mM Fe?* in the
absence (control: PBS) or presence of 1-20% acetonitrile (v/v).

Control Acetonitrile
! |
Cob A
H “ ! i r‘\ K ‘\‘ i
M»J”M‘rw‘fw\(wmﬁu JR— ’,M/\(\,w oend | ey min
{ ! { | : i H ¥
Pt P
‘ [
b ‘{‘ i ;o \l i
W'W“‘M’J\JM’\F«M _,,.,,,J\{‘,A,J\ W\‘M“ 5 min
i ! ¢ “ B { i

i ¥

WWJ.',MJ‘{WJJMWJ\JWM, WMJ\(M«"\‘ “WJ\‘NW 10 min
] ] i ; ;
P i
i f f\ ‘l
A P b
“‘“’J'T“”\V““"f’“”\(“w” WWJ\’,M'\;‘M‘ el 15 min
! ! \ ! ! ! P
. n
[l
f i
! M \‘ : k i \\ i
W‘“"F”“V‘\(“’J\rw’\f”‘w ”“‘”’\‘«“"WJ‘:W‘?“W“‘M“” 20 min

{ o oo

| | |
I o

3340 3360 3380 3400 3420 3340 3360 3380 3400 3420
Gauss Gauss

Figure 7. Time-dependent effect of acetonitrile on DMPO/HO* production
in Fenton Fe?*/H,0, reaction system measured by ESR. Reactions were
performed at ambient temperature in PBS (100 mM, pH 7.4). All reaction
mixtures contained 30 uL of 250 mM DMPO, 30 uL of 1 mM H,0,,
30 uL of 1 mM EDTA, and 30 uL of 1 mM Fe?* in the absence (control:
5% PBS) or presence of 5% acetonitrile (v/v).

Attempt To Develop a High-Throughput Fluorometric or

Spectrometric Assay.ESR is a useful analytical technique for

J. Agric. Food Chem., Vol. 55, No. 9, 2007 3329

100 mgee
‘.x*z.i;. o A
Apa .}o ®ee
- dAil%%,
- gha,s,tee, -
= 0.75 'I.=‘A‘A0‘o. o
83 - "ragphld 43%¢¢,
a2 A L
= 2 . Sagg 2% 2%
L ug u
o ¥ "ag,
] - "
£~ -
SE 050 g
2E - ® 5% acetonitrile
= o -
= . A 2.5% acetonitrike
= & -
= - —a— 1.0% acetontrile
s £ 025 ..
& 5 s —— without acetonitrile
0.00 !
4] 10 20 30 40
Time (min)
250 B
- + without acetonitrile .
=1 ML
= 5 . =
2 200 —=— 10.0% acetonitrile " =
n
g —a— 5.0% acetonitrile " aat
2 _ a® . Y
g | 150 —=—0.2% acetonitrile Y . 4
- " e L=
g e
:E .-':A“A_‘.-'-- costet e
BE 10 sqiiadigiieeeneet
g yadiadsecess
I sgaaxnt
£ 50 |
o)
<
0 | I
0 10 20 30 40
Time (min)

Figure 8. Dose-dependent effect of acetonitrile on the intensity of
fluorescent probes. (A) Fluorescein and (B) DCFH in Fenton Fe?*/H,0,
reaction systems measured using a 96-well plate reader. Reactions were
carried out at ambient temperature in PBS (100 mM, pH 7.4). All reaction
mixtures contained 50 uL of 0.3 uM fluorescein or 35.0 uM DCF-DA,
50 uL of 5 mM H,0,, 50 uL of 5 mM EDTA, and 50 wL of 5 mM Fe?*
in the absence (control: PBS) or presence of 0.2—10% acetonitrile (v/v).
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Figure 9. Effect of acetonitrile on the spectrophotometric signal intensity
for NBT. Reactions were carried out at ambient temperature in PBS
(100 mM, pH 7.4). All reaction mixtures contained 50 uL of 0.42 mM
NBT, 50 uL of 5 mM H;0,, 50 uL of 5 mM EDTA, and 50 uL of 5 mM
Fe?* in the absence (control: 5% PBS) or presence of 5% acetonitrile
(viv).
is not widely available because of the cost. Additionally,
sensitivity of ESR method is generally much lower than that of
a fluorometric assay. A fluorometric protocol with potential to
be adapted to high-throughput assay is preferred for screening
and evaluating natural lipophilic antioxidative components
because of the instrumental availability. Recently, a number of
free radical scavenging capacity assays have been adapted to
fluorometric determination by involving an appropriate probe.
These included the novel fluorometric M€cavenging capacity
(HOSC) and oxygen radical absorbing capacity (ORAC) assays
using fluorescein (FL) as the fluorescent prot@ &nd the

determining free radicals and estimating the free radical peroxyl radical scavenging capacity (PSC) assay usliiigj-2
scavenging capacity of antioxidants. However, the instrument dichlorofluorescin (DCFH), a derivative of ,Z'-dichlorofluo-
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Figure 10. Time-dependent effects of (A) 0.369 mM lutein and (B) 2.0 mM o.-tocopherol on DMPO/HO* production in Fenton Fe?*/H,0, reaction system.
Reactions were performed at ambient temperature in PBS (100 mM, pH 7.4), and detected at 5, 10, and 20 min, respectively, after the reaction was
initiated. All reaction mixtures contained 30 gL of 250 mM DMPO, 30 uL of 1 mM H,0,, 30 uL of 1 mM EDTA, and 30 L of 1 mM Fe?* in the absence
(control: 5% acetonitrile) or presence of 5% lutein or o-tocopherol (v/v).
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Figure 11. Dose response of lipophilic antioxidants for DMPO/HO* signal intensity in Fenton Fe?*/H,0, reaction system. (A) a-Tocopherol and (B) lutein.
DMPO/HO" signals were measured at 20 min after the reaction was initiated. Reactions were performed at ambient temperature in PBS (100 mM, pH
7.4). All reaction mixtures contained 30 uL of 250 mM DMPO, 30 uL of 1 mM H,0,, 30 uL of 1 mM EDTA, and 30 uL of 1 mM Fe?* in the absence
(control: 5% acetonitrile) or presence of 0.006—0.369 mM lutein or 0.031-4.0 mM a-tocopherol.
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rescin diacetate (DCF-DA), as the fluorescent prdtig.(Both by HO attack, indicating the possible interaction between
FL and DCFH were tested for their potential as fluorescent acetonitrile and both probes. Neither FL nor DCFH may serve
probes to examine HOscavenging capacity for lipophilic  as the fluorescent probe for further developing fluorometric
antioxidants using the Fenton #éH,0, reaction system and  assay for lipophilic antioxidants using the Fentor? 7,0,
acetonitrile as the solvent. When FL is used as the fluorescentsystem. Further research is required to fully understand the
probe in the HOSC or ORAC assay, the antioxidant capacity chemical and physical mechanisms involved in this phenom-
of a selected antioxidant sample is estimated as its ability to enon.

prevent the rapid decay of fluorescence due to the probe-radical It is well known that nitro blue tetrazolium (NBT) may serve
reaction. In contrast, DCFH dose not have fluorescence, butas an electron acceptor and it changes color upon receiving an
may be converted to highly fluorescenf2dichlorofluorescein electron. NBT is used as the spectrometric probe for determi-
(DCF) by reacting with hydroxyl radicals. Antioxidants may nation of superoxide anion ¢0) and estimating antioxidant
suppress the radical attack on DCFH and inhibit the fluorescenceactivity of botanical extracts againstO (16). In the present
increase of the assay system. The resultBigure 8 showed study, NBT was evaluated for its potential to serve as a
that acetonitrile dose-dependently suppressed the fluorescencepectrometric probe to develop a colorimetric assay using the
decay of FL or the fluorescence development of DCFH induced Fenton F&"/H,O, reaction system. As shown Figure 9, the
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presence of 5% acetonitrile in the Fenton reaction system Taple 1. Reproducibility of the ESR assay?
strongly inhibited the interaction between NBT and ‘Hihd ‘
resulted in a minor color change in the reaction mixture. This day slope intercept r?

result indicates that it is not possible to develop a spectrometric 1 3.5829 442,50 0.97
assay using NBT and the Fentor?E#1,0, reaction system to i § ggggg gg%g(l) gg;
g;et;mme the HOscavenging capacity for lipophilic antioxi- . 49056 599,20 098

: 5 5.3339 328.27 1.00

Results of these attempts suggest that ESR assay without Sb 0.9298 7043
additional detection probe may be a better way for estimating RSP (%) 2251 20.19
hydroxyl radical scavenging capacity of lipophilic antioxidants ; g:gggé éggg 8:33
using the Fenton Fe/H,0, reaction system and acetonitrile as 10 min 3 3.5378 465.81 1.00
the solvent. Additional study was conducted to further inves- 4 5.0021 302.40 0.99
tigate the potential of ESR determination of H&avenging 5 5.1828 414.97 0.97
capacity for lipophilic antioxidants. RSD (fAjD) 28:8372 15(1)23‘3"

ESR Determination of Hydroxyl Radical Scavenging 1 4.6349 660.65 0.99
Capacities for Lipophilic Antioxidants. Several known lipo- . 2 4.8110 657.94 0.98
philic antioxidants includingr-tocopherol, luteinj-carotene, 20 min i Zggg igggg 833
and BHT were selected to evaluate the ESR determination of 5 6.1334 173.32 0.94
HO* scavenging capacity for lipophilic antioxidants using SD 0.8293 209.56
acetonitrile as the solvent and the Fentod*fd,0, reaction RSD (5%) 15.26 41.79

system to generate HOThese lipophilic antioxidants exhibited
excellent solubility in acetonitrile, and no phase separation was  *Reactions were carried out at ambient temperature in PBS (100 mM, pH 7.4)
observed when the antioxidant solution was added to the and detected at 5, 10, and 20 min, respectively, after the reaction was initiated.
hydroxyl radical generating system. At least three concentrationsA!l reaction mixtures contained 30 L of 250 mM DMPO, 30 4L of 5 mM HzO,
of each antioxidant were prepared and tested under theSO ulL of 5mM EDTA, and 30 L of 5 mM Fe?* in the absence (control: acetonitrile)

. " f 5-100 mM trolox dissolving i tonitrile (v/v).
experimental conditions. To better understand the ESR measure?" PeSeNce © M trolox dissolving in acetonitie (vi)

E"ne(;\t of aI:_tIOXIdaT:It;HOInt_(-i;‘]aCtIO{]S .Ltmlder thtﬁ Fenlton Tf‘i were 2.94%, 4.78%, and 6.21% for estimating the K¢veng-
f? Ztre\?vc I!Or;n(ilontil |0Ps(jv¥|r acionr:tin iigsnt etsso \ﬁ)n 'n'éngoing capacity of trolox measured at 5, 10, and 20 min of the
ettects were investigated for each antioxidant at 5, .19, a antioxidant—HO reactions, respectively. Better linearity or

min off re?ctlgzjn. lt\l_oHrgeasu?e mebnt was cc;rlﬂuctid ??fycind 20precision was obtained when measurements were conducted at
min of-antioxidan reaction because ot the Short eme g, 4o antioxidantHO* reaction time, suggesting that the

(.)f the_ Spin trapping agent, DMPC2Y). All of the_ test_ed hydroxyl radical scavenging capacities of lipophilic antioxidants
lipophilic antioxidants quenched more hydroxyl radicals in the should be determined within 20 min. These data demonstrate
reacti_on system when the reaction _Iastet_:l Iong_er except_BHT.the possibility to quantify or quantitatively compare HO
The tlme-depend.ence of [?MPO/H@gnaI intensity for Iu.teln scavenging capacity for lipophilic antioxidants with acetonitrile
ando-tocopherol is shown iffigure 10A andB. The reductions as the solvent using ESR and the FentoR*F&0, reaction

of the ESR signal intensity for lutein aratocopherol under system. Trolox has been used as the standard antioxidant in
the experimental conditions were about 5.7% an_d 26.2%, several antioxidant activity assays such as ORAC, HOSC, and
respectively, at 2(.) min as compared to that at 5 rﬁlgL{re. PSC assays. Trolox is selected because it is an analogue of
10). _These_ data indicated that the time of antioxigeO tocopherols with adequate solubility in both lipophilic and
reaction might alter the ESR measurement results. hydrophilic solvents and has been reported to partite 8%

All of the t(_asted lipophilic antioxidants also reacted and nto the lipid phase of liposomeg2, 23), althoughu-tocopherol
quenched HOIn a dose-dependent matter except BHT, deter- js sometimes employed as a standard for lipophilic antioxidants
mined at 20 min of antioxidartHO" reaction under the  (15) Results shown ifable 1 also suggest the potential use
experimental conditions. Typical dose-dependent ESR spectragf trolox as the standard compound to report the Bi@venging

of a-tocopherol and lutein are shown Figure 11A andB, capacity of lipophilic antioxidants as trolox equivalents, which
respectively. The reductions of DMPO/M€ignal intensity by s a relative antioxidant activity and may be used to compare
13.2-60.4% and 10:341.2% were observed far-tocopherol  the antioxidant samples analyzed across different laboratories

and lutein, respectively, when their corresponding concentrationSgnd at different times.
were increased from 0.031 to 4.0 mM and 0.006 to 0.369 mM, Reproduub”ﬂy of the ESR assay for measuring the*HO
reSpeCtiVer, in the reaction mixtures. Note that, for BHT, there sca\/enging Capacity of ||poph|||c antioxidants was evaluated
was no obvious reduction of ESR signal intensity observed even ysing trolox with acetonitrile as the solvent and the Fentdri/Fe
at a final concentration of 50 mM. H,O, reaction system. Five concentrations of trolox standard
Reproducibility of the ESR Protocol and Limitation of samples were tested for their MGcavenging capacities in
Its Application. A plot of ESR peak intensityy] versus duplicate at 5, 10, and 20 min of antioxidat{O® reactions in
concentrations of trolox (x) at 5 min of antioxidant—HO 5 consecutive days, and the results were used to prepare the
reaction inTable 1 showed that the DMPO/HGignal intensity regression lines. The slopgsintercept, and? values of each
may be proportional to the concentrations of a selected regression line were reportedTiable 1. The RSD values were
antioxidant. Similar calibrated curves= 5.1828x+ 414.97 22.5%, 20.0%, and 15.3% for slope, and 20.2%, 31.2%, and
(r2=0.97) andy = 6.1334&« + 173.32 (2= 0.94) were obtained ~ 41.8% fory-intercept determined using the ESR data obtained
at 10 and 20 min of the trolexHO® reactions, respectively.  at5, 10, and 20 min of antioxidanHO" reactions, respectively,
The precision of this ESR protocol was also measured as RSD,suggesting the huge day-to-day variations of the assay. These
which was obtained by calculating the ratio of standard deviation data indicate that it is hard to obtain reproducible relative HO
to the mean for six replicate measurements. The RSD valuesscavenging capacity values using this ESR assay. In other words,
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Figure 12. Effect of several selected lipophilic antioxidants on ESR signal intensity in Fenton Fe?*/H,0, reaction system. (A) Percentage of control E
ESR signal intensity, (B) ICs, values (mM). Reactions were performed at ambient temperature in PBS (100 mM, pH 7.4) and detected at 2—20 min (for
A) or 20 min (for B) after the reaction was initiated. All reaction mixtures contained 30 uL of 250 mM DMPO, 30 L of 1 mM H,0,, 30 uL of 1 mM EDTA,
and 30 uL of 1 mM Fe?* in the absence (control: 5% acetonitrile) or presence of 0.55 mM individual antioxidants.
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one may be able to obtain a relative H&avenging capacity In summary, an ESR protocol was developed and validated
value for a selected lipophilic antioxidant, but this value cannot for its application in measuring HGcavenging capacity for
be used to quantitatively compare this antioxidant with other |ipophilic antioxidants. This study also discussed the effects of

antioxidative samples measured using the same protocol fromcommonly used organic solvents on the Fento Fé0, HO*
different laboratories or that measured at different times. This generating system as well as their possible interactions with

is the I|m|tat|or21 of this ESR assay. S the fluorescent and spectroscopic probes. In addition, the
In contrgst,r _values ranged from 0.9 to 1.0, |nd|ce_1t_|ng the limitation of the ESR assay was also described.

excellent linearity of the measurements and the stability of the

assay within a dayTable 1). Furthermore, a lack-of-fit test

was performed using all data rable 1to determine whether

these data fitted a linear model. The calculakedalue was

0.029, which is much less than the critical value of 2.32 &r ( (1) Hertog, M. G.; Feskens, E. J.: Hollman, P. C.; Katan, M. B.;
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