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A novel fluorometric method was developed and validated for hydroxyl radical scavenging capacity
(HOSC) estimation using fluorescein as the probe. A constant flux of pure hydroxyl radical is generated
under physiological pH using a Fenton-like Fe3*/H,0, reaction. The generation of pure hydroxyl
radicals under the experimental conditions was evaluated and confirmed using electron spin resonance
with DMPO spin-trapping measurements. The hydroxyl radical scavenging capacity of a selected
antioxidant sample is quantified by measuring the area under the fluorescence decay curve with or
without the presence of the antioxidant and expressed as Trolox equivalents per unit of the antioxidant.
The assay may be performed using a plate reader with a fluorescence detector for high-throughput
measurements. The assay was validated for linearity, precision, accuracy, reproducibility, and its
correlation with a popular peroxyl radical scavenging capacity assay using selected pure antioxidant
compounds and botanical extracts. This method may provide researchers in the food, nutrition, and
medical fields an easy to use protocol to evaluate free radical scavenging capacity of pure antioxidants
and natural extracts in vitro against the very reactive hydroxyl radical, which may be linked to numerous
degenerative diseases and conditions.

KEYWORDS: Hydroxyl radical; antioxidant; ferric iron; Fenton-like reaction; fluorescein; electron spin
resonance

INTRODUCTION the First International Congress on Antioxidant Methods

Reactive oxygen species (ROS) and their roles in human sponsored by _the Amerlcan Chemical Society (14). ]
pathology have recently been of great interest in the area of Of the physiologically relevant ROS, the hydroxyl radical
health promotion and disease prevention. ROS contribute to (‘OH) is extremely reactive with almost every type of biomol-
oxidative stress, which is linked to numerous degenerative €cules and is possibly the most reactive chemical species known
conditions including carcinogenesis (1), cardiovascular disease(15). The presence and pathological role@H in vivo have
(2), inflammation (3), Alzheimer's disease (4), Parkinson’s been demonstrated and include direct attack of proteins and
disease (5), diabetes (6), and aging (7). Mechanisms involvednucleic acids 10, 16). Hydroxyl radicals may serve as an
in the role of ROS and oxidative stress in disease developmenteXcellent target to investigate dietary antioxidants for their
may include alteration of important biomolecules, causing potential to directly react with and quench free radicals and
oxidative modification of proteinsg)), oxidation of lipids 9), protect important biomolecules from radical-mediated damage.
stand breaks and modification to nucleic aciti8)( modulation One of the most important properties of an id&H sca-
of gene expression through activation of redox-sensitive tran- venging capacity assay is a source®H without interference
scription factors 11, 12), and modulation of inflammatory  from other ROS. There are five categories’©H-generating
responses through signal transducti@). (Growing evidence  systems described by previous researchers based on the reaction
suggests that dietary antioxidants may protect important biologi- ysed for radical generation including (1) the classic Fenton
cal molecules from oxidative damage and reduce the risk of reaction including the pH 7.4 buffered ferric iroEDTA/
numerous chronic diseases related to advancing Egje This ascorbic acid/KO, system used in the “deoxyribose assay7)(
has created a demand of simple, reliable, high-thoughput in vitro gng several alternatives1§—20); (2) the superoxide-driven
method(s) measured under physiologically relevant conditions Fenton reaction known also as the Haber—Wilstatter or the
for the rapid screening and development of potential dietary yaper-\Weiss reactiong1—24) using the hypoxanthine/xanthine
antioxidants, as suggested by a recent “white paper” review from gyiqase system to genera@H and its alternative proposed by
Yang and GuoZ5); (3) use of “Fenton-like” reagents to produce
* Corresponding author [telephone (301) 405-0761; fax (301) 314-3313; *OH including the Co(l1)/HO, (26) and the Cu(ll)/HO, systems

e-r?%iln:gg?s%ug}dﬁﬁgrﬂénd' (27, 28); (4) pulse radiolysis of water to genera@H (15);
8U.S. Food and Drug Administration. and (5) “photo-Fenton” systems using photosensitizers to create
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Figure 2.  Absorption spectra of deoxyribose assay chromagen (A) without
and (B) with acetone. Reaction conditions included the following initial
reaction concentrations and conditions: 2.8 mM 2-deoxyribose, 200 uM
FeCls, and 100 «M EDTA premixed, 10 mM potassium phosphate buffer
at pH 7.4, 2.8 mM H,0, prepared fresh, 5% (v/v) acetone or water as
blanks, and 100 uM ascorbic acid made fresh. These reaction mixtures
were heated for 60 min at 37 °C in a water bath followed by the addition
of 1 mL of 2.8% trichloroacetic acid and 1 mL of 1% thiobarbituric acid
and heating in a water bath at 80 °C for 20 min. Reaction vessels were
then cooled in an ice—water bath for 15 min and centrifuged for 10 min,
and absorbance spectra were recorded from 800 to 400 nm.

Time (min)

Figure 1. Fluorescein (FL) degradation by *OH generated from Fe(lll)/
H,0,/ascorbic acid in different buffering systems. Reactions were carried
out in 96-well plates, and fluorescence was measured every minute using
a plate reader with a fluorescence detector with the following initial reaction
concentrations: (O) 5.26 x 1078 M FL, 42.5 mM sodium phosphate buffer
(pH 7.4), 25 uM Fe(lll), 26.5 mM H,0,, 100 uM ascorbic acid, 100 xM
EDTA, 5% (v/v) acetone, final reaction pH remained 7.4; (O0) 5.26 x 108
M FL, 30 mM potassium phosphate buffer (pH 7.4), 25 uM Fe(lll), 26.5
mM H,0,, 100 uM ascorbic acid, 100 uM EDTA, 5% (v/v) acetone, final
reaction pH was changed to 6.0.

*OH (29). The radiolysis and photosensitization systems do not
measure theOH scavenging capacity under physiologically
relevant conditions. The hypoxanthine/xanthine oxidase system Chemicals and Reagentstluorescein (FL), iron(lil) chloride, iron-
generates superoxide £0) in addition to*OH and may have (I1y sulfate heptahydrate, copper(ll) sulfate, cobalt(ll) fluoride tetrahy-

; L - . . drate, picolinic acid, disodium ethylenediaminetetraacetate (EDTA),
interference from enzyme inhibitors, which result in overestima 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 5,5

tion of *OH scavenging capacity. dimethylN-oxide pyrroline (DMPO), thiobarbituric acid, trichloroacetic
The deoxyribose method is one of the most commonly used acid, and ascorbic acid (vitamin C) were purchased from Sigma-Aldrich.
methods forOH scavenging capacity estimation in the aqueous Thirty percent HO, was purchased from Fischer ScientifitCyclo-
phase (30—33). This method uses the classic Fenton reactiordextrin (RMCD) was purchased from Cyclolab R&D Ltd. (Budapest,
to generateOH and degrade 2-deoxyribose to “malondialde- '('I'_‘g\‘/\?;'lry&x;tﬁgﬂ:‘él‘;"stﬁh‘r’;aégﬁggcforo?!ﬁiﬁpesr"Qtee’;t]svf/r;)smuzgd'zvbﬁﬁ
hyde-llke products, which form a chromagen Wlth.thl.ObarbltunC <5 ppb’ of TOC and resistivity of 18.2&'& AIIgotger chemicals and
ﬁgfer(jleetsic\?(?liisigsssvzithn?]is I-ri"?e\xﬁ(\)/sr’F(i)rlsj'[ ng:'(;g?r?gHsftfodrT{ solvents were of the highest commercial grade and used without further
: J urification.
7.4 to 6.0 was found during the initial reaction, and attempting P Reagent Preparation.A 1 x 10-5 M stock fluorescein (FL) solution
to increase the system buffering capacity to maintain pH 7.4 was prepared in sodium phosphate buffer (75 mM, pH 7.4) and stored
resulted in no detectable chromagen. Additional experiments at 0°C for future use. Stock FL solution was diluted to 928078 M
using fluorescein (FL) as the probe instead of deoxyribose With 75 mM sodium phosphate buffer (pH 7.4) fresh for each assay
explained these observations, showing that FL was rapidly run. Iron(lll) chlon‘de_, iron(ll) sulfate, and copper(ll) S}Jlfate solutions
degraded at pH 6.0, whereas almost no FL was degraded whilelvere prepared daily in ultrapure water. A cobalt solution was prepared

. . . daily by dissolving 15.7 mg of Co(ll) fluoride tetrahydrate and 20 mg
at pH 7.4 (Figure 1), suggesting that the deoxyribose method ¢ icoinic acid in 10 mL of ultrapure water. A 0.1990 M, solution

may not generateOH at physiological pH. This finding was  \yas prepared fresh for each assay by diluting 308 vith ultrapure
supported by observations of other research2s 26, 34— water. A 7% (v/w) RMCD solution prepared was in ultrapure water.
36). The second issue with this assay was an extraction solvent Natural Extracts Preparation. Extracts of natural materials with
interference. When the assay was run with 50% acetone solutionknown antioxidant properties including cinnamon, hard wheat bran,
of antioxidants, no significant difference was found between and soft wheat grain were included in our electron spin resonance (ESR)
sample and blank measurements. UV spectrum analyses showegXperiments and our new hydroxyl radical scavenging capacity (HOSC)

- . assay to demonstrate the®H scavenging capacities. Samples were
that the chromagen absorption spectrum was altered, with theground to 20 mesh using a micromill (Scienceware, Pequannock, NJ)

peak at 532 nm S|gn|f|ca_ntly decreaselél_lg:(ure 2) in the and were extracted with 50% acetone for 24 h in the dark, under
presence of acetone. This could possibly be due to the nitrogen, at ambient temperature and pressure. All extracts were stored
competition of the carbonyl group in acetone molecules with in the dark under nitrogen at room temperature.

the malondialdehyde-like compounds for the reaction with  Standards Preparation. Standard solutions of compounds with
thiobarbituric acid, thereby forming a different chromagen known radical scavenging activity including Trolox apetoumaric,

molecule with altered absorption spectra. caffeic, ferulic, syringic, and 4-hydroxybenzoic acids were prepared

This stud dertaken to det ine th timal d in 50% acetone and stored in the dark under nitrogen. Trolox standards
IS Study was undertaken to determine the optimal procedure,, o . prepared at the following concentrations: 20, 40, 60, 80, and

for *OH scavenging capacity assay ur)dgr physiological pH-.ThiS 100 uM in 50% acetone for HOSC assay; 14, 44, 88, 116, and 160
method may meet the needs of antioxidant researchers in the,m in 509% acetone for the deoxyribose assay; and other concentrations
food, nutrition, health, and medical fields. in 50% acetone as indicated in figure captions.

MATERIALS AND METHODS
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HOSC Fluorometric *OH Scavenging Capacity AssayAssay material for natural extracts and as micromoles of TE per micromole
reactions were carried out in FluroNunc black 96-well polystyrene plates of compound for pure standards.
from Fischer Scientific and analyzed using a Viétowltilabel plate ESR Spin-Trapping Assay.ROS generation antDH scavenging

reader (Perkin-Elmer, Turku, Finland) with an excitation wavelength were examined by an ESR method using DMPO as the trapping agent.
of 485 nm, emission wavelength of 535 nm, and 0.1 s read time for The reaction mixtures contained 7Z& of 85 mM sodium phosphate
each well with each plate read once per minute for 3 h. The reaction buffer (pH 7.4), 1QuL of 1.5 M DMPO, 15uL of blank or extract or
mixtures contained 170L of 9.28 x 108 M FL prepared in 75 mM standard, 2QL of 0.1990 M HO,, and 30uL of 3.43 mM FeC},
sodium phosphate buffer (pH 7.4), 80 of blank or extract or standard, added in that order. Initial reaction concentrations were 42.5 mM sod-
40 uL of 0.1990 M HO,, and 60uL of 3.43 mM FeC}, added in that ium phosphate buffer, 26.53 mM_8,, 0.686 mM FeGJ, and 10%
order. Trolox concentrations of 20, 40, 60, 80, and A8Dwere used (v/v) sample extract or solvent blank. All reaction mixtures were
as standards. HOSC values were calculated using the regressiorvortexed and held for 2 min before analysis using a Varian E-109X-
equation between Trolox concentration and net area under the FL decayBand ESR spectrometer (Varian, Inc., Palo Alto, CA). Conventional
curve as described by Ou and othe8%)( Area under the curve (AUC) ESR spectra were recorded with 15 mW incident microwave power

values were calculated as and 100 kHz field modulationfdl G atambient temperature. Under
the testing conditions;OH signal strength was proportional to its
AUC = 0.5+ f,/fy + f,/fy + f5ffy + ... + f_,/f; + 0.5(f/f;) concentration.
Statistical Analysis.Data were reported as meanSD for triplicate
wheref, is the initial fluorescence reading at 0 min ahs the final determinations. ANOVA and Tukey'’s tests were performed (SPSS for

fluorescence reading. The net AUC is calculated by subtracting the Windows, version rel. 10.0.5, 1999, SPSS Inc., Chicago, IL) to identify
AUC of the blank from the AUC of the sample. Relative HOSC values differences among means. A two-tailed Pearson’s correlation test was
were expressed as micromoles of Trolox equivalents (TE) per gram of conducted to determine the correlations among means. Statistical
material and micromoles of TE per micromole of compound for pure Significance was declared Bt< 0.05.

compounds, with both calculations shown below. RESULTS AND DISCUSSION

relative HOSC value for pure compoung(AUC ., i~ Itis WLde%iccepf[ﬁd ;hﬁt an ideﬁ' raditca! SIPaVe(nBinQ aci.ti\_/;ty
_ assay should have the following characteristics: simplicity;
AUCand(AUCrrciox — AUCpianil] (2) production of a steady flux of pure radicals throughout the
assay time frame from a biologically relevant radical-generating
system; (3) utilization of a physiological reaction pH; (4)
utilization of equipment commonly available in antioxidant
research laboratories; (5) a definite endpoint and chemical
mechanism; (6) compatibility with commonly used extraction
solvents; (7) validity for performance characteristics; and (8)
adaptability to “high-throughput” analysid4). In the present

(molarity of Trolox/molariy of sample)

relative HOSC value for natural extracts[(AUC gy e~
AUCnd (AUC g0 — AUC 5091 %
(molarity of Trolox/mass of sample)

Deoxyribose AssayThe deoxyribose assay was conducted according
to a previously described protocdlq). Initial reaction concentrations

were 2.8 mM 2-deoxyribose, 200M FeCk, and 100uM EDTA study, a novel fluorometric procedure was developed and
premixed, 10 mM potassium phosphate buffer at pH 7.4, 2.8 m@LH  Vvalidated forrOH scavenging capacity estimation.
prepared fresh, 5% (v/v) acetone as blank, and/A0ascorbic acid *OH-Generating System SelectionFour *OH-generating

made fresh. The total volume was 1.2 mL for all reaction mixtures. systems were evaluated for their capacities to generate a steady
The reaction mixtures were kept for 60 min at 37 followed by the flux of pure*OH under physiological pH, using FL as the ROS-
addition of 1 mL of 2.8% trichloroacetic acid and 1 mL of 1%  detecting probe. These systems included the superoxide-driven
thiobarbituric acid and heating in a water bath at°@for 20 min. Fenton reaction25) and “Fenton-like” reagents including Co-
Reaction vessels were then cooled in—ieeter for 15 min and (I/H,0;, (26), Cu(ll)/H0; (27,28), and Fe(lll)/HO,, a system

centrifuged for 10 min, and absorbance was read at 532 nm with a
Genesys 20 spectrophotometer (Thermo Spectronic, Rochester, NY).that has been shown to cause DNA stand breakagg gnd

Absorption spectra were taken with a UV-1601 spectrophotometer Présumably produc®H (40) at physiological pH. The Co(ll)/

(Shimadzu, Columbia, MD). H20,, Cu(ll)/H20,, and Fe(lll)/HO, systems caused a signifi-
Fluorescein Degradation Using a DeoxyriboseOH-Generating cant drop in FL fluorescence, indicating the presence of ROS
System under Two pH Values.Experimental conditions included a  and their attack on FL, whereas the superoxide-driven Fenton
*OH-generating system reaction used in deoxyribose assgywith system under the experimental conditions caused no degradation
fluorescein probe. The final reaction pH 7.4 experiment included the to FL at pH 7.4, suggesting little ROS formatioRigure 3).
following initial reaction concentrations: 5.2610°8M FL, 42.5 mM These results suggested that Co(Ip@H, Cu(l1)/H,0,, and Fe-

sodium phosphate buffer (pH 7.4), 2M FeCk, 26.5 mM HO,, 100
uM ascorbic acid, 10tM EDTA, and 5% (v/v) acetone. The final

reaction pH 6.0 experiment was carried out under the same (:onditionsCapaCity assays.
except the buffering system, which was 30 mM (initial reaction It is widely accepted that Co(ll), Cu(ll), and Fe(lll), in

concentration) potassium phosphate buffer (pH 7.4). FluorescenceS0mbination with HO,, C"f‘"ed Fenton-like reagents, generate
measurements were made using the same equipment and conditions aB80S, but the exact species formed and their mechanisms have
used in the HOSC assay. been greatly debated in the literatudd (42). Further investiga-
Oxygen Radical Absorbance Capacity (ORAC) AssayThe ORAC tions were conducted with the Co(I)#8,, Cu(ll)/H,0,, and
assay was conducted using FL as the fluorescent probe and aVictor Fe(l11)/H,0, systems to verify the ROS generated under the
multilabel plate reader (Perkin-Elmer) according to a laboratory protocol experimental conditions with ESR using DMPO as the spin-
(37). Standards were prepared in 50% acetone, whereas all otheryanping agent. The time-dependent ESR spectra of DMPO spin
reagents were prepared in 75 mM sodium phosphate buffer (pH 7.4). aqqycts formed during the Co(ll)88; reaction (Figure 4a)
The initial reaction mixture contained 2284 of 8.16 x 108 M FL, showed a mixture of DMP@DH and possibly DMPO/@"

30 uL of standard or 50% acetone for blanks, and;250f 0.6 M
AAPH for blank. The fluorescence of the assay mixture was recorded adducts formed at pH 7.448). These results were supported

every minute for 2 h aambient temperature. Excitation and emission PY the conclusions of Kadiiska and othergt], who found a
wavelengths were 485 and 535 nm, respectively. TE were calculated Mixture of *OH and Q°~ generated by this system at physi-
for samples based on the same AUC calculations used for the ORAC ological pH, and others who have proposed that ROS besides
assay (38) with results expressed as micromoles of TE per gram of *OH could be generated by this system at physiological4d+(

(IN/H 20, systems may be suitable choicesf0H scavenging
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124 conditions, but was later hypothesized to involve an intermediate
ferric—hydroperoxy complex53). This mechanism under acidic
conditions outlined by Perez-Benitsg) begins with the reaction

of Fe(lll) and HO, to form an intermediate, the ferrc
hydroperoxy complex, [Fe(Il)y OOHP", which decomposes to
Fe#™ and*OOH, with ferrous iron reacting with #D; to yield
*OH. This mechanism has been supported by De Laat and
Gallard’s kinetic study (59). Ensing and others (56), however,
using DFT calculations and Car-Parrinello molecular dynamic
simulations have shown that the probable fate of the [FeflIl)
OOHP" intermediate is not the homolysis of the-F® bond

to form F&* and*OOH, but the homolysis of the €0 bond

to form [FEVOJ?+ and*OH. Our ESR study result&igure 4c)
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o 2 w0 w0 w0 w0 i o s s a0 showing no detectable £ are in agreement with Ensing and
Time (min} others (56), supporting the homolysis of the-O bind to form
Figure 3. Fluorescent decay curves of fluorescein with selected Fenton- [FEVOJ?* and*OH under the experimental conditions.

like reaction systems. Fluorescence decay curves of fluorescein were

prepared to compare and evaluate different proposed Fenton-like hydroxyl In addition to the advantage of generating p@#l, the ferric

radical generating systems. All reactions were performed in 96-well plates iron/H,O, system has physiological relevance. Ferric iron is
with the initial reaction concentrations of 42.5 mM phosphate buffer (pH predominately found in the body bound to ferritin and tranferritin
7:4), 5.26 x 10~° M FL, and 5% (v/v) acetone, added in that order, followed proteins. It also likely exists in the free iron pool, also referred
by (E.D 0:343 mM Fe(lll), 26.5 mM Hz0x: .(A) 0.95 mM Cu(ll), 26.5 mM to as the “labile iron pool,” as ferric iron chelated by biological
Hz02; (+) 0.08 mM Fe(ll), 0.08 mM EDTA; and (O) 230 uM Co(ll), 2.75 _ Y DVIOY

x 1072 M H,0,. chelators such as ADP, ATP, GTP, or citrate. This “free” iron

pool is thought to be available for pathological free radical
reactions §0). In vivo studies have demonstrated that rats
exposed to Fe(lll) chelated with NTA caused renal carcinoma
and induced DNA lesionslj, supporting the role of Fe(lll) in
oxidative reaction under physiological conditions. Given its
physiological relevance and superi@H-generating properties
under physiological pH found in this study and supported by
the conclusions of other researchers, the ferric irgDg$ystem
was chosen as th®©H-generating system for the new assay.

Detection Probe Selection.Numerous detection probes,
another critical component of free radical scavenging assays,
have been developed for monitorinQH concentration and
2: *OH scavenging capacity. These probes, including 2-deoxyri-
" bose/“TBA-reactive” substances (17), DNAK), methionine
(58), aromatic compoundsl®) such as salicylic acid28),
DMPO adducts (20), fluorescamine-derivatized nitroxigl&) (

47). Similarly for the Cu(ll)/HO; reaction, a mixture of DMPO/
*OH and possibly DMPO/@~ adducts was observed in the time-
dependent ESR spectra of DMPO adducts formed at pH 7.4
(Figure 4b). This observation was supported by the previous
finding of ROS besidesOH generated by the Cu(ll)4®,
system at physiological pH (48—50). The results for both the
Co(l1)/H,0, and Cu(Il)/HO, systems indicated that they would
not produce a steady flux of pur@H and, therefore, were not
suitable for 2OH scavenging capacity estimation assay.

The time-dependent ESR spectra of DMPO spin adducts
formed during the Fe(lll)/KHO, reaction at pH 7.4 are shown
in Figure 4c. This figure shows a typical DMP@H adduct
signal with a characteristic quartet signal intensity ratio of 1:
2:1 and hyperfine couplingy = ay = 14.7 G (51), which is
consistently present throughout the entire 30 min testing time

frame. This indicated that the tested Fe(ll)®3 system with fluorescein (26) 3-phycoerythrin (27), coumarin derivatives
no chelating agent was capable of producing a steady flux of (28), and the chemiluminescent probe, lumirkd) are used

pure*OH, making it an idealOH-generating system for*®H for diff t detecti thod h lecul bsorb

scavenging capacity assay. Whereas ferrous and not ferric iron ord :‘I erent detec |gr|1_(r:neESoRs ,\jtéc as rr]no ?ICU ar absorbance

is the oxidation state of iron typically associated with the classic and tiuorescence, ' ’ , OF chemiiuminescence, in
ossible combination with separation technologies including

Fenton reaction, numerous researchers have reported the gener X .

tion of ROS from the ferric reaction including Tacho89}, LC, GC, and H_P.LC:(S)' The ESR spin-trapping methods ha_ve

who reported DNA degradation in a buffered system, and Kocha excellent sensitivity and specificity, but are often not carried
’ out under biologically relevant conditions such as pH (62) and

and others 40), who reported aromatic hydroxylation of . . . S
benzoate using EDTA chelated ferric iron angCH in a pH require expensive equipmei®3). Chemiluminescence methods,
7.2 buffered system. In addition, other research&2s-64) have although sensitive, utilize a transient signal, which is not ideal

: ' ' for scavenging capacity assays, and do not have good specificity

reported the generation 8®H from chelated ferric iron/kD5, for ‘OH (2 Sd . . o q
using ESR with DMPO as a spin-trapping agent. The mechanism or _H_ (25). M etections require expensive instruments an
re difficult to implement. This left fluorescence and molecular

of this reaction and even the classic Fenton reaction has beerf! ; ; . .
debated over the years and is still not completely understood absorptlon as good potential detection methods with many
(55). The complexity in analyzing these mechanisms is attributed potential probes.
to the competition of mechanisms depending on reaction Fluorescein was chosen as the detection probe for the new
conditions such as pH, solvents, ligands, the presence ofHOSC assay because of its high sensitivity@é1 attack, high
oxidizable organic substrates, and the extremely short lives of quantum yield, no interferences with phenolic compounds,
many of the reactive species (56). photostability, stability under physiological pH, wide accept-
A commonly accepted mechanism for this reaction involves ability in radical scavenging capacity assays such as the popular
a radical chain reaction with Fe(”)l Hmz"' and*OOH as ORAC method (38), aval|ab|||ty and reasonable cost.
propagating species and was originally proposed by Barb and Evidence of Definite Endpoint for HOSC. A definite
others (57) and is often referred to as the superoxide- or Haber—endpoint is critical for quantification ofOH scavenging
Weiss-driven Fenton reaction. This reaction was originally capacity. The fluorescence decay curves of fluorescein with
thought to involve the direct oxidation of Fe(lll) by.B, to different Trolox concentrations were determined using the ferric
form O~ under basic conditions otOOH under acidic iron/H,O, *OH-generating system in pH 7.4 phosphate buffer
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Figure 4. Reactive oxygen species generated by the (a) Co(ll)/H,0,, (b) Cu(ll)/H,0,, and (c) Fe(lll)/H,0, Fenton-like reaction systems. (a) Reactive
oxygen species were determined with an ESR method using DMPO as the spin-trapping agent with the following initial reaction concentrations: 42.5 mM
sodium phosphate buffer (pH 7.4), 0.1 M DMPO, 230 «M Co(ll), 2.75 x 10-2M H,0,, and 5% (v/v) acetone. (b) Reactive oxygen species were determined
with an ESR method using DMPO as the spin-trapping agent with the following initial reaction concentrations: 42.5 mM sodium phosphate buffer (pH
7.4), 0.1 M DMPO, 0.95 mM Cu(ll), 26.5 mM H,0,, and 5% (v/v) acetone. (c) Reactive oxygen species were determined with an ESR method using
DMPO as the spin-trapping agent with the following initial reaction concentrations: 42.5 mM sodium phosphate buffer (pH 7.4), 0.1 M DMPO, 0.686 mM
Fe(lll), 26.5 mM H,0,, 5% (v/v) acetone. Measurements taken at 0, 9, 18, and 30 min are indicated by the colors green, red, blue, and black, respectively.
Spectra show typical quartet signals with an intensity ratio of 1:2:2:1 (ay = ay = 14.7 G).

(Figure 5). Trolox is a known free radical scavenging compound is especially important as antioxidants have complex kinetics,
that is a commonly used as an antioxidant standard in othersome exhibiting a lag phase while others do not. This AUC
free radical scavenging capacity assays including the popularcalculation method is therefore viewed as being superior to
ORAC. The decay curves clearly showed a dose-dependent lagpercent inhibition or fixed time point calculation$4, 64).
phase inhibition of Trolox, similar to that observed for Trolox Confirmation of HOSC Scavenging Measurement against
in the ORAC assay (38), indicating the potential of this new Pure *OH. To verify that the HOSC assay does measure
assay in quantifying th®H scavenging capacity of antioxidant scavenging activity against pur®H, an ESR spin-trapping
preparations. assay was performed with both antioxidant standards and natural
Scavenging activities for the HOSC assay are calculated usingextracts with results shown iRigure 6. These ESR results
the net AUC as used in other established assays such as ORACIlearly show scavenging activities of these compounds and
(38). This method for calculating HOSC takes into account both extracts, and the presence of offBH in the reaction mixtures
inhibition time and extent and utilizes a definite endpoint. This (Figure 6). Furthermore, these ESR results showed an order of
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Figure 5. Fluorescence decay curve of fluorescein in the presence of
Trolox under the HOSC assay condition. Initial concentrations in the

reaction mixtures were 5.26 x 1078 M FL, 42.5 mM sodium phosphate

buffer, 26.53 mM H,0,, 0.686 mM FeCls, and 10% (v/v) Trolox solution Trolox
or blank prepared in 50% acetone at the following concentrations: () N}

blank containing no Trolox; (=) 20 uM; (a) 40 uM; () 60 uM; (O) 80

O

uM; (+) 100 uM Trolox.

the *OH scavenging activity similar to that obtained by the
HOSC method (Figures &nd7; Table 1).

. Syringic Acid

Correlation between HOSC and ORAC ValuesThe HO-

SC and ORAC values of the five selected phenolic acids are WW%M il o LN
presented irfFigure 7. The greater value of TE per micromole
of phenolic acid is associated with a stronger HOSC or ORAC.
Strong correlationr(= 0.954,P = 0.05) was observed between
HOSC and ORAC values of the five antioxidative phenolic

acids. Also noted was that the trend seen from these two assays E Soft Wheat
in Figure 7 agrees with results from Zhou and othe&§), who
studied the*OH scavenging activities of coumaric, ferulic,

o

syringic, and vanillic acids using an ESR spin-trapping method
and found coumaric acid to have the strongest activity. ————————— —
Effect of Extraction Solvent on HOSC.One of the criteria Gauss

for a potential assay was compatibility of the assay with different .0 6 scavenging activity of antioxidants and natural extracts using
solvents. The effects of commonly used extraction solvents in- esp pvPQ spin-trapping assay with Fe(lll)/H,0,. Initial reaction con-
cluding acetone, ethanol, methanol, DMSO, and these in Com- coations were 42.5 mM sodium phosphate buffer (pH 7.4), 0.1 M DMPO,
bination with/3-cyclodextrin (RMCD) were evaluated using the  gg6 1\ Fe(lll), 26.5 mM H,0,, and 10% (viv) standards or extracts all
HOSC assay, and results are showrFigure 8. RMCD was  anared in 50% acetone as follows: (A) blank, (B) 0.1 mg/mL cinnamon
included because of its application as solubility enhancer for extract, (C) 20 mM Trolox, (D) 20 mM syringic acid, and (E) 0.1 mg/mL

antioxidant activity evaluation in aqueous phase. Results indi- oo grain soft wheat extract. Measurements were taken at 0 and 10
cated that 50% acetone, a commonly used solvent for extracting;

phenolics 87), had almost no effect on the kinetics of FL degra-

dation by *OH, whereas the remaining_ solvent_s (?thaf‘_o" centered radicals such ashydroxyethyl and hydroxymethyl
methanol, and DMSO) all showed very different kinetics with radicals from ethanol and DMSO or methanol, respectively,

glmost no FL .degradation, suggesting that acetone .has IittleWhiCh can be spin-trapped and are often used as detecting
interference with HOSC assay and aqueous acetone is a bettelrnolecules in"OH assays (1564). These results also further

choice of solvent for HOSC determination. Furthermore, adding support the earlier notion that the Fe(IIIyBh system is a source
0 e )
RMCD to 50% acetone significantly slowed the degradation of of *OH but not G, as the latter does not exhibit these

FL compared to 50% acetone without RMCD. The effect of _
RMCD on the degradation of FL for the remaining solvents properties (66).
showed no effect for DMSO and a slight increase for ethanol ~ The effect of RMCD in combination with acetone was also
and methanol. investigated with the ESR using DMPO as the spin-trapping
To further understand the solvent effect on the HOSC assay, 29€nt, and results showed a significant decrease in the signal
an ESR spin-trapping assay with DMPO was conducted. ESR intensity of DMPOfOH adduct with RMCD, indicating that
spectra of DMPO adductsigure 9) indicated the formation =~ RMCD was able to inhibit the generation 8dH under the
of carbon-centered radicals when ethanol, methanol, and DMSO€Xperimental conditions or that it may react with and quench
were included in the HOSC assay, where@sl was the only *OH with a possibility of forming radicals that were not
radical in the testing system containing acetone. These carbonirappable with DMPO Kigure 9). These results confirm the
centered radicals are likely formed due to proton abstraction interference of RMCD on HOSC measurements, which may
from ethanol, methanol, and DMSO. These results were reduce the sensitivity of HOSC measurements. In summary, only
expected as ethanol, methanol, and DMSO are known to bewater and acetone are compatible with the HOSC assay. It
excellent*OH scavengers and are known to form carbon- should be pointed out that these solvent compatibility issues
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Figure 7. HOSC and ORAC values of five phenolic acids. Initial reaction

concentrations for HOSC assay were 5.26 x 10-8 M FL, 42.5 mM sodium
phosphate buffer, 26.53 mM H,0,, 0.686 mM FeCls, and individual phenolic
acids at 2.5 uM. Initial reaction concentrations for the ORAC assay were
0.067 uM FL, 53.6 mM AAPH, and individual phenolic acids at 2.7 uM.

Results are reported as micromoles of Trolox equivalents (TE) per B
micromole of phenolic acid. All tests were conducted in triplicates with

mean values reported. The vertical bars represent the standard deviation

of each data point (n = 3).

Table 1. HOSC Values for Natural Extracts

food extract HOSC (TE)? SDb
soft wheat 38.78 7.19
hard wheat bran 74.91 8.18
cinnamon 3009.85 233.72

aTE, Trolox equivalents expressed as micromoles of Trolox per gram of material.
bSD, standard deviation.
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Figure 9. ESR spectra of DMPO—ROS adducts observed in the presence
of different solvents and p-cyclodextrin using Fe(lll)/H,0, as *OH-
generating system. Initial reaction concentrations were 42.5 mM phosphate
buffer (pH 7.4), 0.1 M DMPO, 0.686 mM Fe(lll), 26.5 mM H,0,, and
10% (v/v) of the following solvents: (A) 50% acetone, (B) 100% ethanol

o
=}

o
~

50% acetone

Relative Fluoresence Intensity

02 F
5095 acetone « RNCD (EtOH), (C) 80% methanol (MeOH), (D) 100% dimethyl sulfoxide (DMSO),
0.0 and (E) 50% acetone and 1.4% (w/v) S-cyclodextrin (RMCD).
0 50 100 150 200
Time (min) Table 2. Linear Relationships between Antioxidant Concentration and

Figure 8. Effect of organic solvents and j3-cyclodextrin on fluorescein Net Area under the Curve Using HOSC Assay?
degradation in HOSC assay. Initial reaction concentrations for HOSC assay , ]
were 5.26 x 108 M FL, 42.5 mM sodium phosphate buffer, 26.53 mM compound concn range R slope y-ntercept
H,0,, 0.686 mM FeCls, and 10% (v/v) of the following solvents: water, Trolox 20-100 uM 0.993 0.400 9.595
50% acetone, 80% methanol (MeOH), 100% ethanol (EtOH), 100% f;rclﬁfcn;i:g acid g-ggﬂm 8332 1%; 223?

. . . : =60 u . . .
dimethyl sulfoxide (DMSO), and the above with S-cyclodextrin at 1.4% soft wheat 0.770-2 ugimlL. 0.968 22182 0177
(wh) (RMCD). cinnamon 833-200ng/mL 0979  462.430 30.808
should be expected for amPH assay and not only for the 2All measurements were conducted under HOSC assay conditions with

HOSC because of the chemical nature®@ifl and these solvents.  antioxidant and botanical extracts in 50% acetone. All tests were conducted in
Linearity and Range of HOSC Assay A linear relationship ~ Uriplicate.

between AUC and antioxidant concentration is important for

HOSC value measurement. The linear relationship for a group linear relationship (R= 0.99) and sensitivity (slope= 0.4)

of pure antioxidant compounds and botanical extracts including under the experimental conditions and its wide use as a standard

Trolox, ferulic acid,p-coumaric acid, soft wheat extract, and in other assays such as ORAC. HOSC values were therefore

cinnamon extract, all known free radical scavengers, is shown expressed as TE per unit of testing sample. The linear range

in Table 2. Trolox was chosen as the antioxidant standard to for Trolox was found between 20 and 1@M in the testing

express other antioxidants for this assay because of its excellensolution.
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Table 3. Precision and Accuracy of Quality Control (QC) Samples

QC1 QC2 QC3
nominal [Trolox] («M) 60 80 100
run 1
intramean («M) 61.58 81.82 96.63
sSba 2.36 11.02 10.45
%RSDP 3.84 13.47 10.82
%REC® 102.63 102.27 96.63
n 3 3 3
run 2
intramean («M) 60.83 85.50 94.91
SD 5.26 6.79 10.31
%RSD 8.65 7.94 10.87
%REC 101.39 106.87 94.91
n 3 3 3
run 3
intramean («M) 62.82 81.58 96.91
SD 1.63 8.48 8.71
%RSD 2.60 10.40 8.98
%REC 104.70 101.97 96.91
n 3 3 3
pooled runs
intermean (M) 61.74 82.97 96.15
SD 312 7.97 8.59
%RSD 5.06 9.60 8.93
%REC 102.90 103.71 96.15
n 9 9 9

23D, standard deviation. ?%RSD, percent relative standard deviation. ¢ %REC,
percent recovery.

Reproducibility, Accuracy, and Precision of HOSC Assay.
The day-to-day reproducibility of the HOSC method was
assessed using a 2M caffeic acid standard measured six times
in triplicate over 12 days. Results showed an average TE value
of 4.16 and percent relative standard deviation (%RSD) of
4.06% during the testing time frame (data not shown), suggest-
ing that the HOSC procedure is stable for day-to-day measure-

ments. The accuracy and precision of the method were evaluated

by comparing three runs of Trolox at three concentrations within
a day.Table 3 summarizes the results and indicates a pooled
precision measured as %RSD withi15% and pooled accuracy

measured as percent recovery (%REC) between 96 and 104%.

Conclusion. A novel hydroxyl radical scavenging capacity

assay named HOSC was described and validated. The HOSC
assay measures the scavenging capacity of antioxidant samples

against a constant flux of pure hydroxyl radicals under physi-
ological pH, with a definite endpoint. This method uses an
inexpensive stable common fluorescent probe and may be
performed with a plate reader with a fluorescence detector for

high-throughput analyses or scaled up and adapted to a single-

read fluorometer. The HOSC assay is compatible with water

and acetone extracts and has excellent correlation with a popular

radical scavenging capacity assay (ORAC). Finally, the HOSC

assay has acceptable sensitivity, ruggedness, precision, and
accuracy. Compared to the commonly used deoxyribose method,

the HOSC method has better compatibility with acetone and
more efficiently generates hydroxyl radicals under physiological
pH. The HOSC method may serve as an important tool for those

researchers interested in the radical scavenging capacities of

both food extracts and pure antioxidant compounds with
applications in the food, biological, and medical fields.
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