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Abstract

Abstract

In the present work, different automatic analyti¢l@mw-based methodologies for the
determination of antioxidant/radical scavengingazay were developed. The automation
was performed by the computer-controlled multisyeirflow injection analysis (MSFIA)
using spectrophotometric and chemiluminometric mesasents as detection systems.
These methods were applied to pharmaceutical congsoand to several types of food
products including red and white wines, blond arakdbeers, juices, herbal and tea
infusions, and isotonic and soft drinks.

A multisyringe flow injection system was develogedthe determination of 2,2-diphenyl-
1-picrylhydrazyl radical (DPPW scavenging capacity in different reaction meéiar. this
study, a stopped-flow approach was implemented imdero to monitor
spectrophotometrically the reduction of DPREdicals by several recognised antioxidant
compounds in different solvents including methaaold ethanolic solution 50% v/v
(unbufered, apparent pH 4.1 and apparent pH 7.@&reber, the number of DPPH
molecules reduced by one molecule of antioxidans watermined whenever a stable
absorbance value was attained within the periadedsurement.

An automatic method based on MSFIA system using gpectrophotometric DPPH
scavenging reaction was developed for the detetromaf antioxidant capacity of several
food products. The determination was based on tieuc disappearance due to the
reduction of DPPHby antioxidant compounds present in the sample@ iffluence of
initial DPPH concentration and sample dilution in the perforogamf the analytical
methodology was also studied. The results were esged as vitamin C equivalent
antioxidant capacity, calculated as the equivadenbunt of ascorbic acid (mg) present in
100 mL of sample.

For the determination of Folin-Ciocalteu (FC) reidgccapacity, a MSFIA system was
developed based on the spectrophotometric detecfitime blue complexes, formed after
the transfer of electrons in alkaline medium froeducing compounds present in the
sample to the phosphomolybdic/phosphotungstic ecidplexes (FC reagent). Different
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strategies for mixing of sample and reagent westete through software control without
manifold reconfiguration. The proposed method wagliad to compounds with known
antioxidant/reducing capacity (both phenolic andpteenolic) and to several types of food
products using gallic acid as the standard.

Exploiting the flexibility of flow management assated to computer-control features of
the MSFIA systems, the sequential spectrophotometetermination of FC reducing
capacity and 2/2azinobis(3-ethylbenzothiazoline-6-sulfonic acidlical cation (ABTS)
scavenging capacity were carried out in the sam@fotd using gallic acid and trolox as
standard compounds. The proposed flow system amatign allowed the performance of
each method separately or in tandem by changingpdrameters in the controlling
software. The determination of FC assay relies lan dbsorbance increase due to the
reduction of FC reagent, whilst the ABTSscavenging capacity was assessed by the
absorbance decrease due to reduction of coloredSEB&dical cation by antioxidant
compounds. This method was applied to a large nurmnbéeveragesn(= 72) with
recognised antioxidant properties and the resuksewcompared within and between
methods.

A chemiluminometric automatic flow methodology fon vitro determination of
hypochlorous acid (HOCI) scavenging capacity, unaldrand concentration conditions
similar to those found in vivo, was developed. Tdetermination was based on the
inhibition of chemiluminescence reaction of HOCIdaluminol after prior scavenging
reaction of antioxidant compounds towards the axidgpecies (HOCI). The proposed
method was applied to nonsteroidal anti-inflammatirugs of different chemical families,
and to positive controls (cysteine, gallic acigpic acid). The HOCI scavenging capacity
at different pH values (7.4 and 10.0, for compariparposes) was evaluated.

Finally, the results obtained by the developed matac methodologies were similar to
those reported in the literature as well as stedity comparable with those provided by
batch procedures. The advantages and limitationshef proposed flow systems are

discussed in detail.
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Resumo

Neste trabalho, foram desenvolvidas varias metgitdoautomaticas de fluxo para a
determinacdo da capacidade antioxidante. Paraetaireu-se a analise por injeccdo em
fluxo baseada em multi-seringa com deteccdo bassadespectrofotometria na zona do
visivel ou em quimioluminescéncia. As metodologiEsenvolvidas foram aplicadas a
compostos farmacéuticos e a diferentes produtoseatares, tais como vinhos (tintos e
brancos), cervejas (louras e pretas), sumos, iafusd®ebidas isoténicas.

Visando a determinacdo da capacidade antioxidaededoa na captura do radical 2,2-
difenil-1-picrilhidrazilo (DPPH) em diferentes meios reaccionais, foi desenvoluido
sistema automatico de fluxo baseado em multi-sarguge incluiu a paragem da mistura
reaccional no detector para monitorizacdo espettnofétrica da reducdo do radical
DPPH provocada por compostos antioxidantes. Foram destaliferentes solventes,
nomeadamente metanol e solugcdes etandlicas a 50¥sem ajuste de pH, pH 4,1 e pH
7,6). A metodologia desenvolvida foi aplicada aiogrcompostos reconhecidos como
antioxidantes e permitiu determinar o nimero deémdas de DPPHeduzidas por uma
molécula de antioxidante quando a absorvancia iatingn valor estavel dentro do
intervalo de medicao.

Com base nos resultados anteriores, foi desenwolwid sistema automatico de fluxo
baseado em multi-seringa recorrendo a mesma repegcda determinacdo da capacidade
antioxidante de varios produtos alimentares. Ardatecao foi baseada na diminuicdo da
absorvancia devido a reducdo do radical DPRMr reaccdo com o0s compostos
antioxidantes presentes na amostra. Foram estudaitdisiéncia da concentracao inicial
do radical DPPHe da diluicdo da amostra na performance da metgi@ohnalitica. Os
resultados foram expressos como a quantidade d a&scérbico equivalente (mg)
presente em 100 mL de amostra.

No sistema de fluxo desenvolvido para a determmaigicapacidade redutora de Folin-
Ciocalteu (FC), a metodologia baseou-se na deteeg@ectrofotométrica dos complexos
azuis formados apés a transferéncia de electréam@malcalino a partir dos compostos
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redutores presentes na amostra para os complexoslas dos acidos fosfotungstico e
fosfomolibdico (reagente FC). Foram estudadas alifes estratégias de mistura entre
amostra e o reagente FC recorrendo ao controlo istens por computador, sem
necessidade de qualquer reconfiguracéo fisica.id® &alico foi usado como composto
padrdo e a metodologia proposta foi aplicada a ostop com reconhecida capacidade
antioxidante (fendlicos e nao fendlicos) e a vatijpass de produtos alimentares.

A determinacéo sequencial da capacidade redutoeandatra usando o reagente FC e da
capacidade de captura do radical catidnicé-@hobis(3-etilbenzotiazolina-6-sulfonato)
(ABTS™) foi realizada recorrendo ao mesmo sistema devflisando o &cido galico e o
trolox como compostos padrao. A elevada flexibdiglala gestdo de fluidos associada ao
controlo por computador nos sistemas multi-serpegganitiu a realizacdo dos métodos de
uma forma isolada ou sequencial apenas pela macftcdos parametros no programa de
controlo do sistema. A determinacdo das propriesladgioxidantes no método Folin-
Ciocalteu baseou-se no aumento de absorvancia adevideducdo do reagente FC,
enquanto que a capacidade de captura do radicaBABdi determinada pela diminui¢éo
de absorvancia devido a reducdo do radical coradospcompostos antioxidantes. A
aplicacdo a um elevado numero de bebidas: (72) com reconhecidas propriedades
antioxidantes permitiu a realizacdo de um estudaepeoativo entre os dois métodos.

Para a determinacao vitro da capacidade sequestrante para o acido hipocl@r3Cl)

em condicdes reaccionais proximas das encontradago no que diz respeito ao pH e a
concentracdo, foi desenvolvido um sistema automatie fluxo com deteccéo
quimioluminométrica. A determinagcdo baseou-se nabigio da reaccdo de
quimioluminescéncia entre o HOCI e o luminol apéaccdo prévia entre 0s compostos
antioxidantes e a espécie oxidante (HOCI). A mdumgla proposta foi aplicada a
farmacos anti-inflamatérios ndo esterdides de difias familias quimicas e a varios
controlos positivos (cisteina, acido galico, adigoico). Com o propoésito de comparacao,
a capacidade sequestrante para o HOCI foi avadiati@rentes valores de pH (7,4 e 10,0).
As metodologias automaticas propostas forneceranitaglos concordantes com os dados
disponiveis na literatura e também estatisticameongparaveis com os obtidos usando os

procedimentos discretos. As vantagens e limitagosssistemas propostos séo discutidas.
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Ce travail décrit le développement de plusieurshodds automatiques de flux pour la
détermination de la capacité antioxydant. Ainsiusx@avons eu recours a l'analyse avec
injection en flux avec multi seringue et avec didecpar spectrophotométrie dans le
visible et par chimiluminescence. Les méthodes ldgpees ont été appliquées a quelques
composés pharmaceutiques et a différents prodlite@taires, tels que vins (rouges et
blancs), biéres (blondes et brunes), jus, infusainmissons isotoniques.

Un systéeme automatique de flux avec multi seringquduant un arrét du mélange
réactionnel dans le détecteur pour contrdler spéctmmeétriquement la réduction du
radical 2,2-diphényl-1-picrylhidrazyl (DPPY provoquée par les composés antioxydants,
dans différents milieux réactionnels a été dévedomifférents solvants ont été testés, a
savoir: méthanol et solutions éthanoliques a 5086) (sans contrble du pH, a pH 4,1 et
7,6. La méthode développée a été appliquée a phlsse®mposés reconnus comme étant
antioxydants et a permis de déterminer le nombnmalécules de DPPHéduites par une
molécule de antioxydant quand I'absorbance avtsiratune valeur stable.

Basé sur les résultats précédents, un systéme atigoen de flux avec multi seringue
utilisant la méme réaction pour la déterminationlaleapacité antioxydant de différents
produits alimentaires a été développé. La détetimimattait basée sur la diminution de
I'absorbance due a la réduction du radical DPPRHr réaction avec les composés
antioxydants présents dans I'échantillon. L'influerde la concentration initiale du radical
DPPH et I'influence de la dilution de I'échantillon slar performance da la méthodologie
analytique ont été étudiées. Les résultats onexgpeimeés en quantité d’acide ascorbique
équivalent (mg) présent dans 100 mL d’échantillon.

En ce qui concerne le systeme de flux développé f[@ouétermination de la capacité
réductrice de Folin-Ciocalteu (FC), la méthodologiait basée sur la détection
spectrophotométrique des complexes bleus forméssapansfert d’électrons en milieu
alcalin a partir des composés réducteurs présanrts techantillon vers les complexes
provenant des acides phosphotungstique et phospytmique (réactif FC). Les
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différentes stratégies de mélange de I'échantikindu réactif FC ont été étudiées
recourant au contrdle du systéme par ordinateuns da nécessité de quelconque
reconfiguration physique. L’'acide galligue a étdliae comme composé étalon et la
méthodologie proposée a été appliquée a des commums# I'activité antioxydant est
reconnue (phénoligues et non phénoliques) et aepitsstypes de produits alimentaires.

La détermination séquentielle de la capacité réaactle I'échantillon utilisant le réactif
FC et la capacité de capture du radical cationigBTS™ (acide 2,2'-azinobis(3-
ethylbenzothiazoline-6-sulfonique)) a été réaliséeourant au méme systeme de flux
utilisant I'acide gallique et le trolox comme consgs étalons. La grande flexibilité de la
gestion des fluides associée au contrdle par delinales systémes avec multi seringue a
permis de réaliser les méthodes de maniére isol&&quentielle simplement en modifiant
les parameétres du programme de contréle du systeeeétermination des propriétés
antioxydants de la méthode Folin-Ciocalteu est dasg I'augmentation de I'absorbance
due a la réduction du réactif FC. La capacité geure du radical ABTS, quant a elle, a
éteé déterminée par la diminution de I'absorbanae @la réduction du radical coloré par
les composés antioxydants. L'application a un nendbevée de boissonm € 72) a permis
la réalisation d’'une étude comparative entre lesaheéthodes.

Pour la déterminationn vitro de la capacité sequestrante pour l'acide hypoetior
(HOCI) en conditions réactionnelles proches deeselencontrées vivo quant au pH et a
la concentration, un systéme automatique de fllec alétection chimiluminométrique a
été développé. La détermination est basée sur ibitidn de la réaction de
chimiluminescence entre HOCI et le luminol aprés wremiére réaction entre les
composes antioxydants et I'espece oxydante (HOGI)méthodologie proposée a éte
appliguée a des composés pharmaceutigues anthim@doires non stéroidiens de
différentes familles chimiques et a plusieurs diles positifs (cystéine, acide gallique,
acide lipoique). Dans un but de comparaison, laad#p sequestrante pour HOCI a été
évaluée a differentes valeurs de pH (7,4 et 10,@s méthodologies automatiques
proposées ont fourni des résultats concordants @x@c disponibles dans la littérature et
aussi statistiguement comparables avec ceux obigtilisant les procédés discrets. Les
avantages et les limitations des systéemes propostgiscutés.

Vi
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Framework and objectives

During the past decade, the formation of reactivexygen species (ROS) and reactive
nitrogen species (RNS) have been implicated in dkilative deterioration of food
products as well as in the pathogenesis of seveiralan diseases such as atherosclerosis,
diabetes mellitus, chronic inflammation, neurodegyative disorders and certain types of
cancer. On the other hand, antioxidant compoun@sept in food and in biological
systems play an important role in the protectiorbioimolecules from these free radical
redox-reactions. In this regard, in a broad spectof areas, including biomedical,
nutrition and agrochemical, the assessment of xadaat/radical scavenging capacity has
become a topic of increasing attention. This sittnatlemands the availability of simple,
convenient, rapid and reliable in vitro analytiocadthodologies.

In this context, analytical chemistry researcheasehbeen devoted efforts to develop
and/or to improve the antioxidant capacity assayslis, in the last few years, several in
vitro analytical methods for the assessment of extgwig capacity against specific
ROS/RNS using different target/probe species aadti@ conditions were developed.
The scavenging capacity assays against stable @mdbialogical chromogen radicals as
well as the evaluation of total reduction capabifye also been implemented. At present
moment, a validated in vitro assay that can rejiabéasure théotal antioxidant capacity
IS not yet available. Among the present methodslouhtedly the most widely used
especially for screening/routine purposes areh@)2,2-diphenyl-1-pycrylhydrazyl radical
(DPPH) assay; (ii) the 2/2azinobis-(3-ethylbenzothiazoline-6-sulphonate)iaaldcation
(ABTS™) assay, and (iii) the Folin-Ciocalteu reducingaiity. In fact, the last two assays
abovementioned have been recently proposed asastireld methods for measurement of
antioxidant capacity of food products and dietagpmements. Despite their high
applicability to food and biological samples, inngeal they are time-consuming,
laborious, and costly, especially when routine weookicerning large number of samples

has to be performed as it happens within food itrgesnd clinical field. In addition, these
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assays are also susceptible to operational esocs, as inadequate sample/reagent mixing
or poor reproducibility of time events.

These limiting aspects can be overcome by automaitiathis way, flow injection analysis
and its predecessor computer-controlled flow pracesi represent a useful analytical tool
to improve antioxidant methodologies mainly due tkee strict control of reaction
conditions, the reproducible contact between oxidemd antioxidant/scavenger molecule
and the high determination rate. The later floncpdures present greater potentialities, as
it allows more versatile flow management includisgmple manipulation, improved
precision on timing events and capacity to acconat®a@ wide variety of assays in the
same manifold by changing the parameters in th&@ating software.

Considering all these features, the objective ef ghesent work was the development of
automatic flow systems based on multisyringe floj@étion analysis for the automation of
the most widely used antioxidant capacity assagmgueither chromogen radicals or
reactive species found in vivo. Study of the infloe of reaction media including solvent
and pH in the assessment of antioxidant capacity auaed. Implementation of different
antioxidant methodologies using the same equipnterugh software control for
comparison purposes in real time was proposed.ribatation of scavenging capacity of
reactive species under reaction conditions claséindse found in vivo including, reaction
time, pH value and concentration of both oxidand amtioxidant compounds was also
considered. Finally, it was aimed to develop fastethods providing results statistically

comparable with those attained by the batch praesdu
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Organisation of the dissertation

This dissertation is organised in eight chapters.

Chapter 1 is a general overview about the analytnehods used for the determination of
antioxidant capacity. For this, a brief descripti@garding the oxidants and antioxidants
species found in biological systems is given. Thenaistry principles, some of its variants,
recent applications and the merits and the disddgas of the most common in vitro
analytical methods used for the assessment of ghoperty are discussed in detail.
Particular emphasis is given to flow-based methddseloped for determination of
antioxidant capacity. Furthermore, the current estdtthe-art of these flow-based
methodologies as well as a survey and critical udision about their features and
limitations to assess the antioxidant capacity ondf and biological samples are also
discussed in this chapter.

In Chapter 2, the materials and methods that weee throughout the experimental work
are presented. The devices used to assemble theirflection systems are also fully
described. In addition, the assessment of antioxidapacity and expression of this
parameter are also described in detail in this temap

The following five chapters (from Chapter 3 to Cteap7) describe the flow-based
methods developed in the present work. They arsepted under the format of papers
published in international peer reviewed journ&khough each chapter is organised in
different way, according to the requirements of thspective journal, in general all of
them are composed by four partsinjroduction referring to general aspects concerning
that particular determination, to the related md¢halready described in the literature and
also to the objectives that are proposedmigterials and methods (experimental section)
where the preparation of reagents and solutions, thanifold devised and the
instrumentation used, the functioning and the artalyflow protocol sequence as well as
the batch comparative procedures used are fullgritbesl; iii) results and discussion
including the development of the flow manifold, tseudy of chemical and physical

Xi
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parameters, the analytical features of the developethod, the application to food

products or to pharmaceutical compounds and thepadson of the results obtained by

the proposed methodology with that attained by hatocedures as well as with results
reported in the literature; and iepnclusions where the key findings of the research are
included and the main characteristics and advastagfe the developed automatic

antioxidant capacity assays are highlighted.

Finally, a chapter containing the general conchisi(Chapter 8) of the work developed

ends this dissertation. The most important anaytieatures of the developed flow

methodologies and the main contributions to thesssent of antioxidant capacity are
summarised and critically discussed. The perspextand future research trends in this

analytical field are also given.

Xii
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Acronym

AAPH

ABTS

ABTS™

AH

AMVN

o1-AP

AUC

BODIPY 581/591

BPEA
BSA
Carboxy-PTIO

CCPO
CL

CLA
COs™
Cv
DAF-2
DAF-2T
DCF
DCFH-DA
DHBA
DHR

Name

2,2-Azobis(2-amidinopropane) dihydrochloride
2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulphomacid)

2,2-Azinobis-(3-ethylbenzothiazoline-6-sulphonate)icatication

Antioxidant compound(s)
2,2'-Azobis(2,4-dimethylvaleronitrile)
az-Antiproteinase
Area under curve
4,4-difluoro-5-(4-phenyl-1,3-butayd)-4-bora-3a,4a-diazs-
indacene-3-undecanoic acid
9,10-Bis-(phenylethynyl)anthracene
Bovine serum albumin
2-(4-Carboxyphenyl)-4,4,5,5-tetraméthidazoline-1-oxyl-3-
oxide
2-Carbopentyloxy-3,5,6-trichlorophenyl oxalate
Chemiluminescence
2-Methyl-6-phenyl-3,7-dihydroimidazo[1-2-a]pywia-3-one
Carbonate radical anion
Cyclic voltammetry
4,5-Diaminofluorescein
Triazolofluorescein
Dichlorofluorescein
Dichlorofluorescein-diacetate
Dihydroxybenzoic acid
Dihydrorhodamine 123

Xiii
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Acronym

DMPO
DPPH
DPPH
DTNB
ECso
EDTA
ESR

ET

FIA

FC
FRAP
GC-FID
HAT
HPLC
HPLC-ED

HO
H20;
HOBr
HOCI
HRP
HVA

ICs0

KMBA
LDL

Name

5,5-Dimethyl-1-pyrrolineN-oxide
2,2-Diphenyl-1-picrylhydrazyl radical
2,2-Diphenyl-1-picrylhydrazyne
5,5-Dithiobis(2-nitrobenzoic acid)

Efficient concentration

Ethylenediamine tetraacetic acid

Electron spin resonance

Electron transfer

Flow injection analysis

Folin-Ciocalteu

Ferric reducing antioxidant power

Gas chromatography with flame ionizationedsr
Hydrogen atom transfer

High performance liquid chromatography

High performance liquid chromatography wigectrochemical
detection

Hydroxyl radical

Hydrogen peroxide

Hypobromous acid

Hypochlorous acid

Horseradish peroxidase

Homovanillic acid

Intensity of the anodic current

Concentration of the antioxidant compound thatespond to 50%
of the blank analytical signal
a-Keto-y-methiolbutyric acid

Low-density lipoproteins

Xiv
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Acronym Name

LPO Lactoperoxidase

MCLA 2-Methyl-6-(4-methoxyphenyl)-3,7-dihydroimidafl,2-a]pyrazin-
3-one

MPFS Multipumping flow systems

MSFIA Multisyringe flow injection analysis

NADH Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate

NBT Nitroblue tetrazolium

NDPG;, Disodium 3,3'-(1,4-naphthalene)bispropionate

NO’ Nitric oxide radical

NO,’ Nitrogen dioxide radical

N2>Os3 Dinitrogen trioxide

NOC-7 3-(2-Hydroxy-1-methyl-ethyl-2-nitrosohydraapN-methyl-1-
propanamine

NOSs Nitric oxide synthases

NSAIDs Non-steroidal anti-inflammatory drugs

‘o, Singlet oxygen

0, Superoxide anion radical

O3 Ozone

ocCr Hypochlorite anion

ONOO Peroxynitrite anion

ONOOH Peroxynitrous acid

ONOOCO™ Nitrosoperoxycarbonate anion

ORAC Oxygen radical absorbance capacity

PABA p-Aminobenzoic acid

B-PE Phycoerythrin

PH Oxidizable target

XV
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Acronym Name

PMS Phenazine methosulphate

POCL Peroxyoxalate chemiluminescence

R’ Carbon-centered radicals

R—-N=N-R Thermolabile azo-compounds

RNS Reactive nitrogen species

RO Alkoxyl radicals

ROO Peroxyl radicals

ROOH Hydroperoxides

ROS Reactive oxygen species

RSD Relative standard deviation

RSE Radical scavenging efficiency

S Area under the anodic wave

SIA Sequential injection analysis

SIN-1 3-Morpholinosydnoniminbl-ethylcarbamide
—-SH Thiol group

TBARS Thiobarbituric acid reactive substances
TCHQ Tetrachlorohydroquinone

Tecso Time needed to reach steady state witgleGncentration
SOD Superoxide dismutase

TEAC Trolox equivalent antioxidant capacity
TNB 5-Thio-2-nitrobenzoic acid

TOSC Total oxyradical scavenging capacity
TPTZ 2,4,6-Tripyridyls-triazine

TRAP Total radical-trapping antioxidant parameter
VCEAC Vitamin C equivalent antioxidant capacity
XOD Xanthine oxidase
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Chapter 1 General introduction

1.1. Oxidants and antioxidants in biological system

Chemically, any compound that can accept electioas oxidant or oxidizing agent, and
the chemical reaction is defined as a reductioncdntrast, a substance that donates
electrons is a reductant or reducing agent, andch®mical reaction is defined as an
oxidation (Petruccet al, 2006). An oxidation is impossible without a retioic elsewhere,
and when such reactions characterize a chemicahamesn, it is called redox reaction.
Such reactions are the heart of numerous biochémpataways and cellular chemistry,
biosynthesis, and regulation (Kohen and Nyska, R00Rey are also important for
understanding the oxidative stress phenomena addal@ntioxidant effects. While
oxidant and reductant are chemical terms, in biokgenvironments they are usually
termed as pro-oxidant and antioxidant, respecti@Bo and Prior, 1998). Pro-oxidant is a
substance that can induces oxidative damage tousbhiological targets such as nucleic
acids (e.g. base modification, single and doubiaast breaks), lipids (e.g. peroxidation,
fatty acid loss), and proteins (e.g. oxidation péafic amino-acid residues, formation of
carbonyls). An antioxidant is a substance that efficiently reduce a pro-oxidant with
concomitant formation of products having no or lmxicity. Indeed, a broader definition
of antioxidant was suggested by Halliwell al. (1995) as “any substance that when
present at low concentrations, compared to thosanobxidizable substrate significantly
delays or prevents oxidation of that substratee Térm “oxidizable substrate” includes
almost everything found in biological systems imhg nuclei acids, lipids, and proteins.
Therefore, according to this definition, not altluetants involved in a chemical reaction
are antioxidants; only those compounds which apmlgie of protecting the biological
target meet these criteria.

In general these pro-oxidants are referred to adtikee oxygen species (ROS) and reactive
nitrogen species (RNS) that can be classified twim groups of substances, radicals and
non-radicals (Table 1.1). Depending on the site #med concentration generated, these
species are well recognised for playing a dual, rake both beneficial and deleterious
effects have been established (Vadital, 2007). Radicals are chemical species capable of
independent existence, possessing one or moreradpalectrons. Among these species,
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hydroxyl radical (HO is considered the most powerful oxidizing radiéatmed in
biological systems. Due to its high reactivityc@én react at the site of its production with
most organic and inorganic molecules (Halliwell &hatteridge, 1999). The group of non-
radical compounds contains a large variety of suttes, some of which are extremely
reactive. For instance, the protonated form of ygmtrite (ONOOH) is a powerful
oxidizing agent that may cause depletion of thimugps (-SH) and oxidation of many

biomolecules causing damage similar to that obskemteen HO s involved.

Table 1.1. Pro-oxidants: most common reactive oxygen spe®3S) and reactive

nitrogen species (RNS).

Reactive oxygen species (ROS) Reactive nitrogeresges (RNS)

Radicals

Alkoxyl radicals RO Nitric oxide radical NO

Peroxyl radicals ROD Nitrogen dioxide radical NO

Hydroxyl radical HO

Superoxide anion radical ,0

Non-radicals

Hydrogen peroxide 0, Dinitrogen trioxide NO;

Hypobromous acid HOBr Peroxynitrite anion ONOO

Hypochlorous acid HOCI Peroxynitrous acid ONOOH
_ Nitrosoperoxycarbonate

Singlet oxygen 0, ONOOCQ™

anion

The major pathways for the production of ROS an®GRiNvivo are illustrated in Fig. 1.1.
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Figure 1.1.Production of reactive oxygen and nitrogen speiciemammalian cells (Fang
et al, 2002). AA, amino acid; Arg, L-arginine; BH (6R)-5,6,7,8,-tetrahydro-L-biopterin; G,
formaldehyde; Cit, L-citrulline; DQ, diquat; ETS,leetron transport system; FAD, flavin adenine
dinucleotide (oxidized); FADL flavin adenine dinucleotide (reduced); Gly, ghsi HO,, hydrogen
peroxide; HOCI, hypochlorous acid;IDH, hydroxy lipid radical; IR, ionizing radiatiori;’, lipid radical;
LH, lipid (unsaturated fatty acid); LQlipid alkoxyl radical; LOQ, lipid peroxyl radical, LOOH, lipid
hydroperoxide; MPO, myeloperoxidase; NADnicotinamide adenine dinucleotide (oxidized); NAD
nicotinamide adenine dinucleotide (reduced); NADRicotinamide adenine dinucleotide phosphate
(oxidized); NADPH, nicotinamide adenine dinucleetigghosphate (reduced); NOnitric oxide; Q™
superoxide anion radical@H, hydroxyl radical; ONOQ peroxynitrite anion; ONOOH, peroxynitrous acid;
P-450, cytochrome P-450; Sar, Sarcosine; SOD, exjr dismutase; Vit C, vitamin C.
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These reactive species, radicals and non-radicats,be easily formed from exogenous
and endogenous sources (Kohen and Nyska, 2002).eXbgenous sources include
exposure of biological systems {e or UV-irradiation that results in the productioha
wide range of non-radical and radical species sischydrogen peroxide ¢B,), hydroxyl
radical (HO), and superoxide anion radical Q). Ozone (@), which presence in the
upper atmosphere is essential in scavenging delesetJV-irradiation, is also used as
disinfection agent by the food industry to destfogd-borne pathogens. Nevertheless, it
can oxidize biomolecules yielding the formationvafious reactive species. Additionally,
a large variety of xenobiotics (e.g. drugs, polhisa toxins, pesticides, and herbicides)
produce ROS/RNS as a by-product of their in vivdabelism. Although the exposure to
exogenous sources is high, the exposure to endogesaurces is much more important
and extensive, because it is a continuous progéssmain endogenous sources are related
with the mitochondrial electron-transport chain,daalso with the activity of some
enzymes, such as nitric oxide synthases (NOSsxamithine oxidase (XOD) that catalyzes
the production of nitric oxide radical (NOand Q™, respectively. Moreover, activated
phagocytes produce a variety of reactive oxygelogesa and nitrogen species that play an
important role in the mechanism of defense agamettious agents (Halliwell, 2006).

To counteract the assault of these ROS/RNS speltidsg cells have developed a
complex defense system composed of enzymatic amdempymatic antioxidants that
convert them to harmless species. Enzymatic awl@oni defenses include superoxide
dismutase (SOD) that detoxifies the Qo water and bD,, catalase which converts@h

to oxygen and water, and glutathione peroxidaseseltfanction is to detoxify cellular
peroxides to alcohols and water. Non-enzymaticoaitants are represented by dietary
antioxidants such as ascorbic acid (vitamin dzjpcopherol (vitamin E), carotenoids, and
polyphenolic compounds. Uric acid, glutathionejrbbin, albumin, and other proteins
(transferrin, ceruloplasmin, myoglobin and ferijtimre considered as endogenous
antioxidants for protecting essential biologicag&ts against ROS/RNS action.

In a normal biological system, there is an appaipripro-oxidant/antioxidant balance.
However, this balance can be shifted towards tleeogrdant agents when there is an
overproduction of ROS/RNS or when levels of anti@axit protection are diminished. This
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state is called ‘oxidative stress’, and it canriggered by several factors such as diseases,
diet, lifestyle, and environmental conditions (Kohand Nyska, 2002). As mentioned
before, the excess of ROS/RNS can oxidize cellliads, proteins, or nucleic acids,
inhibiting their normal function. Because of thisidative stress has been implicated in
the pathogenesis of several human diseases, ingluditherosclerosis, cancer,
cardiovascular diseases, diabetes mellitus, inflatorg diseases, ischemia/reperfusion
injury, and neurodegenerative disorders (Alzheisarid Parkinson’s diseases) as well as
in the ageing process (Vallat al, 2007). Oxidation can also affect foods, whetris ibne

of the major causes of chemical spoilage, resultingancidity and/or deterioration of the
nutritional quality, colour, flavour, texture andfsty of foods (Frankel, 1996).

Regarding the protective effects of antioxidantsiagt these deleterious oxidative-induced
reactions, interest in antioxidant research hasineca topic of increasing attention in the
last few years, especially within biological, medjoutritional, and agrochemical fields.
In fact, a literature search performed on tB¢ Web of Knowledgsearch engine for
articles containing the expression “antioxidantatioxidants”, revealed that the number
of publications has increased about 345% in theé gdasade (16080 until 1996, while
between 1997 and 2006 around 55493 papers wersslped). This situation demands the
existence of simple, convenient, and reliable tnovanalytical methodologies for the fast
determination of antioxidant capacity of pure coonpads or in complex matrices, such as
foods and biological samples (Sanchez-Moreno, 26gnget al, 2005; Prioret al,
2005; Roginsky and Lissi, 2005; Woetal, 2006).

Analytical methods for evaluation of antioxidanpaaity of pure compounds are applied
to investigate the structure-activity relationsfijim and Lee, 2004), teeparate and detect
specific dietary components and to determine theirtribution to the total antioxidant
composition (Tsao and Deng, 2004). However, sejparaach antioxidant compound and
studying it individually is costly and inefficierdue to the high number, diversity, and
complexity of antioxidants present in food and bgital samples. Moreover, the possible
interactions (additive, synergistic, or inhibitogffects) that may exist between different
antioxidants imply that the sum of the antioxideapacity from each compound isolated
may not exactly reflect the overall action (&gal, 1998). For this reason, analytical
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methods that allow the evaluation of antioxidargazaty in the whole sample, taking into
consideration the interactions between all compsym@sent in the matrix, may offer an
additional advantage when compared to those basedpmaration techniques that are time-
consuming, expensive, and often not suitable foeestng/routine determinations.
Assessment of antioxidant capacity in food prodigtsf utmost importance to determine
the antioxidant effectiveness for food protectigaiast oxidative damage, for food quality
monitoring over a product shelf life, and for comalization of nutritional-added-value
products. Moreover, these methods could be a ugeb@llto make a selection among
different species, varieties, maturation degreel, euture conditions, in order to obtain
high content of antioxidants in foods (Kaur and &a 2001). In the case of biological
samples (e.g. plasma, serum, urine), measuremeahtaixidant status is essential for
diagnostic and treatment monitoring, especiallyirdusupplementation trials for boosting
plasmatic antioxidant levels (Woad al, 2006). In fact, as Huangt al. (2005) stated “a
valid in vitro assay is an invaluable tool for ofial studies if it is combined with
bioavailability data and valid oxidative stressrharker assays”. However, at present time
a validated in vitro assay that can reliably meaghetotal antioxidant capacityf foods
and biological samples is not yet available. Thtisasion is due to several reasons. Firstly,
the termtotal antioxidant capacitys not a measurable parameter because it is adroa
definition that covers: i) inhibition of generatioand scavenging capacity against
ROS/RNS; ii) reducing capacity; iii) metal chelgtioapacity; iv) activity of antioxidative
enzymes; v) and inhibition of oxidative enzymesc@elly, different antioxidants act by
different mechanisms and even the same compountiaandifferent ways of actuation.
In this regard, no single assay provides all ofittiermation desired because it does not
reflect the complexity of the interactions of amtatants. Thus, the evaluation of overall
antioxidant capacity requires multiple assays toegate an “antioxidant profile”. Finally,
the methods currently used to assess this propukifigr from each other in terms of
reaction conditions, considering the oxidant specend the target/probes applied. Even
when only one of these assays is considered, diftdorms for expressing the results are
found, besides the application of different antiait standard compounds, solvents,
reaction time, and pH conditions (Huaety al 2005). This makes the comparison of
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results from different studies difficult and stresshe necessity to standardize antioxidant
methods to bring some order to the present chatbsstield.

In this context, Prioet al. (2005) have proposed some guidelines for condideran
method selection for standardization. Thus, a statided method for determination of
antioxidant capacity in routine analysis should ntke following requirements/criteria: (i)
measurement of the chemistry actually occurringatential applications; (ii) utilization of
biological relevant molecules; (iii) technicallyngple; (iv) with a defined endpoint and
chemical mechanism; (v) readily available instrutagan; (vi) good repeatability and
reproducibility; (vii) adaptable for assay of bdildrophilic and lipophilic antioxidants;
(viii) and adaptable to high-throughput analysis.

In this regard, knowledge of the chemistry prinegbf the available methodologies is of
utmost importance to select the adequate techrgjjuégnerally, the in vitro analytical
methods for determination of antioxidant capac#ly on two different approaches, named
here as competitive or non-competitive scheme (ER).

In the competitive scheme, the target speciesneéfnere as a compound that represents a
biomolecule which may be attacked in vivo, and dnéoxidant compounds compete for
the reactive species (radical or non-radical). Beeessment of antioxidant capacity is
based on the quantification of a compound thatlifatgs the analytical measurement,
defined here as the probe. In most of the competéssays, the probe is the target species
or its oxidized form. Nevertheless, the probe dan he a compound added after the above
mentioned reaction that allows the quantificatibthe remaining reactive species or target
molecules. In these assays, the antioxidant capatiested compounds is dependent on:
i) the rate of reaction between them and the reactpecies, ii) the rate of reaction
between the target molecule and the reactive speeaied iii) the concentration ratio
between antioxidants and target. Among the requargsnfor these type of assays, the
following should be highlighted: i) the probe mus¢ reactive with oxidants at low
concentration; ii) there must be a dramatic spsctpic change between the native and
oxidized probe (to maximize the sensitivity); ifip radical chain reaction beyond probe

oxidation should occur, and iv) the antioxidantiddaot react with the target species.
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» Competitive scheme

oxidized
target target
_ reduced
reactive reactive
species species
antioxidant oxidized
antioxidant
» Non-competitive scheme
. reduced
reactive reactive
species species
antioxidant oxidized
antioxidant

Figure 1.2. Principle of competitive and non-competitive scleenfor the antioxidant

capacity assays.
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In the non-competitive assays, putative antioxidant compounds reaateadtive species
without the presence of any other competing target molecule. InwHys these assays
involve two components in the initial reaction mixture: the antioxigampound(s) and
the reactive species, which may also be the probe for seatinitoring. Otherwise, the
remaining reactive species may be measured after addition of some dengagent.

In this context, some of the most commonly used methods for in viteontegtion of
antioxidant capacity are reviewed in the following sections, wierehemical principles,
some of its variants, recent applications as well as the advaraageshortcomings are
outlined. These assays were roughly divided into two categomesdatg to the type of
the oxidant species: i) scavenging capacity assays againsificsg@OS/RNS; ii)
scavenging capacity assays against stable, non-biologdiablsand evaluation of total
reducing capacity. The determination of the activity of antiokidagnzymes (superoxide
dismutase, catalase, and glutathione peroxidase), or of biomarkeigaifv@xstress is out

of the scope of this review.

1.2. Scavenging capacity assays against specific R#BNS

Reactive oxygen species (ROS) and reactive nitrogen spdeiS) (are regularly
produced in food and biological systems and may damage biomolévaks et al,
2007). Non-enzymatic dietary antioxidant compounds and the complex physablog
antioxidant systems protect these oxidation-induced reactiomshiijtion of generation
and/or scavenging the ROS/RNS. All of these harmful reaspeeies participate in the
oxidative processes, thus a comprehensive profile of antioxidant tagaci only be
elucidated by the application of different assays, utilizing iEpeBROS/RNS species,
which will be discussed further. The analytical featurethe$e assays are summarized in
Table 1.2 (page 37).

10
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1.2.1. Peroxyl radical (ROO) scavenging capacity assays

Peroxyl radicals (RO® are commonly found in food and biological substrates and they
are formed during lipid oxidation chain reactions, such as the axidatt polyunsaturated
fats (Halliwell and Gutteridge, 1999). They have harmful effectshealth and they are
also associated to quality deterioration of foods. Their impact e theeas foster the
existence of several methods for determining the peroxyl rad@@lenging capacity,
which were subject of review recently (Laguestal, 2007; Roginsky and Lissi, 2005).

In general, methods for examination of RG@avenging capacity measure the ability of
an antioxidant to scavenge peroxyl radicals by hydrogen atom trgH#@) reactions. In
these assays a competitive scheme is applied, where antioxadaatget molecules react
with ROO. Hence, the assay system is composed of three componentsnipltigie
azo-compound (R-N=N-R), which yields carbon-centered radicjlshid react fast with
O, to give a steady flux of ROQ@adicals; ii) oxidizable target (PH); and iii) antioxidant

compound(s) (AH), as represented schematically in the following equatidn$.p):

R-N=N-R - 2R + N, (1.2)
R+ O — ROO (1.2)
ROO+ PH — ROOH+P (1.3
ROO+ AH — ROOH +A (1.4)
ROC+ A — ROOA .5

The most frequently applied peroxyl radical generators are tteg-a@uble 2,2azobis(2-
amidinopropane) dihydrochloride (AAPH) and the lipid-soluble '-@zZbis(2,4-

11
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dimethylvaleronitrile) (AMVN); their molecular structure amepresented in Fig. 1.3. The
rate of their spontaneous decomposition and production of R&dixals is primarily

determined by temperature of the reaction medium (Niki, 1990).

" HCl Y=o o
o TP S
3 N=N CH,
HC  N=N HC>/><=
£<CH H,C N

3 3 3 —
HN CH,
NH HCI
AAPH AMVN
2,2-azobis(2-amidinopropane) dihydrochloride '20bis(2,4-dimethylvaleronitrile)

Figure 1.3. Molecular structure of thermolabile azo-compounds used for generation of

peroxyl radicals.

In these competitive assays, the presence of antioxidant compourits iohretards the
rate of target/probe oxidation induced by peroxyl radicals {€8). Therefore, in the
beginning of the assay, insignificant spectroscopic changes aériet/probe would be
observed (induction period or lag phase) because the antioxidants gretéatget/probe
from ROOQO-oxidation. As the reaction proceeds, the antioxidants are consumgue by
constant flux of ROOand the oxidation of the target/probe would progress at a staveer
when compared with the control (absence of antioxidant compounds/sampiedy, F
when the antioxidants are depleted, the reaction rate of oxidatitte darget/probe is
similar to that obtained for the control. As mentioned before, thmbieg and duration of
these three phases is dependent on the rate of reaction battiegidant and RODthe
rate of reaction between the target/probe and R@a the concentration ratio between

antioxidant and target/probe.

12
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Although the competitive scheme applied resembles in vivo conditionsptio@ntration
of the target species is usually smaller than the concemtrati antioxidants. This is in
contradiction with the “definition of antioxidant” (Halliwedit al, 1995) and with what is
found in real situations, where the antioxidant concentration is muahesrthan that of
the oxidizable substrate (lipids or proteins, for instance). Moredvesetassays apply a
ROO reaction without taking into account the essential propagation istelipid
autoxidation, such as the breakdown of hydroperoxides (ROOH) yieldirxybeand
alkoxyl radicals (RQ (Huanget al, 2005). Finally, most of these assays are rather time-
consuming and their application requires a significant expertisexgratience in chemical
kinetics. As a consequence, HAT-assays are commonly not suitableotitine
determinations.

The analytical methods comprising these features include thgeoxwdical absorbance
capacity (ORAC) assay, the total radical-trapping antioXigemrameter (TRAP) assay,
and the crocin bleaching assay. The inhibition of low-density lipoprotéifH. )
oxidation, the total oxyradical scavenging capacity (TOSC), hadctchemiluminescence-
based assays employing peroxyl radicals may also be includedm@jue difference
among these assays lies mostly in the approach used for qadiotifiof antioxidant
capacity: the ORAC assay applies the area under curve (AUC) theseafs the oxidation
of the target along time, the TRAP assay relies on thetithag’, that corresponds to the
time period between the beginning of the assay and the beginnihg okidation of the

target, whilst the crocin-bleaching assay utilises the initial oxidaéitenaf target species.

1.2.1.1. Oxygen radical absorbance capacity (ORAGsaay)

The assay is based on the intensity of fluorescence decreihsetafget/probe along time
under reproducible and constant flux of peroxyl radicals, genefated the thermal
decomposition of AAPH in aqueous buffer. In the presence of a sampleadthi@ins
chain-breaking antioxidants, the decay of fluorescence is inhiféilader, 1990). Initially,
the protein isolated froRorphyridium cruentunB-phycoerythrin §-PE), was used as the

13
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fluorescent target/probe, which reacted with R@Dform a nonfluorescent product (Cao
et al, 1993). Nevertheless, some shortcomings were observed such as ldogbotiot
variability, photobleaching of thp-PE after exposure to excitation light, and interaction
with polyphenols by non-specific protein binding. To overcome thesgations, the
synthetic, non-protein fluorescein has been used as the fluoté¢snget/probe, instead of
the original B-PE (Ouet al, 2001). The application to both lipophilic and hydrophilic
chain-breaking antioxidants was carried out using a mixture eibae/water containing
7% of randomly methylatefl-cyclodextrin as a water solubility enhancer (Huanal,
2002a). Lipophilic compounds were also quantified by ORAC assay usirey erganic
media or liposomes, AMVN as a lipophilic peroxyl radical generatod, 4,4-difluoro-5-
(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaz@mdacene-3-undecanoic acid (BODIPY
581/591 G;) as a fluorescent target/probe (Naguib, 1998). To improve the throughput,
Huang et al. (2002b) developed a high-throughput assay using a multichannel liquid
handling system coupled with a microplate fluorescence reader in 96-welt.forma

In the ORAC assay, the reaction is monitored for extended pe#ro88 (in) and the
quantification is based in the area under curve (AUC) that repiseiee oxidation of the
probe along time. The protective effect of antioxidants is evaduiabm the net integrated
area under the fluorescence decay curves (Akle— AUGC,an) and results are expressed
aspuM of trolox equivalents. The advantage of the AUC approach isttbahibe applied
for antioxidants that exhibit distinct lag phases and to those saitiaieshave no lag
phases. Moreover, it takes into account the initial reactionamadethe total extent of
inhibition, which includes the action of slow-reacting or secondary adaakiproducts
formed. The principles of the ORAC assay can be adapteddordee the action against
other reactive oxygen species (€al, 2002a). The main limitation of the ORAC assay is
that the oxidative deterioration and antioxidant protection of fluoreseget/probe
(fluorescein) does not necessarily mimic a critical biologscélstrate (Frankel and Meyer,
2000). The assay is also time-consuming and has technical longaglated to the source
of peroxyl radicals; the compounds applied are highly sensitivartpeature and likely

to undergo spontaneous decay.

14
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This methodology has provided substantial information regarding the ialaind>capacity
of lipophilic and hydrophilic antioxidant compounds (G#al, 2007), food products (Wu
et al, 2004), animal tissues (Cad al, 1996), and in bioavailability studies (Mertens-
Talcottet al, 2006; Prioret al.,2007).

1.2.1.2. Total radical-trapping antioxidant parameer (TRAP assay)

The total radical-trapping antioxidant parameter (TRAP) asseyintroduced by Wayner
et al. (1985), for the determination of the antioxidant status of human pla3$nsamethod
was based on the measurement of the time period in which oxygen uptskehbited by
plasma during a controlled ROQperoxidation reaction induced by the thermal
decomposition of an azo-compound. In this assay, the target was the hasraa plhile
the oxygen consumed in the oxidation of plasma material was the ysetdo follow the
action of antioxidants. The measurement is based on the “lag ttaetorresponds to the
time period between the beginning of the assay and the beginnihg okidation of the
target molecules. Later, the same research group evaluateththe reontributions of the
main antioxidants of human plasma to the TRAP value (Wagiredr, 1987).

One of the major problems with the original TRAP assay iliethe utilization of the
oxygen electrode as detector, since it may not maintaitaeitdis/ over the period of time
required (Rice-Evans and Miller, 1994). To overcome this linoitatthis assay was later
improved using3-phycoerythrin §-PE) as the fluorescent target/probe, and the ability of
the plasma to prote@PE from peroxyl radical oxidation was fluorimetrically mongadr
(DeLange and Glazer, 1989). Ghisellial. (1995), proposed some modifications in order
to circumvent interferences from plasma proteins, lipids and metsl They also
evaluated the contribution and synergistic effects of main antioxaampounds, and the
effect of plasma storage in the TRAP values. Valkonen and Kue97{ applied
dichlorofluorescein-diacetate (DCFH-DA) as the fluorescent palide substrate. The
oxidation of DCFH-DA by peroxyl radicals yields the formationhghly fluorescent
dichlorofluorescein (DCF) product. In this case, the presenceatafxalant compounds

15
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competitively inhibits the increase of fluorescence signal.tReranalysis of lipophilic
samples as olive and seed oils, peroxyl radicals were genénatbe lipophilic AMVN
azo compound (Cabrinet al, 2001). Due to the lower solubility of fluorescent
target/probes in the reaction medium, the TRAP value was detertmyneckasuring the
time period during which oxygen uptake was inhibited.

Disregarding the different variations discussed above, the guatith is based on the lag
phase duration, in which oxidation is inhibited by the antioxidants, cochparéhe lag
phase of trolox. The antioxidant capacity expressed as trolox esgpuiivaKao) IS

calculated by the following equation:

Xao = (CTroon/ TTroon) *Tao (1-6)

where Croox IS the trolox concentration, whilStro0x and Tao are the lag time of the
kinetic curve of target oxidation in the presence of trolox or in phesence of
antioxidant/sample, respectivei;o is then multiplied by 2.0, the stoichiometric factor of
trolox, and by the dilution factor of the sample to give the TRAP vaiB. (

The main shortcoming of this assay is the use of the lag [tiagaantifying antioxidant
capacity, since not every antioxidant possesses an obvious lag phasdsanthe
antioxidant capacity profile after the lag phase is totgityred. Moreover, the application
of different criteria for establishing the endpoint makes diffitit comparison between
laboratories. Another important limitation of this assay, and alsbeofORAC assay, is
that the oxidative deterioration and antioxidant protection of flueregdarget/probe does
not necessarily mimic a critical biological substrate.

This assay has been applied to in vitro evaluation of antioxidant ipapcfoods
(Pellegrini et al, 2003a), and to assess the plasma status after ingestion of tood-ric
antioxidant products (Dalla-Vallet al, 2007).
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1.2.1.3. Crocin bleaching assay

This assay measures the ability of antioxidant compounds to ptotecaturally occurring
carotenoid derivative crocin (Fig. 1.4) from oxidation by R@&uicals formed through
thermolysis of AAPH (Borgt al, 1984). The reaction is initiated by the addition of AAPH
and the bleaching rate (absorbance decrease/time) of croconitored at 443 nm during
10 min. Antioxidants compete with crocin for RQ@nd the degree of inhibition of crocin
oxidation depends on the antioxidant capacity of tested samples. Thefica@on of
antioxidant capacity is based on the ratio of initial crocindbigey rates in absenc¥j
and in presence/j of antioxidants, and is given by the Stern-Volmer-like relation:

VolV = 1+ Kaolke)*([AOJ/C]) (1.7)

where [AO] and [C] are the concentrations of antioxidant andrgroespectivelykao and

kc are the rate constants for the reaction of the peroxyl radicals with antibaitthcrocin,
respectively. After measuring/V value at known ratio of [AO] to [Ckao/kc is given by
the slope value obtained from edl.q and indicates the relative peroxyl radical
scavenging capacity. A microplate-adapted crocin bleachsaydsased on the inhibition
percentage at a fixed time instead of kinetic analysis Hawebaen reported (Lussigneli
al., 1999).

entobios

CH, CH, g e‘\O

O N Ve Yo N N X N o
CH, CH,

\gentobiose

Figure 1.4. Chemical structure of crocin, a natural carotenoid compound formed from
diester of the disaccharide gentobiose and the dicarboxylic acidinrageen dissolved in
water, it forms an orange solutiobnfx = 443 nm).
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This assay was used to determine the structure-antioxidamityaailationships of
flavanones present in Citrus fruit (Di Magt al, 2005). Nevertheless, it has limited
applications in food samples since many food pigments, such as cailsteaisorb at the
same wavelength of the determination. Besides this drawbamtinds a natural food
pigment extracted from saffron, which may confer a low reprdditgibetween assays. In
fact, Chatterjeeet al. (2005) described a more affordable crocin assay using the Indian
spice saffron instead of the commercial chemical product and fowadhe antioxidant
capacity values of pure natural compounds, plant extracts, and humaa flasmhealthy
individuals using either approach were similar.

Recently, Ordoudi and Tsimidou (2006a) have examined the crocin blgaaksay
performance and validation procedures. The studies were focusedjetiptabe and test
compound characteristics, conditions for peroxyl radical generatiortjoreagonitoring,
and expression of results. They observed that any authentic coansaféron can be
used for target/probe preparation given that: interferences, sudbcagherols, are
removed; the concentration of working solution is adequately adjustethewctianges of
the stock target/probe solution during storage are not neglectsdltRare expressed as
“percent inhibition of crocin bleaching value” instead of the ratfoimtial crocin
bleaching rates. This assay has been applied to structurggyactiationship studies of

selected phenolic compounds (Ordoudi and Tsimidou, 2006b).

1.2.1.4. Inhibition of low-density lipoproteins (LDL) oxidation

In this assay the low-density lipoproteins (LDL), isolated from bleathples, are the
oxidizable target. The peroxidation of LDL is initiated by thdrdecomposition of AAPH
or by Cu(ll) and assessed through the formation of conjugated dienesmided
spectrophotometrically at 234 nm after HPLC separation (Handeknhaal, 1999).
Sanchez-Morencet al. (2000) studied the oxidation of LDL induced by Cu(ll) and
proposed several oxidizability indexes to measure the antioxidamityaaif dietary
polyphenols. The concentration of antioxidant that increases the rag by 50%
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compared to the control (Ckd) was determined graphically upon the representation of the
ratio lag time antioxidant/lag time control as a function of antioxidantesdration. In this
assay the use of peroxyl radicals and LDL as oxidant andttapgcies, respectively,
allows a strong resemblance to oxidative reactions that might otbiological systems.
This assay has been applied to evaluate the capacity to imhibito LDL oxidation of
pure compounds, plant foods and beverages (Saura-Calixto and Goni, 2008lyRece
Gomes-Ruizet al. (2007) used this method to determine the antioxidant capacity of
different compounds present in coffee or which are produced as takethd metabolism

of this beverage; 1-methyluric acid was particularly effectt inhibiting oxidation of
LDL. However, the major limitation is that the LDL has to belated on a regular basis
from different individuals, and therefore a high inter-batch vaiaits verified. Moreover,
problems with this assay arise because it is difficult tosomeathe small lag times that

occur, and many substances also absorb at the wavelength of the determination.

1.2.1.5. Total oxyradical scavenging capacity (TOS&ssay)

In the original total oxyradical scavenging capacity (TQ3Ssay, peroxyl radicals
generated by thermal homolysis of AAPH cause the oxidatiarkefto-y-methiolbutyric
acid (KMBA) to ethylene, which is monitored by gas chromapgic analysis of head
space from the reaction vessel (Wins&mal, 1998). The antioxidant capacity of the
compounds tested is quantified by their ability to inhibit ethyfenmation relatively to a
control reaction. Later, Regoli and Winston (1999) extended this assudlyer two potent
oxidants found in vivo, HO and ONOO. These oxidants were generated by
Fe*/H,0 /ascorbate system (Fenton reaction) and by 3-morpholinosydnoniitine
ethylcarbamide (SIN-1), respectively. The assay conditions egablished in such a way
that the control reactions give similar yields of ethylaonenfeach of the oxidants studied.
Therefore, the relative efficiency of various antioxidants @¢obke compared. This
improved version of the TOSC assay is a useful and robust waystomgdiishing the
reactivity of various relevant biological oxidants and the relatafacities of antioxidants
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to scavenge different oxidants. In the TOSC assay, the approadudatification of
antioxidant capacity is similar to that applied for the ORAC assay. In thesittis based in
the area under the curve that represents the inhibition of ethiglenation as a function

of time. Nevertheless, there is not a linear relationship betwddC and antioxidant
concentration or dilution factor of the sample. Therefore, the comatens or dilution
factors that correspond to TOSC values of 20, 50, and 80% are calcaladeD T, is also
determined, which is the first derivative of the curve at a TOS&D% (Lichtenthaler and
Marx, 2005a). The long reaction time (>100 min), the short shelfdffehe assay
solutions, and the necessity of multiple manual injections fromatime sample into a gas
chromatograph to monitor the formation of ethylene, make thisy adgfcult to
implement to routine analysis. To overcome this last drawback, bittiter and Marx
(2003) monitored the time course of ethylene formation resaidirmgitomated headspace
gas chromatography. Later, the same research group appliedittimsated version for a
comparative and detailed survey of the antioxidant capacities of 14 common Eurogean f
and vegetable juices (Lichtenthdler and Marx, 2005a). The antioxickgpacity of
methanol and ethanol seed extracts (Rodrigties, 2006) and fruit pulp (Lichtenthalet

al., 2005b) fromEuterpe oleracea Marf(acai) were also studied with the TOSC assay in a

modified and automated version.

1.2.1.6. Chemiluminescence-based assays

The general principle of chemiluminescence (CL) assays gedban the reaction of
oxidants (ROS/RNS) with chemiluminogenic probes (luminol or lucigetnproduce
excited state species that emit light. A recent outlook on itlnamescent methods for
ROS is given by Luet al. (2006). These assays are based on competitive or on non-
competitive reaction schemes. In the first case, the CLttargee and sample (containing
antioxidant compounds) compete for the reactive species, while iedbedsapproach the

CL probe is added after a prior contact between the reactiegeespnd sample. In both
strategies, the addition of sample containing antioxidant/radicakeisgar compounds
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results in inhibition of the light production and the intensity of CL-ghérg is directly
proportional to the antioxidant capacity of the sample. Neverthetesdsuld be stressed
that the antioxidant/sample may reduce or scavenge the regotieres as well as the
radicals involved in the target/probe CL-oxidation (Fig. 1.5). Titerierence on CL
reaction will depend both on the rate of reaction of antioxidantsR@B/RNS and with
radicals formed during CL-probe oxidation. In this regard, thesefend@ces may be
minimized and reliable results are obtained with a non-comyeet#pproach, since the
antioxidants react with oxidants before the addition of CL-probe. Sthedegy is easily
attained using the flow-based methods, which are discussed further in this.chapter
Peroxyl radical scavenging capacity assays have also bg#amented using CL as
detection system. The principles of RO@duced luminol-CL assays were described in
detail by Alho and Leinonen (1999). Lisst al. (1992 and 1995) evaluated the effect of
different recognised antioxidant compounds (ascorbic acid, cysteioggaint and trolox)
and biological fluids (urine and blood plasma) on the intensity of luminthlaed CL by
ROQ. In this assay, the addition of the antioxidant/sample induces lagChhase (time
during which CL emission was not detected) whose magnitude wedlglirelated to the
antioxidant concentration. The application of CL-based methods igeinédput it should
be pointed out that other ROS, includingds, HO, O,” and ONOQ, also induces
luminol CL. Hence, luminol-based methods are not specific, unlesettgagion of ROS
is controlled and unless the test sample do not present any otlgerHR@hermore, even
when only one type of ROS is present, the inhibition of CL-signal beaylue to its
scavenging or due to the scavenging of luminol-derived radicalsed, the effect elicited
by antioxidants at low concentrations is most likely due to trappfnigiminol-derived

radicals after the fast scavenging of the R@@icals by luminol (Lt al, 2006).
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Figure 1.5. Mechanism of luminol oxidation induced by reactive species (R8S) and
antioxidant inhibition pathways (Giokast al, 2007). At alkaline pH, monodissociate
luminol (LH") reacts with ROS/RNS to yield the diazasemiquinone radi¢gl The later
reduces @to superoxide anion (0) and is oxidised to 5-aminohyphenthalazine-1,4-dione
(LH,). Diazasemiquinone radical an@d Oyield the carbon-centered hydroperoxide anion
(LOO) that rearranges to a transient endoperoxide (LOOL), which gexses to give
light emission and products §Mind aminophthalate (AP)). Antioxidants may react with

ROS/RNS as well as with the radicals formed during luminol oxidation pathway.
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1.2.2. Superoxide radical anion (¢) scavenging capacity assays

Superoxide radical anion §0) is produced as a result of the donation of one electron to
oxygen. This radical arises either from several metabolic pseseor following oxygen
activation by irradiation (Fig. 1.1). Nicotinamide adenine dinualieotiphosphate
(NADPH) oxidase from activated neutrophils generateS @ the respiratory burst
necessary for bacteria destruction (Halliwell, 2006). Moreover, undelative stress
conditions, xanthine oxidase (XOD) transfers electrons to oxygempraadices @~ and
hydrogen peroxide. Most of the;Ogenerated in vivo undergoes a dismutation reaction
catalysed by the antioxidative enzyme superoxide dismutaseré¢ohgdrogen peroxide.
Despite the low reactivity of £, it is considered the “primary” ROS that interacts with
other molecules to generate “secondary” ROS, either directlprevalently through
enzyme- or metal-catalysed processes. In the last camgiitates the production of the
highly reactive hydroxyl radical.

The analytical methods for determination of Gscavenging capacity make use of the
system XOD/hypoxanthine or xanthine at pH 7.4 to generate superaxidal anion. To

a minor extent, @ is also generated using a non-enzymatic reaction of phenazine
methosulphate (PMS) in the presence of nicotinamide adenine dindel¢NADH). In
both generation systems,,;Omay reduce nitroblue tetrazolium (NBT) into formazan,
which is spectrophotometrically monitored at 560 nm (Aruoetal. 1993; Fernandest

al., 2003; Floriano-Sanchezt al, 2006). Antioxidant compounds compete with NBT for
O, and decrease the rate of reaction. Another widely used probefas €ytochrome c.
The kinetic analysis of reduction of ferricytochrome c to fgrm@chrome ¢ was monitored

at 550 nm (Aruomeet al. 1993; Quicket al, 2000). In fact, Aruomat al. (1993) observed
that inhibition of NBT reduction was generally greater than thaytfichrome c reduction.
This is because O reacts much faster with cytochrome ¢ than it does with NBTg so
given concentration of added,’Oscavenger competes less efficiently in the cytochrome ¢
system and exerts less inhibition. This is a clear exampieeohfluence of the nature of
the probe in the assessment of antioxidant capacity. Wang and 2080) (used
hydroxylammonium chloride, with consequent formation of nitrite that determined
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spectrophotometrically at 530 nm after addition of sulfanilic acid @ndphthylamine
(Griess reaction) (Elstner and Heupel, 1976). This assay wadpbpti determining the
O, scavenging capacity of fruit juices and the results wapmressed asimol of a-
tocopherol equivalent per 10 g of fresh weight. The scavenginacitgagowards @,
using XOD/hypoxanthine generating system, has also been méasyrreaction with
KMBA to produce ethylene, which is measured by gas chromatogrdavelli et al,
1999). The scavenging capacity against this radical can alsedsured by using electron
spin resonance (ESR) spectrometry (Callgttal, 2001). Here, the © is trapped by 5,5-
dimethyl-1-pyrrolineN-oxide (DMPO), and the resultant DMPO-OOH adduct is detected
by ESR.

The CL-based determination of'Oscavenging capacity has also been described. Luminol
or lucigenin are frequently applied as target compoundse{lal, 2006), but neither of
them is selective towards,O (Oosthuizen and Greyling, 1999; &f al, 1998). CLA (2-
methyl-6-phenyl-3,7-dihydroimidazo[1-2-a]pyrazin-3-one) and MCI2-methyl-6-(4-
methoxyphenyl)-3,7-dihydroimidazo[1,2-a]pyrazin-3-one], analogs denterazine, have
also been described as more specific targetsofbt their application is more focused to
in vivo monitoring of superoxide formation (Lat al, 2006). Ogawaet al. (1999)
developed an HPLC system with indirect luminol-based CL for scergeimdividual
antioxidants present in extracts of green tea leaves (edlyeatitechins and flavones).
The determination of antioxidants was based on the decrease ofe@kitytderived from
luminol and @~ (generated from the hypoxanthine/XOD system). Epicatectas w
detected as the main antioxidant among the various intrinsic sulssfaresent in green
tea extracts. The £ scavenging capacity of some therapeutic compounds (NSAIDs,
blockers) and medicinal plant extracts have also been measumedripring the @~
induced lucigenin chemiluminescence (Costtaal, 2006a; Gomest al, 2006; Abreuet
al., 2006; Chen and Yen, 2007).

All these methodologies may provide erroneous values if controlsoarestablished for
substances that inhibit or interfere with Ogeneration, or if the sample itself directly
reduces NBT or ferricytochrome c, for instance. This is an itapbrissue as far as

ferricytochrome c is concerned, as it is easily reduceddoprbic acid. Furthermore, the
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reduced antioxidant formed by attack of @ould also reduce NBT or ferricytochrome ¢
(Halliwell et al, 1995). The nonfluorescent hydroethidine has also been used as the
target/probe for measuring,O scavenging capacity (Zhagt al, 2003). The target is
oxidized by Q™ (generated from XOD/xanthine system) to form a species %héits a
strong fluorescence signal (2-hydroxyethidium). This approach camunorent the
problem of direct reduction of the target/probe by antioxidants, bgilgpp@snhibition of

xanthine oxidase by antioxidants/sample remains an issue.

1.2.3. Hydrogen peroxide (HO,) scavenging capacity assays

Hydrogen peroxide (D) is generated in vivo, under physiological conditions by
peroxisomes, by several oxidative enzymes including glucose oxadas®-amino acid
oxidase, and by dismutation of superoxide radical, catalysed byosigeerdismutase.
Additionally, H,O, produced in the respiratory burst of activated phagocytes is known to
play an important role in killing of several bacterial and furggedins (Halliwell, 2006).
Hydrogen peroxide is very diffusible within and between cells toist rather inert at low
concentrations and reacts quite slowly with most biological compourelerideless, its
oxidant power is associated to the presence of transition metalsespecially Fe(ll) or
Cu(l), generating the potent oxidant hydroxyl radical (Fig. 1.1).

Generally, the analytical methods for determination gdtHscavenging capacity employ
peroxidase-based reactions. The most common assay employs hehsgradixidase
(HRP), which uses #D, to oxidize scopoletin into a non-fluorescent product (Corbett,
1989). In the presence of putative scavenger compounds, the oxidation of thecapole
inhibited and the scavenging reaction can be fluorimetrically m@ut Another
fluorimetric method widely used is based on homovanillic acid (HWhose fluorescent
biphenyl dimer is more stable than scopoletin (Pazdzioch-CzacttraVidénska, 2002).
The presence of substances withObl scavenging capacity prevents the oxidation of
homovanillic acid. However, these peroxidase-based approaches do nodietbomining
whether the antioxidant is reacting directly withQd, or reacting with intermediates
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formed from enzyme and B, (it is possible that the superoxide radical is produced
during enzyme activity). Moreover, antioxidants such as ascorbiccqa@d;etin dihydrate,
and thiols can be a substrate for the peroxidase enzyme, introdeciorg in the
determination of scavenging capacity. Therefore, if the compound idteefere with
peroxidase-based system, other assays $» ldhould be used. For instance, the direct
reaction of HO, and titanium(lV) was applied as it originates a complex Zd-Hhat is
dissolved in acidic medium and further measured spectrophotometrioadigured at 410
nm. This approach was applied to evaluag®Hscavenging capacity of fruit juices and
results were expressedawol of ascorbate equivalent per 10 g of fresh weight (Wang and
Jiao, 2000). A valid alternative to these methods was proposed by Aghailig2002).
The enzyme-free methodology implemented relied on the peroxyexalat
chemiluminescence (POCL) using 9,10-diphenylanthracene and imidazalguorophore
(probe) and catalyst, respectively. Briefly, POCL involves hyeinogeroxide imidazole-
catalysed oxidation of an aryl oxalate ester yielding a biggrgy intermediate
(dioxetanedione) that transfers its energy to the fluorophore.r&hsitton of the excited
state of the fluorophore to its ground state causes the emisslmghtofTherefore, any
compound with capacity to scavengeCd would lead in CL inhibition. In this way,
several antioxidants including-carotene, a-tocopherol, butylated hydroxytoluene,
guercetin, and L-ascorbic acid were investigated and the resutiscarmpared to other in
vitro tests. Later, this assay was applied to investigatale range of natural antioxidants
(cinnamic and benzoic acids) and to examine possible struct@eddavenging capacity
relationships (Mansouet al, 2005). Due to the non-polar environment employed (ethyl
acetate/acetonitrile (9:1)), this method was proposed to evaatarily the HO;
scavenging capacity of lipophilic antioxidants. As a major shortegrof this assay is the
fluorophore employed (9,10-diphenylanthracene), which is suspected todoeireogen.
Costaet al. (2005) developed a microplate,®b-chemiluminescence based assay. The
H20O, induced the oxidation of lucigenin and the scavenging capacity wasumed as the
percentage inhibition of the intensity of the CL signal. This method was applieduateva

the scavenging capacity of several non-steroidal anti-inflammatogg {NSAIDS).
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1.2.4. Hydroxyl radical (HO") scavenging capacity assays

The hydroxyl radical (HQ is extremely reactive in vivo (rate constants 2 0" s%) and

it can hydroxylate any molecule found in the food matrix or imgvcells (including
proteins, polyunsaturated fatty acids, sugars, and nucleic acids). iBabpgthe HO
radical can be generated by several mechanisms: i) homfidgicn of oxygen-hydrogen
bonds in water driven by continuous exposure to background ionizing radiajion;
reaction between Eéreleased under stress conditions an@Heq.1.8 Fenton reaction);
iii) Haber-Weiss reaction involving superoxide radical (B§); and iv) reaction of HOCI
with O, (Halliwell, 2006).

Fe* + H0, — FE* + HO + HO® (1.9
O + H,0; —» O + HO + HO 1.9

Due to the high reactivity of hydroxyl radicals, almostthmg in biological systems can

be regarded as an H@cavenger. Hence, this task is not performed by any specific
molecule or enzyme. Thus, the evaluation of direct scavengingofrtay be irrelevant

for evaluation of antioxidant action of a compound or matrix, simphalee very high
concentrations of scavenger are required to compete with adjaoéatules in vivo or in

the food matrix for any HOgenerated. For these reason, it is more relevant and useful to
guantify the capacity of putative antioxidants to scavenge or hlecKormation of its
precursors (&, H,O,, HOCI) and/or to sequester free metal ions related tofét@ation.
Scavenger compounds that act in this way would behave as preventive antioxidants.
Despite this remark, several in vitro methodologies for determmati HO scavenging
capacity are available, mostly based oi"Fe EDTA + H,O, + ascorbic acid system to
generate a constant flux of H€éadicals. Those radicals attack the sugar 2-deoxy-D-ribose
(used as target), degrading it into a series of fragments, sow@ile of which react upon
heating with thiobarbituric acid at low pH to give a pink chromogeallikll et al,
1987). If a HO scavenger is added to the reaction mixture, it will competd wit
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deoxyribose for HOradicals, inhibiting the degradation of the target species. It sheuld
stressed that the substance(s) under test may interferethgitigeneration system of
hydroxyl radicals. Thus, compounds may inhibit the’ lg@neration by reacting directly
with H,O, or by chelating the metal ion. In this way, the performandheideoxyribose
assay without EDTA allows the identification of compounds which thelsetal ions
(Hagermaret al, 1998). In this case, iron(lll) ions are chelated by deoxyribassiicg
“site specific” hydroxyl radical damage, and when the sekistances are iron-chelating
agents the hydroxyl radical damage of deoxyribose is inhibited. ®nother hand,
compounds (such as ascorbic acid) can redutetee€* enhancing the generation of
hydroxyl radicals and acting as pro-oxidant agents. Indeed, Hag&ta. (1998) also
modified the deoxyribose method by omitting ascorbic acid to evalhat@dtential of
certain tannins to behave as pro-oxidants.

Zhu et al. (2000) reported a metal-independent, organic Fenton reaction. Thaenot
tetrachlorohydroquinone (TCHQ) and® hydroxylates salicylic acid and this process is
inhibited by HO scavenging agents. The oxidation reaction was not affectesg\syral
iron chelators. Thus, this metal-free TCHQ@DA system provides the generation of HO
with less redox species involved, which makes it more specifieatuating the HO
scavenging capacity. Oet al. (2002a) developed a fluorimetric assay to evaluate
“hydroxyl radical prevention capacity” using fluorescemthe target/probe. In this assay,
HO' radical is generated by a €emediated Fenton-like reaction and the K€avenging
capacity is mainly due to the metal-chelating capability tké compounds. The
quantification approach is the same as that of the ORAG assa&pt that gallic acid is
used as the reference standard compound. This assay has been appéietyto evaluate
and compare the antioxidant properties of pomegranate peel extttappmegranate pulp
extract (Liet al, 2006) and the antioxidant propertiesagtieous methanolic extracts of
different barley cultivars (Madhujith and Shahidi, 2007).

The CL-based determination of scavenging capacity againswbi@gy luminol has also
been described (Hirayama and Yida, 1997; Yildiz and Demiryurek, 1988B#)is case,
HO' is generated from the reaction between ferrous iron with moteomiayen, which

induces luminol CL. However, other ROS, including Gnd HO, are generated at the
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same time, so it is difficult to detect H€pecifically with this system. The H&cavenging
capacity of three standard antioxidants, ascorbic acid, querasditradox, were evaluated
using the Co(ll)/EDTA-induced luminol chemiluminescence (Paetpl, 2000). This CL
assay was further applied to investigate the radical scawgegpacity of different plant

extracts (Parejet al, 2003).

1.2.5. Hypochlorous acid (HOCI) scavenging capacigssays

Stimulated polymorphonuclear leukocytes contain and secrete the menzy
myeloperoxidase, which catalyzes the oxidation of chloride ions,0y idto the powerful
nonspecific chlorinating and oxidizing agent, hypochlorous acid (HO@8igs, 1989).
Production of HOCI contributes to the mechanism of defense adaimsgin micro-
organisms; nevertheless HOCI| may also attacks amines and sylpingips of several
biomolecules causing damage to the host cell structures (Hl2066). One of the most
important targets attacked by HOCI in vivarisantiproteinaseo-AP), which is the major
proteolytic inhibitor in body fluids, protecting cells against attagkproteinases such as
elastase.

In the analytical methods for in vitro determination of HOCI sngees, this oxidant is
obtained from the enzymatic system myeloperoxidag2/i€l” or by acidifying
commercial sodium hypochlorite to pH 6.2 with sulphuric acid (Aruoma, 19878
former approach can be applied if the sample species do not atevidy HOCI
generation (e.g. inhibition of myeloperoxidase activity or direattion with HO5). In the
second, the determination of the concentration of HOCI solution mustrioenped daily
(Halliwell et al, 1995).

The elastase assay (Haenen and Bast, 1991), measures the@faitbmpound to protect
the a;-AP against inactivation by HOCI. This is assessed afteriaddif elastase, which
is inactivated by any remainingi-AP. The elastase activity is subsequently measured
using an elastase substrai¢t{BOC-L-alaninep-nitrophenol ester) and monitoring the
absorbance increase at 410 nm. In this assay, the different (arg®®) and probe
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(elastase) species occur in vivo. Furthermore, the analyticadgg@so mimics an in vivo
situation and therefore the HOCI scavenging capacity of comptsamdsles under study
occurs at biologically significant conditions. Nevertheless, thisotehas been criticized
to be time-consuming and compounds which have inhibitory effects on thitiesciof
either enzyme could falsely be interpreted to be HOCI sgpare (Halliwellet al, 1995).
Later, the same research group developed a method in which the compthioe-5
nitrobenzoic acid (TNB) was oxidized by HOCI into 5,5-dithiobis(2eatienzoic acid)
(DTNB). The absorbance decrease at 412 nm is inhibited by puta@& kcavenger
compounds (Chingt al, 1994; Fernandest al, 2003). However, it was observed that
compounds containing free thiol groups, such as dihydrolipoic acid, cystente
glutathione, interfered in this method, yielding an excess of TNB. Tecave these
limitations, Yanet al. (1996) developed a novel application of the protein carbonyl assay.
The method is based on the observation that bovine serum albumin (B&fny
content is increased upon oxidation by HOCI, and that this incisasdibited in the
presence of HOCI scavengers. In the assay developed by ébatto(2002), scavenger
compounds inhibit the HOCI-oxidation of human serum albumin. These efieots
evaluated by reversed-phase HPLC with spectrophotometric idatemt 280 nm. A
fluorimetric competition assay based on para-aminobenzoic acid ratlon was
developed to determine the HOCI scavenging rate constants anddajgpbkeme non-
steroidal anti-inflammatory drugs (Antwerpehal, 2004). The specificity of the system
was improved by chromatographic separation of the drugs and the oxigmtducts.
Finally, methods based on luminol-elicited CL have also been proposed, wWbo€e
scavengers promote the decrease of analytical signal (Yakdal, 1998b; Mouithys-
Mickaladet al, 2000; Costa&t al, 2006a).

1.2.6. Singlet oxygen'Q,) scavenging capacity assays

Singlet oxygen’0,) is an excited state of molecular oxygen that has no unpairicoete
and is therefore not classified as a radical. It is known to fr@neerful oxidizing agent,
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reacting directly with a wide range of biomolecules that @amreactive with the ground-
state of oxygen molecule, such as proteins (Davies, 2004). The formé&ti®a in vivo
occurs under the presence of light and photosensitizers and itdraifd@d to UV light
damage to skin and to cataract formation of the eye lens (&aédr 2007). Its generation
in the absence of light is thought to be the result of the spontadesyustation of the
superoxide anion and to occur during peroxidase-catalyzed reactinis. also formed
after the reaction of hypochlorite with hydrogen peroxide 1€tf). In addition, eosinophil
peroxidase oxidizes Bigenerating hypobromous acid (HOBr), and O#&so reacts with

H.0O; yielding singlet oxygen (Halliwell, 2006).

OCI + H,0, — CI" + H,0 +'0, (1.10

Due to its decay to the lower energy ground st@gemits characteristic phosphorescence
at 1270 nm. Wilkinsoret al. (1995) measured th&, scavenging ability of several
compounds through the decay rates of the light intensity. Nevesshelee intensity of
luminescence based on the self-emission '0f is often insufficient to provide
reproducible quantitative information, even in agueous medium. A more sensitivitgdnet
based on monitoring the scavenging of singlet oxygen delayed tteoi@s of tetraert-
butylphthalocyanine was developed @al, 1997). The assay was applied to compounds
which are well-documented to be singlet oxygen quenchers suchtasabetene o-
tocopherol, and lauric acid. This method is not widely applied but mseful for
measurement of rate constants f®, quenching, requiring commonly available
equipment and also applicable to systems where the 1270 nm luminescdiifieult to
detect.

Recently, a fluorescence-based microplate screening amsaydluating'O, scavenging
activity was developed by Costt al. (2007). The'O,, selectively generated by the
thermal decomposition of the endoperoxide disodium 3,3'-(1,4-naphthalene)bispmpionat
(NDPGQ,), oxidize the highly sensitive probe dihydrorhodamine 123 (DHR) to the
fluorescent form rhodamine 123. The assay was successfully appliedcreening

scavenging activity of several recognised antioxidant compounds at§inst
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1.2.7. Nitric oxide radical (NO) scavenging capacity assays

In 1992, due to its extraordinary in vivo properties, nitric oxide radis®’) was
acclaimed as the “molecule of the year” in h@ence Magazinéoshland, 1992). The
NO’, which is biologically synthesized through the conversion of L-argittiiecitrulline

by a group of enzymes called nitric oxide synthases (NOSSs), Ipagtal role in the
regulation of diverse physiological and pathophysiological prosd§seheet al, 2007).
Three distinct NOS enzymes have been identified and characterized, hN@&lyeuronal
(nNNOS), NOS inducible (iNOS), and NOS endothelial (eNOS). The ptioducf NO at
physiological levels (at the nanomolar range) is involved in theebetatic biochemical
processes such as signal transduction, neurotransmission, smootle malaghtion,
peristalsis, inhibition of platelet aggregation, blood pressure moolulathmune system
control, learning, and memory (Moncadat al, 1991). In contrast, under
pathophysiological conditions as endotoxin shock and chronic inflammatienNOS
enzymes present in immune-competent cells may lead to the contipromlisction of
micromolar amounts of NQ(1-10 uM). The reactivity/toxicity of NO is enhanced by
oxygen due to the production of reactive intermediates, includinggeitrdioxide radical
(NO;) and dinitrogen trioxide (pDs) which exert many damaging effects on lipids,
proteins and nucleic acids. Moreover, the sustained release’ofidélDan overproduction

of peroxynitrite, after reaction with superoxide anion radicals.tlkisrreason, analytical
methods that allow the determination of NGcavenging capacity of pure
compounds/samples are of great interest to prevent these harmful oxidatiaseac
Vriesmanet al. (1997) developed a relatively simple method for the quantificationGf N
scavenging capacity of sulfur-containing compounds in agueous solution using a
amperometric NO sensor. NO is added to buffered solutions of the scavenger
(glutathione, glutathione disulfide, S-methyl glutathione, N-acstsfeine, lipoic acid and
dihydrolipoic acid) and its concentration is followed as a functionnoé.t The natural
logarithm of the NOconcentration and time are linearly related. After corredorthe
spontaneous degradation of N@econd-order rate kinetics of the scavenging reaction

were determined. They observed that only those compounds which contaimadyeoup
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displayed a considerable NGcavenging capacity. In this method there is a non-
competitive reaction mechanism, since only the reactive spa@¢@$ &nd the scavenger
molecule(s) are present in the reaction medium.

The assessment of NGscavenging capacity has also been performed using ESR
spectrometry (Nishibayaskt al, 1996; Asanumat al, 2001). The NOgenerated from
the donor 3-(2-hydroxy-1-methyl-ethyl-2-nitrosohydrazihbjnethyl-1-propanamine
(NOC-7) was oxidized to NO by the target 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide, named as carboxy-PTIith ihe formation of
carboxy-PTI spin adduct, that was measured by ESR. The methodppksd to non-
steroidal anti-inflammatory drugs and a semi-competitive seheas adopted as the drug
was incubated with the N@enerator for 30 minutes, prior to the addition of carboxy-
PTIO. The main limitation of this method, considering also the tetetechnique that is
not easily available, is the long reaction time (120 min). RecdPdrézet al. (2007) used

a non-competitive reaction method for evaluation of thé $@venging capacity of eight
NSAIDs, using spermine NONOate as the 'Ni©Onor in the absence (control) or presence
of scavenger sample. The amount of remaining nitric oxide wasured through the
quantification of the total accumulated N@xidation products using the Griess reaction.
For this, nitrate was converted to nitrite using NADH-dependenataitreductase. The
interference of NADH was eliminated by addition of lactateydeogenase and pyruvate.
The chromophoric azo derivative formed from nitrite is then measured
spectrophotometrically at 540 nm. Standard curves were generatedsadingn nitrite
and results were expressed as percentage change from caponise. Compared to other
methods, this methodology is not straightforward, requiring the additiosewéral
enzymatic reagents.

The fluorescent target/probe 4,5-diaminofluorescein (DAF-2), wideady s in vivo NO
detection and imaging, has also been applied for screening osd¥@enging capacity
(Nagataet al, 1999). In this assay, DAF-2 does not react directly with, Gt react with

an active intermediate formed in the course of the auto-oxidatioN@f probably

dinitrogen trioxide, obtained by the following reactions (g4l 1.12):
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2NO + 0O, — 2 NG (1.1)

NO, + NO < N,Os3 (1.12
The nitrosation of the weak fluorescent target/probe DAF-2 by dimev&lO species
yield the formation of the strong green-fluorescent triazolofemm product (DAF-2T,

Fig. 1.6). The fluorescence quantum efficiency is increased rhare 100 times after

transformation into the triazole form.

NO', O,

v

neutral pH

DAF-2 DAF-2T
Aexe. = 495 NnmA,,, = 515 nm

Figure 1.6. Formation of the highly fluorescent compound triazolofluorescein (RRF
from 4,5-diaminofluorescein (DAF-2) and N the presence of O

Recently, this assay was adapted to 96-well microplate readexamine the NO
scavenging capacity of pharmaceutifablockers compounds (Gomes al, 2006). The
NO" scavenging capacity was determined by the ability of compdonoievent the N&

induced nitrosation of DAF-2 and results are expressed as thentzage of inhibition of
the DAF-2 oxidation as a function of concentration of the scavenger otordp
Nevertheless, the results obtained using DAF-2 as a target/probiOfoquantification
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should be interpreted with caution, since some antioxidant compounds (debgdoaas
and ascorbic acid) may react directly with DAF-2 and form flsoegat compounds with
emission spectra similar to that of DAF-2T (Zha@l, 2002).

1.2.8. Peroxynitrite (ONOQ) scavenging capacity assays

Cells of the immune system produce both the superoxide anion andomitte radical

during the oxidative burst triggered by pathologic processes \{¢dlli2006). Under these
conditions, they reactkc 10M™s ! eq. 1.13 to produce significant amounts of
peroxynitrite anion. Under physiological pH, the ratio of peroxymitand peroxynitrous

acid (ONOOH), a very strong oxidant, is 4 to 1.

0,~ + NO — ONOO (1.13

The main route of damage caused by these species is th@nigaéiromatic amino acids,
particularly tyrosine, yielding the formation of the biomarker tBatyrosine. Moreover,
ONOQO can also react with carbon dioxide present in the body fluidstiaetformation of

an adduct, nitrosoperoxycarbonate anion (ONOQ@L(3quadrito and Pryor, 2002). This
adduct may decompose to carbon dioxide and nitrate (about 70%) and fa¢sortalicals

as nitrogen dioxide radical (NQ and carbonate radical anion (€ (about 30%). Taking
into account the high carbon dioxide concentration in physiological condlitibns
probable that most of ONOQdamage effects in vivo are mediated by these reactive
intermediates.

Methodologies for measuring the ONO8cavenging capacity usually depend either on
tyrosine nitration (Pannalet al, 1997) or on dihydrorhodamine 123 (DHR) (Koetyal,
1994). The first method is based on the formation of 3-nitrotyrosine,ighdétected
spectrophotometrically along with the unreacted tyrosine afterCHBé&paration. The
concentration of 3-nitrotyrosine is measured after incubation ofimgrosith varying
concentrations of putative ONOGscavengers and the inhibition percentage of 3-
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nitrotyrosine formation is determined. In the second method, the noreficent DHR is
oxidized by peroxynitrite to the fluorescent rhodamine 123. In the qresef ONOO
scavengers the fluorescence intensity is lower than that afotiteol and the inhibition
percentage of DHR oxidation is assessed. This assay hasatlaeted to a microplate
reader to determine the ONOG&cavenging capacity of arylpropionic acid NSAIDs (Costa
et al, 2006b),B-blockers compounds (Gomet al, 2006), herb extracts (Chet al,
2002) and medicinal tincture frorPedilanthus tithymaloidegAbreu et al, 2006).
Luminol-enhanced chemiluminescence has also been used to estimat®NOO

scavenging capacity (Yildiet al, 1998b).

36



LE

Table 1.z. Summary of analytical features of some in vitrovecejing capacity assays against specific ROS/RNS.

Reactive Assay Target Detection probe Principle of measurement Quantificion Ref.
species compound
B-PE B-PE o 4 I ime due t Caoet al, 1993
uorescence decay along time due
ORAC BODIPY 581/591 BODIPY oxidation of probe is delayed/inhibitedo'\Iet AUC expressed as Naguib, 1998
581/591 o trolox equivalents
by antioxidants

Fluorescein Fluorescein Quet al, 2001

Oxygen consumption due to oxidation
Human plasma Oxygen of plasma material is delayed by
antioxidants
Fluorescence decay along time due to
Peroxyl radical TRAP pB-PE B-PE oxidation of f-PE is delayed by
(ROO) antioxidants _ _
Fluorescence increase along time due
DCFH-DA DCF to formation of DCF from oxidation of
DCFH-DA is delayed by antioxidants

Lag time expressed as
trolox equivalents

Wayneret al, 1985

DelLange and
Glazer, 1989

Valkonen and
Kussi, 1997

Absorbance decrease along time due toRat'O of !mt'al crocin
bleaching rates in

Crocin Crocin oxidation of crocin is inhibited by
Crocin antioxidants

bleaching of test sample

Absorbance decrease due to oxidation
Crocin Crocin of crocin is inhibited by antioxidants Inhibition percentage
and measured after a fixed time period

absence and in presence

Borset al, 1984

Lussignoliet al,

1999

AUC, area under the curve; BODIPY 581/591, 4,4udifb-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-digdadacene-3-undecanoic acid; DCF, dichlorofluorésce
DCFH-DA, dichlorofluorescein-diacetate; ORAC, oxygadical absorbance capacityPE, B-phycoerythrin; TRAP, total radical-trapping aniident parameter.

T Je1deyd
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Table 1.2.Summary of analytical features of some in vitroveraying capacity assays against specific ROS/RN&if@ation).

Reactive Assay Target Detection Principle of measurement Quantification Ref.
species compound probe
. Absorbance increase due to formation
oxli_(jDa:;ion LDL Codr}J‘: r?easted of conjugated dienes from oxidation Lag time Handelmareltgaglé
of LDL is inhibited by antioxidants
Peroxyl radical Ethylene, formed due to oxidation of Winstonet al
(ROO) TOSC KMBA Ethylene KMBA, is measured along time using Relative AUC 1998
GC-FID
. Luminol CL emission due to oxidation of Lag time expressed as _
CL-based Luminol (oxidized) luminol is inhibited by antioxidants trolox equivalents Lissiet al, 1992

AUC, area under curve; CL, chemiluminescence; GO;fglas chromatography with flame ionization detedkdMBA, o-keto<y-methiol-butyric acid; LDL, low-

density lipoproteins; TOSC, total oxyradical scayieg capacity.

T Je1deyd
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Table 1.2.Summary of analytical features of some in vitrovereying capacity assays against specific ROS/RN&ifwation).

Reactive species Target compound Detection probe

iRciple of measurement Quantification

Ref.

n.a. Formazan
n.a. Ferrocytochrome c
n.a. Nitrite
Superoxide radical
KMBA Ethylene
anion
(07)
DMPO DMPO-OOH
Hydroethidine 2-hydroxyethidium
Luminol Luminol
(oxidized)
Lucigenin Lucigenin
9 (oxidized)

Absorbance increase along time due to

formation of formazan from reduction of Inhibition percentage
NBT is inhibited by antioxidants
Absorbance increase along time due to
formation of ferrocytochrome c¢ from
reduction of ferricytochrome c is inhibited
by antioxidants

Inhibition percentage

Inhibition percentage
expressed as-tocopherol
equivalents

Absorbance increase  after nitrite
derivatisation using Griess reaction

Ethylene, formed due to oxidation of
KMBA, is measured along time using
GC-FID and its formation is inhibited by
antioxidants

Formation of DMPO-OOH adduct is
measured by ESR and it is inhibited by Relative inhibition
antioxidants

Inhibition percentage
expressed as trolox
equivalents

Fluorescence increase due to oxidation ofDirect quantification of
hydroethidine superoxide

CL emission due to oxidation of luminol Inhibition percentage
i inhibited by antioxidants P g
CL emission due to oxidation of lucigenin

is inhibited by antioxidants Inhibition percentage

Aruomaet al,
1993

Aruomaet al,
1993

Wang and Jiao,
2000

Lavelli et al,
1999

Callisteet al,
2001

Zhaoet al,
2003

Oosthuizen and
Greyling, 1999

Oosthuizen and
Greyling, 1999

CL, chemiluminescence; DMPO, 5,5-dimethyl-1-pymeliN-oxide; ESR, electron spin resonance; GC-F&3; chromatography with flame ionization detector;

KMBA, a-ketoy-methiolbutyric acid; NBT, nitroblue tetrazolium.
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Table 1.2.Summary of analytical features of some in vitrovereing capacity assays against specific ROS/RN&ifwiation).

Reactive species Target compound Detection probe

iRciple of measurement Quantification Ref.

Hydrogen peroxide

Scopoletin Scopoletin
(H:0,) P P

Biphenyl dimer of

HVA HVA
n.a. Ti-HO, complex
9,10-

Aryl oxalate ester Diphenylanthracene

Fluorescence decay along time due to Inhibition percentage
oxidation of scopoletin is inhibited by  expressed as trolox
antioxidants equivalents
Fluorescence increase due to oxidation of Pazdzioch-
HVA is inhibited by antioxidants and Inhibition percentage Czochra and
measured after a fixed time period Widénska, 2002
Absorbance increase due to formation of
Ti-H,O, complex is inhibited by
antioxidants and measured after a fixed
time period

Corbett, 1989

Inhibition percentage
expressed as ascorbate
equivalents

Wang and Jiao,
2000

CL emission due to fluorophore Reciprocal of inhibition Arnouset al,
excitation is inhibited by antioxidants ratio 2002

Lucigenin Lucigenin CL emission due to oxidation of lucigenin Inhibition percentage Costaet al,
9 (oxidized) is inhibited by antioxidants P 9 2005
Absorbance increase due to reaction of
Hydroxyl radical . thiobarbituric acid with  oxidation .
. Pink chromogen . L S Halliwell et al,
(HO) Deoxyribose (TBARS) products from deoxyribose is inhibited by Inhibition percentage 1987

Salicylic acid 2,3-DHBA and 2,5-

DHBA
Fluorescein Fluorescein
Luminol Luminol
(oxidized)

antioxidants and measured after a fixed
time period

DHBA, formed due to oxidation of
salicylic acid, is measured using HPLC- Quantity of DHBA
ED and its formation is inhibited by produced
antioxidants

Fluorescence decay along time due to
oxidation of fluorescein is inhibited by
antioxidants

Zhuet al, 2000

Net AUC expressed as

. ; - Quet al, 2002a
gallic acid equivalents

- . . Yildiz and
CL emission due to oxidation of luminol o -
S L Inhibition percentage Demiryurek,
is inhibited by antioxidants 19982

AUC, area under curve; CL, chemiluminescence; DHBkydroxybenzoic acid; HPLC-ED, high performandguid chromatography with electrochemical

detection; HVA, homovanillic acid; TBARS, thiobatlic acid reactive substances.
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Table 1.2.Summary of analytical features of some in vitroveteying capacity assays against specific ROS/RN&ifwation).

Reactive species Target compound Detection probe iRciple of measurement Quantification Ref.
Fiypochiorous acid o1-AP Elastase substrate ﬁssg:\a?t?i?eed mc:II:setlzzeduEsitno agtl\gtgloz: Elastase activity as Haenen and
(HOCI) 1 ' g AA 410 min Bast, 1991

forming substrate
Absorbance decrease due to oxidation of

TNB to DTNB is inhibited by _— Chinget al,
TNB TNB antioxidants and measured after a l‘ixedInhlbltlon of percentage 1994
time period
BSA The carbonyl content of BSA increases
BSA due to oxidation by HOCI and it is Inhibition of percentage Yaet al, 1996

(carbonyl groups) inhibited by antioxidants

Fluorescence decay along time due t?zate constants of reaction

S C Antwerpenet
PABA PABA oxujaqon of PABA is inhibited by between PABA and HOCI al., 2004
antioxidants
Luminol Luminol CL emission due to oxidation of luminol Inhibition percentage Yildiz et al,
(oxidized) is inhibited by antioxidants P 9 1998b
Singlet oxygen ) Intensity of Iumlnescenc_e from self- Rate constants of Wilkinsonet al.
n.a. 0O, emission of‘O, decreases in the presence

1, . .
(02 of antioxidants luminescence quenching 1995

Fluorescence increase along time due to

Tetra-tert- Tetra-tert- tetra-tert-butylphthalocyanine excitation Rate constants of Fuet al, 1997
butylphthalocyanine butylphthalocyanine is delayed/inhibited by antioxidants luminescence quenching
. Fluorescence increase due to oxidation of S Costaet al,
DHR 123 Rhodamine 123 DHR 123 is inhibited by antioxidants Inhibition percentage 2007
Luminol CL emission due to oxidation of luminol Oosthuizen and

Luminol (oxidized) ~is inhibited by antioxidants inhibition percentage G eyling, 1999

a3-AP, os-antiproteinase; BSA, bovine serum albumin; CL,raleminescence; DHR, dihydrorhodamine; DTNB, 5,8dibis(2-nitrobenzoic acid); PABA, p-

aminobenzoic acid; TNB, 5-thio-2-nitrobenzoic acid.

T Je1deyd

uOoNONPOIIUI [RIBUSD)



[A%4

Table 1.2.Summary of analytical features of some in vitroveteying capacity assays against specific ROS/RN&ifwation).

Reactive species Target compound Detection probe iRciple of measurement Quantification Ref.

NO concentration is measured
amperometrically along time and the rat&econd-order rate constant Vriesmanet al,
of its disappearance is increased by of NO scavenging 1997
antioxidants

Formation of carboxy-PTI spin adduct is

Nitric oxide radical
(NO) n.a. NO

Carboxy-PTI spin Asanumeet al,

n.a. adduct me_asgred by ESR and it is inhibited by Inhibition percentage 2001
antioxidants
Fluorescence increase due to oxidation of | . .. Nagataet al,
DAF-2 DAF-2T DAF-2 is inhibited by antioxidants Inhibition percentage 1999
Peroxynitrite 3-Nitrotyrosine, formed due to oxidation
. N . of tyrosine, is measured using HPLC- — Pannaleet al,
(ONOO) Tyrosine 3-Nitrotyrosine ;y/njis and it its formation is inhibited by ~ "iition percentage 1997
antioxidants
. Fluorescence increase due to oxidation of I Kooy et al,
DHR 123 Rhodamine 123 DHR 123 i inhibited by antioxidants Inhibition percentage 1994
Luminol Luminol CL emission due to oxidation of luminol Inhibition percentage Yildiz et al,
(oxidized) is inhibited by antioxidants P 9 1998b

Carboxy-PTI,2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazolih@xyl; CL, chemiluminescence; DAF-2, 4,5-diaminmftescein; DAF-2T, triazolofluorescein;

DHR, dihydrorhodamine; ESR, electron spin resonance
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Chapter 1 General introduction

1.3. Scavenging capacity assays against stable, fmalogical radicals and evaluation
of total reduction capacity

These antioxidant capacity assays rely on electron tramst@mréactions that measure the
capacity of a putative antioxidant compound(s) to reduce an oxidant, vehictstiable
radical or metal ion. The oxidant is also the probe for monitoringrébetion and its
reduction is accompanied by a change on its absorption spectra wasitile region.
Therefore, degree of color change is proportional to the antiokiddanting capacity.
Generally, these assays are based on a non-competitive reaction deigetn®) (

The reactivity in ET-methods is based primarily on ionization i@k and on
deprotonation of the reactive functional group in a particular pH mieor(et al, 2005).
In general, the ionization potential decreases with increasingregftécting increased
electron-donating capacity with deprotonation. Thus, in acidic conditieesreducing
capacity may be suppressed due to protonation of functional groups ioXidarit
compounds, whereas in basic conditions, proton dissociation would enhamedubimg
capacity of the sample (Fadt al, 2004). For this reason, the pH values of ET-assays have
an important effect on the reducing capacity of the test compoangsés. These
reactions are usually slow, requiring a long time to reach aimpland results can vary
tremendously upon the time scale of analysis. Moreover, the presgndeace
contaminants, metals in particular, has been accounted for higbilyriaf results (Prior
et al, 2005).

In these assays, it may be questionable whether the resultaedb@ve quantitative
information of the antioxidant capacity of a sample, since notdiictants that are able to
reduce the oxidant (probe) are physiologically antioxidants (Paimd Cao, 1999).
Therefore, to make the assumption that the reducing capacity sénple is a
global/comprehensive parameter, reflecting one aspect of its idatiox property, the
data obtained with ET-based methods should be regularly correldtethevidata obtained
by HAT-methods (Roginsky and Lissi, 2005).

In the following sections, the widely used ET-based assaygmddsd trolox equivalent
antioxidant capacity (TEAC) assay, 2,2-diphenyl-1-picrylhydrd®PPH) assay, ferric
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reducing antioxidant power (FRAP) assay, and Folin-Cioca{féD) assay, will be
critically discussed. The total reducing capacity estimbyeelectrochemical methods will
also be mentioned. The analytical features of these assaysnamgarized in the Table 1.3

(page. 55).

1.3.1. Scavenging of 2/Azinobis-(3-ethylbenzothiazoline-6-sulphonate) radal cation

(ABTS™) or Trolox equivalent antioxidant capacity (TEAC) assay

The TEAC assay involves the generation of the long-lived radi¢edncahromophore
2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonate) (ABTSwhich has absorption
maxima at 414, 645, 734, and 815 nm. The original TEAC assay, developedidyyeii
al. (1993), was based on the activation of metmyoglobin, acting as pesexidéh HO,
to generate ferrylmyoglobin radical, which then reacted witiT8Bo form the ABTS
radical cation. In this strategy, the sample to be tested isl gudeiously to the formation
of the ABTS". The test compounds/samples reduce the ABTlicals formed and the
lag phase, which corresponds to the delay time in radical formasianeasured. This
method has been commercialized by Randox Laboratories (San Ecarldi8A) as the
world’s first kit for the standardization of total antioxidant statnsasurement in an
individual’'s serum or plasma. Nevertheless, this commercialokitlfe TEAC assay is
expensive; the reagent cost per sample estimated in the Randgx-BEsay is
approximately nine times that in the ORAC assay (Cao and Prior, 1998).

The order of addition of reagents and sample was then criticizednagor pitfall, because
the antioxidants (quercetin, for instance) can react wigd,Hand/or with derivate
oxidizing species that inhibit the ABTSadical formation and that lead to overestimation
of antioxidant capacity (Strubet al, 1997). Therefore, gost-addition assay or
decolorization strategy was proposed to prevent the interferercgiatidant compounds
with radical formation, making the assay more reliable andsiesseptible to artefacts. In

this case, the sample to be tested was added after genefaioartain amount of ABTS
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radical cation and the remaining ABTSoncentration after reaction with antioxidant
compound/sample was then quantified éRal, 1999).

In terms of assay conditions, different strategies have beererimapted for ABTS
generation (Fig 1.7), reaction time applied, detection wavelength fos monitoring the
reaction, and the reference antioxidant chosen. ABE&Slical cation can be generated by
chemical reaction using manganese dioxide (Mékeal, 1996), AAPH (Van den Beret
al., 1999), or potassium persulfate (R¢ al, 1999), by enzymatic reaction using
metmyoglobin (Milleret al, 1993) or horseradish peroxidase (Catal, 1998), or by
electrochemical generation (Alonsbal, 2002). Reaction times ranging from 1 to 30 min
have been adopted throughout the works described in the literature. Cogctrai
wavelength of detection, the determination at 734 nm is prefercadibe the interference

from other absorbing components and from sample turbidity is minimized (Arnao, 2000)

ﬁ electrochemical reaction

CH, o
<~ (
ok S — s:@\ Chemical, enzymatic, or -o, < _ SD\
\(D: >=N}\l_< sq, > \©: >=N/N_< sq;
H,C Ha}

ABTS ABTS™, Apax= 414, 645, 734, and 815 nm

Figure 1.7. Generation of 2,Zazinobis-(3-ethylbenzothiazoline-6-sulphonate) radical
cation (ABTS") from 2,2'-azinobis(3-ethylbenzthiazoline-6-sulphonic acid) (ABB$)

chemical, enzymatic or electrochemical reaction.

In terms of quantification, the absorbance value, proportional to thaimig ABTS'
concentration, is measured after a fixed reaction time. Resdt®expressed as trolox
equivalents, that is, the concentration of trolox solution (mM) withrdimxadant capacity
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equivalent to that found for 1.0 mM of the substance under investigatioexgress the
antioxidant capacity in a more familiar and easily understood maaseorbic acid was
suggested as the reference compound instead of trolox and reseltgivesr as mass of
ascorbic acid per 100 g or per 100 mL of test sample, desigmaGBAC — vitamin C
equivalent antioxidant capacity (Kiat al, 2002).

This spectrophotometric assay is technically simple, which acedainits application for
screening and routine determinations. The ABT&avenging can be evaluated over a
wide pH range, which is useful to study the effect of pH on antiokidaechanisms.
Furthermore, the ABTS radical is soluble in water and organic solvents, enabling the
determination of antioxidant capacity of both hydrophilic and lipophilic
compounds/samples. However, the results provided by this assapémveriticized as
the ABTS" radical is not representative of biomolecules and not even found in any
biological system. Thermodynamically, any compound that has & neotential lower
than that of ABTS may react with the radical. Despite these concerns, the ABESay

has been extensively used to measure the antioxidant capdagiypdiilic and hydrophilic
antioxidant compounds (Pulidet al, 2003), complex samples such as medicinal plants
(Surveswararet al, 2007), food or beverages (Pellegratial, 2003; Saura-Calixto and
Goni, 2006) and blood samples (Fischeal, 2005; Dalla-Vallest al, 2007).

1.3.2. Scavenging of 2,2-diphenyl-1-picrylhydrazyiadical (DPPH" assay)

In this assay, the purple chromogen radical 2,2-diphenyl-1-piaisdlayl (DPPH Fig.
1.8) is reduced by antioxidant/reducing compounds to the corresponding fale ye
hydrazine (Blois, 1958). The scavenging capacity is generallyaed in organic media
by monitoring the absorbance decrease at 515-528 nm until the absorbaraas
constant (Brand-Williamst al, 1995) or by electron spin resonance (Calkgtal, 2001).
Recently, the determination of antioxidant capacity based oarntiperometric reduction
of DPPH at a glassy carbon electrode was proposed by Milardetvial. (2006). The
resulting current the electrode polarized at fixed potentialpsgortional to the residual
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concentration of DPPHafter reaction with the antioxidant(s). A biamperometric method
using DPPH/DPPHredox couple and two identical glassy carbon disc electrodeslseas a
presented (Milardoviet al, 2005).

N—N NO,

Figure 1.8. Structure of 2,2-diphenyl-1-picrylhydrazyl (DPBHadical that absorbs at the
visible region of the spectray(ax = 515-528 nm).

In opposition to what was initially believed, the reaction mechamsbased on an ET-
reaction whilst the hydrogen atom abstraction is a marginatioeapathway, because it
occurs slowly in strong hydrogen-bond-accepting solvents, such asamoktind ethanol
(Foti et al, 2004). As occurs in other ET-based assays, the scavengingtgagssnst
DPPH radical is strongly influenced by the solvent and the pH adtien (Magalhaest
al., 2007a). Indeed, Staslkt al. (2007) studied the suitable conditions and limits for water
as a component of a mixed water-ethanol solvent of DiPdetital assay. They concluded
that the 50% (v/v) aqueous/ethanol solutions are a suitable choidgdphilic and
hydrophilic antioxidants and the reaction rate between DRIRH the antioxidant may
increase considerably with increasing water ratios. However, at raéites over 60% (v/v)
the antioxidant capacity decreased, since a part of the Di®Ragulates and it is not easily
accessible to the reaction with antioxidant(s).

Generally, the results are reported as the efficient contient(&Gso), that is the amount
of antioxidant necessary to decrease by 50% the initial DRBRcentration (Brand-
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Williams et al, 1995). The time needed to reach the steady state wighdeGcentration
was calculated from the kinetic curve and defined@sgo In recognition of the effect of
both parameters the “antiradical efficiency” may be deterthibg calculating the
reciprocal of EGy x Tecso (Sanchez-Morenet al, 1998). Therefore, the lower E£and
Tecso the higher is the *“antiradical efficiency”. A conceptualymilar parameter
designated as radical scavenging efficiency (RSE) was deddag De Beeet al. (2003).
RSE is calculated as the ratio of the reaction rate (obtaumeag the first minute) and the
ECso value. The main limitation of B determination is that the percentage of radical
scavenged is dependent of the initial concentration of DP&dical (Magalhdest al,
2006a). For this reason, it is more accurate to use the absorbamnagorva(or
concentration of DPPHconsumed) rather than the percentage of the radical consumed.
This absorbance value is further interpolated in a dose-response afuevestandard
antioxidant such as ascorbic acid or trolox and the results aress@gras equivalent
concentration.

The steric accessibility of DPPIadical is a major determinant of the reaction, since small
molecules that have better access to the radical site hateveigl higher antioxidant
capacity (Huangpet al, 2005). On the other hand, many large antioxidant compounds that
react quickly with peroxyl radicals may react slowly or neagn be inert in this assay.
The inexistence of DPPHr similar radicals in biological systems is also a sbantng.

In addition, the spectrophotometric measurements can be affectainppunds, such as
carotenoids, that absorb at the wavelength of determination assl the turbidity of
the sample. In this way, the electrochemical detection proposktildrgovic et al (2005,
2006) may be a valid alternative to analyse colored and/or turbidesamih low content

of antioxidant compounds. The DPPassay is not suitable for measuring the antioxidant
capacity of plasma, because proteins are precipitated in ¢bbodt reaction medium.
Finally, the DPPHscavenging reaction is time-consuming and it may take 20 mio up t
6 h (Brand-Williams et al, 1995). Recently, Magalhdest al. (2006a) applied a
mathematical model to the data collected within the first 8 afi DPPH scavenging

reaction to estimate the total DPPe&bnsumed. This approach allowed a considerable
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reduction of the time taken for a single analysis for samglegiming or originating slow
reacting antioxidant compounds.

Despite the limitations abovementioned, the DPBHonsidered a valid, easy and useful
assay with regard to screening/measuring the antioxidant capapiire compounds, fruit
and vegetable juices or extracts (Antolovieh al, 2002; Chinniciet al, 2004,
Surveswararet al, 2007;) as the radical compound is stable, commercially availatie, a
does not have to be generated before assay like ABT8e DPPH assay is also

technically simple, just requiring a UV-vis spectrophotometer to be performed.

1.3.3. Ferric reducing antioxidant power (FRAP assg

The FRAP assay measures the ability of antioxidants to egatiecferric 2,4,6-tripyridys-
triazine complex [Fe(ll)-(TPTZ)*" to the intensely blue coloured ferrous complex
[Fe(I)-(TPTZ)]?" in acidic medium (Fig. 1.9) (Benzie and Strain, 1996 and 1999). FRAP
values are calculated by measuring the absorbance increza8@ ain and relating it to a
ferrous ion standard solution or to an antioxidant standard solution (a&sewmidi for
instance). This method has also been adapted to 96-well mieroplder, giving better
reproducibility and higher sample throughput (Tstal, 2003).

Concerning its limitations, any compound (even without antioxidant preggvtith redox
potential lower than that of the redox pair Fe(lll)/Fe(ll), tdagoretically reduce Fe(lll) to
Fe(ll), contributing to the FRAP value and inducing falsely high resultsh©ather hand,
not all antioxidants reduce Fe(lll) at a rate fast enoughdw &s measurement within the
observation time (typically 4 min). Indeed, Puligb al. (2000) observed that dietary
polyphenols react more slowly and require longer reaction timme30(min) for total
quantification and depending on the analysis time the order iofrdaetivity is changed.
The polyphenols with such behaviour include caffeic acid, ferulic apidrcetin, and

tannic acid.
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Figure 1.9. FRAP assay based on the reduction of the complex [Fe(Il)ZJ#"T to the
intensely colored [Fe(Il)-(TPTZ)".

As the FRAP assay measures the reducing capacity based athartion of ferric ion,
antioxidants that act by radical quenching (HAT reaction), qddily thiols and
carotenoids, will not be determined (Pulieloal, 2000; Ouwet al, 2002b). Another point to
take into consideration is the concomitant production of Fe(ll), whiahwsll-known pro-
oxidant and may result in the generation of additional radicals irette#ion medium, as
OH’ from HO,. Finally, compounds that absorb at the wavelength of the deteimninat
may interfere, causing overestimation of the FRAP valueirstance, Benzie and Strain
(1999) reported an unusually high FRAP value for bilirubin (twice dfatrolox and
ascorbic acid) because it was oxidized to beliverdin, which absorissderably at 593
nm. The low pH (3.6) necessary for this assay may lead to pootein precipitation, as
casein in milk samples (Chenal, 2003).

Despite the low pH value applied when compared to physiological comlifpH 7.4),
this method has been extensively applied to measure the reduciaggdaods and plant
extracts, plasma and other biological fluids (Pukda@l, 2003; Surveswaragt al, 2007;
Haldar et al, 2007). The ferric-reducing ability measured may indirectlyecefthe
antioxidant capacity, although the results should be compared with tlzénezbiby an
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HAT-based assay. For instance, Cao and Prior (1998) observed a wesignifitant
linear correlation between serum FRAP and serum ORAC, whileetOal. (2002b)
analysed a total of 927 freeze-dried vegetable samples andstlits iedicated that the
FRAP and ORAC values did not correlate well. In summary, theF-Bgsay is simple,
inexpensive, and may offer a putative index of antioxidant capacity.

1.3.4. Folin-Ciocalteu reducing capacity (FC assay)

The exact chemical nature of the Folin-Ciocalteu reagenbi known, but it is accepted
that it contains phosphomolybdic/phosphotungstic acid complexes (SingletdRoasi
1965). The chemistry behind the FC assay relies on the transédeodfons in alkaline
medium from phenolic compounds and other reducing species to molybdenunmgform
blue complexes that can be detected spectrophotometrically at 750—7&&nghetonet

al., 1999). Generally, gallic acid is used as the reference standard compound as@uesult
expressed as gallic acid equivalents (. it should be stressed that, the blue complexes
formed are independent of the structure of phenolic compounds, theméfogeout the
possibility of coordination complexes formed between the metal &edphenolic
compounds (Singletoet al, 1999).

The FC reagent is non-specific to phenolic compounds as it caadoeed by many
nonphenolic compounds (e.g. aromatic amines, sulfur dioxide, ascorhi€a¢iy] Fe(ll),
etc) and for that reason is not suitable for determination ddl“pttenolic content”, unless
interfering species are considered or removed (Singletoal, 1999 and Prioet al,
2005). Therefore, the FC assay was recently proposed for the nmeasturef total
reducing capacity of samples (Huaepal, 2005). Excellent linear correlations between
FC assay and other ET-based assays (TEAC and DHBH instance) have been
established (Roginsky and Lissi, 2005). Indeed, in a recently rdpontek the FC
reducing capacity of a large number of beverages {2) were correlated with TEAC
assay; a good correlation was fould> 0.9) for red wines, herbal and tea infusions, and
beers (Magalhde®t al, 2007b). Nevertheless, the contribution from other dietary
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antioxidant compounds with non-ET mechanism of action (sughcasotene) may not be
assessed by FC assay (Magalhétesl, 2006b). Despite that, the relationship between the
FC method and ORAC, a HAT-based assay, is usually good @rial, 2005). These
correlations confirm the value, usefulness of Folin-Ciocalteu regucapacity for the
assessment of antioxidant capacity of food samples. In additionF@heassay is
operationally simple, reproducible and convenient for assessmenttafydantioxidant
capacity since the reagent is commercially available, theegure is rather standardized,
and the absorption of the product at a long-wavelength minimize$eneteces from the
sample matrix. Nevertheless, the original assay is time-cangui h), which makes its
implementation difficult for routine analysis. Moreover, it is perfed in aqueous phase,

thus it is not applicable for lipophilic compounds/matrices.

1.3.5. Total reducing capacity estimated by electahhemical methods

Electrochemical properties of pure compounds, foods, and biologoalesmay be used
for the evaluation of their reducing/antioxidant capacity, sinceoftigation potential is
conceptually related with the expected antioxidant capacity. Intieedxidation potential
and antioxidant capacity are inversely related, so that when @ndagitential is low it
means that analytes could be oxidized easily or, in other wordg, hévee higher
reducing/antioxidant capacity.

Among the electrochemical methods, the cyclic voltammetry) (€¢hnique has been
adapted to the evaluation of the overall reducing capacity of neecular weight
antioxidants in plasma (Cheviat al, 1997), tissue homogenates (Shohaimal, 1999;
Kohenet al, 1999), and plant extracts (Chevieinal, 1999). In fact, this methodology has
been used in a variety of clinical situations and pathological disondeuding diabetes,
brain degenerative diseases, as well as in studies concerniagdimg process (Kohen
and Nyska, 2002). Typically, the reducing capacity of tested compourmésais
measured through a three-electrode system, constituted by tkimgvetectrode (glassy

carbon), the reference electrode (Ag/AgCl), and the auxiliEgtrede (platinum wire).
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Following the introduction of the sample into the tested well, thenpates linearly
applied to the working electrode at a constant rate either tawargositive potential or
toward the negative potential. The resulting current vs potentrac@ded to produce a
cyclic voltammogram. CV tracings are usually recorded from — 0:51® V versus the
reference electrode at a scan rate of 100 or 400 h(Zlsevionet al, 2000).

The reducing capacity of a sample is analysed from threengders obtained through the
CV tracings: i) the oxidation potentidt;», which reflects the specific reducing capacity,
the lower theE;,, the higher the ability of the tested sample to donate electootiswe
working electrode; ii) the intensity of the anodic currda);(and iii) the area under the
anodic wave 9. Both la and S are related to the concentration of the reducing species
present in the sample. Nevertheless, as an anodic wave in comateges, such as
biological and food samples, often represents more than a single comppawd of which
could donate electron(s) around the same potential, it was propos8&dp#nameter for
estimation of the total reducing capacity rather thanai{€hevionet al, 1999; Kilmartin

et al, 2002). Moreover, changes 8walue better reflect a change in a single component
within an anodic wave than the corresponding changg in

In this context, the CV methodology allows rapid screening of #agtrechemical profile

of samples and is especially suitable for screening studigkeffmore, the CV profile can
be obtained in aqueous medium as well as in organic solvents ddndrile,
water/acetonitrile, and acetonitrile/methanol mixtures provitatl there are redox-active
components and enough electrolytes in the solution to support reddionsagn the
electrode surface. Recently, Martineizal. (2006) compared the CV results obtained on
human and horse plasma with the results of two spectrophotometrialradgays, the
DPPH and the Randox-TEAC. They observed a positive linear correlation .964)
between DPPHresults and CV data of the first anodic wave, that refléetsantioxidant
capacity of the two major water-soluble antioxidants in plass@rhic and uric acid. On
the other hand, they also observed a poor correlation between CV/Dé&Rts and the
Randox-TEAC results.

These assays based on the electrochemical properties obrtipound/sample do not
require the use of reactive compounds, since it is based oroelestrical behaviour and,
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consequently on their chemico-physical properties. Moreover, turbid amdémsely
colored samples can be determined without prior sample preparatiershdrtcoming of
these methodologies is related to the fact that some biollygieldvant antioxidants (e.g.
glutathione, cysteine and other thiol-containing compounds) show a Ipansss when
glass carbon electrodes are applied. In this case, other elscsadke as an Au/Hg
electrode are needed for glutathione measurement (Kethah 1999). Furthermore, an
important practical limitation is that the working electrode toalse frequently cleaned to
remove residues of sample from its surface and to maintasentstivity. For instance, in
the work developed by Blasai al. (2005) a glassy carbon electrode cleaning procedure
was described. Hence, between each work session the elect®aéear@ed by physical,
chemical and electrochemical treatments, while during thsicseshe electrode was

electrochemically cleaned, whenever necessary, using cyclic voltaynmet
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Table 1.3.In vitro scavenging capacity assays against stablebiological radicals and evaluation of totalueing capacity.

Assay Principle of measurement Quantification Ref.
ABTS™ radical cation is reduced by antioxidantsTrolox equivalentsi(M), ascorbic acid -
TEAC causing absorbance decrease at 734 nm equivalents (mg/100 mL or 100 g) Miller et al, 1993
o L . EGCs, RSE, trolox equivalentgiiy), -
DPPH radical is reduced by antioxidants, causin o : . Brand-Williamset
DPPH absorbance decrease at 515-528 nm %scorbm acid equivalents (mg/100 mL al., 1995
or 100g)
The ferric 2,4,6-tripyridyl-s-triazine complex is Ferrous ions equivalents, ascorbic acid Benzie and Strain,
FRAP reduced by antioxidants, causing absorbance .
. equivalents 1996
increase at 593 nm
Folin-Ciocalteu reducing ;ﬁgg;fg;i'trsnogg ds?r:e gkggc])rr)lbea:(r?cse ?rzgrézggcaetdmb())/- Gallic acid equivalents Singletonet al,
capacity : 9 (mg LY 1999

Electrochemical total
reducing capacity

765 nm

The intensity of anodic current is increased due t@xidation potential &;,,), intensity of
oxidation of antioxidant compounds at the surfac¢he anodic currentd), area under the Chevionet al, 2000
of the electrode anodic wave 9

ABTS™, 2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonate) icald cation; DPPH 2,2-diphenyl-1-picrylhydrazyl radical; E§& sample

concentration that inhibit 50% of the blank analgtisignal; FRAP, ferric reducing antioxidant poweEE, radical scavenging efficiency; TEAC,

trolox equivalent antioxidant capacity.
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1.4. Flow-based methods for determination of antiadant capacity

The assays described in the previous sections are usually chaeactey a low level of
automation. In fact, they are based on manual discrete methods invdieingsé of a
single reaction cell or a multiwell microplate detector whgrthe sample/reagent(s) are
added successively. The analytical signal is usually obtainedaaftre-selected delay time
from the instant of mixing, and it can be an end-point value oreencrresponding to the
integral over a given period of time. In general, these detetimmsaare time-consuming,
laborious, and costly, especially when routine work in a large nuaitsarmples has to be
performed as it happens with food and biological samples. In additisralga susceptible
to operational errors, such as inadequate sample/reagent mixpogroreproducibility of
time events. Furthermore, the implementation of antioxidant assafjsrs from an
additional difficulty, as short-living and highly reactive spedfROS/RNS) are involved
and strict control/reproducible reaction conditions are requirettaim aeliable results. On
the other hand, there is a strong demand from the food industry assvidm the clinical
field to develop automatic, fast, robust and reliable analyticalthods for
routine/screening determination of antioxidant capacity.

Automation can be a sound alternative to overcome these limiting sspedt to
implement routine assays. In this context, flow injection aral§=iA) and its predecessor
computer-controlled techniques have proven to be a valuable analgtitdbtimprove
batch methodologies, owing to the three principles implicit to tregematic flow
techniques: i) reproducible sample injection or insertion in aecAragent solution; ii) the
controlled dispersion of the sample zone; and iii) the reproducibiegiof its movement
from the injection/insertion point to the detection system (RuzioklHansen, 1988). In
addition, the signal detected is transient because neither gdhysealibrium
(homogenisation of sample and carrier/reagent) nor chemical eguili (reaction
completeness) is attained. Therefore, the determinations occur nodexquilibrium
conditions and are based on the dispersion/reaction kinetic processbss hegard,
automation of antioxidant capacity assays based on flow analylss tiie following

features:
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1) enhanced sample throughput (important in routine analysis and foiragtaeal-time
information)

i) sample and reagents saving, with concomitant reduction in waste generation

iii) reproducible mixture between oxidant and antioxidant/scavenger compound

Iv) strict control of reaction time which is particularly importaviten highly reactive
species are present

v) reaction conditions closer to those found in vivo, as ROS/RNS arersd
immediately after its generation

vi) performance of various antioxidant assays using the same flow manifold

vii) minimization of effects caused by oxygen present in the ambieas aell as solvent
evaporation, as in the case of organic-solvent methods, sinceatiti®me occur in a

controlled environment.

Nowadays, beyond FIA (Ruzicka and Hansen, 1975), various computer-controlled fl
analysis techniques with potential to improve automatic antioxidattiods are available,
namely sequential injection analysis (SIA) (Ruzicka and Matsh@b0), multisyringe
flow injection analysis (MSFIA) (Cerdét al, 1999), multipumping flow systems (MPFS)
(Lapa et al, 2002), within others. All these flow modalities present advantages and
drawbacks inherent of its mode of operation and/or instrumentation apgtiedelection

of the most adequate will depend on the specific analysis ahgddgassociated to the
determination as well as the main purposes to be achieved.

Regarding to FIA (Ruzicka and Hansen, 1975 and 1988), samples are iattadiacthe
system through an injection valve and then dispersed in the d¢asite the tubes conduit.
Most commonly, the reagent is continuously added through a confluence quated
after the sample injection port and before a coil where théioedakes place. Finally, the
reaction product reaches the flow-through detector where tkeetidet signal is acquired.
The main advantages of this flow procedure are the high sample throughput atidiited a
easy implementation, since it is not necessary the computer cadegeértheless, the
dispensed solutions (carrier, reagents) as well as the wastacpon are higher when

compared with the more recent computer-controlled flow procedures.
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In the subsequent flow techniques, computer control is essential for ojpeiation.
Although these flow modalities are based on the same principleB\dpFecise sample
introduction, controlled dispersion, and reproducible timing), they presesategr
potentialities, as it allows more versatile sample manimuiatiside the flow network as
well as improved precision on timing events. Indeed, any chamgegming the sample
volume, reagent/sample ratio, and reaction times are accompligiaedsoftware
programming rather than by physical reconfiguration of the manifold. Reagaehtample
saving is another advantage pointed out to computer controlled-techniqueasse@ast
the required amounts are aspirated/propelled and carrier is not g¢ouropénuously.
Moreover, computer control is a further step in automation and reduces human errors.
Sequential injection analysis (SIA) was introduced by Ruzicka aashall (1990) as a
feasible and mechanically simpler alternative to FIA. The rbasic system comprises a
single bi-directional pump, a holding coil, a multiposition selectialve, a reaction coil
and a detection system. Aliquots of sample and reagent(s) arensatiy aspirated into
the holding coil from reservoirs connected to the lateral porteeokelection valve. The
flow is then reversed, and these stacked zones are propelled and yndisgdirsed.
Owing to combined axial and radial dispersion, these zones are winkedpass through
the reaction coil, where the reaction product is formed and dirdctethe detector.
Compared to FIA, the major difference concerns the way thapleaand carrier/reagent
are mixed inside the tubes. In FIA, solutions are most commonlydmixeonfluence
points, giving rise to a concentration gradient of analyte in a cunbtckground of
reagent, while in SIA the mixture occurs essentially duringfiihe reversal forming a
partial overlap of sample and reagent zones. Indeed, the mixturegtakesessentially at
the boundaries of each segment which can be a limitation to attagfficient overlap
when considering reactions involving four or more segments (thagemes + sample, for
instance) (Segundo and Rangel, 2002).

In order to overcome this specific drawback of SIA systems, aswl tal improve the
mixing between solutions in flow systems, Retsal. (1994) introduced the concept of
multicommutation in flow analysis associated with the binarypdiauign approach. This
flow technique is characterized by the use of individual commutagerces (solenoid
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valves) operating in a simultaneous or a sequential way, whengsslcan be accessed
randomly. Introduction of sample and reagents into the flow networkeaetiormed by
aspiration through a single pump channel placed after the detantbiby selecting the
positions of the respective valves. On the other hand, the introduction obs®lut the
flow manifold can be performed by placing the propulsion device b#iereommutation
valves; in this configuration a multichannel pump is required and solui@npropelled
into the flow network or re-circulate to their own-vessel, agiogy to the position of the
solenoid valve. In this regard, the multisyringe flow injection amaldSFIA), developed
by Cerdaet al (1999), can be considered as a multicommutation operation modality in
which the multisyringe burette comprises both the propulsion systeth@mdmmutation
devices. The multisyringe burette is a multiple channel piston puomppased by four
syringes whose pistons are connected to the same bar. Aith@heach syringe a three-
way commutation valve is placed, connecting the content of eaamgsyto the flow
system or to the solution vessel. From a general point of viewipifley is the main
advantage of multicommutation over the other flow modalities.

Automation resorting to multipumping flow system (MPFS) reliessemeral solenoid
actuated micropumps as the only active component in the manifold €Laha?002). The
micropumps act as both fluid drivers and commutation units, promoting Sesaglent
insertion and mixing. In this way, these active devices encompaskqtid propelling
units, the sample insertion devices, and the commutation elements yseaknt in the
abovementioned flow systems. Additionally, in contrast to typicaldamflow conditions
attained with previous flow procedures, the micropumps actuation producse flow
characterised by a chaotic movement of the solutions, which coefsiliot a fast
sample/reagent homogenisation with low axial dispersion and, thumyrilag reaction
development. The main features of these flow systems regardingther flow
methodologies are the high simplicity and portability.
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1.4.1. Present situation of automatic antioxidantibw-based methods

The development of automatic antioxidant capacity assays based on flogisaisadyquite
recent topic in analytical chemistry research. In the pastyears, about 34 scientific
papers dealing with this subject have been published for the deteamin&tantioxidant

capacity of pure compounds as well as of complex matrices (Fig. 1.10).
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Figure 1.10.Number of articles dealing with the development of flow-based metloods

determination of antioxidant capacity published over the past decade (until Au@ixt 20

60



Chapter 1 General introduction

More than half of these papers (56%) were published in the pastytbaes (until August
2007), indicating that the implementation of antioxidant assays inlfised techniques is
just beginning. Considering all publications dealing with this subgdmbut 47% were
dedicated for determination of scavenging capacity of speRB®S/RNS, while flow-
based methods for determination of scavenging capacity of stathieals DPPH or
ABTS™ and determination of total reducing capacity represent apprating and 21%,
respectively.

Different flow-based procedures including FIA, SIA, MSFIA, andP& have been
applied to develop/implement automatic antioxidant assays (Fig. 1.adpubtedly, flow
injection analysis (FIA) is clearly the most used flow-appraaatounting for about 70%
of the systems described in the literature. The reason fochibise may be the fact that
FIA is the flow procedure more common in research laboratories) edrapared to other
flow-approaches, due to its extremely simple manifold impleatiem, easy operation and
low-cost. In addition, the high sample throughput attained by FIA &teactive feature to

implement rapid automatic antioxidant assays.

MPFS
3%

MSFIA

FIA
69%

Figure 1.11. Distribution ot published articles by tlow-based procedure. FIA, flow
injection analysis; MPFS, multipumping flow system; MSFIA, sylinge flow injection

analysis; SIA, sequential injection analysis.
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The remaining flow procedures, besides being more recent, requegiesce in the
connection of apparatus with computers for controlling all the institatien and for flow
management (namely flow direction, flow rates, and volumes). idmless, since 2004
until the present moment (August 2007) the FIA systems and thet reoeputer-
controlled systems account each 50% of the published papers, while Be@z only FIA
systems were reported.

Chemiluminescence (CL) is the most used detection type, accotmtiaout 40% of the
flow-based methods described in the literature (Fig. 1.12). Tlsendar this prevalence
relatively to the other detection systems could be explainechdyhigh reactivity of
ROS/RNS with chemiluminogenic reagents, as luminol, plus the dencaattain fast
analytical methods due to the short-life of these reactive spduiéact, about 78% of the
flow methods developed for ROS/RNS rely on CL as detection systlite only one
work applied this type of detection for assessing the total addiok capacity (Costiet
al., 2003). The other two detection types more used are UV-vis (26%)namer@metry
(18%) applied essentially for measurement of DPBH ABTS" radical scavenging
capacity and total reducing capacity, respectively. Fluorimeteterminations of some
ROS/RNS represent about 11%, while ESR spectrophotometry and pottnfidrath
correspond to 5%.

. Others
Fluorimetry Chemiluminescence

40%

11% 5%

Amperometry
18%

UV-Vis
26%

Figure 1.12.Distribution of published articles by type of detection system employed.
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From the flow-based methodologies developed only one work wasdgplibiological
samples, human and rat plasma (Bompagireal, 2004) (Fig. 1.13). Pharmaceutical
samples, including multivitamin supplements, NSAIDs, and some asc@tid
formulations represent 9% of the type of the samples analysedhé®wther hand,
beverages including beers, coffee, juices, teas, milk, and winesseepr53%, while
extracts of medicinal plants and edible food, account for about 29%highigpplication
to food products (82%) can be explained by the increasing denmandHe food industry,
verified during the last decade, for rapid and reliable analytiethods for determining
antioxidant capacity, since this becomes a significant pararcgteommercialization of
nutritional-added-value products. As a matter of curiosity wiBd%o] and teas (24%) are
the most frequently analysed beverages followed by juices (138é)s (12%) and coffee
(7%).

Biological Others
3% 6%

Pharmaceutical
9%

Beverages

53%
Plant extracts

29%

Figure 1.13.Distribution of published articles by type of sample.

The automation of antioxidant capacity assays based on principléswofinjection
analysis (FIA) and the computer-controlled techniques (SIA, MSIMRFS) will be
discussed in the following sections concerning their chemistgturies of the flow
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systems, applications, and the advantages and shortcomings. This disésisgivided
according to the type of the reactive species/property measwleding: i) flow-based
methods for determination of scavenging capacity of specifi&/RES (Table 1.4); ii)
flow-based methods for determination of scavenging capacity ofestabh-biological
radicals (DPPHand ABTS") (Table 1.5); and iii) flow-based methods for determination
of total reducing/antioxidant capacity (Table 1.6).

1.4.2. Flow-based methods for determination of scawging capacity of specific
ROS/RNS

In 1998, Choiet al. developed a simple FIA-CL method for the measurement of radical
scavenging capacity g0 and HO). In this work, the carrier stream was a phosphate buffer
(pH 7.4) solution containing 50% methanol, cytochrome ¢, and luminol. The m&chaf

CL generation was not clear, but it was indicated that CLappauring the oxidation of
luminol mediated by free radicals, probably Gand HO, generated from the reaction of
H.O, and cytochrome c. Hence, a standard solution,@kkvas injected into the carrier
stream for generation of reactive species (control), whiteixaure of HO, and sample
was injected for measuring the radical scavenging cap&watypounds such as gallic acid
scavenge free radicals and the reduction of CL intensity @poptional to the
concentration and capacity of the scavengers. Nevertheless, it@kirapnsideration that,
the mixture between 4, and scavenger sample was performed off-line, the possibility of
scavenging bD, should not be discarded. Afterwards, the same research group applied
this FIA-CL method to elucidate the relation between radicalesming effect and the
structure of flavonoids and also to study the radical scavengipacitas of various
Chinese herbal ingredients (Chatial, 2000).

Among the flow methods developed for determination of scavengipgcitg against
specific ROS/RNS, a versatile and simple FIA-chemiluminessgstem developed by
Sariahmetoglet al. (2003) should be highlighted. The three-channel flow injection system
was used to propel the chemiluminogenic reagent (luminol), the oxidahtha carrier
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stream which transported the injected antioxidant sample. Accotdirthis manifold
configuration, the injected sample was firstly mixed with thedant and then the
combined solution was merged with luminol just before it enters i€th#tow cell. Thus,
the FIA-design exploits the consumption of oxidant by antioxidant(shate@sults in the
appearance of negative CL signal proportional to the scavendlgy aof the
compound(s). Using the proposed FIA-CL system, the authors investit@ scavenging
capacity of various recognised antioxidants (ascorbic acid, satad@methyl sulfoxide,
mannitol, methionine, SOD, uric acid) against several ROS/RNS gThHd)). In fact,
changing the composition of the oxidant stream, the scavengingtgapas evaluated for
several reactive species including @generated from XOD—xanthine enzymatic system),
H,O, (luminol-oxidation catalysed with addition of €y HO (generated from £
FeSQ-buffer), hypochlorite anion (OQ|] and ONOO (freshly synthesized from the
reaction between NaNCand HO,). In this work, the reaction between ROS/RNS and
antioxidant (~5 s) occurred before the CL reaction which has béaratad to occur in
about 1.8 s. Thus, the inhibition of luminol-CL is principally due to direct reaction between
the antioxidant and the ROS/RNS, even though the interference ofidatioxvith the
luminol-oxidant CL reaction should also be considered (Fig. 1.5).

For the determination of scavenging capacity against supenadd=l anion (@), Tang

et al. (2004) developed a FIA spectrofluorimetric method using a noveleBgent
target/probe: 2-(2-pyridil)-benzothiazoline. In this assay, thie (@enerated from alkaline
NaS,0, solution) oxidize the target/probe to yield the strong fluorgscempound 2-(2-
pyridil)-benzothiazol. Hence, in the FIA-assembly, the target/probmpound was
injected into the carrier stream and then mixed with alkalingJi0a and finally the SOD
solution (standard) or antioxidant sample was added. The scawamgpounds compete
with 2-(2-pyridil)-benzothiazoline for £, and the inhibition of fluorescence signal was
proportional to the scavenging capacity. Despite the fact hleattithors have proposed
this flow methodology for the determination of SOD activity, it barapplied to screening
studies for compound/samples possessigig $8avenging capacity. A major shortcoming
of this method is the utilisation of the unstable alkaling@, solution as source of O
because this solution must be replaced every 2 h.
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The scavenging capacities of catechins and flavones towards Hotaederated from the
enzymatic reaction of XOD and hypoxanthine) angDHwere determined by flow
injection analysis with luminol-based CL detection (Toyo’ekal. 2003). The scavenging
capacity was detected by a suppression of the CL-background.skpralthe @~
scavenging assay, the authors added catalase to XOD solutardeinto remove the
contribution of HO,, formed from XOD activity and from spontaneous dismutation,0f O
radicals.

Regarding to hydrogen peroxide, Pingd al (2005) developed a SIA fluorimetric
procedure for the assessment ofOpl scavenging capacity of wines. In this assay, the
homovanillic acid (HVA) was oxidised to its fluorescent dimer in the presencgpfdthd
peroxidase enzyme. Antioxidant(s) inhibit the oxidation of HVA lmpmpetitive reaction
scheme and the reduction in the intensity of the fluorescencd sigagroportional to the
antioxidant capacity. As discussed above (section 1.2.3), besidemngicey HO,, the
putative antioxidant(s) may react with intermediates formed tr@raction of peroxidase
enzyme upon kD, and/or they may inhibit the activity of this enzyme.

The multipumping flow system (MPFS) developed by Menetes. (2005), exploit the
features of this flow procedure (mixing potential, versatilityd aperational simplicity)
for the chemiluminometric determination of antioxidant capacityhis flow system, the
only active components were the solenoid micropumps, which enabled éngomsand
efficient mixing of sample and reagents as well as thesp@rtation of the sample zone
toward the CL-flow cell. The proposed flow method relies on the wlfitantioxidant
compounds (ascorbic acid, resveratrol, and trolox) to inhibit the Gitieazof luminol or
lucigenin with hydrogen peroxide. In fact, the authors evaluated thgieakperformance
of the methodology using luminol or lucigenin as chemiluminogenigerga. It was
observed that the procedure involving luminol was much more sensitiveththausing
lucigenin; this took place because the oxidation of luminol and lucigextrbieed
different reaction rates, which was higher for luminol. Fipatishould be highlighted the
high throughput attained: 70 or 160 determinations per hour when thelwménogenic

reagent was lucigenin or luminol, respectively.
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Recently, Amatatongchaat al. (2007) developed a microfluidic-based flow method for
estimating the bD, scavenging capacity based on a modified peroxyoxalate
chemiluminescence assay (Arnaetsal, 2002). Chemiluminescence was generated from
the reaction of 2-carbopentyloxy-3,5,6-trichlorophenyl oxalate (OQCWith hydrogen
peroxide in the presence of the fluorophore 9,10-bis-(phenylethytiyigecene (BPEA)
and sodium salicylate used as a catalyst. Thus, when an antiofigdamb{ene, quercetin,
and o-tocopherol) was present in the assay mixture it scavengdd.@eand quenched
the production of light. In the 2-inlet microfluidic system devisi@, antioxidant plugs
were injected into the hydrogen peroxide stream, which afterweadsmerged with the
flow stream containing CCPO / BPEA / sodium salicylate. o, fhis assay has features
of FIA, since the sample plug was injected into a flowing eaagtream followed by
controlled and reproducible dispersion and detection after a fixed However, unlike
most used FIA-based methods that use capillaries or tubing, thesemps use planar
microchannels enabling potentially faster mixing and also fat@B planar integration of
optical detectors.

The flow-based methods developed for determining the hydroxyl r4#i€a) scavenging
capacity represent a suitable analytical tool due to the steerd high reactivity of this
ROS. In fact, HOradicals are the strongest known oxidant present in vivo, theréfre t
possibility to evaluate the scavenging effects of putativexdants against HOradical
immediately after its generation represent a consideralgeouement when compared to
batch procedures. Moreover, the introduction of flow-based techniques Ibe tdd
generation and its capture took place in controlled environment, redih@ngpntact of
HO" with oxygen and other substances in the environment.

In this context, Tanget al. (2005) developed a FIA spectrofluorimetric method for
detecting HO using sodium terephthalate as the fluorescent target/probee Il
manifold devised, the #D, sampled in the loop was consecutively mixed with sodium
terephthalate and with oyielding HO (Fenton-like reaction). Then, the generated HO
reacted with sodium terephthalate and the highly fluorescent proghditim 2-
hydroxyterephtalate was formed by aromatic hydroxylatiostgp-flow period of 3 min

was required for reaction development). The relative fluorescentensity was
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proportional to the amount of H@enerated. Scavenger compounds/samples were added
to previous mixture and compete with fluorescent target/probe férad® the inhibited
fluorescence signal was directly related to "H@avenging capacity. The authors used
sodium terephthalate instead of sodium benzoate, a common trap-compott@, of
because with the former only one product, without any isomers, wasgdo This method
was applied to pure compounds (mannitol, thiourea), food extracts ane palien
polysaccharide. Although the authors had referred that el little interference in the
determination (tolerance ratio in mol = 2), the presence oftbisl ion in food products
could be an interference causing an overproduction of hydroxyl talkroaigh the Fenton
reaction.

Later, the same research group presented a similar FlArafhgarimetric method using
ninhydrin as the fluorescent target/probe (Geb al, 2006). Ninhydrin had no
fluorescence, but when attacked by 'H®product of aromatic hydroxylation was obtained
which has strong fluorescence. In this assay, the oxidation otthet/probe was less
susceptible to interference from%-éon (tolerance ration in mol = 50), compared to the
previous work in which terephthalate was used. In addition, this method ghdr hi
sampling rate (Table 1.4) and it was applied to the determinatiscasknging effects of
thiourea and vitamin C as well as to aqueous extracts of some (fwabhat, sunflower
seed, black and white sesame, garlic, ginger, peanut, and soydeaeitheless, in both
methodologies the antioxidant compounds may interfere with the gemeststem of
HO', by reacting directly with kD, and/or by chelating Go (see section 1.2.4).

Recently, Gioka®t al. (2007) introduced an analytical FIA-CL procedure that minimizes
the antioxidant-oxidant (#D,) interactions while favours the inhibition effects of
antioxidants on the free radicals generated in situ @h@ Q™). In this way, the hydrogen
peroxide was previously mixed with luminol-€€EDTA solution for the generation of
steady flux of free radicals (mostly H@nd Q™), while sample was added just before the
inlet of the CL-flow cell. In the presence of metal chelaEddTA), there is an equilibrium
regime between the Goand the [Co(EDTA) complex, which allowed a constant source
of HO' radicals by catalytic oxidation of hydrogen peroxide. Heaq&olonged CL-signal
was produced which was stable for about 30 s. In the presswntctinditions, the low
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H,O, concentrations and the excess of @&DTA ensures the consumption of the oxidant
before it enters in contact with the sample. Furthermore, becatise wéry high reactivity
of the free radicals generated and the reduced time of expositisample, the direct
reaction between antioxidants and hydrogen peroxide was minimizetisl way, the
interference of KO, is ignored and the CL inhibition reflects the scavenging ¢gpat
antioxidants toward the free radicals, improving the sensitivitytadeproducibility. The
application of the proposed method was restricted to pure compoundsbi@saad,
glutathione, and uric acid).

The automation of hypochlorous acid scavenging capacity has beefomksl using
luminol-CL as detection system. Beyond the work described befaral®etogliet al,
2003), a SIA system for measuring the antioxidative activityinaggahypochlorite ion
(OCIN) was developed by Nakamueaal. (2004). In this assay, the stacked zones of OCI
/scavenger were merged with luminol solution, which was continucatied by an
auxiliary pump to the channel that connects the selection valve tdetieetor. The
application of this assay was restricted to antioxidant standangaunds (ascorbic acid,
a-tocopherol, and trolox). In addition, the scavenging reaction wasdaotit at pH 9.5
which is far different from the physiologic pH (7.4). In thegard, recently Magalhaes
al. (2007c) proposed a chemiluminometric automatic flow methodologyh#iin vitro
determination of hypochlorous acid scavenging capacity, under pH aftthnbx
concentration conditions similar to those found in vivo. For this, a mdnidased on
MSFIA was developed to perform in-line the reaction of HOCI &edputative scavenger
molecule at physiological pH (or at pH 10 of CL detection, formamson purposes) prior
to the reaction of remaining HOCI with luminol at alkaline conditiombe HOCI
scavenging capacity was evaluated through the decrease iGLthamission. In this
MSFIA method, the time taken between the contact of HOCI arndtipe scavenger
compounds plus CL detection was about 3 s. This is an advantage biheassavenger
compounds that react fast, closer to the time frame of gemeratiHOCI in vivo, are
determined. Moreover, the interference of antioxidant compounds in theaCtien is
minimized, since the previous mixture HOCl/antioxidant was addddnmmol solution
just before CL measurement. The proposed MSFIA method was applrexh-steroidal
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anti-inflammatory drugs representative of various chemiaailiigs and to well-known
HOCI scavenger compounds (cysteine, gallic acid, and lipoic aildigh determination
throughput was also attained (Table 1.4). The results showed thpHthé scavenging
reaction affects the ability of some compounds to react with IH@@icating that the
conditions of in vitro testing should be as close as possible to those found in vivo.

As described before, singlet oxygel®4) may be formed from the reaction of O@rr
OBr~ with hydrogen peroxide (section 1.2.6). In this regard, Miyaneital. (2006)
developed a SIA system with CL detection for the screening opconds possessing
scavenging capacity againdD,. Hence, lactoperoxidase (LPO) enzyme was used to
catalyse the reaction between bromide ion ag@,b generatéO,, through the following

mechanisms:

Br + HO, ﬁb OBr + H,O (1119
OBfr + H,0, —— 10, + H,0 + BF (1.15

The chemiluminogenic reagent (luminol), used as an indicatdiCfgrwas introduced to
the main stream through an extra peristaltic pump just beffi@eCt detector and the
maximum signal intensity was obtained at the following order spiration: dimethyl
sulfoxide (DMSO), HO,, LPO and NaBr. The attenuation of luminol CL due to
scavenging of'O, by antioxidant compounds was measured. By using this SIA-CL
method, the scavenging capacity of well known antioxidants suchaming C and E,
trolox and sodium azide as well as multivitamin supplements wetegrdined. However,
some considerations about the efficiency of this methodology shouddsdgssed. Thus,
besides scavengintD,, the antioxidant compounds may react directly with hydrogen
peroxide and/or inhibit the activity of LPO enzyme. The formationO&r as an
intermediate species may also be a drawback as this poweidiigiog agent may react
with antioxidants present in the sample (Halliwell, 2006). Finaly,in the other SIA
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method reported to evaluate the OGkavenging capacity (Nakamued al, 2004),
dimethyl sulfoxide was used to dissolve the stamh@atioxidants as well as for acquiring
the blank signal. Considering that recent litemt(for instance, Floriano-Sanchet al,
2006) described the scavenging capacity of dimettljbxide toward HOCI, the choice of
this solvent may not be appropriate, under perdligecreasing the sensitivity. Recently,
Tsukagoshiet al. (2006) described a micro-reactor consisting of iareachannel where
sodium hypochlorite and hydrogen peroxide werevdedid by syringe pumps providing a
laminar flow liquid-liquid interface. The collapsef the interface through molecular
diffusion originated CL from the singlet oxygen.el'tcavenger compounds (sodium azide,
histidine, and nitroblue tetrazolium) were previgumixed off-line with hypochlorite
solution and théO, scavenging capacity was evaluated by the inhibiibCL intensity.
The extremely small amounts of reagents expentdedCt. profiles and the characteristics
obtained with these micro-reactors represent aiderable improvement. In this context,
and as the work reported by Amatatongckaial (2007), it is expected that these
microfluidic-based methods may create fully poralslystems for field screening of

antioxidant capacity of food, pharmaceutical supgets as well as biological samples.
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Table 1.4 Flow-based methods for determination of scavengamacity against specific ROS/RNS.

Reactive Flow Target Generation of pH Detection Type of sample  Det. rate Ref.
species method compound reactive species value system (h™h
O, and FIA Luminol Cytochrome ¢ — 4 cL Plant extracts 144 Cteial, 1998
HO H,0,
0 FIA Luminol XOD/xanthine 10.0 cL - - Sariahmetoglet
al., 2003
. . Toyo'okaet al,
FIA Luminol XOD/hypoxanthine 8.0 CL - - 2003
2-(2-pyridil)- . . Garlic, onion
FIA benzothiazoline Alkaline NgSO, 9.2 Fluorimetry and scallion 55 Tancet al, 2004
. Sariahmetoglet
H,0, FIA Luminol - 10.0 CL - - al., 2003
. Toyo'okaet al,
FIA Luminol - 8.0 CL - - 2003
SIA HVA — 7.5 Fluorimetry Wines 15 Pingd al, 2005
Lucigenin 7.4 i 70
g Pharmacgutlcal Menesest al,
MPFS - CL formulations
. . 2005
Luminol Alkaline and tea 160
FIA- Amatatongchaet
microfluidic BPEA - - CcL - - al., 2007

BPEA, 9,10-bis-(phenylethynyl)anthracene; CL, cHaminescence; FIA, flow injection analysis; HChydroxyl radical; HO,, hydrogen peroxide; HVA,

homovanillic acid; MPFS, multipumping flow syste@®;™, superoxide anion radical; SIA, sequential in@etanalysis; XOD, xanthine oxidase.
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Table 1.4. Flow-based methods for determination of scavengamacity against specific ROS/RNS (continuation).

Reactive  Flow Target Generation of pH Detection Type of sample  Det.rate  RSD Ref.
species method compound reactive species value system (hh (%)
| . Sariahmetogluet
HO FIA Luminol O,/FeSQ/buffer 10.0 CL - - - al., 2003
Food extracts
FIA Terephthalate pD,/CO™ 7.4 Fluorimetry  and maize pollen 16 <0.6 Tanget al, 2005
polysaccharide
FIA Ninhydrin H0,/Co** 7.27 Fluorimetry Food extracts 22 <1.0 Gaal, 2006
. N Giokaset al,
FIA Luminol H,O,/Co™/EDTA 9.0 CL - 120 <3.1 2007
. Sariahmetoglet
HOCI FIA Luminol - 10.0 CL - - - al., 2003
. Nakamuraet al,
SIA Luminol - 9.5 CL - 45 <2.5 2004
. 7.4 and Magalhde=t al,
MSFIA Luminol - 10.0 CL NSAIDs 92 <2.3 2007¢
Lactoperoxidase- Multivitamin Miyamotoet al
10, SIA Luminol H,O,-bromide ion 4.5 cL 40 <1.4 y :
supplements 2006
system

ONOO  FIA Luminol NaNGQ/H,O; 10.0 cL - - _  Sarahmetoglet

al., 2003

CL, chemiluminescence; EDTA, ethylenediaminetetetiacacid; FIA, flow injection analysis; HQO hydroxyl radical; HO,, hydrogen peroxide; HOCI,

hypochlorous acid; MSFIA, multisyringe flow injesti analysis; NSAIDs, non-steroidal anti-inflammatdrugs;'0,, singlet oxygen; ONOQ peroxynitrite anion;

SIA, sequential injection analysis.
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1.4.3. Flow-based methods for determination of scamging capacity of stable, non-
biological radicals (DPPH and ABTS™)

Among the antioxidant assays, the most commonlyd uke their simplicity and
throughput are those involving chromogen compousfda radical nature, as DPPHr
ABTS"™, to simulate ROS/RNS formed in vivo. These stabde fradicals are widely used
for the evaluation of the radical scavenging capacf pure compounds and complex
samples (see section 1.3). For this reason, themaion of these assays has been a
relevant topic of research in the last five years.

The DPPH assay was initially automated using a FIA systemi BSR spectrometry as
detection system (Uked&t al, 2002). In this method, the DPPHolution was
continuously fed into the flow-through flat celldaa constant ESR signal corresponding to
the baseline was measured. When the radical scav@ognpound/sample solution was
injected into the carrier stream, the signal wagpsessed and a negative peak appeared
due to the reduction of radical DPPHhis signal was proportional to the concentrabbn
the radical scavenger. The low determination rageH') was due to the low resistance to
pressure of the flow cell (flow rates higher thaB2DmL mir' were not examined). The
results obtained for pure compounds (ascorbic acydieine, trolox) as well as for
beverages were compared with the HPLC-DPRIdthod described by Yamagudti al.
(1998). The lower values found for some samples gaased by the difference in the
reaction time applied in the HPLC method (20 minyl an the FIA method (< 2 min).
Later, Polaselet al. (2004) developed a SIA-DPPIshethodology suitable for rapid and
routine screening of natural samples to search fbose with pronounced
antioxidant/radical scavenging capacity. In thisags the DPPHzone was sandwiched
between two zones of the antioxidant test solutibmereafter, the stacked zones were
mixed by moving the carrier back and forth; afteteday time of 20 s the reaction mixture
was propelled into the spectrophotometer. The eglpility of this SIA system was proved
for pure compounds (ascorbic acid, caffeic acidedan, epicatechin, and rutin) and for
routine screening tests for the presence of amtéoii compounds in a large series of
lyophilised herbal and mushroom extracts. The tssulere compared to the batch
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procedure and, despite the lower SIA results athiior two samples, this method seems
to be still acceptable for screening purposes.

Recently, an automatic DPPldssay was developed using a flow procedure based o
multisyringe flow injection analysis and spectrofmroetric detection (Magalhdes al,
2006a). A stopped flow approach was implementedhémitor the absorbance decrease
due to the scavenging of DPPHadical by antioxidant compound(s). The authors
evaluated the influence of initial DPPHoncentration and sample dilution on the
analytical performance of the methodology. Concwgrihe first topic, it was verified that
the amount of DPPHonsumed by antioxidant standards (ascorbic affdicacids) was
independent of the initial concentration of DPPiddical except for situations where
DPPH/antioxidant molar ratio was lower than the staichétric value. For this reason, it
was suggested to express the antioxidant capasitytha absorbance variation (or
concentration of radical consumed) rather tharptreentage of radical consumed since in
the last case the absorbance decrease is dividdadehyitial absorbance. In addition, as
the time to attain the reaction end-point will dese for lower antioxidant concentrations,
the influence of sample dilution was assessed witihe time period of measurement. As
expected, the dilution did not influence the resubtained for samples which were
composed mainly by fast scavengers, whilst for $asmpontaining or originating slow
reacting compounds, the dilution played an impdrtate to achieve results similar to that
obtained by the end-point time-consuming batch oetRurthermore, for samples that do
not exhaust its scavenging capacity within the qukrof measurement, a mathematical
model was applied to estimate the total DPBbhsumed. A similar MSFIA system was
developed to evaluate the DPPHKcavenging reaction of recognised antioxidant
compounds in different reaction conditions (Magekét al, 2007a). In this way, using
the same configuration, the reaction conditionsewaatjusted in-line and it was applied to
study the influence of pH (unbufered, 4.1, and Aa®) solvent (methanol and ethanolic
solution 50% v/v) during the first 3 min of the DFPscavenging reaction. For those
situations in which a stable value of absorbance wat#ained within time period of
absorbance monitoring, the number of DPPHolecules reduced per molecule of

antioxidant was calculated.
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The automation of ABTS assay was firstly implemented by Pellegghial. (2003b). For
this, the authors used an HPLC pump to propel tb®ile phase (ABTS in ethanol)
through a loop injector, a single bead string readiled with acid-washed silanized
beads, a delay coil and a photodiode array UV-witector. After injecting the
antioxidant(s), a negative peak representing tlveldezation of ABTS was obtained. Its
area was proportional to the concentration of ABTri&dical reduced by antioxidant(s).
The proposed flow injection system was appliedtiier evaluation of antioxidant capacity
of pure compounds (ascorbic acid, caffeic acidulferacid, gallic acid, naringenin,
guerceting-tocopherol, and vanillic acid) and results wermpared to the batch assay. In
general, the two set of results were in good agemenwith exception of naringenin that
exhibited a TEAC value 50% lower than that reporteding the original
spectrophotometric assay. The applicability of thehnique was tested by measuring the
antioxidant capacity of several common beveragesr(lxoffee, cola, fruit juices, and tea)
and results were not statistically different frame batch assay.

According to Bompadret al. (2004), the previous FIA-ABTS assay partially failed in
obtaining good repeatability when more complex dgatal samples were analysed.
Therefore, they proposed a novel system to imptioigeassay and to extend its application
to blood plasma samples. In fact, when plasma sssnpére analyzed, a poor correlation
was found between the proposed FIA method and rinaqusly reported by Pellegriet

al. (2003b) as well as with those obtained with basbay. The authors concluded that the
temperature may be a critical aspect in the measene of plasma antioxidant capacity
whilst its influence may be less important in tlssay of non-complex biological samples
(mouthrinse, white wines). For this reason, theperature and time/way of exposure of
the active compounds present in the samples witli\Bradical were strictly controlled.
The temperature of the reaction coil was mainta@e85 °C whilst the reaction time was
fixed at 1.3 min. The improved FIA-ABTSmethod was useful to screen rapidly, without
dilution, and with high repeatability the antioxidacapacity of both non-complex
biological mixtures and plasma samples.

The two FIA-ABTS" systems previously described are based on siimglevianifolds and
achieve sample throughputs up to 30 sampfed abrinea and Georgiou (2005) presented
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a double line FIA system for determination of ABTScavenging capacity. This system
exploits the concentration gradients formed aloing injected sample bolus to obtain
information on the reaction kinetics of ABTScavenging through a single injection. As
the flow injection signals are the output of twoddic processes occurring simultaneously,
I. e. physical dispersion and chemical reactioa,ahthors observed that the TEAC values
obtained for fast-reacting scavengers as ascodiit and caffeic acid were independent
from the end-point time of measurement. Physicapelision was the only process that
influenced the analytical signal. On the oppositee TEAC values of slow-reacting
scavengers, such as (+)-catechin, (-)-epicated@rinlic acid, and gallic acid increased
using the peak tail readings because of the loregaation time allowed. The same authors
had previously developed a stopped flow methodgusirsimilar manifold to study the
effect of reaction time (10, 360, and 600 s) and (g6, 5.4, and 7.4) on the ABTS
scavenging reaction (Labrinea and Georgiou, 2004gy concluded that the TEAC values
were dependent on reaction time as well as on ptkvar almost all studied antioxidant
compounds, due to the differences in the rate aftien for antioxidants and for trolox
(reference compound). Due to the variation of TEWith pH, they suggested that it is
important to measure the ABTScavenging capacity at the pH of the system tchvitie
results are going to be applied.

This dependence of ABTSassay on the reaction time and on the pH wasrafsurted by
Lima et al. (2005). The proposed SIA-ABTSnanifold incorporates a well-stirred mixing
chamber placed in a side port of the selectionezakhis approach allowed a thorough
mixture between the sample and ABT®adical and made possible to use one single
standard solution to perform the calibration prared(based on aspiration of variable
volumes of sample). By changing the carrier sofytidifferent pH values were studied
(non-buffered, 5.4 and 7.4). For almost all antiexits tested, the authors verified that
higher sensitivity values were obtained for highkr values. This is not surprising taking
into account that this assay is based on ET-mesha(gection 1.3), which is favoured
under alkaline conditions.

Exploiting the idea that more than one method shdé used for the evaluation of
antioxidant capacity and taking advantage of thgh hiersatility of computer-controlled
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automatic methods, the ABTSassay has been implemented with other methodaldgie
the same manifold without the need for system riggoration. Moreover, the fact of
performing the determinations sequentially has dls® advantage of processing the
sample at the same time, avoiding errors that mizg aue to sample modification over
time. In the work described by Pintet al. (2005), the SIA system developed
accommodates in the same manifold the spectrophlttmmABTS® assay and the
fluorimetric HO, scavenging capacity assay (described in sectiér2)1.The proposed
method was applied to several pure compounds sachseorbic acid, caffeic acid,
catechin, gallic acid, and taxifolin as well asRortuguese white and red wines. Both
methodologies were developed using trolox as standampound and results were
expressed as TEAC (mM). Regarding the applicatiowine samples, a higher dilution
level was necessary for the ABT@issay. Thus, in order to introduce the same saimple
the system and sequentially analyse by the two edsthan additional dilution was carried
out in-line through two dilution coils incorporatéd the side ports of the selection valve.
Despite this, the developed method presented aptadde determination throughput of 30
determinations per hour, accounting for 15 deteatioms for each assay.

Recently, an automatic flow procedure based on MSi#ds developed for the sequential
spectrophotometric determination of ABTSscavenging capacity and FC reducing
capacity (Magalhaest al, 2007b). The proposed method was applied to & lavngnber of
beveragesn(= 72) divided in six groups, namely red wines, t&hvines, juices, herbal
infusions, tea infusions and beers. The aim ofwuosk was to provide an automatic flow
method for routine assessment of reducing andad#at capacities of food products as
well as for evaluation of the correlation betwelkese two antioxidant assays. In this flow
method, the same sample could be introduced irsyeEem and analysed sequentially by
the two methodologies without the need of an aol# dilution. The results were
compared within and between methods and showedtlieatorrelation between these
assays may vary according to the type of samplyseth

The automatic ABTS assays described above relies on the radicalncptieformed off-
line by chemical or enzymatic oxidation of ABTS Bl@1.5). This step is time-consuming
because the kinetics of ABTS oxidation is slow anfgw hours are required for reaction
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completeness (16 or 3 h for chemical or enzymaditegation, respectively). To avoid this
time-consuming step and make a step further towveedlevelopment of a fully automatic
method, the ABTS radical cation has been generated in-line throelgitctrochemical
oxidation and enzymatic reaction. In this contéxékovic et al. (2005) proposed a new
manifold of the spectrophotometric ABTSassay, where the radicals were generated in-
line by electrochemical oxidation of ABTS in a flalwough electrolysis cell, incorporated
into the FIA system. This flow-through cell was ogted under constant current
conditions, with the working electrode potentiadefil at 700 + 5 mV, and the amount of
the ABTS" radical generated in-line was determined by tbe ftate and the value of the
current imposed on the cell. The applicability loé tmethod was tested in nineteen pure
compounds and several common beverages (coffegjined and teas).

The in-line enzymatic generation of ABTSradical for determination of antioxidant
capacity was recently implemented by Milardowt al. (2007a). The FIA method
developed is based on the continuous flow of ABL&4tolution through a tubular flow-
through bioreactor containing the enzyme horsenagisroxidase, which catalyses the
oxidation of ABTS. The ABTS radical generated was further merged with antiaxid
compound/sample and the residual reduced condemtrat ABTS™ was measured in a
biamperometric detector containing an interdigdatectrode. The current intensity
obtained was proportional to the ABTSadical scavenging capacity. To minimize the
possible reaction between unreacteHand antioxidant(s), the authors reduced the inlet
of H,O, concentration from 12QM (optimization studies) to 3QM (application to food
samples). Since it was verified that the ABTZM solution was unstable during a
working day, the same authors proposed later ansigg%m in which the ABTSradical
was bienzymatically produced by glucose-oxidase lamderadish peroxidase enzymes,
separately immobilized in tubular flow-through reas (Milardovicet al. 2007b). In this
case, the kD, necessary for ABTS oxidation was continuously fednin-line through the
oxidation of glucose instead of continuous flow ABTS/H,O, solution. Despite the
authors had developed the bienzymatic ABTiSethod to minimize also the interference
of H,O,, possibly occurring in monoenzymatic approachyas not demonstrated that the

H.O, formed in the first enzymatic reaction has beemmgetely consumed in the second
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enzymatic reaction (ABTS radical generation). Hence, the antioxidant(s)eadtb the
ABTS™ flow stream may still react with residuakb® and therefore this interference

should not be discarded.
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Table 1.5.Flow-based methods for determination of scavengamacity of stable, non-biological radicals (DPRRd ABTS').

Reactive Flow Generation of reactive pH value Detection Type of sample Det. rate RSD Ref.
species method species system (h? (%)
DPPH FIA - - ESR Coffee, red wine, tea 13 <3.2 Uketlal, 2002
unbufered . Herbal and Polaselket al,
SIA h and 4.8 UV-Vis mushroom extracts 45 <18 2004
MSEIA _ _ UV-Vis Beers, juices, tea, 13 <1.0 Magalhdest al,
wines 2006a
ABTS™ FIA Chemical _ UV-Vis Bee_r,_coﬁee, cola, 30 <17 Pellegriniet al,
juices, tea 2003b
FIA Chemical 74 UV-Vis Mouthrinse, white _ <2.7 Bompadreet al,
wine and plasma 2004
FIA Enzymatic 4.6 UV-Vis Honeys and wines 120 K2 Labrinea and
y ' y ' Georgiou, 2005
FIA Elec_troc_:hemlcal 7.4 UV-Vis Coffee, red wine, tea 32 <1.95 Ivekovicet al,
in-line 2005
S . . . Milardovic et al,
FIA Enzymatic in-line 7.4 Biamperometry Juices, terine 42 - 2007a
FIA Bienzymatic in-line 7.4 Biamperometry Spiréad wines - - Milardovic et al,

2007b

ABTS™, 2,2-azino-bis(3-ethylbenzthiazoline-6-sulphohatalical cation; DPPH 2,2-diphenyl-1-picrylhydrazyl radical; ESR, elest spin resonance; FIA, flow
injection analysis; MSFIA, multisyringe flow injéoh analysis; SIA, sequential injection analysi§/-Mis, ultra-violet-visible spectrophotometry.
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Table 1.5.Flow-based methods for determination of scavengapacity of stable, non-biological radicals (DPRRdA ABTS") (continuation).

Reactive Flow Generation of reactive pH value Detection Type of sample Det. rate  RSD Ref.
species method species system (h?) (%)
ABTS™ SIA Chemical unbufered, UV-Vis Beer, juices, milk, <0.3 Limaet al, 2005
54and 7.4 tea, yoghurt
SIA Chemical 7.5 UV-Vis Wines 15 <2.4 Pirev al, 2005
MSFIA Enzymatic 4.6 UV-Vis Beers, juices, tea,  4g <3.1 Magalhaest al,
wines 2007b

ABTS™, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphohasaical cation; MSFIA, multisyringe flow injectioanalysis; SIA, sequential injection analysis; UV-

Vis, ultra-violet-visible spectrophotometry.
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1.4.4. Flow-based methods for determination of totaeducing/antioxidant capacity

As discussed in section 1.3.5., the oxidation pakrfreducing capacity) of specific
compound(s) or sample is conceptually related trthxpected antioxidant capacity.
Indeed, oxidation potential and antioxidant capaare inversely related, so that when the
oxidation potential of an analyte is low it meahattthis analyte could be oxidized easily
or, in other words, more easily the compound(s) eehate an electron and higher is its
antioxidant capacity. In food samples, with few eptons such as carotenoids and
vitamins C and E, the most readily oxidizable coomms are those containing
(poly)phenolic groups. In fact, polyphenols are thest abundant antioxidants in our diet,
since the average daily intake is about 1 g, wieaimost 10-fold the intake of vitamin C,
100-fold the intake of vitamin E, and 500-fold theake of carotenoids (Scalbert and
Williamson, 2000). For this reason, the assessmktibtal phenolic” content has gained
enormous attention and has been directly relatéd thve reducing/antioxidant capacity of
food products.

In this context, in the last few years some flovedzh methods have been developed to
improve the measurement of overall reducing/antdiamt capacity of pure compounds and
of a wide variety of food products (Table 1.6). §property has been determined through
a redox reaction between the reductant compouretgept in the sample and an oxidizing
reagent (such as acidic potassium permanganatéc fen, or tungstate-molybdate).
Amperometric methods, based on the measuremenira@nt intensity obtained at a fixed
potential have also been described.

Phenolic compounds commonly found in plants andvddrfoods, such as wine, generate
chemiluminescence upon oxidation with acidic (pHp®tassium permanganate in the
presence of sodium polyphosphate (Hindson and Ba2@01). In this regard, Costat

al. (2003) developed a FIA system for the determimatbthe total phenolic/antioxidant
levels in wine using acidic potassium permanga@ateletection. In this work, the sample
injected into the carrier stream merged with acpbtassium permanganate just before the
flow-through cell and the intensity of CL peak wasasured. The proposed method was

applied to pure compounds (caffeic acid, cateaspincatechin, ferulic acid, gallic acid, 4-
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hydroxycinnamic acid, quercetin, rutin, and vanjlliand several red and white wine
samples. The CL response showed a good correlatitm the batch DPPHradical
scavenging assay.

Shpigunet al. (2006) developed a flow injection potentiometricthoal for the evaluation
of antioxidant capacity based upon ferric-reducatygity. This method is based on the
redox reaction between water-soluble antioxidantsthe oxidant [Fe(CN)*. The change
in the composition of the carrier solution ([Fe(GR)[Fe(CNX]* redox-reagent)
originated a negative potentiometric signal. Thiglhteof this transient negative signal was
proportional to the reducing/antioxidant capacitytloe compound/sample and a linear
relationship between negative peak heights versagarithm of the antioxidant
concentration was attained. The proposed FIA-pmemtric method was applied to pure
compounds (ascorbic acid, caffeic acid, chlorogeawmd, L-cysteine, gallic acid,
pyrocatechol, pyrogallol, tannic acid, uric acishdatrolox) and a wide variety of food
samples. As this assay relies on a chemistry girtilaghat applied in the FRAP assay,
based on the reduction of ferric ion to ferrous, iive presence of well known pro-oxidant
species (F€) in the reaction medium may be considered as Hcsiming.

The automation of Folin-Ciocalteu assay intended determination of total reducing
capacity, measured as the cumulative capacity eh@lic and nonphenolic compounds to
reduce the FC reagent (tungstate-molybdate acigplex®s) was recently implemented by
MSFIA system using spectrophotometric detectiongMiadeset al, 2006b). In this work,
different strategies for mixing of sample and redgeere exploited (continuous flow of
FC reagent, merging zones, and intercalated zoppsach), in order to attain lower
reagent consumption and higher determination thrpuy These studies were performed
by changing the working conditions through softwacentrol without manifold
reconfiguration. In addition, the carbonate bufetution used for pH adjustment in the
batch procedure was replaced by sodium hydroxitigiso, since the rate of reduction of
FC reagent is increased in higher alkaline medilihe MSFIA method was applied to
several phenolic and nonphenolic compounds as agetb food products (wines, beers,
teas, soft drinks and juices) and results wereesgad as gallic acid equivalents (mY).L
Finally, it should be stressed that the resultsaiokbt by the proposed MSFIA method
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using 4 min of reaction were in agreement with ¢hatained by the time-consuming (2 h)
batch method proposed for standardization (Singletaal, 1999). As mentioned before,
this assay was also implemented in a MSFIA maniftiidt enabled the sequential
determination of this parameter and the ABT&avenging capacity (Magalhdesal,
2007D).

The flow methods abovementioned use reactive spe®&idants, to evaluate the
reducing/antioxidant capacity of pure compounds aadhples. In contrast, the flow
methods using amperometric detection rely on themito-physical properties of the
molecule(s) present in the sample, essentiallygiayols, and do not require the use of
reactive species, radicals or non-radicals. Thiansimportant issue as the antioxidant
capacity assessed is strongly dependent on thambépecies applied (Frankel and Meyer,
2000). The combination of single-line FIA systemishvamperometric detection allowed
high sample throughputs as well as high repeatgbdnd reproducibility which are
important features for routine determinations.

In 1998, Manninoet al. developed a simple FIA system for the determimaid the
antioxidant capacity in several red and white wingth an electrochemical detector
operating at a fixed potential. The authors obskthat at the lower potential established
(+ 0.4 V vs Ag/AgCl) only some polyphenolic compounds, havipayticular structural
features like three phenolic groups or two phenglicups ino- or p-position, can be
oxidised. These compounds showed a relevant addokicapacity when evaluated by
other methodologies.

In this way, the same research group extendedytlaiteprocedure for the evaluation of the
“total antioxidant power” of olive oils as a mod#i lipophilic samples (Manninet al,
1999). The olive oils samples were injected inte BHA system with an electrochemical
detector operating at a potential of + 0.5 ¥5.(Ag/AgCl). This method offered an
attractive alternative to the normally used Rantimathod that, owing to the severity of
the oxidation conditions used, is not useful far grediction of olive oil shelf-life. It was
demonstrated that, molecules with an oxidationma@eElower than + 0.6 Vs. Ag/AgCl)
possess good antioxidant capacity whereas moleuitleshigher values showed moderate
or no antioxidant capacity. The results obtainedhsy FIA-electrochemical method were
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compared to those of the ABTSassay and a good correlation was found. Bueattl.
(2001) investigated the electrochemical properbédipophilic compounds present in
vegetables, such as carotenoids, chlorophylls ptoemls, and capsaicin as well as several
vegetable extractg-Carotene was used as standard compound and resuéisexpressed
as mg off-carotene equivalents per kg of sample. Theseretdwmical-lipophilic assays
rely on the use of high toxic solvents, such a®rdfibrm, methyl tert-butyl ether, and
methanol. In these cases, the implementation @f-Hased methods can be an advantage
in relation to the batch procedures since the @ipndo operator is minimized.

The antioxidant capacities of low-molecular-weidjtaictions of whey were measured by
FIA amperometric system using an oxidation potérdia+ 0.7 V {s. Ag/AgCl) with
trolox as standard compound (Chetral, 2002). This FIA procedure was later applied to
an extended range of whey samples and the reshbitsned were compared to those
provided by spectrophotometric batch methods: ABE®d FRAP assays (Chet al,
2003). A limitation to the application of this mettology is that only low-molecular-
weight redox substances were measurable. In taetpossible current response to larger
molecules (such as proteins) would be very low tutheir low diffusion coefficient. On
the other hand, the high-protein content of theseptes caused fouling problems due to
protein adsorption at the electrode surface, withcomitant decrease of its area. Hence,
proteins had to be removed off-line prior to detieation.

Blascoet al. (2005) have proposed a new screening electrocla¢miotocol to determine
total polyphenolics in foods. They introduced tloaaept of the “Electrochemical Index”,
defined as the total polyphenolic content obtain®d electrochemistry. For this, a
conventional FIA system with amperometric detectising a glassy carbon disk electrode
was employed. Basically, the electrochemical pratoonsisted in the measurement of the
amperometric current at neutral pH (7.5) and deddht oxidation potentials. Since the
selectivity increases after a decrease of the tinid@otential, different degrees in the total
polyphenolic fractions could be attained. In thiaywit was suggested that the total
polyphenolics measured under no selective oxidatmmditions (+ 0.8 V) represent the
“electrochemical index” while the total polypherusli measured under more selective
conditions (+ 0.5 V) represent the high antioxidpotyphenolic fraction. The present
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electrochemical protocol was applied to severadfpooducts (peel, pulp and juices of
apple and pear, wines, and fresh and processed gea@s). The results obtained using the
electrochemical protocol were well correlated witbtal phenolics” obtained using a
spectrophotometric method (FC assay).

Later, the same research group exploited the acalytossibilities of the “electrochemical
index” to estimate the antioxidant capacity in hosamples (Avilaet al, 2006). The
results obtained at both potentials applied (+a&h8 + 0.8 V) exhibited a high correlation
with the DPPH assay. Recently, Buratgt al. (2007) using a FIA system with an
electrochemical detector operating at a potentiat 6.5 V {s. Ag/AgCl) evaluated the
antioxidant capacity of honeybee products (honegpgis and royal jelly) and similar
conclusions were attained.

In general, the reported FlA-electrochemical methddve several features, such as
simplicity, versatility, low cost, and high samplleroughput, necessary for rapid and
reliable analytical methodologies for determinatioh reducing/antioxidant capacity in
complex matrices as food products. Neverthelegsditierent manifolds developed until
now apply different oxidation potentials and difet pH values (Table 1.6). In addition,
the electrochemical properties of samples have lope@ntified using different reference
standard compounds such as caffeic acid (Manatrad, 1998),5-carotene (Burattet al,
2001), (+)-catechin (Maninnet al, 1998; Blasccet al, 2005), galangin (Buratet al.
2007), gallic acid (Avilaet al, 2006) and trolox (Cheet al, 2002). As reported by Avila
et al. (2006), the values obtained for honey samples w&@gly influenced by the
oxidation potential, the pH and the reference campoused. Therefore, continued efforts
to standardize the reaction conditions are unegailyp necessary in order to obtain

comparable results within and between methods.
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Table 1.6.Flow-based methods for determination of total réuy/@ntioxidant capacity.

Assay mFeI?r\:ZJ d pH value DSe;(Sa::;irzn Type of sample De(tH_[)a te %/SO;D Ref.

Total phenolics FIA 2.0 CL Wines 120 <0.8 Costral, 2003
fezdgﬁio” of redox FIA >7.0 Potentiometry F:ﬁ;tu‘;f;;ascfn dhféga' 100 <1.8  Shipguet al, 2006
FC reducing capacity MSFIA - UV-Vis Beersv,Vijrl]J(iecSes, tea, 12 <13 Magalhée;eotoz%b
Reducing capacity FIA - Arrgfglr‘cl)r;n/)e try Wines - - Manninet al, 1998
Reducing capacity FIA - Arrgfg.rg :n/)etry Extr:n\éirgliir\llglé\gles oils 90 <3.5 Mannincet al, 1999
Reducing capacity FIA - Arrgfglrg :n/)e try Vegetable extracts 60 <3.5 Buradtial, 2001
Reducing capacity FIA 4.6 Arrgfg.r;) :n/)e try LMW \E\r/ﬁcet)i/ons of 60 <2.7 Cheret al, 2002
Reducing capacity FIA 7.5 (forhéaae{;o%.e;r{//, tﬁ; gﬂfj jﬂ?(?er’s,g\:\?iﬁgs - <7 Blasccet al, 2005

CL, chemiluminescence; FC, Folin-Ciocalteu; FlAgwl injection analysis; LMW, low molecular weight; 3%IA, multisyringe flow injection

analysis; UV-Vis, ultra-violet-visible spectrophatetry.
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Chapter 2 Materials and methods

2.1. Introduction

In this chapter, reagents, standards and sampd¢svéire used throughout the work are
described. The devices used to assemble the flgection systems are also fully
described. Furthermore, several aspects relatethgoautomatic antioxidant capacity
assays, namely the optimization procedures anexpeession of this parameter, and the
statistical treatment used to assess the qualitiieofesults are also described in detail in

the following sections.

2.2. Reagents, solutions and samples

All chemicals used were of analytical reagent gratté no further purification. For the
preparation of all solutions, water from Milli-Q g¢m (resistivity > 18 I cm), ethanol
and methanol pro analysis were used throughouwthle.

Standard stock solutions were obtained by weiglivegrespective reagent in a Mettler
Toledo analytical balance (model AG 285), followled dissolution in the appropriate
solvent (namely water, buffer solution, ethanohwethanol). The working standards were
obtained by rigorous dilution of the stock solutiarsing glass pipettes, Gilson
micropipettes and volumetric flasks (class A) dfaedent volumes. Micropipettes (models
P100, P200, P1000, and P5000, with correspondingnmuan capacities of 100, 200,
1000, and 5000L) were regularly calibrated with deionised water.

When necessary, pH of solutions was measured wsingmbined glass pH electrode
(Crison 52-02) and a Crison model GLP 22 milivokter.

All food samples analysed during this work werechased at local markets. Herbal and
tea infusions were prepared by pouring 200 mL abrieed water at 90 °C into a glass
with herbal or tea bag and by brewing for a fixedet Carbon dioxide from white wines
and beers was removed by stirring. Food sampleg wiated with water just before
measurement (Chapters 5 and 6). In Chapter 4, sanwére first diluted 50% using

ethanol in order to attain a final concentratiorb0%6 (v/v) in ethanol. For wine and beer
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samples, the initial alcohol content was considered these samples were diluted with
ethanol and water. Samples were further dilutedgusthanolic solution 50% (v/v).

2.3. Multisyringe flow injection systems

The automatic flow procedures developed for theerdehation of antioxidant capacity
throughout the present work were attained by muitige flow injection analysis
(MSFIA). Described for the first time by Cereéaal. (1999), these flow systems combine
the multi-channel operation of peristaltic pumpshwthe possibility of selecting only the
exact volume of the sample and reagent requirecatysis by means of commutation
valves. Recently, Segundo and Magalhdes (2006)shsd the characteristics (apparatus,
manifold design, and operation mode) of MSFIA systeand presented a survey of
applications. The MSFIA systems developed werechdgiconstituted by a multisyringe
burette and a flow network connected to a detec8gatem (Fig. 2.1). The flow
management and data acquisition were defined thraagnputer control. The devices

used during this work will be described below itade

2.3.1. Multisyringe burette

A multisyringe burette was used throughout the workaspiration/propulsion of solutions
through the flow network (Fig. 2.1). This device asmultiple channel piston pump,
containing up to four syringes (Hamilton), wherepagtons are connected to the same bar,
which is driven by a single motor of an usual awatmburette. The movement (direction
and speed) of the motor is controlled by computdtware through a serial port. The
multisyringe module also comprises a three-way catation valves connected to the
head of each syringe, allowing optional couplingthie flow network or to the solution

reservoir. The exchange options of the commutatalmes are often classified in off/on
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lines, where the “off” line was assigned to theusioh reservoirs (reagents, carrier or
waste) and the “on” line was reserved for the fleetwork (Fig. 2.1).

S1/V1

S2/V?2

S3/V3

S4/V4
MS

@ @ Q @4— Solution reservoir

Figure 2.1. A) Schematic representation of multisyringe flow itij@e systems developed
for determination of antioxidant capacity: MS, neytinge burette; S1-S4, syringes; V1-
V4, three-way commutation valves; D, detector; B€rsonal computer; W, wastB)
Simplified schematic representation of the mulifeye burette. The “off” line was

assigned to the solution reservoir, and the “amé kvas reserved for the flow network.
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Considering that all pistons move at once in theesdirection either delivering liquids
(dispense operation) or loading the syringes (poBperation) and that each commutation
valve may be switched to two positions (on/off)ertn are four possibilities for flow

management, as schematically depicted in Fig. 2.2.

Dispense operation

B ﬁ
| |

Solution is sent back Liquid from syringe is
to reservoir sent into the flow network

Pickup operation

= |
B

Syringe is filled with Aspiration of solution
solution from reservoir from the flow network

Figure 2.2. Flow management possibilities for one syringe myirthe operation of a
multisyringe apparatus.
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Therefore, when the pistons are moving upwardss possible to send liquid back to
respective reservoir, or dispense into the flowwoek direction. This feature enables that
only the necessary amount of reagent/carrier swug introduced in the flow network.
Furthermore, when the pistons are moving downwatds,possible to refill the syringes
with solutions present in the respective resereoito aspirate reagents and/or samples
from the flow network. Segundet al (2005), studied the order of movements of piston
bar during the analytical cycle and verified thay alteration of the flow direction affected
the volume delivered in the subsequent step. F bason, the introduction of a
“dummy” step was recommended whenever the flowctime was changed before the
aspiration/propulsion of precise volumes.

A wide range of flow rates can be obtained witls thpparatus, depending on the motor
speed and the volumes of the available syringesirstance, for a 10 mL syringe, flow
rates from 0.57 up to 30 mL mitrcan be attained (Mirét al, 2002). Nevertheless, once
the flow rate and volume is fixed for one syringeis also defined for other channels,
depending on the ratio between syringes capacifié® main disadvantage of this
propulsion unit is that the forward movement must dtopped to reload the syringes,

decreasing the determination frequency.

2.3.2. Flow network

All the tubing connecting the different componenfsthe multisyringe flow injection
systems was made of polytetrafluoroethylene of rar i.d., except for tubes between
flasks and syringes, which were of 1.5 mm i.d. ridep to avoid back pressure or vacuum
at high flow rates. End-fittings and connectors evalso used. Laboratory made acrylic
three-way connectors were used as confluences ghoo the work, while four-way
connectors were also used in the systems desdriligdapters 5, 6, and 7.

In MSFIA systems it is not feasible to introduce gample into the system by filling one
of the available syringes, since it would take rgldime for washing operations to avoid
carry-over effect (Miréet al, 2002). Moreover, the amount of sample requiredtiose
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washing steps would be considerably large, whiatoiscompatible with samples that are
scarce, toxic or expensive. Hence, other devicet @as extra commutation valves
(Chapters 3-6) and a 10-port multiposition selectialve (Chapter 7) were incorporated
in the manifolds in order to provide access to tbagents, antioxidant standards, or
samples. In Chapter 6, the flow assembly included 8-port multiposition selection
valves, disposed in the same module, for accomrmaféte six reaction coils; three for
FC assay and the other three for TEAC assay. Vhis af valves acts as a stream selector,
connecting just one side port to the central ol iumber of possible positions depends
on the number of the side ports.

Throughout the work, the time-based mode was apdiefluid insertion, rather than the
volume-based approach (Seguretoal, 2005), since in the former any alteration in the
reagent/sample volume can be performed throughvagdt control, without any physical
reconfiguration of the manifold. It was based oa #spiration (Chapters 3-6) of a certain
volume, defined by the flow rate and time duringickhthe multisyringe burette was
activated. In Chapter 7, the time-based sampling parformed by aspirating a large
volume of sample through a selection valve, folldway the introduction of precise
aliquots for further determination. This strategynances the sample throughput, since it is
not necessary to aspirate sample or to refill mmges between each determination.

2.3.3. Detectors

For the spectrophotometric determination descrilbedChapters 3, 4, and 5, the

spectrophotometer models used were the Jenway &1dD®105. The wavelength was set
at 517 nm (Chapters 3 and 4) whilst the absorbaneasurements in Chapter 5 were
carried out at 750 nm.

In Chapter 6, to perform sequentially the FC andATEassays, the absorbance
measurements were carried out at 750 and 734 spectvely. For this, an Ocean Optics
PC 2000-ISA spectrophotometer connected to af@fdiber optic cable and a DH-2000

deuterium-halogen light source from Top Sensoredgstwas applied.
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A flow-through cell from Hellma (internal volume 80L, optical path 10 mm, ref.
178.710-QS) was used for spectrophotometric meamnes performed in the flow
systems.

In Chapter 7, the detection system was based emé&te chemiluminescence cell adapted
to flow assemblies. The chemiluminescence detetttair was previously described for
utilization in MSFIA manifolds (Miréet al, 2005) was improved by engraving the flow
path on an Acetal-Delrin block, providing a spisalaped flow-through cell with an inner
volume of 80uL and an effective emitting surface of approximat@I85 cri. This flow
cell was placed and fixed over a photosensor mo¢ldeamamatsu HS5784) window,
producing a compact light-tight box (Fig. 2.3).

For the comparative procedures performed in Chaptaand 5, the DPPHssay (Brand-
Williams et al, 1995) and the Folin-Ciocalteu assay (Singletbal, 1999), respectively,
were adapted to a microplate reader (Synergy Ho-TRK). In Chapter 4, the reduction in
DPPH concentration due to antioxidant compounds/sarmvake monitored every 20 s until
the absorbance decreaae=(517 nm) was inferior or equal to 0.003 units Tim Chapter

5, the absorbance increage=760 nm) due to the reduction of Folin-Ciocalteagent by
antioxidant compounds/sample was monitored everg @Qring 2 h. In both assays, all
experiments were performed in quadruplicate anddh®perature was kept at 25.0 £ 0.1
°C.
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3cm

Figure 2.3. A) Frontal view of the custom-built spiral-shaped flogll. B) Frontal andC)
upper view of the flow cell positioned over the fysensor module, located inside the
light-tight box.D) Upper view of CL-detector connected to the flownifi@d. The arrows

indicate the flow direction.
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2.3.4. Computer control and data acquisition

The multisyringe operation (number of steps pert whitime and direction of piston
displacement), and the positioning of commutatiod aelection valves was performed
through computer control. For most of the systerascdbed (Chapters 3-6), this was
attained by a personal computer equipped with amaAgec PCL-711 B interface card,
running lab-made software written in QuickBasic @vBcrosoft). The data acquisition at 3
Hz (Chapter 3, 4, and 5) was implemented by commgdhe analog output of the
spectrophotometer to the interface card and usiheg dame software developed for
controlling the other components of the flow systémChapter 6, the data acquisition was
performed by SpectraWin (version 4.2) softwaregrafin external trigger signal from the
interface card. The acquisition frequency was 4dézresponding to an integration time of
0.023 s and an average of 11 scans. Finally, inptéha7, the software package
Autoanalysis, written in Delphi (version 5.0) andsval C++ (version 6.0), was used
(Becerraet al, 1999). This software controls the multisyringel aralve operation, and
also enables the integration of the experiment dad treatment of the analytical signals.
Whenever necessary, the analytical signals wereratgistered on paper using a Kipp and
Zonen BD 111 strip chart recorder.

2.4. Development of the automatic antioxidant capay assays

During the studies concerning the physical and cba&nparameters the univariate method
was used, which consisted of varying each paranuetger study within a certain interval,

while keeping the other parameters fixed. The dged systems were characterised in
terms of working concentration range, limit of deien, determination frequency and

repeatability.

The working concentration range was determined Hjgcting a series of standard

solutions with different concentrations, and deiaing the range where the analytical
signal was related to the concentration.
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The limit of detection was expressed as the conagom (¢) derived from the smallest
measure (¥ which can be detected with reasonable certaintya given analytical
procedure (IUPAC, 1976; Currie, 1995). The value,ofs given by the equation x x, +
3s,x, Where x is the intercept value of the calibration curvel aj is the deviation (or
uncertainty) of y values. The minimum detectablacemtration can be further calculated
by interpolation in the calibration curve (Millen@ Miller, 2005).

The determination frequency, expressed as the nuailsketerminations per hour, was the
time required for a complete analytical cycle. Tiss calculated as the summation of the
time taken for each operation step performed phastime required for communication
between the computer and the components of the $lgstems. The sampling rate was
assessed by the ratio between the determinatigudrey and the number of analytical
cycles performed for each sample.

The repeatability, or precision, of the developecthnd was evaluated by the
determination of the relative standard deviatioBI(RR values corresponding to consecutive
determinations of standard antioxidant solutiondigi@ers 4, 5 and 7) and samples
(Chapter 6). The standard solutions and sampldsdifferent analyte concentrations were
selected to provide a reliable estimation of thpeegability of the method along the

application range.

2.5. Determination of antioxidant capacity

In Chapter 3, the antioxidant capacity of pure courals in different reaction media was

assessed as the number of DPRidlecules reduced by one molecule of antioxidAht)(

calculated by the following equation:

n=(Ao—A) / Eoppre % ([AH] /D)) 2.0

where, (A — A) is the absorbance decrease due to DRf®Hsumption by antioxidant
compoundsgpppr. is the molar extinction coefficient of DPPH the respective reaction
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media used; [AH} is the concentration of antioxidant in the staddsolution; and D is the
dispersion coefficient (Ruzicka and Hansen, 1988).

The determination of the amount of DPPEbnsumed by antioxidant compounds,
described in Chapter 4, was assessed from theatiffe between the absorbance of DPPH
in the absence of antioxidant compounds and therbasce of DPPHmeasured in the
presence of antioxidant compounds after a fixedodeof time (120 s). In this way, a
calibration curve relating the absorbance decredise 120 s and the concentration of
ascorbic acid (mg/100 mL) was established. Therbdlasce decrease obtained for samples
was interpolated to that of ascorbic acid standarde and the results were expressed as
vitamin C equivalent antioxidant capacity (VCEA@presenting the equivalent amount
of ascorbic acid (mg) present in 100 mL of sampleese units were chosen since ascorbic
acid is a common antioxidant compound found in fgodducts and the nutritional
labelling on food products are indicated per100 onlper 100g. For samples that did not
exhaust its scavenging capacity within the periddneeasurement, the information
gathered during 180 s of absorbance monitoring wasd to estimate the total

consumption of DPPHThe following double-exponential equation waslaggp

DPPH = DPPH’ x € + DPPH’ x ¢’ + DPPH' (2.2

where, DPPHis the radical concentration at any timex andp are the first-order rate
constants for the simple uniexponential decay ef fdsst and slow step, respectively;
DPPH' and DPPH represent the concentration of radical consumebearfast and in the
slow step, respectively; DPPHs the remaining radical concentration in the medafter
antioxidant depletion. Since DPPEbncentration values were proportional to absarban
values, the VCEAC values of samples were calcul#itedugh the sum of absorbance
decrease (proportional to radical consumption) hie fast and slow steps (DPPH
DPPH,).

For the determination of FC reducing capacity, dbed in Chapters 5 and 6, gallic acid
was used as the standard compound. In this methedabsorbance increase due to the
reduction of Folin-Ciocalteu reagent was relatedthe concentration of gallic acid

127



Chapter 2 Materials and methods

standard solutions (mg). The FC reducing capacity of pure compounds (@1§) was
estimated by the ratio (%) between the slope ofctddration curve determined for the
testing compound and the slope of the calibratiorves of gallic acid. The FC reducing
capacity of food samples (Chapters 5 and 6) wasimdd by interpolation of the
absorbance value in the calibration curve of galticl. Thus, the results were expressed as
gallic acid equivalents (mg1). Finally, for the determination of TEAC (Chapt®), a
calibration curve relating the absorbance valuesh&o trolox concentration (mM) was
established. The absorbance values obtained fomplesamwere interpolated in this
calibration curve and results were expressed &sxteguivalents (mM).

In Chapter 7, the HOCI scavenging capacity of d#ifé NSAIDs and positive controls was
evaluated through the decrease in CL emission. gdreentage of CL inhibition was

assessed using the following formula:

(%) CL inhibition = ((Cloank— Cleampd/CLojan) X 100 2.3

where, Cllank and Clsampierepresent the light intensity obtained in the abseand in the
presence of scavenger compounds, respectively. pEheentage of CL inhibition was
related to the concentration of the scavenger compd@iM). The sample concentration
providing 50% inhibition of CL-blank emission @{§ was then estimated and used to

compare the HOCI scavenging capacity of the comgetested.

2.6. Validation of the results

In Chapter 3, the number of DPPHhholecules reduced by one molecule of antioxidant
obtained for several pure compounds were comparedlties previously reported in the
literature using conventional batch methods.

In order to evaluate the accuracy of the flow mdtiogies proposed in Chapters 4 and 5,
the results obtained by the developed flow methogsfa) were compared with those

obtained by the conventional batch meth@j.r). The results obtained from the two
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procedures were plotted against each otlBgida versusCpaic) and a linear regression
was established between the two variables. Thengeas of the regression line, intercept
(Co) and slope 9, were calculated. In the ideal situation, or arfpct agreement of the
methods,Cy should be equal to 0 an8 to 1. Hence, the methods are statistically
comparable ifCy and S do not differ significantly from O and 1, respeely. This was
verified by estimating the errors in the intercapd slope values through calculation of
their confidence limits at 95% significance levMilier and Miller, 2005). The relative
deviation (RD) values, expressed as percentages vadculated based on the expression
2.4,

((Cusria — Chatey) % 100) /Chatch (2.9

Furthermore, a pairedtest was performed on the data obtained for atipdas in Chapter

5. Whenever thévalue calculated was inferior to the referehwalue P = 0.05), the null
hypothesis was verified, indicating that there wassignificant difference for the mean
concentrations obtained by the two methods (Mdled Miller, 2005).

In Chapter 6, the FC reducing capacity and TEA@axth sample were expressed as the
mean + standard deviation € 3). Twelve food products of each group, nametywines,
white wines, herbal infusions, tea infusions, jesicend beers were analysed and the mean,
maximum, minimum, and interval values were cal@datThese results were compared
with the data reported in the literature. For eawfthod, one-way analysis of variance
(ANOVA) was performed to determine if there was ignsicant difference between
groups at a 95% level. The Levene test was apphi¢dst the homogeneity of variances.
Finally, a post hoc comparison test (Tamhane’s Ways applied to determine which
group(s) differ from each other. For comparisonneein methods, linear regression was
applied to study the possible correlation betwdenstudied parameters. These statistical
analyses were carried out using SPSS (Statistaxzkd®)e for the Social Sciences) program
version 14.0 for Windows.

In Chapter 7, the HOCI scavenging capacity exprebsethe IG, values were compared
to values reported in the literature, obtained thieomethodologies.
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Abstract. A multi-syringe flow injection system for
the determination of 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH") scavenging capacity using methanol
or ethanolic solutions as reaction media is presented.
A stopped flow approach was implemented in order to
monitor the DPPH" consumption using spectrophoto-
metry at 517 nm. The kinetic profile for the first 3 min
of reaction was determined for several antioxidant
compounds and the number of DPPH" molecules re-
duced by one molecule of antioxidant was calculated
whenever the absorbance value was stable within the
period of measurement. For ascorbic acid, trolox, iso-
eugenol and quercetin in methanol, the values obtained
were similar to those reported in the literature. It was
possible to perform 14 determinations per hour, con-
suming 0.34 umol of DPPH’ per determination, which
accounts for the application of this system as a screen-
ing tool for fast scavenger compounds.

Key words: Multi-syringe flow injection; DPPH"; spectrophoto-
metry; solvent and pH effect.

Antioxidants play a crucial role in the protection of
organisms or tissues as well as of nonliving systems
against oxidative stress [1]. In the past few years, this
subject has been addressed by many research groups

* Author for correspondence. E-mail: msegundo@mail ff.up.pt
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in a broad spectrum of areas, including physiology,
pharmacology, nutrition and even food processing.
The growing importance of this topic of research is
supported by evidence that several pathologies such as
arteriosclerosis, cataracts and certain types of cancer
are caused or accelerated by oxidative stress induced
by reactive nitrogen species (RNS) and reactive oxy-
gen species (ROS) [2]. In all these areas of research
reliable methods for antioxidant assessment are neces-
sary, and those involving chromogen compounds of a
radical nature to simulate RNS and ROS are popular,
especially for screening purposes [3].

In this context, a multi-syringe flow injection
(MSFIA) system for the determination of 2,2-diphe-
nyl-1-picrylhydrazyl radical (DPPH") scavenging ca-
pacity using different reaction media is proposed.
The MSFIA technique was proposed in 1999 [4-7],
in order to combine the multi-channel operation of
flow injection analysis (FIA) [8] and the flexibility of
multi-commutation flow systems [9]. The DPPH" assay
has been performed using FIA [10, 11], sequential
injection analysis (SIA) [12], and MSFIA [13] systems.
Although application to beverages and herbal and
mushroom extracts was reported, a systematic study
of the reaction conditions was not performed.

Therefore, in the present work, the novel features
introduced by MSFIA and the controlled conditions
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(time, dispersion) provided by flow injection methods
in general were applied to study the influence of pH
and solvent (methanol and ethanol solution) during the
first 3 min of reaction for several antioxidant com-
pounds. A stopped flow approach was chosen in order
to establish the kinetic profile. For those situations in
which a stable value of absorbance was attained with-
in the time period of measurement, the number of
DPPH" molecules reduced by one molecule of anti-
oxidant was also calculated.

Material and methods

Reagents and solutions

Water from MilliQ system (resistivity > 18 M2 cm), ethanol p.a. and
methanol p.a. were used for the preparation of all solutions, and all
chemicals used were of analytical reagent grade.

The radical 2,2-diphenyl-1-picrylhydrazyl (DPPH"); L-ascorbic
acid; 3,4,5-trihydroxybenzoic acid (gallic acid); and 2(3)-r-butyl-4-
hydroxyanisole (BHA) were purchased from Sigma (St. Louis,
USA). 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(trolox); 2-methoxy-4-propenylphenol (isoeugenol); 2-methoxy-4-
(2-propenyl)phenol (eugenol) and di-sodium hydrogen phosphate
dihydrate were obtained from Fluka (Buchs, Switzerland). 2-
Hydroxy-1,2,3-propanetricarboxylic acid monohydrate (citric acid
monohydrate) and 1,2,3-benzenetriol (pyrogallol) were purchased
from Riedel-de-Haen (Seelze, Germany). 3-(3,4-Dihydroxyphenyl)-
2-propenoic acid (caffeic acid); 3-phenyl-2-propenoic acid (cinnamic
acid); 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-benzopyran-
4-one dihydrate (quercetin dihydrate); quercetin-3-rutinoside hydrate
(rutin hydrate); 1,2-benzenediol (catechol) and 1,3-benzenediol
(resorcinol) were all obtained from Aldrich (Milwaukee, USA).

For the flow system, methanol p.a. or ethanol solution 50% v/v
was used as carrier. For the experiments with pH adjustment, buffer
solutions containing ethanol 50% v/v were prepared according to
Perrin and Dempsey [14]. Therefore, a citrate-phosphate buffer
solution was prepared by placing 20.0 ml of 0.02 mol L~! Na,HPO,
solution in a volumetric flask and by making the volume up to
100 mL using 0.01 mol L™ citric acid solution. This solution was
further diluted using an equal volume of ethanol and the apparent
pH of the final solution was 4.1. For the experiments at apparent pH
7.6, the buffer solution was prepared in a similar way, using 40.0 mL
of 0.01 mol L~ citric acid solution and 0.02mol L~! Na,HPO, to
complete the volume up to 100 mL.

Stock solutions of DPPH" containing 8.0 x 10~* molL~! were
prepared using either methanol or ethanol as solvent. These solu-
tions were kept at 4 °C, protected from light. They were stable at
least for 5 days. Working solutions of DPPH" (1.6 x 1074 molL ™)
were prepared daily by dilution of the prior solutions, using only
methanol or ethanol and water in order to achieve a final concentra-
tion of 50% v/v in ethanol.

Stock solutions containing each antioxidant compound at
1.0x 1072 mol ™' were prepared daily, using either methanol or
ethanol solution (50% v/v). Working solutions between 0.60 and
6.0x 10~*mol L~ were also prepared using each solvent.

For determination of dispersion coefficient of Ruzicka [8], a
bromothymol blue (BTB) solution was prepared from a stock
solution (0.50 g L~}) by dilution in methanol or ethanol solution
50% v/v in order to provide an absorbance value of about 0.520
at 428 nm.
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Apparatus

Solutions were propelled through the flow system by means of a
multi-syringe burette (Crison Instruments, Allela, Spain). This de-
vice is a multiple channel piston pump, where all pistons are driven
by a single motor, controlled by computer software through a serial
port. It also comprises three-way commutation valves (NResearch,
Caldwell, NJ, USA) connected to the head of each syringe.

In the present work, the multi-syringe was equipped with three
syringes with different volumes: 5 mL in positions (S1) and (S2) and
10mL in position (S3) (Fig. 1). Two extra commutation valves were
included in the module used for introduction of antioxidant solution.
For all valves, the exchange options were classified in on/off lines.
The “off” line was assigned to the solution flasks and the “on” line
was reserved for the flow network in the valves placed at the multi-
syringe. For the other valves, the positions “on/off” were chosen to
minimize the time during which the valves were switched on in
order to avoid over-heating problems.

A personal computer, running lab-made software written in
QuickBasic 4.5 (Microsoft™), controlled the multi-syringe operation
(number of steps and direction of piston displacement and position
of all commutation valves).

As detection system a Jenway 6100 (Essex, UK) spectropho-
tometer equipped with a Hellma (Mullheim, Baden, Germany)
178.710-QS flow-through cell (internal volume 80 pL; optical path
10mm) was used and the wavelength was set at 517 nm. For pre-
liminary studies, the analytical signal was recorded using a Kipp and
Zonen (Delft, the Netherlands) BD 111 strip chart recorder.

Data acquisition was performed through a PCL-711L interface
card at 3 Hz, using the same software developed for controlling the
flow system.

Manifold and MSFIA procedure

The system components were arranged as shown schematically in
Fig. 1. All connections were made of Omnifit (Cambridge, UK)

FoTTTTTYIIZICIZIZIC ]| Pe

Fig. 1. MSFIA manifold used for the evaluation of scavenging
capacity using DPPH" reaction: MS multi-syringe; Si syringes;
Vi commutation valves (solid and dotted lines represent the on and
off positions, respectively); HC holding coil (200 cm); L/ mixing
coil (50 cm); L2 reaction coil (120 cm); D detector (A= 517 nm);
C1 carrier (methanol or ethanol solution 50% v/v); C2 carrier
(methanol or ethanol solution 50% v/v or ethanol solution 50%
v/v with citrate/phosphate buffer solution (pH 4.1 or 7.6)); R
DPPH" reagent prepared in C1; AO antioxidant solution prepared
in C1; PC personal computer; W waste
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Table 1. Protocol sequence for determination of scavenging capacity
rate refer to syringe 3 (10 mL)
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using the DPPH' reaction. The indicated values for volume and flow

Description Position of commutation valves
1 2 3 5 6 Volume/ Time/s Flow rate/ Direction of piston
uL mL min~} displacement
Syringes are filled off off off off off 2500 18.75 8.0 pick up
with the respective solutions
Antioxidant solution on off off on off 100 3.00 2.0 pick up
is aspirated through HC
Dummy step to change off off off off off 500 3.75 8.0 dispense
the flow direction
Antioxidant solution, carrier on on on off off 775 15.50 3.0 dispense
and reagent are sent towards
detection system
Flow stop for reaction monitoring off off off off off - 180.00 - -
with data acquisition
Carrier and reagent are sent on on on off off 1325 26.50 3.0 dispense

to wash the system

PTFE tubing (0.8 mm i.d.) with Gilson (Villiers-le-Bel, France)
end-fittings and connectors. Moreover, two laboratory-made acrylic
Y-shaped connectors were used as confluences.

The tubing connections designated in Fig. 1 as HC, L1 and L2
were 200c¢m, 50 and 120 cm long, respectively. The tubing length
between valves V5 and V6 was 4 cm. The connection between valve
V6 and the confluence had the same length.

The protocol sequence adopted for determination of scaven-
ging capacity using the DPPH’ reaction is presented in Table 1.
Before starting the analytical procedure, all syringes were filled
with the respective solutions. By activating syringe 1, the flow
cell was filled with carrier solution and the absorbance signal was
adjusted to zero. After that, the solutions contained in syringes
S1, S2 and S3 were propelled to the detector simultaneously. The
absorbance value measured (Ay) was due to DPPH" solution from
syringe 3 after dilution inside the flow system, corresponding to
the absorbance of radical solution in the absence of antioxidant
compounds.

The procedure included six steps. The first step consisted of
filling the syringes with the respective solutions. Next, 50 uL of an-
tioxidant solution were aspirated through HC. After that, a dummy
step where solutions were sent to their flasks was performed in
order to change the direction of piston displacement [15]. This
was achieved by propelling the solutions placed in the syringes back
to the reservoirs. Then, syringes 1, 2 and 3 were activated simulta-
neously. Hence, antioxidant solution was sequentially merged with a
carrier stream and DPPH" solution and propelled through the
reaction coil until reaching the flow cell. The flow was then
stopped and the absorbance decrease due to radical consumption
was monitored during 180s. Finally, all channels were washed,
including the flow cell.

For experiments using pH control, the carrier in syringe 2 was
replaced by buffer solution. All measurements were carried out at
room temperature (22 + 2°C) and performed in triplicate.

Determination of the number of DPPH" molecules reduced
by one molecule of antioxidant

The number of DPPH' molecules reduced by one molecule of anti-
oxidant (AO) was calculated as described by Goupy et al. [16] with
some modifications. According to these authors, n =[DPPH" }consumed/
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[AOTinitial = (Ao — Ap)/(epppir X [AOlinitial), Where (Ag— Ay is
the absorbance decrease due to DPPH’ consumption and epppy
is the molar extinction coefficient of DPPH" in the reaction media
used.

To apply this equation to flow injection conditions (controlled
dispersion), the {AO}iniia Was replaced by [AO],,/D, where [AO],
is the concentration of antioxidant in the standard solution and D is
the dispersion coefficient of Ruzicka [8].

The dispersion coefficient was determined by injecting BTB solu-
tion (n = 10) instead of antioxidant solution and measuring the ab-
sorbance at 428 nm. The values obtained were 13.2 for methanol and
20.6 for ethanol solution 50% v/v.

The value of epppy Was also determined in the different re-
action media by establishing calibration curves between 1.0 and
8.0 x 1075 molL~! of DPPH’ using the 80 uL flow cell. The values
obtained were 10005 &+ 179; 9776 £ 71; 9738 &+ 76 and 10240 =
147mol~! Lem™! for methanol and ethanol solution 50% v/v
(without buffer, apparent pH 4.1 and apparent pH 7.6), respectively.

Results and discussion

Development of MSFIA system for evaluation
of scavenging capacity using DPPH’ reaction

The first goal of this work was to develop a multi-
syringe flow injection system for determination of
DPPH" scavenging capacity, through the absorbance
decrease at 517nm due to consumption of DPPH’
radical. Hence, a manifold was devised to allow the
monitoring of the reaction between antioxidant com-
pounds and DPPH" using a stopped flow approach.
The possibility of performing in-line pH adjustment
was also considered.

In this case, three syringes were necessary: one of
them containing carrier to propel the antioxidant solu-
tion, another syringe containing either carrier or buffer
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solution and the last one containing DPPH" solution.
These three streams were connected sequentially using
two confluences in order to allow the mixture of an-
tioxidant solution and buffer/carrier (after the first
confluence) prior to reaction with DPPH" (after the
second confluence). The capacity of each syringe
was chosen in order to provide similar flow rates for
the merging streams in each confluence. The reaction
was monitored by stopping the flow when the anti-
oxidant solution passed through the flow cell during
180s.

The antioxidant solution volume was fixed at 50 uLL
and sampling was based on time and flow rate of its
aspiration. Valve V5 provided the access to the anti-
oxidant solution and valve V6 was introduced in the
manifold to allow antioxidant solution exchange
without disturbing the content of the flow cell. Other-
wise, it would have been necessary to send DPPH’
solution in order to re-establish the baseline after
sample exchange, increasing the reagent consump-
tion. In order to attain an initial value of absorbance
near to 0.8 AU, the DPPH’ concentration was fixed at
1.6 x 10~ mol L.

The flow rate values for the syringes filling step
were fixed at 4.0/4.0/8.0mLmin~! for syringes
S1/S2/S3, respectively. For the sampling step, the
flow rate applied was 1.0mL min~!. The total flow
rate for the two steps in which all solutions were
propelled towards the detector was initially set at
2.0mLmin~! (0.54+0.5+1.0 from S1, S2 and S3).
Using this flow rate value and a length of 50 and
90cm for coiled reactors in L1 and L2, it was not
possible to attain a stable baseline from the mixture
of DPPH" solution from syringe 3 and carrier solution
(ethanol solution 50% v/v) from syringes 1 and 2.
Therefore, in order to improve the mixture conditions,
the geometry and length of tubing L2 was varied. These
experiments were performed at 4.0 and 6.0 mL. min~!
(total flow rate), using coiled and knitted reactors with
45, 90 and 120cm. The stability of the baseline in-
creased for the larger reactors and for higher flow
rates. Hence, the knitted reactor with 120 cm of length
provided a stable baseline when a flow rate of
6.0mL min~! was applied and it was used for further
studies.

Next, using the conditions stated above, the time
during which the solutions were sent to the detector
prior to stopping the flow was studied in order to max-
imize the antioxidant solution portion present in the
flow cell. This experiment was carried out using BTB
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solution instead of antioxidant solution. The flow was
stopped during 1 min and the absorbance was mea-
sured at 428 nm. The maximum absorbance value was
obtained at 15.50 s, while values that were between 86
and 96% of the maximum value were obtained for
time values between 14.00 and 17.00s. Therefore,
the value chosen for further studies was 15.50s. Using
these conditions, it was possible to perform about
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Fig. 2. Profile of DPPH" consumption for ascorbic, caffeic and
gallic acids in different reaction media. The DPPH’/AO molar
ratio was fixed at 8.0 for gallic acid or at 4.0 for the other two
compounds. (a) methanol; (b) ethanol solution 50% v/v; (c) etha-
nol solution 50% v/v with citrate/phosphate buffer, pH 4.1;
(d) ethanol solution 50% v/v with citrate/phosphate buffer, pH 7.6
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14 analytical cycles per hour, requiring 0.34 pmol of
DPPH’ per determination.

Application to antioxidant compounds

The DPPH’ method is currently carried out in metha-
nol or ethanol solution. In the present work, different
solvents were tested, including methanol and ethanol
solution 50% v/v (unbuffered, apparent pH 4.1 and
apparent pH 7.6). For each reaction media, antioxidant
compounds present in plants or food products and/or
applied as standards in the determination of antioxi-
dant capacity were tested. Cinnamic acid was chosen
as negative control.

The profile of DPPH" consumption for ascorbic,
caffeic and gallic acids in the different reaction media
at a fixed [DPPH"]/[AO] ratio is represented in Fig. 2.
Other concentration ratios were also tested (between
4.0 and 12.0), providing curves with similar shape to
those presented in Fig. 2. Two types of kinetic beha-
vior were observed: fast, when the absorbance value
stabilized within 180 s (Fig. 2, ascorbic acid) or slow,

when the stabilization was not attained within the
nt (Fig. 2, caffeic and gallic acids

period of measurement (Fig. 2, caffeic and gallic acid.
in ethanolic media, pH 4.1). For the negative control
(cinnamic acid), the absorbance variation was near
zero as expected for all media and concentration ratio
tested.

For those situations in which a stable value of ab-
sorbance was attained within the time period of absor-
bance monitoring, the number of DPPH" molecules
consumed per molecule of antioxidant was calculated
(Table 2). Considering the values obtained when the
reaction media was methanol, it was possible to at-
tain values similar to those reported in the literature

using time-consuming batch methods. For instance, the
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values obtained for ascorbic acid (2.15 £ 0.02), trolox
(1.94 £+ 0.04), isoeugenol (1.03 £ 0.02) and quercetin
(4.68 £ 0.07) were in agreement with those provided by
other authors (2, 2, 1 and 4.86, respectively) [16, 17].
Moreover, the number of DPPH" molecules consumed
per molecule of antioxidant obtained in methanol and
ethanol solution 50% v/v were similar, indicating that
the replacement of methanol for a less harmful reac-
tion media is possible for the compounds listed in
Table 2.

Furthermore, for other compounds the results are
in agreement to those expected according to their
chemical structures. The number of DPPH" molecules
consumed per molecule of antioxidant for catechol
(two adjacent hydroxyl groups) and pyrogallol (three
adjacent hydroxyl groups) were 2.0210.04 and
3.40 £ 0.03, respectively, which are in agreement with
the previous observation that the increase in adjacent
hydroxyl groups increase the number of scavenged
DPPH’ molecules [18]. For quercetin and rutin, which
are flavonoid with similar structure except for the
presence of rutinose bonded to the oxygen at Cs po-
sition, the number of DPPH" molecules consumed per
molecule of antioxidant obtained in methanol was
4.68 +0.07 and 2.07 £ 0.02, respectively. This differ-
ence, reported before by Sanchez-Moreno et al. [19],
is due to solvent addition in the quercetin molecule at
the C; position, which do not take place in the rutin
molecule since the OH group in this position is not
available [20]. This addition enables the regeneration
of the catechol group, which can be further oxidized,
consuming more DPPH".

When the results obtained for 50% v/v ethanol
media with and without addition of buffer solution
were compared, similar kinetic behavior was observed
for ascorbic acid and trolox in all ethanolic solutions

Table 2. Number of DPPH' molecules® reduced by one molecule of antioxidant in different reaction media

Compound Methanol Ethanol 50% v/v Ethanol 50% Ethanol 50%
v/v, pH 4.1 v/v, pH 7.6
Ascorbic acid 2.15+0.02 1.90 + 0.01 1.86 = 0.01 1.35 £ 0.00
Caffeic acid 2.40 £ 0.02 2.01 £0.02 n.c. 1.54 £0.02
Catechol 2.02 £0.04 1.88 £ 0.05 n.c. 1.59 +0.02
Gallic acid 4.67 £ 0.05 4.50 +0.02 n.c. 3.52+£0.02
Isoeugenol 1.03 £0.02 1.00 + 0.01 1.00 £ 0.01 0.76 £ 0.03
Pyrogallol 3.40+0.03 3.74 £ 0.06 n.c. 3.09 £0.02
Quercetin 4.68 + 0.07 4.48 +0.03 n.c. 4.44 +0.01
Rutin 2.07 £0.02 1.92 +0.03 n.c. 3.24 +£0.01
Trolox 1.94 £0.04 2.05£0.03 1.97 +0.03 1.52 £ 0.01

n.c. Not calculated.
4 Mean = standard deviation; n = 3.
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tested. For caffeic acid, catechol, eugenol, gallic acid,
isoeugenol, pyrogallol, quercetin and rutin, the reac-
tion was slower at apparent pH 4.1 when compared to
the unbuffered solution. For these compounds, when
the results obtained at apparent pH 7.6 were compared
to those provided by the unbuffered solution, the reac-
tion kinetics was similar for eugenol, isoeugenol, pyr-
ogallol and quercetin; slower for rutin and faster for
caffeic acid, catechol and gallic acid. These last
results are in agreement with those described by Foti
et al. [21] that verified that the presence in the solvent
of adventitious acids or bases caused a reduction or an
enhancement, respectively, of the observed value of
the rate constants for the reaction between DPPH’
and antioxidants bearing a phenolic group. Moreover,
they also observed that the presence of free carboxylic
groups in the phenol structure (as in caffeic and gallic
acids) made the observed rate constants strongly de-
pendent on the phenol concentration used in the ex-
periment. These observations and the results obtained
in the present study may be due to the contribution of
these groups to the pH of the reaction media in the
absence of buffer substances or to the effect of the pH
of the reaction media in the form of these groups
(protonated or ionized).

In conclusion, the MSFIA technique provided con-
trolled and reproducible conditions concerning time,
mixture and pH adjustment for monitoring the reac-
tion between antioxidant molecules and DPPH" using
different solvents in a contained environment, mini-
mizing the exposure of the analyst. Moreover, it was
possible to obtain values for the number of DPPH’
molecules consumed per molecule of antioxidant sim-
ilar to those attained by time-consuming end-point
batch methods as long as a stable absorbance value is
reached within the time period of measurement. This
observation was only possible due to the stopped-flow
approach implemented in the present system and
could not be achieved in the previously described sys-
tems based on single-point measurements [10-12].
Finally, the application of the present automatic flow

Multi-syringe flow injection system for the determination of DPPH"

system for screening purposes can be valuable when
searching for scavenger compounds, especially in areas
in which a large number of compounds must be tested
(as in combinatorial chemistry or in bioassay-guided
isolation of active fractions of plant extracts).
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Abstract

In the present work, an automatic method based on multi-syringe flow injection analysis (MSFIA) was developed for the determination of
total antioxidant capacity, measured as the cumulative capacity of the compounds present in the sample to scavenge free radicals, using the
2,2-diphenyl-1-picrylhydrazyl (DPPH®) reaction. The determination is based on the colour disappearance due to the scavenging of DPPH* by
antioxidant compounds monitored spectrophotometrically at 517 nm.

The influence of initial DPPH® concentration and sample dilution in the present methodology was studied. It was verified that the amount of
DPPH?* consumed by antioxidant standards (ascorbic and caffeic acids) was independent of the initial concentration of radical except for situations
where DPPH*/antioxidant molar ratio was lower than the stoichiometric value. Furthermore, the sample dilution factor plays an important role
for achieving results comparable to those from end-point batch method since the exhausting of scavenging ability of the sample should take place
during the period of absorbance measurement.

The proposed method was applied to several food products and the total antioxidant capacity was expressed as Vitamin C equivalent antioxidant
capacity (VCEAC). The results obtained by the proposed method ranged from 1.1 to 318 mg of ascorbic acid/100 ml and they were statistically
comparable to those provided by the batch method. The detection limit was 0.34 mg of ascorbic acid/100 m! and the determination frequency was

about 13 h~! with an excellent repeatability (R.S.D. < 1%, n=10).
© 2005 Elsevier B.V. All rights reserved.

Keywords: Total antioxidant capacity; DPPH®; Multi-syringe flow injection; Beverages

1. Introduction

There is recent evidence that free radicals induce oxida-
tive damage to biomolecules. This damage has been implicated
in ageing and in several human pathologies such as cancer,
atherosclerosis, rheumatoid arthritis and other diseases [1]. Fur-
thermore, there is a considerable amount of studies indicating
that the active dietary constituents of fresh fruit, vegetables and
beverages, prevent these free radical-induced diseases and pro-
tect against foodstuff oxidative deterioration [2—4]. These pro-
tective effects have been attributed, in large part, to the antioxi-
dants species (Vitamins C and E, carotenoids and polyphenolic
compounds) which scavenge free radicals [5,6].

* Corresponding author. Tel.: +351 22 2078994; fax: +351 22 2004427.
E-mail address: msegundo@mail.ff.up.pt (M.A. Segundo).

0003-2670/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2005.11.013
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Several methodologies, based on free radical capture or
formation suppression, are used to measure the antioxidant
capacity of biological material and model compounds [7,8].
The most commonly used for their ease, speed and sensitivity
are those involving chromogen compounds of a radical nature
to simulate radical oxygen and nitrogen species. The most
widely used assays are based on the scavenging of radical cation
2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonate) (ABTS®*
assay) [9] or of the stable radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH* assay) [10,11]. The presence of antioxidant species
leads to the disappearance of these radical chromogens which
can be followed by spectrophotometric methods.

Recently, the DPPH® assay was implemented using automatic
methods based on flow injection analysis (FIA) [12,13], sequen-
tial injection analysis (SIA) [14] or HPLC-FIA [15,16], that were
applied for screening and evaluation of scavenging capacity of
several pure compounds and complex matrices such as plant
extracts and beverages. In the HPLC-FIA method, the separated
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analytes react postcolumn with the DPPH* solution [16], and the
induced scavenging is detected as a negative peak. These meth-
ods, combining separation and evaluation of radical-scavenging
capacity, present a major advantage relatively to batch methods
as bioassay-guide fractionation of natural or food samples is
a time consuming and labour-intensive process. Moreover, the
loss in activity for antioxidants due to decomposition during the
isolation and purification procedures is avoided.

However, the presence of antioxidant compounds in complex
matrices does not necessarily imply that the same antioxidant
properties are verified in the whole sample. On the other hand,
the synergistic effect that may exist between different antioxi-
dants implies that the sum of antioxidant capacities from each
compound isolated may not exactly reflect the overall action
[17]. For this reason, automatic methods based on FIA or SIA
allowed the evaluation of antioxidant capacity in an environment
that enabled the interactions between all compounds present in
the matrix.

Recently, novel computer controlled techniques for automatic
flow analysis were reported, namely multi-syringe flow injection
analysis (MSFIA). This technique was proposed in 1999 [18],
in order to combine the multi-channel operation of FIA and the
flexibility of multi-commutation flow systems [19]. Therefore,
the objective of the present work was the development of an
automatic flow system for the assessment of total antioxidant
capacity exploiting the features introduced by MSFIA in flow
analysis.

The methodology was based on consumption of DPPH® by
antioxidant species present in the sample by monitoring the
absorbance at 517nm. A stopped flow approach was chosen
in order to follow the reaction development and to assess if total
consumption of antioxidant is attained during reaction monitor-
ing. Furthermore, the influence of initial DPPH® concentration
and sample dilution are also addressed in the present work.

2. Experimental
2.1. Reagents and solutions

All chemicals used were of analytical-reagent grade with no
further purification. For the preparation of all solutions water
from Milli-Q system (resistivity > 18 M2 cm) and ethanol p.a.
were used.

2,2-Diphenyl-1-picrylhydrazyl (DPPH*) and ascorbic acid
were purchased from Sigma (St. Louis, USA). Caffeic acid was
obtained from Aldrich (Milwaukee, USA). A stock solution
(5.80 x 10~* mol 1~!) of DPPH® was prepared by dissolving the
appropriate amount in ethanol. This solution was kept at 4°C
and protected from light, and it was stable during a week.

For the flow system, the DPPH® working solution containing
1.45 x 10~ mol I™! was prepared by measuring 50 ml of the
stock solution, 50 ml of ethanol and the volume was made up
to 200 ml with water. This working solution was prepared daily
and protected from light. Ethanol solution 50% (v/v) was used
as carrier solution.

Ascorbic and caffeic acid stock solutions (1.00 x 1072
mol 1~!) were prepared by dissolving the appropriate amount
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of the respective solid in ethanol solution 50% (v/v). Working
standard solutions containing either ascorbic or caffeic acid in
the concentration range 0.25-10.00 x 10~* mol1~! were pre-
pared by dilution of the respective stock solution using ethanol
solution 50% (v/v). These solutions were prepared daily.

For the analysis using the batch method, a DPPH® solu-
tion (1.25 x 10~4 mol I~ 1) in ethanol (50%, v/v) was prepared.
Working standard solutions containing ascorbic acid in the con-
centration range 0.25-2.00 x 10~*mol1™! were prepared as
described above.

In order to evaluate the influence of DPPH® concentration
on the establishment of calibration curves, different DPPH®
concentrations were prepared in ethanol solution 50% (v/v).
The concentrations studied were 1.500, 0.938, 0.750 and
0.375 x 10~*mol1~! providing initial absorbance values of
0.840, 0.528, 0.426 and 0.208, respectively.

All samples were purchased at local markets. The green tea
extracts were prepared by pouring 200 ml deionised water at
90°C into a glass with tea bag (1.49-1.77 g of leaves) and by
brewing during 3 min [20].

Before introduction into the flow system or analysis using the
batch method, samples were first diluted 50% using ethanol in
order to attain a final concentration of 50% (v/v) in ethanol. For
wine and beer samples, the initial alcohol content was considered
and these samples were diluted with ethanol and water. Some
samples were further diluted using ethanol solution 50% (v/v).
The sample dilutions used for the flow system varied from 1:2
to 1:333 and for the batch method varied between 1:2 and 1:200.

For determination of dispersion coefficient of Ruzicka and
Hansen [21], a bromothymol blue (BTB) solution was prepared
from a stock solution (0.50 g 1=1) by dilution in ethanol solution
50% (v/v) in order to provide an absorbance value of about 0.520
at 428 nm.

2.2. Apparatus

Solutions were propelled through the flow network by means
of a multi-syringe burette (Crison Instruments, Allela, Spain).
For this application, the multi-syringe was equipped with 5 ml
syringes in positions 1 and 2 while 10 ml syringes were placed
in the other two positions (Fig. 1). Three extra commutation
valves were included in the module used. For all valves, the
exchange options were classified in on/off lines. The “off” line
was assigned to the solution flasks and the “on” line was reserved
for the flow network in the valves placed at the multi-syringe. For
the other valves, the positions “on/off” were chosen to minimise
the time during which the valves were switched on in order to
avoid over-heating problems.

A personal computer, running lab-made software written in
QuickBasic 4.5 (Microsoft), controlled the multi-syringe oper-
ation (number of steps and direction of piston displacement and
the position of all commutation valves).

As detection system, a Jenway 6105 (Essex, UK) UV-vis
spectrophotometer equipped with a thermostatic cell holder and
a flow-through cell from Hellma (80 pl, ref. 178.710-QS, Mull-
heim/Baden, Germany) was used and the absorbance measure-
ments were carried out at 517 nm. The cell holder was connected
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Fig. 1. MSFIA manifold used for the determination of total antioxidant capacity
using DPPH* assay: MS, multi-syringe; Si, syringes; Vi, commutation valves
(solid and dotted lines represent the position on and off, respectively); B1 and B2,
confluences; HC, holding coil (200 cm}); RC, reaction coil (120 cm); D, detector;
C, carrier (ethanol solution 50%, v/v); R, 2,2-diphenyl-1-picrylhydrazyl reagent
prepared in C; AO, antioxidant standard solution or sample; PC, personal com-
puter; W, waste.

toa Tectron S-543 (Altrincham, UK) thermostatic bath. The data
acquisition was performed through a PCL-711B interface card
at 3 Hz, using the same software developed for controlling the
flow system. The data obtained were analysed using Origin 6.1
software.

2.3. MSFIA manifold and procedure

The system components were arranged as shown schemati-
cally in Fig. 1. All connections were made from Omnifit (Cam-
bridge, UK) PTFE tubing (0.8 mm i.d.) with Gilson (Villiers-le-
Bel, France) end-fittings and connectors. Two laboratory-made
acrylic Y-shaped connectors were used as confluences.

The connections between the multi-syringe and the valve V7
were 200 cm long. The holding coil (HC) had the same length.
The tubing length between the valves V5 and V6 was 4 cm long.
The connection between this valve and the confluence B1 had
the same length. The connection between confluences B1 and
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B2 was 50 cm long while the connection between the valve V7
and confluence B2 was 10 cm long. The reaction coil (RC) was
120 cm long.

The protocol sequence for the determination of total antiox-
idant capacity using DPPH*® assay is listed in Table 1. Before
starting the analytical procedure, syringe 4 was filled with car-
rier solution and further propelled to detection system. Thus, the
flow-through cell was filled with it and the absorbance signal
was adjusted to zero. After that, syringe 3 was filled with radical
solution while the syringes 1 and 2 were filled with carrier solu-
tion and further propelled to the detector. The absorbance value
measured corresponded to the absorbance of radical solution in
the absence of antioxidant compounds.

The procedure included six steps. The first step consisted
of filling syringes with the respective solutions. Then, 50 ul of
standard/sample was aspirated into the holding coil (HC). After
a dummy step, applied to change the flow direction [22], the
sample, carrier and reagent were sent towards the detection sys-
tem. During this step the sample plug was pushed by carrier
up to confluence B1, where it was diluted by carrier solution
from syringe 2. Subsequently, the diluted sample was mixed with
DPPH?* solution, after confluence B2. This mixture was further
propelled until it reached the detection system. Then, the flow
was stopped and the absorbance at 517 nm was measured dur-
ing 180s (temperature=25 + 1 °C). Finally, the flow-through
cell was washed with carrier and reagent solution to re-establish
the baseline. After this last step, the flow system was ready for
a new analytical cycle.

For the determination of intrinsic absorption of sample the
same procedure was performed, except for steps 4 and 6. In these
steps, the valve V3 was in position off and the valves V4 and V7
were in position on in order to replace the DPPH® solution by
carrier solution. Moreover, the absorbance measurements were
performed during 30s instead of 120s.

For the determination of DPPH®*/AO molar ratio in the
flow cell, the DPPH® concentration in the flow cell was cal-
culated by the ratio between absorbance value of radical
solution in the absence of antioxidant compounds and the
respective molar absorption coefficient at 517nm (e=11071 £
58 mol~! lem™1). The antioxidant concentration in the flow cell

Table 1

Protocol sequence for the determination of total antioxidant capacity using DPPH® assay

Step Description Position of the commutation valves Volume (pl) Time (s}

1 2 3 4 S 6 7

1 Syringes are filled with the respective F F F F F F F 3000 22.50
solutions

2 Sample is aspirated N F F F N F F 100 3.00

3 Dummy step to change the flow F F F F F F F 500 3.75
direction

4 Sample, carrier and reagent are sent N N N F F F F 750 15.00
towards detection system

5 Flow stop for reaction monitoring F F F F F F F - 180.00
with data acquisition

6 Carrier and reagent are sent to wash N N N F F F F 1850 37.00
the system

The indicated values for volume refer to syringe 3 (10 ml). N and F represent the positions on and off, respectively.
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was calculated as the ratio between the concentration of the solu-
tion introduced in the system and the dispersion coefficient.

2.4. End-point batch method

The DPPH® method described by Brand-Williams et al. [11]
was applied with some modifications [15] and it was adapted
to a microplate reader (Synergy HT, Bio-Tek, Vermont, USA).
The absorbance measurements were carried out at 517 nm.
Hence, 50 wl of ascorbic acid solution or sample and 200 pi
of DPPH® solution were placed in each well. To evaluate the
radical absorbance in the absence of antioxidant species, 50 p.l
of ethanol solution 50% (v/v) was added in place of antioxi-
dant solutions. To evaluate the intrinsic absorption of sample,
200 wl of ethanol solution 50% (v/v) was added to 50 pl of
sample. The reduction in DPPH® concentration was monitored
every 20's until the absorbance decrease was inferior or equal
to 0.003 units min—! [23]. All experiments were performed in
quadruplicate and the temperature was kept at 25.0 £0.1°C.

3. Results and discussion

3.1. Development of the MSFIA system for determination of
total antioxidant capacity

The configuration of the MSFIA system was designed to
allow the determination of total antioxidant capacity in several
samples using DPPH® scavenging reaction and spectrophoto-
metric detection. Since the reaction kinetics is strongly influ-
enced by the type of antioxidant compound present in the
sample a stopped flow approach was implemented. Hence, the
absorbance was monitored during 180 s. The DPPH® consump-
tion was assessed from the difference between the absorbance
of DPPH* in the absence of antioxidant compounds (A¢) and
absorbance of DPPH® measured in the presence of antioxidant
compounds after a fixed period of time (Af).

In multi-syringe flow systems it is not feasible to introduce the
sample into the system through one of the available syringes, as it
would take a long time of washing steps for avoiding carry-over
effect. Hence, in the present system the valve V5 was included
to provide access to the antioxidant standard solution or sample.
The valve V6 was included to allow sample exchange without
disturbing the content of the flow cell. Otherwise, it would have
been necessary to send DPPH® solution in order to re-establish
the baseline after sample exchange, increasing the reagent con-
sumption.

As some samples can absorb radiation at the same wavelength
of detection, the manifold was adapted to accommodate in-line
measurement of sample blank. Therefore, valve V7 was included
to allow the replacement of the DPPH® solution by carrier, in
order to perform the determination of intrinsic absorption of
sample. In this way, after confluence B2 the sample plug was
mixed with either DPPH® or carrier solution depending on the
position of valve V7 (off or on, respectively).

The confluence B1 was included in the manifold to increase
the sample dilution. Moreover, this confluence could be used
to allow the adjustment of pH or ionic strength by replacing
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the content of the syringe 2. The reaction coil (RC) disposed in
knitted form was set at 120 cm long.

Studies concerning the sample volume and the DPPH® con-
centration were carried out in order to evaluate the influence
of these parameters in the analytical performance. The condi-
tions used and the results obtained are discussed in the following
paragraphs.

For the different sample volumes tested (25, 50, 100 and
200 wl), preliminary studies were performed in order to adjust
the time during which solutions were sent towards the detec-
tor (Table 1, step 4). This was necessary to guarantee that the
flow was halted after maximum absorbance was achieved. These
experiments were performed using bromothymol blue dissolved
in ethanol solution 50% (v/v), as sample, and the procedure
described in Table 1 was applied. The wavelength was set at
428 nm. The time applied in step 4 for each sample volume was
selected in order to attain at least 90% of the highest signal (peak
maximum). Therefore, the time during which solutions were sent
towards the detector was set to 14.5, 15.0, 16.5 and 19.0s for
25, 50, 100 and 200 1, respectively. Moreover, the dispersion
coefficient [21] for each sample volume was calculated in order
to determine the sample dilution inside the system. The values
found were 44.2, 22.3, 13.0 and 7.8 for the above-mentioned
volumes.

Two antioxidant compounds with similar DPPH® consump-
tion in molar basis, but with different kinetic behaviours were
studied: ascorbic acid (rapid kinetics) and caffeic acid (rapid-
intermediate kinetics) [24]. The DPPH® concentration was
set at 1.50 x 10~*mol1~! providing an absorbance value of
0.813 £ 0.005 after dilution inside the flow system. The con-
centration of antioxidant standards used varied from 0.25 to
10.00 x 10~*mol1~!. The absorbance values obtained during
180s after flow halting for 50 .l of ascorbic and caffeic acid
solutions are depicted in Fig. 2.

The absorbance of radical solution in the absence of antiox-
idant compounds (Fig. 2A and F) was stable during the period
of absorbance measurement. As expected, the antioxidant com-
pounds reduced the radical DPPH®, resulting in absorbance
decrease. Furthermore, the amount of radical reduced increased
with antioxidant concentration.

For the period during which the absorbance was monitored,
the value was constant because the reaction between ascorbic
acid and DPPH* occurred before absorbance measurement took
place (Fig. 2B-E). Therefore, the absorbance decrease provoked
by a given ascorbic acid concentration was equal at any time
after flow halting. On the other hand, as caffeic acid presents
slower kinetic behaviour than ascorbic acid, the absorbance val-
ues continued to decrease during the interval of absorbance
measurement for some of the solutions tested (Fig. 2H-J). Sim-
ilar results were obtained for other sample volumes studied.

For each sample volume studied, a calibration curve was
established by plotting the absorbance decrease (A absorbance)
as a function of antioxidant concentration (R >0.9991). The
absorbance decrease was calculated from the difference between
the absorbance of DPPH® in the absence of antioxidant com-
pounds (A¢) and absorbance of DPPH® measured in the presence
of antioxidant compounds after 120s (Ar).
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Fig. 2. Absorbance measurements during 180 s after flow halting obtained for
50 wl of ascorbic and caffeic acid solutions. The DPPH® concentration was

fixed at 1.50 x 10™* mol1~}. The antioxidant concentration is expressed in
10~% mol 17! (A, F) 0.00; (B, G) 1.00; (C, H) 2.00; (D, T) 4.00; (E, J) 6.00.

It should be emphasised that for higher concentration of
antioxidant with slow kinetic behaviour, such as caffeic acid, the
reaction may not be completed within 120 s (Fig. 2J). Neverthe-
less, such situations can be easily spotted in the calibration curve
as they would originate points deviated from the line established
by the other points corresponding to lower antioxidant concen-
trations.

The sensitivity, estimated through the slope of calibration
curve (absorbance decrease per concentration of antioxidant
compound) increased with sample volume. In fact the values
obtained for 25, 50 and 100 were 17, 36 and 60% of the
value obtained for 200 pl. Nevertheless, the sample volume
of 50 ul was selected for further studies because the amount
of reagent expended to re-establish the baseline (Table 1, step
6) was inferior to that obtained for larger sample volumes
(100 and 200 p.l). Moreover, the determination frequency was
enhanced.

Using the experimental conditions described above, the influ-
ence of initial concentration of DPPH® was assessed. The
absorbance decrease values obtained for ascorbic acid solutions
using different concentrations of DPPH* are listed in Table 2.
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Table 2
Values of absorbance decrease obtained for ascorbic acid for different initial
concentration of DPPH® (n=3; S.D. < 0.004)

[DPPH*) (10~*mol1~})
0.750

[Ascorbic acid]
(10~*mol1~1)

1.500 0.375

1.00 0.094 (16.9)
1.50 0.135(11.3)

Py 08172 ¢9 &)
2.00 0.178 (8.5)

4.00 0.367 (4.2)
6.00 0.560 (2.8)

0.093 (8.6)
0.133 (5.7)

nN175 4N
U175 {8.0)

0.359 (2.1)
0.388 (1.4)

0.092 (4.2)
0.133 (2.8)

Nni173 09 1
(VB UKEVAY]

0.196 (1.0
0.197 (0.7)°

The values in parenthesis correspond to the DPPH*/antioxidant molar ratio in
the flow cell.
2 DPPH*/antioxidant molar ratio lower than the stoichiometric value.

The values of DPPH*/antioxidant molar ratio in the flow cell are
also indicated.

The DPPH® consumption by antioxidant compound was
independent of the initial concentration of radical except for
situations where DPPH®/antioxidant molar ratio was lower
than the stoichiometric value (which is 2 for ascorbic acid).
This observation may have some implications concerning the
way of antioxidant properties are expressed. In the litera-
ture it is usually found the expression of antioxidant capacity
as percentage of consumed DPPH®, referred to as “inhibi-
tion” or “quenching”, which is calculated as the ratio between
absorbance decrease and initial absorbance of DPPH®. As
absorbance decrease is independent of initial absorbance of
DPPH®, the values of percentage of consumed DPPH® will
be different for the same amount of antioxidant. For exam-
ple, for antioxidant concentration of 2.00 x 10™*mol1~! the
absorbance decrease was similar, independently of radical con-
centration, but the percentage of inhibition or quenching was
21.2,41.1 and 83.2% when the DPPH® concentration was 1.500,
0.750 and 0.375 x 10~* mol1~!, respectively. For this reason,
when evaluating the total antioxidant capacity, it is more accu-
rate to use the absorbance variation rather than the percentage
of radical consumed. It is also important to assure an excess
of radical DPPH® with the intention of exhausting the scav-
enging ability of the antioxidant, i.e. the DPPH*/antioxidant
molar ratio should be superior to the stoichiometric
value.

3.2. Evaluation of the MSFIA method and its application to
samples

The proposed MSFIA method was applied to determine the
total antioxidant capacity of several sampies including fruit
juices, isotonic and soft drinks, tea, beers and wines. This
was expressed as Vitamin C equivalent antioxidant capacity
(VCEAC) calculated as the equivalent amount of ascorbic acid
(mg) present in 100 ml of sample. These units were chosen since
nutritional labelling on food products are indicated/100 ml or
100 g [25]. Therefore, a calibration curve relating the absorbance
decrease after 120 s and the concentration of ascorbic acid (Vita-
min C) was established (R > 0.9996). The standard concentra-
tion varied between 0.44 and 10.57 mg of ascorbic acid/100 ml
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Fig. 3. Profile of DPPH® consumption for some samples, diluted prior to intro-
duction into the flow system: (A) orange juice A 1:2; (B) green tea 1:50; (C)
dark beer 1:20; (D) white wine 1:10; (E) ethanol solution 50% (v/v); (F) red
wine A 1:333; (G) red wine A 1:100; (H) red wine A 1:50.

(corresponding to 0.25 and 6.00 x 10~ mol1~!). Thus, the
absorbance decrease obtained for samples was related to that of
ascorbic acid and the total antioxidant capacity was expressed as
Vitamin C equivalents in mg/100 ml. This result was multiplied
by the respective dilution factor.

Some samples can absorb or originate compounds that also
absorb at the wavelength of measurement (517 nm). In both
situations, the absorbance decrease of DPPH* solution can be
underestimated [26]. On the other hand, the absorbing species
present in the sample can also react with DPPH®, changing its
contribution to the total absorbance measured along the reaction.
For this reason, the sample blank should not be included when
calculating DPPH® consumption. Nevertheless, in the present
work, sample blank was measured and values <0.006 were found
for all samples tested. As these values represent <1% of ini-
tial DPPH® absorbance, their contribution was not significant
whether the coloured species were bleached or not during deter-
mination.

The absorbance decrease of radical solution obtained for
some of the samples tested are presented in Fig. 3. For sam-
ples such as orange juices (Fig. 3A), in which ascorbic acid is
the mainly antioxidant compound, the radical was immediately
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scavenged and the absorbance value stabilised after a few sec-
onds of absorbance measurement. However, for samples such as
wine (Fig. 3D) or beer (Fig. 3C) where the components mainly
responsible for scavenging the DPPH® radical are polyphenolic
compounds, a biphasic kinetic response was obtained. In these
cases the reaction occurred rapidly in the first seconds and then
slowed, as described by Goupy et al. [27]. This slower step was
due to the antioxidant properties of slow reacting components
originally present in the sample and/or due to reaction products
formed during the rapid phase.

The VCEAC value was calculated for all samples using the
proposed MSFIA system and the end-point batch method. Sim-
ilar results (R.D.<10%) were found for samples for which a
stable value of absorbance was attained before 120 s, indicating
that the scavenging capacity was exhausted during the period of
absorbance measurement. For samples that showed a biphasic
kinetic response, MSFIA results were significantly lower than
those provided by the end-point batch method as the reaction
continued after the period of absorbance monitoring.

Therefore, in order to reach end-point values within 2 min,
the influence of sample dilution was assessed as the time to
attain the reaction end-point will decrease for lower antioxidant
concentrations [24,28]. This approach was applied to all sam-
ples tested and, as expected, the dilution did not influence the
results obtained for samples which were composed mainly by
fast scavengers (Table 3, isotonic drink A). On the other hand,
for samples such as red wine A (Table 3 and Fig. 3F-H), the
dilution plays an important role to achieve the exhaustion of
scavenging ability within the MSFIA conditions. For this sam-
ple, VCEAC values obtained by MSFIA were approximately
67, 75, 90 and 97% of those obtained by batch method when
the dilution factor was 1:50, 1:100, 1:200 and 1:333, respec-
tively. This increase in VCEAC values for higher dilution factors
was also observed in the batch method when the DPPH® con-
sumption was determined using the absorbance values after
2min of reaction (Table 3). This effect was not noticed for
end-point values, indicating that the differences reported before
are an artifact due to the reaction time employed. They would
probably be minimised by using a large period for absorbance
monitoring.

Moreover, dilution of sample did not provide results com-
parable to those of the end-point batch method for all samples.
In fact, for other wine samples, the VCEAC values determined
by MSFIA were about 60% of those given by the end-point
batch method. Furthermore, this approach has a serious limita-
tion as the dilution factor cannot be increased indefinitely since
the DPPH® consumption should be higher than that provided by
the lowest ascorbic acid standard.

Therefore, another approach was tried for these samples,
based not only on the absorbance measurement at 120 s after
flow stop but in all the information gathered during 180s of
absorbance monitoring in order to estimate the total consump-
tion of DPPH®. For this, the double-exponential model for
DPPH* consumption proposed by Espin et al. [28] was applied,
based on the following equation:

DPPH® = DPPH,* ¢~ + DPPH,* ¢~ #' 4+ DPPH,*



Chapter 4

Determination of total antioxidant cafigaising DPPH assay

316 L.M. Magalhdes et al. / Analytica Chimica Acta 558 (2006) 310-318

Table 3

VCEAC values (mg of ascorbic acid/100 ml) obtained by MSFIA and by batch method (after 2 min of reaction and at end-point) applying different dilution factors

Sample Dilution factor MSFIA? (2 min) Batch® (2 min) Batch? (end-point) End-point time (min)
[sotonic drink A 10 108 £ 0.2 9.7+03 10.0 £ 0.3 5
6.6 10.1 £ 0.1 9.5+ 0.1 9.7 £ 0.1 5
5 10.1 £ 0.2 9.7 £ 0.1 9.9+ 0.2 5
Soft drink 40 319 £ 0.7 256 +£ 1.3 274+£13 5
20 280+ 1.1 23.7 £ 06 26.8 =04 10
133 27.7£04 225+ 06 27.7+£03 20
Red Wine A 333 215+ 6 155 £ 16 221 £ 16 15
200 199 £ 6 140 £ 11 2229 25
100 165 £ 1 131+ 6 217+ 4 40
50 148 + 3 = —
Each value corresponds to the mean + S.D.
2 (n=3).
b (n=4),

where DPPH? is the radical concentration at any time, and « and
B are the first-order rate constants for the simple uniexponential
that form the double exponential equation, one corresponding
to the fast step and the other to the slow step. The parameters
DPPH, * and DPPH,* are the radical concentrations at time zero
for the simple uniexponential equations that form the double
exponential, and represent the DPPH® consumed in the fast step
(DPPH, *) and that consumed in the slow step (DPPH*). Finally,
DPPH;* is the remaining DPPH® concentration in the medium
after antioxidant depletion.

The DPPH*® consumption can be calculated from the differ-
ence between the initial concentration of DPPH® and DPPH,*
or from the sum of DPPH® consumed in the fast step (DPPH; *)
and that consumed in the slow step (DPPH,*). Since DPPH*
concentration values were proportional to absorbance values,
the experimental data (absorbance versus time) obtained for
three samples were fitted by non-linear regression (R? >0.996),
and the absorbance values corresponding to DPPH,*, DPPH,*,
and DPPH,* were obtained. The VCEAC values were calcu-
lated (Table 4) and similar values to those obtained by the
end-point batch method were attained using estimate values for
DPPH* consumption in the fast and slow steps. This was not
verified when using the estimate value for remaining DPPH®,
which provided an underestimated consumption. This situation
may be due to the utilisation of data concerning only the first
3 min of reaction while it took about 35 min to reach the end-
point. Therefore, we propose the application of DPPH;* and
DPPH;* values for calculation of VCEAC when samples do

Table 4

not exhaust its scavenging capacity within 3 min of reaction
monitoring.

The results obtained by the proposed methodology (Cmsria)
and by the batch method (Cpaicn) for the determination of total
antioxidant capacity in all samples are summarised in Table 5.
In order to evaluate the accuracy of the proposed methodol-
ogy, a linear relationship between the results provided by the
two methods was established. The equation Cmspia =1.009
(£0.025)Chatch — 0.9 (£2.9) was obtained, where the values
in parentheses are the limits of the 95% confidence intervals
(R=0.9994). From these data, it is clear that the calculated slope
and intercept do not differ significantly from the values 1 and
0, respectively [29]. The precision of the MSFIA method was
estimated by calculating the relative standard deviation from 10
consecutive determinations of two standard ascorbic acid solu-
tions (3.52 and 10.57 mg/100 ml), providing values of 0.9 and
0.4%, respectively.

The detection limit was calculated as the concentration cor-
responding to the intercept value plus three times the statistic
syx [29]. For five different calibration curves, the calculated
detection limit was about 0.17 mg/100 ml. However, as the sam-
ples had to be diluted 1:2 in order to attain a final concen-
tration of ethanol 50% (v/v), the detection limit was in fact
0.34 mg/100 ml.

Considering that the time required for a complete analytical
cycle is not merely the summation of the time taken for each step
performed because data transference between the computer and
the multi-syringe must also be accounted, the whole analytical

VCEAC values (mg of ascorbic acid/100 ml) obtained for samples presenting slow kinetic behaviour using end-point batch method and MSFIA

Sample MSFIA? End-point batch method®
Single point (1205) Kinetic (DPPH;*) Kinetic (DPPH;* + DPPH,*)
White wine 13.0 £ 0.3 (1:20) 213 £ 1.7(1:10) 24.8 £ 0.6 (1:10) 22.6 + 0.5 (1:20)
Red wine A 215 + 6(1:333) 187 &+ 10 (1:50) 226 + 8 (1:50) 217 + 4 (1:100)
Red wine B 183 + 9(1:200) 209 + 11 (1:133) 318 £2(1:133) 311 + 7(1:200)
Each value corresponds to the mean+ S.D.
2 (n=3).
b (n=4).
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Table 5
VCEAC values (mg of ascorbic acid/100 ml) obtained by MSFIA methodology (Cmsria) and by the batch method (Catch) for the determination of total antioxidant
capacity
Sample CwmsFia® Chatch® R.D. (%)
Fruit juice 36.2 + 0.3 (1:10) 36.2 + 1.9 (1:80) 0.0
Orange juice A 99 + 0.1(1:2) 9.9 £ 0.4 (1:10) 0.0
Orange juice B 27.6 £ 0.3 (1:20) 25.2 + 1.5 (1:40) +9.5
Soft drink 27.7 + 0.4 (1:13.3) 27.7 £ 0.3 (1:13.3) 0.0
Isotonic drink A 10.1 &+ 0.2 (1:5) 9.9 £ 0.2 (1:5) +2.0
[sotonic drink B 1.1 £ 0.1(1:2) 1.2 +£0.1(1:2) —8.3
Green tea 111 £ 1 (1:100) 119 £ 1 (1:100) -6.7
Dark beer 36.1 £ 0.8 (1:66.6) 39.1 £ 0.4 (1:20) -7.7
Lager beer 10.2 £+ 0.3 (1:10) 11.8 + 0.2(1:10) —13.6
White wine® 24.8 + 0.6 (1:10) 22.6 £ 0.5(1:20) +9.7
Red wine A 215 £+ 6(1:333) 217 £+ 4(1:100) -0.9
Red wine B¢ 318 + 2 (1:133) 311 4 7(1:200) +2.3

Each value corresponds to the mean + S.D. The values in parentheses are the sample dilution performed prior to introduction into the flow system. R.D. =relative

deviation between the two methods.
2 (n=3).
b (n=4).
¢ MSFIA results based on kinetic information.

cycle listed in Table 1 took 273 s. Therefore, in this case, the
determination frequency was approximately 13h~".

4. Conclusions

The automatic system proposed in the present work allowed
the performance of DPPH® assay using strictly controlled reac-

tion conditions with reduced handling of the samnle. control of

1ion ConaIens Wit reGuceea aandiing Of N sallipic, contios

temperature and excellent repeatability. The contact of radical
and antioxidant species with oxygen and other substances in the
working environment is reduced. Moreover, the solvent loss due
to evaporation is also reduced when compared to batch methods.

Considering the automatic flow systems previously described
using the DPPH® assay, the present system relies on less
expensive and common detection system when compared to
electron spin resonance (ESR) spectrophotometer used previ-
ously [12,13]. Moreover, the antioxidant capacity was calculated
through the absorbance decrease which is independent of initial
absorbance of DPPH® solution rather than the percentage of
consumed radical [14]. This aspect is essential for standardiza-
tion and for obtaining comparable and reliable results for studies
performed in different laboratories.

The present work offers a fast alternative to the end-point
batch method, also providing qualitative information about the
kinetic behaviour of antioxidant compounds initially present in
the samples or formed during the reaction with DPPH®. For
samples comaining compounds that rapidly scavenge the radical

1dant capacny can be detenmned using a smgle absorbance
measurement after flow stop. Moreover, the controlled condi-
tions concerning time and mixture of reagents provided by the
automatic flow system allowed the application of a mathematical
model to the data collected within the first 3 min of reaction to
estimate the total DPPH® consumption for samples containing
or originating slow reacting compounds. In this case, the com-
bination of automation and mathematical modelling resulted in
a considerable reduction of the time taken for a single analysis,
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providing results comparable to those attained using the end-
point batch method.
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In the present work, an automatic flow procedure based on multi-syringe flow injection analysis was
developed for the assessment of Folin—Ciocalteu reagent (FCR) reducing capacity in several types
of food products using gallic acid as the standard. Different strategies for mixing of sample and reagent
were tested (continuous flow of FCR, merging zones, and intercalated zones approaches); lower
reagent consumption and higher determination throughput were attained for the merging zones
approach (100 uL of sample + 100 xL of FCR). The application of the proposed method to compounds
with known antioxidant activity (both phenolic and nonphenolic) and to samples (wines, beers, teas,
soft drinks, and fruit juices) provided resulits similar to those obtained by the conventional batch method.
The detection limit was 0.6 mg L™', and the determination frequency was about 12 h~'. Good

repeatability was attained (RSD < 1.3%, n = 10).

KEYWORDS: Multi-syringe flow injection; Folin—Ciocalteu reducing capacity; phenolic compounds

INTRODUCTION

Free radicals, reactive oxygen species (ROS), and reactive
nitrogen species (RNS) derived either from normal metabolic
processes or from external sources are directly related with
oxidation in food and biological systems. They are also
implicated in the oxidative rancidity, which is one of the most
critical factors affecting the shelf life of processed food, and in
the development of several human diseases such as neurological
degeneration, cataracts, diabetes, cardiovascular diseases, and
certain types of cancer (/, 2). Interest in antioxidant nutrients
has increased in the light of recent evidence regarding their
protective effects against these free radical-induced reactions
(3, 4). With a few exceptions (such as carotenoids, vitamin C,
and vitamin E), the most important dietary antioxidants are the
phenolic compounds (5). For this reason, the assessment of total
phenolic content has gained enormous attention in the last few
years, especially within the food, biological, and agrochemical
fields.

Many analytical procedures have been developed for quan-
tification of total phenolic content in foods (6, 7). Although
separative methods such as capillary electrophoresis and high-
performance liquid chromatography with diode array detection
are powerful techniques for the isolation and identification of
phenolic compounds in complex samples, their application to
estimate the total phenolic content may be inaccurate (§).

* Corresponding author. Telephone: +351 222078994. Fax: +351
222004427. E-mail: msegundo@mail.ff.up.pt.

* Universidade do Porto.

1 Universidade Catélica Portuguesa.

Moreover, the separative techniques are time-consuming, ex-
pensive, and often not suitable for routine determinations.

For quantification of total phenolic content, most of the
available methods are based on the reaction of phenolic
compounds with a colorimetric reagent, thus allowing their
measurement in the visible region of the spectra (7). Among
these methods, the Folin—Ciocalteu assay (FC assay) is
frequently applied (9, 10), and recent studies have shown that
total phenols determined by this method can be correlated to
antioxidant activity determined by different methods (ABTS**
and DPPH" assays, for instance) (/). For this reason, the method
described by Singleton and Rossi (9) has been proposed recentty
as a standardized method for use in the routine quality control
and measurement of antioxidant capacity of food products and
dietary supplements (/2). Moreover, the novel designation “FC
reagent reducing capacity” was suggested (/3).

For routine analysis, the automation of FC assay has been
described using flow injection analysis (FIA) (/4—17) and
sequential injection analysis (SIA) (/8) for the determination
of total polyphenols index of wine and beer samples. However,
these methodologies replaced the recommended gallic acid
reference standard with oenological tannin {/4), coumaric acid
(15), or tannic acid (16—18).

Therefore, the objective of the present work was the develop-
ment of an automatic flow procedure based on multi-syringe
flow injection analysis (MSFIA) (19, 20) for the assessment of
FC reagent reducing capacity using gallic acid as standard.
MSFIA was introduced in 1999 in order to combine the
multichannel operation of flow injection analysis to the flexible

10.1021/jf060324s CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/23/2006
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flow management offered by the multi-commutation technique.
These features were exploited in the present work for evaluation
of different strategies for mixing of sample and reagent.
Furthermore, the application of the proposed method to samples
and compounds with known antioxidant activity (both phenolic
and nonphenolic) was also evaluated. The results were compared
with the conventional batch method proposed for standardiza-

tion.

MATERIALS AND METHODS

Chemicals. All chemicals used were of analytical-reagent grade with
no further purification. Folin—Ciocalteu reagent (FCR), gallic acid,
ascorbic acid, resorcinol, butylated hydroxyanisole (BHA), quercetin,
and ferrous sulfate were purchased from Sigma (St. Louis, MO). Caffeic
acid, catechol, propyl gallate, ferulic acid, and cinnamic acid were
obtained from Aldrich (Milwaukee, WI). Trolox (6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid), S-carotene, sinapic acid, ellagic
acid, and (—)-epicatechin were obtained from Fluka (Buchs, Switzer-
land). Pyrogallol and tannic acid were purchased from Riedel-de-Haén
(Seelze, Germany). Citric acid, sodium sulfite, b-(+)-glucose, sodium
carbonate, and sodium hydroxide were obtained from Merck (Darm-
stadt, Germany).

Reagents and Samples. Water from Milli-Q system (resistivity >
18 MQ cm) and ethanol absolute pro analysis were used for the
preparation of all solutions.

The stock solutions were prepared by dissolving gallic acid, ascorbic

acid, citric acid, ferrous sulfate, sodium sulfite, and D-(+)-glucose in
water. Resorcinol, catechol, BHA, trolox, pyrogallol, caffeic acid, propy!
gallate, tannic acid, ferulic acid, sinapic acid, and cinnamic acid were
dissolved in ethanol solution 50% (v/v). f-Carotene, ellagic acid, (—)-
epicatechin, and quercetin were dissolved in ethanol. The working
solutions were prepared daily in a range between 3.1 and 766 uM by
rigorous dilution of the respective stock solutions in water.

For the studies concerning different strategies for mixing sample
and reagent, the following solutions were prepared: NaOH, 0.25 M;
HCl, 0.10 M; and working standard solutions of gallic acid (2.5—100.0
mg L™"). FCR was diluted 1:20 (v/v) with water.

For the automatic determination of FCR reducing capacity of

compounds and food products, FCR was diluted 1:40 (v/v) (experiments
using pure compounds) and 1:10 (v/v) (experiments using samples)
with water. Sodium hydroxide solution (0.25 M) and working standard
solutions containing gallic acid (2.5—40.0 mg L") were also prepared.

For the batch method, FCR was diluted 1:5 (v/v) in water. Sodium
carbonate (60 g L™!) and working standard solutions of gallic acid (2.5
and 25.0 mg L™!) were also prepared.

All food products were purchased at local markets. The tea extracts
were prepared by pouring 200 mL of deionized water at 90 °C into a
glass with tea bag (1.49—1.66 g of leaves) and by brewing for 5 min.
No sample treatment other than dilution using water was applied before

datarmmination Tha dilutiong narforme. or o flow gv
determination. The dilutions performed for the flow system and for

the batch method varied from 1:25 to 1:200.

For determination of dispersion coefficient of Ruzicka (21), a
bromothymol blue (BTB) solution was prepared from a stock solution
(0.20 g L") by dilution in 0.1 mol L~' NaOH solution in order to
provide an absorbance value of about 0.646 at 620 nm.

Apparatus. Solutions were propelled through the flow system by
means of a multi-syringe piston pump (Crison Instruments, Allela,
Spain) equipped with syringes of 5 mL (Hamilton, Switzerland). Each
syringe is connected to a three-way solenoid valve (N-Research,
Caldwell, NJ) that allows the access to two different channels (solutions
flask or flow network). The multi-syringe module also comprises extra
commutation valves. For all valves, the exchange options were classified
in on/off lines. The “off” line was assigned to the solution flasks, and
the “on” line was reserved for the flow network in the valves placed at
the multi-syringe. For the other valves, the positions are assigned in
order to maintain the valves turned “off” most of the time to avoid
over-heating problems. All tubing connecting the different components
of MSFIA was made of PTFE (Omnifit, Cambridge, U.K.) of 0.8 mm
i.d. with Gilson (Villiers-le-Bel, France) end-fittings and connectors.
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Figure 1. MSFIA manifolds for evaluation of different mixing strategies
(A) and determination of FCR reducing capacity (B): MS, multi-syringe;
Si, syringe; Vi, commutation valves (solid and dotted lines represent the
position on and off, respectively); MC, mixing coil; RC, reaction coil (100
cm); D, detector; Ti, confluences; C1, NaOH 0.25 M; C2, water; C3, HCI
0.10 M; R1 and R2, Folin—Ciocalteu reagent diluted at 1:20 and 1:10
(vIv), respectively; S, standard solution or sample; PC, personal computer,
W, waste.

A personal computer, running homemade software written in
QuickBasic 4.5, controlled the multi-syringe operation (number of steps
and direction of piston displacement) and the position of all commuta-
tion valves.

As detection system, a Jenway 6100 (Essex, UK.) UV—vis
spectrophotometer equipped with a flow-through cell from Hellma
(internal volume = 80 uL, ref 178.710-QS, Mullheim/Baden, Germany)
was used, and the wavelength was set at 750 nm. The data acquisition
was performed through a PCL-711 B interface card at 3 Hz, using the
same software developed for controlling the flow system. Furthermore,
the analytical signals were also recorded in a Kipp & Zonen (Delft,
The Netherlands) BD 111 strip chart recorder.

MSFIA Manifold and Procedure for Evaluation of Different
Mixing Strategies. The system components were arranged as shown
schematically in Figure 1A. The connection between the multi-syringe
and the valve V5 was 200 cm long. The tubing length between valve
V5 and contluence Tt was 20 cm long while the mixing coil (MC)
was 100 cm long. The reaction coil (RC) had the same length.

These components constituted a flow network, where the manage-
ment of solutions was defined through software control. This aspect
allowed the implementation of different strategies for mixing sample
and reagent (gallic acid—FCR) without physical reconfiguration of the
manifold. Therefore, five different strategies were implemented based
on continuous flow of FCR or on merging or intercalation of segments
of sample and reagent. The protocol sequence was similar for each
strategy adopted. Initially, the syringes were filled with solutions from
the respective reservoirs (1650 L) with all valves at off position. Then,
100 uL of gallic acid standard solution was aspirated by activating
valves V3 and V5. After a dummy step (250 xL), applied to change
the flow direction (22), the different mixing strategies were applied as
described below in detail. Thereafter, at confluence T2 an alkaline
solution was added, and the mixture was further propelled toward the
detection system (total flow rate = 3 mL min™!).

The first approach tested was similar to a conventional FIA procedure
(23), involving the continuous flow of FCR. In this case, the sample
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Determination of Folin—Ciocalteau Reducing Capacity

Table 1. Protocol Sequence for the Determination of FCR Reducing Capacity
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position of the commutation valves? volume? time

step description 1 2 3 4 5 6 (eel) (s)
1 syringes are filled with the respective solutions F F F F F F 2300 6.90
2 sample and FCR are aspirated F N N F N N 200 12.00
3 dummy step to change the flow direction F F F F F F 500 1.50
4 sample, FCR, and NaOH are sent toward detection system N N N F F F 600 18.00
5 flow stop F F F F F F 240.00
6 carrier and NaOH are sent to wash the system N N N F F F 1400 21.00

2N and F represent the positions on and off, respectively. ® The indicated values for volume refer to syringe 10 mL.

segment was merged at confluence T1 with reagent stream (valves V1,
V2, and V3 were in position on).

The merging zones strategy (24) was also implemented, using equal
(experiment merging zones 1) or different volumes (experiments
merging zones Il and I1T) of FCR and sample. In the experiment merging
zones | (100 L of sample + 100 uL of FCR), the sample was pushed
by carrier until confluence T1 (valves V1, V3, and V4 were in position
on). After that, the sample and reagent segments were simultaneously
sent to MC by activating valves V1, V2, and V3. In the experiment
merging zones I1, 100 4L of sample was merged with 300 uL of FCR.
For this, sample and reagent zones were sent into the MC during a
single forward displacement of the piston driver bar by activating valves
V1, V2, and V3. The experiment merging zones III was performed
using 100 L of FCR and 300 xL of sample. After the sampling step,
sample was pushed by carrier into the MC creating a front zone of
sample of 100 uL (valves V1, V3, and V4 were in position on). After
that, by activating valves V1, V2, and V3, 100 4L of sample and 100
uL of FCR were merged at confluence TI. Finally, in all these
experiments, the final mixture was further propelled to the detector by
activating valves V1, V3, and V4.

The last approach tested was implemented by sequential introduction
of reagent and sample segments into MC channel, creating a plug of
intercalated zones. The sample was placed between two segments of
reagent and the mixture took place at the boundaries of each segment,
as occurs in sequential injection analysis (SIA) (25). In this case, each
segment had 100 4L of volume. The flow protocol was applied by
sequentially activating valves V1, V2, and V3 (insertion of reagent) or
valves V1, V3, and V4 (insertion of sample). For each experiment, the
dispersion coefficient of the sample was calculated as recommended
by Ruzicka and Hansen (27).

MSFIA Manifold and Procedure for Determination of FCR
Reducing Capacity. The system components were arranged as shown
schematically in Figure 1B. The connections between the multi-syringe
and the valves V5 and V6 were 200 cm long. The connections between
these valves and confluence T3 were 5 cm long. The mixing coil (MC)
had the same length. The reaction coil (RC) was 100 cm long.

The following modifications were performed in the manifold
presented in Figure 1A. The Folin—Ciocalteu reagent was introduced
into the flow system by aspiration through one extra commutation valve
(V6) instead of direct introduction through syringe 2. Moreover, the
mixing coil was reduced from 100 to 5 cm in order to minimize the
dispersion of standard/sample and FCR.

The protocol sequence for the determination of FCR reducing
capacity is summarized in Table 1. Before starting the analytical cycle,
syringe 1 was filled with NaOH solution while the other two syringes
were filled with water. After flow reversal, these carriers were propelled
toward the detection system. Thus, the flow-through cell was filled,
and the absorbance signal was adjusted to zero.

In the first step of the analytical cycle, syringes were filled with the
respective solutions. Then, 100 uL of standard/sample and 100 xL of
FCR were aspirated. After a dummy step applied to change the flow
direction (22), the standard/sample and FCR plugs were propelled
through confluence T3 and MC up to confluence T4, where NaOH
solution was added. After passing through RC, this mixture was
propelied until it reached the flow-through cell. Then, the flow was
stopped, and the absorbance at 750 nm was monitored during 240 s at
room temperature. After the last step, in which carrier and NaOH were
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sent to wash the flow-through cell, the flow system was ready for a
new analytical cycle. All experiments were performed in triplicate.

For the analysis of pure compounds, the same flow procedure was
performed without flow stop. The reactivity of each compound was
estimated through the establishment of linear calibration curves by
plotting the absorbance as a function of concentration of testing
compound (#M). Under these conditions, the slope of the calibration
curve for testing compound was compared to the slope of the calibration
curve for the standard compound (gallic acid). This ratio (%) reflected
the FCR reducing capacity of the testing compound.

Folin—Ciocalteu Batch Method. The Folin—Ciocalteu method
described by Singleton and co-workers (9, 10) was adapted to a
microplate reader (Synergy HT, Bio-Tek, Winooski, VT). Hence, 50
uL of gallic acid standard solution or food sample and 50 uL of FCR
were placed in each well. After that, 100 uL of sodium carbonate
solution was added. The absorbance of the blue complex formed was
monitored at 760 nm every 60 s during 2 h. All experiments were
performed in quadruplicate, and the temperature was kept at 25.0 +
0.1 °C.

RESULTS AND DISCUSSION

Evaluation of Different Mixing Strategies. The chemistry
behind the FC assay relies on the transfer of electrons in alkaline
medium from phenolic compounds to phosphomolybdic/phos-
photungstic acid complexes to form blue complexes that can
be detected spectrophotometrically (9). In this case, the sequence
of mixture is of utmost importance, especially in order to avoid
premature alkaline destruction of the FCR (/0). This aspect was
considered when developing the automatic flow system. There-
fore, the reagent solution (FCR) was placed in syringe 2, and it
was mixed with gallic acid standard solution in mixing coil
(MC) after confluence T1. This mixture was further merged at
confluence T2 with NaOH solution propelled by syringe 1. As
the FC reagent contains acid, HCI solution was placed in syringe
4 as the carrier in order to maintain the pH value through flow
system.

As MSFIA systems are based on a flow network relying on
computer-controlled solenoid valves, different strategies for
mixing sample and reagent after confluence T1 were evaluated.
This was performed through software control without manifold
reconfiguration.

The analytical features of different mixing strategies are
summarized in Table 2. The sensitivity estimated through the
slope of calibration curve was inversely related to the dispersion
coefficient of sample. Thus, for the larger sample volume tested
(300 uL, experiment merging zones III), the sensitivity is about
twice that obtained for other experiments. However, the linear
range decreased, and the determination frequency also decreased
from 27 to 21 determinations h™!. For experiments using 100
uL of sample, the sensitivity was similar (in the range 8.88—
9.28 mAU mg~' L). However, as the reaction on the intercalated
zones approach took place at the boundaries of each segment,
the linear range decreased from 5 to 100 to 5—40 mg L~%. On
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Table 2. Analytical Features of Different Strategies for Mixing Sample and Reagent in MSFIA

slope? linear FCR NaOH
(mAU range determination consumption® consumption
mixing strategy mg~'L) (mgL~") Dsample frequency (h~") (¢eL/determination) (mg/determination)
continuous flow of FCR 8.88 5-100 7.83 27 75 15
(100 pL of sample)
merging zones | 921 5-80 25 5 15
{100 gL of sample + 100 uL of FCR)
merging zones |l 8.90 5-100 7.83 26 15 15
(100 L of sample + 300 L of FCR)
merging zones ! 17.43 2.5-40 3.96 21 5 15
(300 pL of sample + 100 uL of FCR)
intercalated zones 9.28 5-40 7.60 24 10 15
(100 uL of FCR/M00 uL of sample/100
uL of FCR)

2 For all calibration curves R = 0.9997, n = 5. ®Values refer to the commercial solution.
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Figure 2. Reaction monitoring during 4 min after flow halting for different
NaOH concentrations (M) A, 0.10; B, 0.25; C, 0.50. Other conditions:
gallic acid concentration, 25 mg L™, FCR concentration, 1:20 (v/v).

the other hand, in the experiments with continuous flow of FCR,
merging zones II, and intercalated zones approaches, the
consumption of FCR was 15, 3 and 2 times of that verified on
the experiment merging zones 1. Therefore, this approach (100
uL of standard/sample and 100 uL of FCR) was chosen as it
provided good linear range (5—80 mg L7!), low reagent
consumption (5 uL of commercial FCR per determination), and
determination frequency similar to that obtained in the other
experiments.

Study of Chemical Aspects. Studies concerning the reaction
time, Folin—Ciocalteu reagent, and NaOH concentration were
carried out using a univariate approach. A preliminary study
on the effect of reaction time was carried out using FCR diluted
1:20 (v/v) and NaOH 0.25 M. The flow was stopped in the
reactor (RC) during 0, 30, 60, and 90 s before the detection
step; the slope of calibration curves obtained was 10.5, 11.2,
11.4, and 11.4 mAU mg™' L, respectively. The sensitivity
increased with time of flow stop up to 60 s; this value was
chosen for the next experiment.

The Folin—Ciocalteu reagent concentration was evaluated at
1:40, 1:20, 1:10, and 1:5 (v/v) using the experimental conditions
described above. The sensitivity obtained was 10.6, 11.2, 13.1,

and 10.7 mAU mg™! L, respectively. Thus, the FCR concentra-

tion 1:10 (v/v) was chosen as it provided the highest sensitivity.

To evaluate the influence of NaOH concentration, the kinetic
of the reaction was also considered. For this, the flow was
stopped when the sample segment reached the flow-through cell
(18 s after the solutions were sent toward the detector) and the
absorbance was monitored during 240 s (Figure 2). For 25 mg
L~! gallic acid, it was observed that higher alkali levels
accelerated the color development and its fading. For that reason,
it is important to have enough but not excessive alkalinity
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because it affects the kinetic of the reaction and also the stability
of the complex formed (10).

Therefore, the influence on the sensitivity and on the time
necessary to attain the maximum value of absorbance was
assessed. For NaOH concentrations of 0.10, 0.20, 0.25, 0.30,
and 0.40 M, the sensitivity obtained was 10.0, 14.1, 13.7, 13.1,
and 12.6 mAU mg™' L, respectively. Moreover, the time
necessary to reach the maximum absorbance value was 2.5, 5,
4,2.5, and 1.5 min, respectively. Although the highest sensitivity
was obtained with 0.20 M NaOH, the time required to reach a
stable absorbance value increased to 5 min. Thus, the concentra-
tion chosen was 0.25 M since the sensitivity was similar and
the time of stopped flow was reduced to 4 min.

Application to Pure Compounds. Several phenolic and
nonphenolic compounds were tested, including phenolic anti-
oxidants as propyl gallate and BHA that are frequently used as
additive in foods. Moreover, nonphenolic compounds with
known antioxidant properties (ascorbic acid, S-carotene, sodium
sulfite) and other compounds which are known to react with
FCR but are not effective as antioxidant (citric acid, ferrous
sulfate, D-glucose) were also evaluated. Cinnamic acid was
chosen as negative control.

The FCR reducing capacity, expressed as the ratio between
the slopes of the calibration curves determined for pure
compounds and for gallic acid, are presented in Table 3. The
values obtained for the MSFIA system were in agreement with
those obtained using the conventional batch procedure; they are
also similar to those described by other authors (9, 10).

Some exceptions were observed, as occurred for resorcinol
that originated a lower ratio value for MSFIA when compared
to the batch procedure employing carbonate buffer solution for
pH adjustment. When performing the batch procedure using
NaOH solution, results similar to MSFIA were attained. For
(—)-epicatechin, a lower ratio value was also found for the
MSFIA procedure when compared to the batch method.
Nevertheless, when the reaction conditions in the MSFIA system
were changed (flow stop during 4 min and FCR 1:10 (v/v)),
similar results were observed (RD = +2.3%).

Some nonphenolic substances, such as ascorbic acid and
ferrous ion, also reacted with FCR. On the other hand,
[B-carotene, cinnamic acid, citric acid, D-glucose, and sodium
sulfite did not react with FCR (the upper limits of concentration
tested were 0.005, 1.00, 5.01, 11.2, and 16.0 mM, respectively).
Therefore, the present method is not suitable for determination
of total phenolic content unless interfering substances are
considered or removed. Moreover, the application of this method
for determination of antioxidant capacity in food samples is
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Table 3. Relative FCR Reducing Capacity Obtained for Phenolic and
Nonphenolic Compounds Determined by the Proposed MSFIA and
Batch Method?
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Table 4. Resuits (mg L~1) Obtained for Analysis of Different Samples
by MSFIA Methodology (Cusew) and Batch Method {Coaten) for the
Determination of FCR Reducing Capacity?

linear range® RD¢
compounds (uM) MSFIA batch (%)
Phenolic and Polyphenolic

BHA 25-126 88 37 +138
caffeic acid 15-150 103 104 -1.0
catecho! 22-93 e 108 -08
ellagic acid 10-50 202 196 +3.1

(—}-epicatechin 13-64 169 214 -21
ferulic acid 31-123 79 80 -1.3
propyl gallate 15-150 98 94 +4.3
pyrogallol 15-150 109 108 +0.9
quercetin 14--58 191 195 =21

resorcinol 22-354 58 83 -30

sinapic acid 29-116 88 137 —-36
tannic acid 3.1-11 762 789 -34

trolox 29-353 58 39 +49

Nonphenolic

ascorbic acid 28-224 63 64 -1.6

ferrous sulfate 153-766 8.4 16.9 50

aThe results are expressed as the ratio (%) between the slope of the calibration
curves obtained for the testing compound and for gallic acid. ° For all calibration
curves R = 0.9995, n = 4. °RD = relative deviation.

proposed for evaluation of the contribution from phenolic and
other reducing substances (as ascorbic acid, for instance). The
contribution from other antioxidant compounds with different
mechanism of action (such as S-carotene) may not be consid-
ered.

Application to Food Samples. The assessment of FCR
reducing capacity of several food products including wines,
beers, teas, soft drinks, and juices was performed using the
proposed MSFIA system. The absorbance value obtained for
samples was interpolated in the following calibration curve: A
=0.0132 (& 0.0002) x C+ 0.001 (& 0.001) and R? = 0.9998,
where A4 is the absorbance and C is the concentration of gallic
acid (mg L™"). Thus, the FCR reducing capacity was expressed
as gallic acid equivalents (mg L™"). This result was multiplied
by the respective dilution factor.

The results obtained by the proposed methodology (Cwusria)
and by the conventional batch method (Charcn) for the analysis
of the samples are presented in Table 4. The FCR reducing
capacity values obtained for wines were in agreement with those
reported by other authors (26, 27) that have also found values
about 10 times higher for red wines in comparison to white
wines.

For comparison purposes, a linear relationship (Cusria = Co
+ S x Cpuen) Was established (» = 15), and the values for
intercept (Cy), slope (S), and correlation coefficient were 13.5
(% 18.4),0.994 (£ 0.015), and 0.9997, respectively. Considering
the limits of the 95% confidence intervals presented (values in
parentheses), the calculated slope and intercept do not differ
significantly from the values | and 0, respectively. Therefore,
there is no evidence for systematic differences between the two
sets of results (28) obtained by the proposed methodology and
by the conventional batch method. Furthermore, when a paired
t-test was performed on the data obtained for all samples, a ¢
value of 1.416 was calculated. The comparison between this
value and the ¢ (P = 0.05; df = 14) = 2.145 indicates no
significant difference for the mean concentrations obtained by
the two methods (28).

The repeatability of the developed method was assessed by
calculating the relative standard deviation from 10 consecutive
determinations of three gallic acid standard solutions (2.5, 10.0,
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sample Cusrin® Coaten® RD? (%)
red wine A 2422+11  (1:2200)  2419+21  (1:100) +0.1
red wine B 252611 (12000  2490+20  (1:100) +1.4
red wine C 2278 +15  (1:200)  2329+9 (1:100) 22
red wine D 1890+35  (1:200) 1889+26  (1:100) +0.1
whittwine A 204+8  (11100)  305+3  (1:50) -36
white wine B 280+2 (1:50) 282+2 (1:25) 07
dark beer 1073+ 4 (1:50) 1052+£33  (1:100) +2.0
lager beer 469+ 3 (1:25) 467+28  (1:100) +0.4
green tea 768+ 9 (1:100) 77314 {1:50) —0.6
melissa tea® 623+2 (1:50) 605+25  (1:200) +3.0
soft drink A 420+ 1 (1:25) 393+8 (1:100) +6.9
soft drink B 1211 (1:50) 118+ 4 (1:25) +2.5
fruit juice A 312+4 (1:100) 290+ 6 (1:50) +7.6
fruit juice B 455+7 (1:25) 42612 (1:100) +6.8
orange juice 526+3 (1:25) 503+ 9 (1:100) +4.6

aEach value corresponds to the mean + standard deviation. The values in
parentheses correspond to the dilution performed prior to analysis. ®n=3. ¢ n=
4. 9RD = relative deviation between the two methods. € Honey flavor.

and 40.0 mg L) providing values of 1.33, 0.53, and 0.34%,
respectively.

The detection limit was calculated as the concentration
corresponding to the intercept value plus three times the statistic
syx (28). For four different calibration curves, the calculated
detection limit was about 0.6 mg L™!. A complete analytical
cycle (Table 1) took 335 s, considering the time taken for each
step and also the time necessary for data transference between
the computer and the multi-syringe. Therefore, the determination
frequency was approximately 12 h™".

In conclusion, the present automatic methodology for the
determination of FCR reducing capacity represents a suitable
tool for routine determinations. It was successfully applied to
food samples of diverse origin, providing results that were in
agreement with those obtained by the time-consuming batch
method proposed for standardization. Moreover, the strict control
of reaction conditions (mixing of reagent/sample, reaction time)
and the reduced intervention of operator contributed to achieving
reliable results, with good repeatability.
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Abstract

In the present work, an automatic flow procedure for the sequential spectrophotometric determination of Folin-Ciocalteu reducing capacity (FC
assay) and 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation (ABTS®*) scavenging capacity expressed as the trolox equivalent
(TEAC assay) is proposed for a comparative study of antioxidant properties in food products. Exploiting the flexibility of flow management
associated to the computer control offered by multisyringe flow injection analysis, both methodologies were carried out in the same manifold
using gallic acid and trolox as standard compounds. The proposed system configuration allowed the performance of each method separately or in
tandem, providing 24 determinations per hour, which accounts for its application in routine analysis.

The present methodology was applied to a large number of beverages (n =72), namely red and white wines, herbal and tea infusions, juices and
beers. The results obtained showed that FC reducing capacity and TEAC values of red wines were significantly different from those obtained for
the other beverages, while tea infusions provided significantly higher TEAC values when compared to white wines, herbal infusions, juices and
beers. A good correlation was found between TEAC and FC reducing capacity (R>0.9) for red wines, herbal and tea infusions, and beers. For these
beverages, similar slope values were found (106—140 mg L~ of gallic acid per mM of Trolox), except for beers that showed a higher response for
FC assay. These results provided evidence that the correlation between these assays vary according to the type of sample, reinforcing the idea that

more than one method should be used for evaluation of antioxidant capacity.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Multisyringe flow injection analysis; Folin-Ciocalteu assay; 2,2’-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation; Beverages

1. Introduction

Nowadays, the development and validation of analytical
methods for assessment of antioxidant capacity in food prod-
ucts are an increasing area of research [1]. These methods are of
great interest not only to the food industry but also to medical
and nutritional researchers as active dietary constituents includ-
ing phenolic compounds, vitamins C and E, and carotenoids, are
capable of preventing free radical-induced reactions [2,3]. These
reactions are implicated in the oxidative rancidity of food prod-
ucts and also in the development of several human pathologies
such as cardiovascular diseases, diabetes, neurological degener-
ation, and certain types of cancer [4,5]. However, the methods

* Corresponding author. Tel.: +351 222078994, fax: +351 222078961.
E-mail address: msegundo@mail.ff.up.pt (M.A. Segundo).
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currently used to assess this property differ from each other in
terms of substrates, probes, reaction conditions, and in the form
that results are expressed. Even when only one of these assays is
considered, different antioxidant standard compounds, solvents,
reaction time and pH value are frequently applied [6], which
makes the comparison of results from different studies difficult.
This situation stresses the importance to standardize analytical
methods for application in routine assessment of antioxidant
capacity.

In this context, the Folin-Ciocalteu reducing capacity (FC
assay) and Trolox equivalent antioxidant capacity (TEAC assay)
have been recently proposed as standardized methods for
measurement of antioxidant capacity of food products and
dietary supplements [7]. These methods are based on electron-
transfer donation from the antioxidant to the oxidant probe.
The degree of color change of the probe is proportional to the
antioxidant concentration. For the FC assay, the oxidant is a
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molybdotungstophosphoric heteropolyanion and the absorbance
increase is measured at 750 nm, whilst for the TEAC assay the
oxidant is the 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid) radical cation (ABTS®*") and the absorbance decrease at
734 nm is measured [1,6]. Nevertheless, for the implementation
of standardized methods exhaustive studies are required for reli-
able comparison of data generated by different assays. Moreover,
the application of batch methodologies for research tasks and/or
routine analysis is time-consuming, tedious and laborious.

The drawbacks outlined above could be circumvented by the
implementation of automatic analytical methodologies based
on flow analysis, which are characterised by high throughput,
reduced intervention of operator, reagent and sample saving,
reduced production of residues and improved reproducibility
[8,9]. Moreover, owing to its higher versatility, recent computer-
controlled automatic methods are capable to accommodate a
wide variety of assays without the need for system reconfigu-
ration, allowing simultaneous and/or sequential determinations,
which makes them especially suitable to establish comparisons
between methods [10-12].

Therefore, the objective of the present work was the devel-
opment of an automatic flow procedure for the sequential
determination of FC reducing capacity and TEAC intended for
a comparative study of the antioxidant capacities of several food
products. The automation of these two methodologies was based
on multisyringe flow injection analysis (MSFIA) [13,14], which
combines the multichannel operation of flow injection analysis
and the flexibility of flow management offered by the multi-
commutation technique. The proposed method was applied to a
large number of beverages with recognised antioxidant proper-
ties and the results were compared within and between methods.

2. Experimental
2.1. Reagents, standards and samples

For the preparation of all solutions, water from Milli-Q sys-
tem (resistivity > 18 M2 cm) and ethanol absolute pro analysis
were applied. All chemicals used were of analytical-reagent
grade with no further purification.

Folin-Ciocalteu  reagent (FCR), gallic acid and
horseradish peroxidase (HRP) from type VI-A (EC 1.11.1.7,
1280 units mg") were purchased from Sigma (St. Louis, MO,
USA). ABTS [2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid)] in the crystallized diammonium form and trolox (6-
hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) were
obtained from Fluka (Buchs, Switzerland). H Oy (30%, v/v)
was obtained from Riedel-de Haén (Seelze, Germany). Sodium
hydroxide and sodium acetate were purchased from Merck
(Darmstadt, Germany).

For the determination of FC reducing capacity, FCR
was diluted 1:10 (v/v) with water. Sodium hydroxide
solution (0.25 molL~!) was also prepared. For the deter-
mination of Trolox equivalent antioxidant capacity (TEAC),
ABTS, H,0,, and HRP stock solutions of 18 mM, 20 mM,
and 3.2 x 10®unitsL~!, respectively, were prepared in
0.060mol L~ acetate buffer pH 4.6. These stock solutions
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were stable for over a month when stored at 4°C. ABTS®*
working solution in 0.060 mol L ™! acetate buffer pH 4.6 was
obtained by mixing appropriate volumes of the following solu-
tions at the indicated final concentrations: ABTS (0.80 mM),
H>0, (0.080 mM), and HRP (3 units mL~1). This solution was
prepared 12 h before analysis and protected from light. It was
stable for at least 2 days at room temperature.

For the determination of FC reducing capacity and TEAC,
gallic acid and trolox were used as antioxidant standard com-
pounds, respectively. Gallic acid (500mgL~!) and trolox
(2.0 mM) stock solutions were prepared by dissolving the appro-
priate amount of the respective solid in water and in ethanol
solution 50% (v/v), respectively. These stock solutions were
found to be stable for at least 1 week when stored at 4 °C. The
working solutions containing either gallic acid (5.0-75 mg L™")
or trolox (0.020-0.20 mM) were prepared daily by dilution in
water.

All samples were purchased at local markets. Herbal and tea
infusions were prepared by pouring 200 mL of deionized water at
90 °C into a glass with herbal or tea bag and by brewing for 5 min.
Carbon dioxide from white wines and beers was completely
removed by magnetic stirring. All beverages were diluted with
water just before measurement. The dilutions performed for red
wines, herbal infusions, and tea infusions (green and black) were
1:200, 1:4 to 1:20, and 1:40, respectively. White wines, juices
and beers (blond and dark) were diluted 1:20. Samples were
analysed in a randomised way.

2.2. Apparatus

Solutions were propelled through the flow network by means
of a multisyringe piston pump (Crison Instruments, Allela,
Spain) equipped with syringes of 5mL (Hamilton, Switzer-
land). Each syringe is connected to a three-way commutation
valve (N-Research, Caldwell, NJ, USA) that allows the access
to two different channels (solution flasks or flow network). Two
extra commutation valves were included for introduction of
standard/sample (V5) and FCR (V6). The flow assembly also
includes two 8-port multiposition selection valves, disposed
in the same module (Crison Instruments, Allela, Spain) that
accommodated six reaction coils (RCi). The three and four-way
connectors (T1 and T2, respectively) were used as confluences.
All tubing connecting the different components of MSFIA was
made from polytetrafluoroethylene (Omnift, Cambridge, U.K.)
of 0.8 mm i.d., except for tubes between flasks and syringes,
which were of 1.5mm i.d. in order to avoid back pressure or
vacuum at high flow rates. End-fittings and connectors from
Gilson (Villiers-le-Bel, France) were also used.

To perform the FC and TEAC assays, the analytical
absorbance measurements should be carried out at 750 and
734 nm, respectively [7]. For this, an Ocean Optics PC 2000-
ISA (Winter Park, FL) spectrophotometer connected to 200 wm
fiber optic cable and a DH-2000 deuterium-halogen light source
(Top Sensor Systems, Eerbeek, The Netherlands) were used.
Facing the fiber optic, a Hellma (Miillheim/Baden, Germany)
178.710-QS flow-through cell (10 mm light path, 80 pL inner
volume) was placed in an Ocean Optics CUV cell support.
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A personal computer equipped with an Advantec PCL-711
B interface card, running homemade software written in Quick-
Basic 4.5 (Microsoft), controlled the multisyringe and valves
operation. The data acquisition at 4 Hz, corresponding to an inte-
gration time of 0.023 s and an average scan of 11, was performed
by SpectraWin (version 4.2) through an external trigger signal
from the interface card.

2.3. Statistical analysis

For each sample, data are reported as mean = standard devi-
ation (n = 3) (see supplementary data, Tables S1-S6). One-way
analysis of variance (ANOVA) was performed on these values
to determine whether they differed significantly at a 95% level.
Since the Levene test showed that there was no homogeneity
of variances (p < 0.05), the Welch and Brown-Forsythe statistics
were estimated instead of the usual F test. A post hoc compar-
ison test (Tamhane’s T2) was also applied to determine which
group(s) differ from each other. Linear regression was applied
for studying the possible correlation between the studied param-
eters. All statistical analyses were carried out using SPSS version
14.0 for Windows.

2.4. MSFIA manifold and procedure for FC reducing
capacity and TEAC assays

The system components were arranged as shown schemati-
cally inFig. 1. The connections between the multisyringe and the
valves V5 and V6 were 200 cm long. The tubing length between
these valves and confluence T1 were 5 cm long. The mixing coil
(MC) had the same length. The connection between confluence
T2 and the central channel of selection valve VA was 20 cm long,
while the connection between the central channel of selection
valve VB and the flow-through cell was 25 ¢cm long. The reac-
tion coils, where the FC reducing reaction (RC2, RC3, RC4) or

the ABTS** scavenging reaction (RC6, RC7, RC8) took place,
were 250 cm long. The washing coil L1 had the same length.

These components constituted the flow network for the
sequential spectrophotometric determination of FC reducing
capacity and TEAC of several food products. Nevertheless, as
the FC and TEAC assays are standardized for different antioxi-
dant compounds [7], namely gallic acid and trolox respectively,
the calibration procedures were performed separately.

The protocol sequence adopted for the FC and TEAC cali-
bration is described in Table 1. Before starting the calibration
procedures, all syringes were filled with the respective solutions.
For the FC procedure, syringes S1, S2 and S3 were simultane-
ously activated and depending on the position of selection valves,
the NaOH solution and carrier were propelled through reaction
coils RC2, RC3 or RC4 towards the detector and the absorbance
signal was adjusted to zero. For the TEAC procedure, carrier and
ABTS** solution (delivered by syringes S2, S3, and S4) were
simultaneously propelled through reaction coils RC6, RC7 or
RCS8. The absorbance value measured (0.760 4= 0.010) was due
to the ABTS** radical solution from syringe S4 after dilution
inside the flow system.

Briefly, the calibration protocol can be divided in the follow-
ing stages: antioxidant standard solution uptake and delivery to
the reaction coil (steps 1-4); flow stop for reaction development
(steps 5, 6); and spectrophotometric measurement (steps 7, 8).

In particular, for FC calibration 100 nL of gallic acid standard
solution and 100 pL of FCR were aspirated into the flow system
through commutation valves V5 and V6, respectively. After that
syringes S1, S2, and S3 were simultaneously activated and the
antioxidant plug pushed by carrier was sequentially merged with
FCR plug and NaOH stream at confluence T1 and T2, respec-
tively. This mixture was directed to reaction coil RC2. These
operations were repeated twice more, in order to fill the other
two reaction coils (RC3 and RC4). After a waiting period of
250's, the reaction product stored in each RC was successively

Fig. 1. MSFIA manifold used for the sequential determination of FC reducing capacity and TEAC in food products: MS, multisyringe; Si, syringes; Vi, commutation
valves (solid and dotted lines represent the position on and off, respectively); T1 and T2, confluences; MC, mixing coil (5cm); VA and VB, 8-port multiposition
selection valves; L1, washing coil (250 cm); RCi, reaction coils (250 cm); D, detector; C1, NaOH 0.25 mol L=1; C2, water; R1, ABTS** in 0.060 mol L-! acetate
buffer pH 4.6; R2, Folin-Ciocalteu reagent diluted at 1:10 (v/v); S, standard solution or sample; PC, personal computer; W, waste. The exchange options of the
commutation valves were classified in on/off lines. The “off” line was assigned to the solution flasks and the “‘on” line was reserved for the flow network in the valves
placed at the multisyringe, while for the other valves the positions are assigned in order to maintain the valves turned off most of the time to avoid over-heating

problems.
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Table 1

Protocol sequence for the Folin-Ciocalteu and TEAC calibration using the MSFIA method

Step Instrumentation Protocol®

Description

Folin-Ciocalteu calibration

Multiposition valve
Multisyringe Piston

Multisyringe piston
Multisyringe piston
Multiposition valve
Stopped-flow

multiposition valve
Multisyringe piston

TEAC calibration

Multiposition valve
Multisyringe piston

Multisyringe piston
Multisyringe piston
Multiposition valve
Stopped-flow

Multiposition valve
Multisyringe piston

start loop: standard injection

Valve VA and VB move to position X

Pick up 1362 pL at 10.0mL min~! (V1 off, V2 off, V3 off, V4 off, V5
off, and V6 off)

Pick up 100 pL at 1.0mL min~! (V1 off, V2 on, V3 on, V4 off, V5 on,
and V6 on)

Dispense 362 uL at 2.0mL min~! (V1 on, V2 on, V3 on, V4 off, V5
off, and V6 off)

End loop: standard injection

Valve VA and VB move to position 1

Wait 250 s

Start loop: standard measurement

Valve VA and VB move to position X

Dispense 1100 pL at 2.0 mL min~! (V1 on, V2 on, V3 on, V4 off, V5
off, and V6 off)

End loop: standard measurement

start loop: standard injection

Valve VA and VB move to position X

Pick up 1362 pL at 10.0mL min~" (V1 off, V2 off, V3 off, V4 off, V5
off, and V6 off)

Pick up 100 wL at 1.0 mL min~" (V1 off, V2 on, V3 off, V4 off, V5 on,
and V6 off)

Dispense 362 pL at 2.0 mL min~! (V1 off, V2 on, V3 on, V4 on, V5
off, and V6 off)

end loop: standard injection

Valve VA and VB move to position 1

Wait 295 s

Start loop: standard measurement

Valve VA and VB move to position X

Dispense 1100 uL at 2.0mL min~! (V1 off, V2 on, V3 on, V4 on, V5

X (FC calibration) = position 2 to 4
Loading syringes with carrier/reagents

Aspiration of gallic acid standard solution and FCR
Merging gallic acid with FCR and then with NaOH
stream towards RC X

Repeat 3 times

Development of FC reducing reaction

X (FC calibration) = position 2 to 4

Propulsion of RC X content to detector (A =750

nm); signal acquisition; system clean-up
Repeat 3 times

X (TEAC calibration) = position 6 to 8
Loading syringes with carrier/reagents

Aspiration of trolox standard solution

Merging trolox with carrier and then with ABTS®**
stream towards to RC X

Repeat 3 times

Development of ABTS®* scavenging reaction

X (TEAC calibration) = position 6 to 8
Propulsion of RC X content to detector (A =734

off, and V6 off)
End loop: standard measurement

nm); signal acquisition; system clean-up
Repeat 3 times

2 The indicated values of volume and flow rate are referred to syringe 1 (5 mL).

propelled towards the detector and the absorbance increase at
750 nm was measured.

For the TEAC calibration, after loading the trolox standard
solution (100 pL), the antioxidant plug was sequentially merged
with carrier and ABTS®* stream at confluence T1 and T2,
respectively, and propelled further up to RC6. These steps were
repeated twice more and, depending on the position of selection
valves, the mixture was directed to reaction coils RC7 or RC8.
After a flow stop period of 295s, the content of each reaction
coil was directed to the detector and the absorbance decrease
due to radical scavenging was measured at 734 nm.

Noteworthy, both determinations started with the measure-
ment of a blank signal through aspiration of water as sample.
The obtained signals correspond to the absorbance values in the
absence of reducing or scavenging compounds.

The MSFIA procedure for the sequential determination of
FC reducing capacity and TEAC of food products is summa-
rized in Table 2. In the first commands (steps 1-4), sample
and FCR were aspirated and further propelled to reaction coils
RC2-RC4, similar to FC calibration procedure. Then, carrier
and ABTS** radical solution were dispensed in order to clean
the manifold line between confluence T2 and selection valve VA
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(steps 5, 6). After loading syringes with carrier/reagent, sample
was aspirated and further sent with carrier and ABTS®** solu-
tion to reaction coils RC6-RCS8, similar to TEAC calibration
procedure (steps 7-10). Next, NaOH solution and carrier were
dispensed through L1 towards the detector in order to establish
the absorbance baseline for the FC assay (steps 11, 12). Fol-
lowing the piston bar adjustment (step 13), the reaction product
of the FC assay stored in RC2-RC4 was propelled through the
detector (steps 14, 15), providing three replicate measurements
of FC capacity. Afterwards, with selection valves in position 1,
the ABTS®" radical solution and carrier were sent to the detec-
tor in order to establish the absorbance baseline for TEAC assay
(steps 16, 17). Thereafter, the contents of RC6-RC8 were sent to
the detector and the ABTS®* scavenging capacity was measured
(n=3, steps 19, 20). Finally, the NaOH solution and carrier were
propelled through L1 toward the detector in order to re-establish
the initial conditions, rendering the system for analysis of the
next sample.

For the determination of intrinsic absorption of sample, the
same flow procedure was applied (Table 2). However, in these
experiments acetate buffer solution (0.060 molL 1) at pH 4.6
was placed in syringe S4 instead of ABTS®* radical solution,
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Protocol sequence for the automatic sequential determination of FC reducing capacity and TEAC using the MSFIA method

Step Instrumentation Protocol® Description
Start loop: sample injection for FC assay
1 Multiposition valve Valve VA and VB move to position X X (FC assay) = position 2 to 4
2 Multisyringe piston Pick up 1150 wL at 10.0mL min~' (V1 off, V2 off, V3 off, V4 off, Loading syringes with carrier/reagents
V5 off, and V6 off)
3 Multisyringe piston Pick up 100 pL at 1.0mL min~! (V1 off, V2 on, V3 on, V4 off, V5 Aspiration of sample and FCR
on, and V6 on)
4 Multisyringe piston Dispense 362 pL at 20mLmin™! (V1 on, V2 on, V3 on, V4 off, Merging sample with FCR and then with NaOH
V5 off, and V6 off) stream towards RC X
End loop: sample injection for FC assay Repeat 3 times
5 Multiposition valve Valve VA and VB move to position 5
6 Multisyringe piston dispense 1000 p.L at 2.0 mL min~! (V1 off, V2 on, V3 on, V4 on, Dispense ABTS** solution and carrier to clean the
V5 off, and V6 off) manifold lines
start loop: sample injection for TEAC assay
7 Multiposition vaive valve VA and VB move to position X X (TEAC assay) = position 6 to 8
8 Multisyringe piston Pickup 1150 pL at 10.0mLmin™! (V1 off, V2 off, V3 off, V4 off, Loading syringes with carrier/reagents
V5 off, and V6 off)
9 Multisyringe piston Pick up 100 pL at 1.0mL min~! (V1 off, V2 on, V3 off, V4 off, V5 Aspiration of sample
on, and V6 off)
10 Multisyringe piston Dispense 362 puL at 2.0mL min~" (V1 off, V2 on, V3 on, V4 on, merging sample with carrier and then with ABTS**
VS5 off, and V6 off) stream towards RC X
End loop: sample injection for TEAC assay Repeat 3 times
11 Multiposition valve Valve VA and VB move to position 1
12 Multisyringe piston Dispense 1525 pL at 2.0mL min~! (V1 on, V2 on, V3 on, V4 off, Dispense NaOH solution and carrier to clean the
V5 off, and V6 off) manifold lines
13 Multisyringe piston Pick up 2000 pL at 10.0mL min~! (V1 off, V2 off, V3 off, V4 off, Piston bar adjustment
V5 off, and V6 off)
Start loop: sample measurement for FC assay
14 Multiposition valve valve VA and VB move to position X X (FC assay) = position 2 to 4
15 Multisyringe piston Dispense 1100 pL at 2.0 mL min~" (V1 on, V2 on, V3 on, V4 off, Propulsion of RC X content to detector (A =750
V5 off, and V6 off) nm); signal acquisition; system clean-up
End loop: sample measurement for FC assay Repeat 3 times
16 Multiposition valve Valve VA and VB move to position |
17 Multisyringe piston Dispense 1500 pL at 2.0mL min~! (V1 off, V2 on, V3 on, V4 on, Dispense ABTS®* solution and carrier to clean the
VS5 off, and V6 off) manifold lines
18 Multisyringe piston Pickup 4800 pL at 10.0mL min~' (V1 off, V2 off, V3 off, V4 off, Piston bar adjustment
V5 off, and V6 off)
Start loop: sample measurement for TEAC assay
19 Multiposition valve Valve VA and VB move to position X X (TEAC assay) = position 6 to 8
20 Multisyringe piston Dispense 1100 L at 2.0 mL min—! (V1 off, V2 on, V3 on, V4 on, propulsion of RC X content to detector (A =734
VS5 off, and V6 off) nm); signal acquisition; system clean-up
End loop: sample measurement for TEAC assay repeat 3 times
21 Multiposition valve Valve VA and VB move to position 1
22 Multisyringe piston Dispense 1500 wL at 2.0mLmin~' (V1 on, V2 on, V3 on, V4 off, Dispense NaOH solution and carrier to re-establish

V5 off, and V6 off)

the initial conditions

2 The indicated values of volume and flow rate are referred to syringe 1 (S mL).

while HC10.20 mol L~! was aspirated through valve V6 instead
of FCR. All measurements were carried out at room temperature
(25£2°C).

3. Results and discussion

3.1. Development of MSFIA system for the sequential
determination of FC reducing capacity and TEAC

The objectives of the present work were (i) the development
of an automatic flow method for the sequential determination of
FC reducing capacity and TEAC; (ii) the study of reducing and
antioxidant capacities of food products, and (iii) the evaluation
of correlation between these two methods. Therefore, taking into
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account the first purpose, the MSFIA system recently reported
for the determination of FC reducing capacity [15] was improved
to accommodate in the same manifold the FC reduction reaction
and the ABTS®* scavenging reaction (TEAC assay). For this, the
flexibility of flow management offered by MSFIA was exploited
by merging antioxidant standard solution/sample with FCR (FC
assay) or with water (TEAC assay). Afterwards, NaOH solution
(FC assay) or ABTS** radical solution (TEAC assay) was added
to the prior mixture and directed to the reaction coil. Taking into
consideration that both methodologies require time for reaction
development [15,16], a stopped-flow approach was chosen and
implemented before the determination. Furthermore, in order
to enhance the sample throughput, the two assays were carried
out in tandem. For this, sampling and reagent mixing for TEAC
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assay were performed during the waiting period of FC assay,
whilst the spectrophotometric measurement of FC assay was
attained during the flow stop period of TEAC assay.

For this analytical procedure, four syringes were necessary:
one of them containing the alkaline solution for FC assay, two
syringes containing water to propel the standard/sample and
the FCR, and the last one containing ABTS** radical solution

(Fig. 1). Confluence T2 was connected to the central channel

Wig. 1) Loniuencee 1L was Connecica 1€ Cenira.

of selection valve VA, whereas the central channel of valve VB
was connected to the flow cell. This arrangement allowed the
establishment of six coiled reactors, three for FC assay and the
other three for TEAC assay, by connecting the side ports of the
selection valves. The washing coil L1 allowed the access of flow
cell in order to establish the baseline, without disturbing the con-
tent of the reaction coils. The port 5 of selection valve VA was
directed to waste to permit the exchange of standard/sample and
also the cleaning of the tubing between confluence T2 and valve
VA (steps 5 and 6, Table 2), without passing through the flow
cell. Otherwise, the time of exchange and reagent consumption
would be increased.

The mixing coil (MC) and the line between confluence T2 and
valve VA were made as short as possible to prevent high sample
dispersion. The length of the reaction coil (150-250 cm) and the
volume of solution sent to the reaction coil (200450 pL) prior
to flow stop were studied in order to guarantee that all sample
segments were inserted in the reaction coil. These experiments
were carried out using gallic acid (40 mgL~!) as sample and a
procedure simiiar to “FC calibration”. Thus, afier loading ihe
gallic acid standard solution and FCR, these segments were sent
to RC2 by activating syringes S1, S2 and S3. After flow stop, the
selection valves were in position 1 and the standard solution that
would be outside the RC2 (before the valve VA and/or after the
valve VB) was propelled towards the detector. Finally, the con-
tent of RC2 was sent to the detector. Using this procedure, it was
observed that the reaction coil length of 250 cm and a volume
of 362 uL allowed the accommodation of all sample within the
reaction coil. Moreover, the time of stopped-flow applied in the
FC and TEAC calibration procedures (step 6, Table 1) was opti-
mized in order to guarantee that the standards were subjected
to the same reaction time as samples. For the FC and TEAC
calibration, the time values were 250 and 295 s, respectively.

The chemical conditions for the determination of FC reduc-
ing capacity were similar to those reported in previous work
[15]. For the TEAC assay, the concentration of ABTS** solu-
tion was studied in order to provide an absorbance value near
0.8, after dilution inside the flow system. This evaluation was
performed taking into account that the stoichiometry of ABTS
oxidation by HyO; is 2 ABTS:1 HyO, and that the ABTS
concentration should be in about five-fold excess. This excess,
along with a 12-h preincubation period before use, guaranteed
that hydrogen peroxide was exhausted, preventing the possi-
ble reaction between the antioxidant compounds present in the
sample and ABTS/H2O2/HRP system [17]. Therefore, the HRP
concentration was fixed at 3 units mL~! and the following solu-
tions of ABTS/H,0; concentrations were prepared: 1.28/0.128,
0.80/0.08 and 0.64/0.064 mM, providing absorbance values of
1.190, 0.760 and 0.594, respectively. Thus, the ABTS** rad-
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ical solution was obtained from 0.80 and 0.08 mM of ABTS
and Hy O3, respectively. The radical solution was stable during
continuous operation for 8 h (R.S.D. <1.3%).

Using the described analytical procedures for FC and TEAC
calibration (Table 1) and sequential determination for samples
(Table 2), the analytical signals were obtained from different
reaction coils (n=3, per assay). Therefore, in order to evaluate
if there was significant difference between them, 10 consec-
utive calibration procedures for FC and TEAC assays were
performed using 25 mg L~ ! of gallic acid and 0.10 mM of trolox,
respectively. For each method 30 determinations were obtained,
corresponding to 10 analytical signals per RC. An ANOVA
test was performed and the results obtained (p=0.375 for FC
assay and p=0.363 for TEAC assay) indicated that the analyt-
ical signals obtained by the different reaction coils were not
significantly different [18].

3.2. Analytical features of the developed MSFIA system

Under the optimal conditions described above, linear cali-
bration plots for gallic acid (5.0~75.0mgL~") and for trolox
(0.020-0.20 mM) were obtained for the FC and TEAC assay,
respectively. Fig. 2 displays a typical signal output, includ-
ing the FC and TEAC calibration and also the analysis
of some samples. The absorbance values obtained for sam-
ples were interpolated in the following calibration curves:
A750 =0.0078 (:I:0.000]) X Cgallic acid +0.026 (:I:0.00S) (n = 5,
R >0.9989); A734=-3.05 (£0.05) x Crolox +0.742 (£0.015)
(n=4, R < —0.9988); where A is the absorbance and C is the
concentration of gallic acid (mg L) or trolox (mM); values
between parenthesis are the standard deviation of the parame-
ters corresponding to twelve calibration curves performed on
different days. The interpolation values were multiplied by the
respective dilution factor. Furthermore, the sample blank for
both methods was measured and absorbance values <0.006 were
found for all samples tested. As these values represent <5%
of analytical signal of samples for FC assay and <1% of ini-
tial ABTS®* absorbance, their contribution to the absorbance
measured was not significant.

The detection limit was calculated as the concentration corre-
sponding to the intercept value plus three times the statistic sy,
[18]. For 12 different calibration curves, the calculated detec-
tion limit for FC and TEAC assays was about 3mgL~! and
0.008 mM, respectively. The precision of the developed method
was estimated by calculating the relative standard deviation
(R.S.D.) from 12 consecutive determinations of samples All,
B12, and D12 (see supplementary data). The values obtained for
FC assay were 3.6, 4.0 and 3.1%, while for TEAC assay they
were 3.1, 3.1, and 2.4%, respectively. The reproducibility of the
methodology was assessed by the R.S.D. of calibration slopes
performed in different days (n = 12). The results obtained were
1.3 and 1.6% for the FC and TEAC assay, respectively.

The sequential analysis of samples by the two methods
allowed 24 determinations to be carried out per hour. Con-
sidering that the sample was analysed for both methodologies
(n=3+3), the present method provided FC reducing capacity
and TEAC values for four samples per hour. The calibration pro-
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Fig. 2. Signal profile obtained for FC and TEAC assays using gallic acid (mg L) and trolox (mM) as standard compounds, respectively. The sequential determination

of FC reducing capacity and TEAC for some food samples is also presented.

cedures allowed 18 determinations per hour, corresponding to
6 standards (n =3). Furthermore, it should be stressed that each
method can be carried out separately, even for sample analysis.
In fact, using the calibration procedure, the FC reducing capacity
or the TEAC of samples can be easily assessed.

3.3. Analysis of food products and comparison of results
within and between methods

The proposed automatic method was applied to a large num-
ber of beverages (n=72) with recognised antioxidant capacity
[19-22], namely red and white wines, herbal infusions, tea infu-
sions (green and black), juices and beers (blond and dark).
Sample details and analysis values for twelve products of each
group are provided as supplementary data (Tables S1-S6). The
statistical treatment of the data obtained by beverage type and
assay is shown in Table 3.

The TEAC and FC reducing capacity of red wines were higher
than the other beverages, ranging from 9.1 to 22.6 mM and from
1284 to 3274 mg L~!, respectively. Actually, red wines showed
TEAC and FC reducing capacity values approximately 10 times

higher than white wines, ranging from 1.14 to 2.83 mM and from
193 to 327 mg L1, respectively. These differences between red
and white wines are in agreement with results found by other
authors [20,21,23]. The error plot of means with 95% confidence
intervals for TEAC and FC reducing capacity of each group of
beverage is presented in Fig. 3. The TEAC and FC reducing
capacity of red wines were statistically different (p <0.05) from
the other beverages. These results are expected owing to the
high content of anthocyanins and other phenolic compounds
extracted from the skins and seeds during the fermentation of
red wine [24]. High TEAC values were observed in tea infu-
sions (p <0.05), whereas white wines, herbal infusions, juices
and beers showed no significant difference (p>0.05) between
them. In relation to FC reducing capacity, white wines were
statistically different (p <0.05) from the other beverages, with
exception to herbal infusions (p =0.945).

Noteworthy, the TEAC and FC reducing capacity of dark
beers (n=06) tested in this investigation were 2.18 £+ 0.48 mM
and 782+212mgL~!, respectively, whilst the average
values of blond beers (n=6) were 1.00+0.14mM and
390 + 69 mg L~!, respectively. They were statistically different

Table 3
Statistical summary from TEAC (mM) and FC reducing capacity (mg L~") assays by beverage type
Red wines White wines Herbal infusions Tea infusions Juices Beers
TEAC (mM)
Mean £ S.D.# 154433 1.81£0.45 1.89+1.16 549+2.10 2.234+0.63 1.59+0.70
Max. 22.6 2.83 3.63 10.9 3.58 2.58
Min. 9.1 1.14 0.28 2.72 1.35 0.85
Interval 13.5 1.69 3.35 8.18 2.23 1.73
FCR capacity (mgL™")
Mean £S.D.* 2047 + 487 252143 325+171 558 +£228 448+ 124 586 + 254
Max. 3274 327 543 1081 659 962
Min. 1284 193 46 220 304 321
Interval 1990 134 497 861 355 641

2 Results are the mean = standard deviation (S.D.) of 12 samples.
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Table 4
Slope and correlation coefficients between FC reducing capacity (mg L~!) vs. TEAC (mM) for the beverages analysed

Red wines White wines Herbal infusions Tea infusions Juices Beers
Slope (mgL~' mM~") 140 £33 57+55 135141 106 £18 136+ 101 349 £ 69
Correlation (R)? 0.947 0.590 0.918 0.972 0.690 0.962

a Correlation coefficients were determined by least-squares method (n = 12); correlation is significant at the 0.01 level (2-tailed).

for both parameters (p <0.05). This higher antioxidant capacity
of dark beers compared to blond beers was reported before and
it may be related to their higher content in phenolic compounds
and melanoidins that are formed during malting and brewing
processes and that could act synergistically [22].

In the present study, the average values of TEAC and
FC reducing capacity of green tea infusions (n=6) were
6.78+2.17mM and 692+228 mgL~! respectively, while
for black tea infusions (n=6) the results obtained were
4.19+096mM and 424+ 137mgL~!, respectively. The
higher in vitro antioxidant capacity of green tea (p<0.05)
observed was also reported by Ivanova et al. [25] using the
TEAC assay. Moreover, Serafini et al. [26] evaluated in vitro the
length of the peroxyl radical induced lag-phase and observed
that green tea was six-fold more potent than black tea. These
differences may be attributed to the fermentation step from the
black tea processing, where phenolic compounds are oxidized
and polymerized enzymatically to theaflavins and thearubigens.
The degradation of the major green tea catechin, epigallocate-
chin gallate, which is a powerful antioxidant, also takes place
[27]. Nevertheless, for a better comparative assessment of the
antioxidant efficiency of green and black tea infusions, other
factors should be taken into consideration, such as raw material
provenience, the brewing time, and the chopping grade of the
tea leaves, for instance.

A good correlation was found between TEAC and FC reduc-
ing capacity when the whole set of samples was considered (FC
capacity = 121.8 £ 8.6 TEAC + 127.3 £ 60.5, R=0.959,n=72).
For each group of samples, the regression data including the
slopes and the correlation coefficients established between the
two methods are given in Table 4. Taking into account that
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these assays are based on electron transfer mechanisms (6], it
is expected a significant correlation between them. The results
obtained in the present study demonstrated a good correlation for
red wines, herbal and tea infusions and beers (R > 0.918). Nev-
ertheless, a lower correlation was established for white wines
(R=0.590) and juices (R=0.690). In the case of white wines
this can be an artifact caused by the low dispersion of FC capac-
ity and TEAC values (Fig. 3). On the other hand, as juices were
obtained from a variety of fruits (see supplementary data, Table
S5) there was a high heterogeneity in the composition of these
samples, which could explain the lower correlation obtained.
Comparing the slope values obtained when a good correlation
was attained (Table 4, R > 0.9), similar values were obtained for
red wines, herbal and tea infusions, while the slope for beers was
higher (about 2.5 times). This indicated a higher response for FC
assay, probably due to the presence of dextrins, melanoidins, and
proteins in dark beers [28].

4. Conclusions

The automatic method developed in the present work allowed
the consecutive determination of the FC reducing capacity and
TEAGC, representing a useful tool for routine analysis as also for
comparison purposes between these parameters. The fact of per-
forming these determinations in parallel has also the advantage
of processing the sample at the same time, avoiding errors that
might arise with sample modification over time. The flexibil-
ity introduced by the proposed configuration associated to the
computer control also allowed the performance of each assay
separately. The present flow system was successfully applied to a
large number of beverages providing reliable information about
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the antioxidant properties in a simple, rapid and automatic way.
The results showed that the correlation between these assays may
vary according to type of sample. This observation reinforces the
idea that more than one method should be used for evaluation
of antioxidant capacity, especially in complex samples as food

matricag
maiurices.
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Supplementary Data (Tables S1-S6)

Table S1.Trolox equivalent antioxidant capacity (mM) and E@ucing capacity (mg1)

for red wine8

A — Red wines, origin Dilution® TEAC assay FC assay
(mM) (mg L)

Al, Terras do Sado 1:200 22.6 0.7 3274 + 44
A2, Terras do Sado 1:200 14.8 +0.6 1910 £ 62
A3, Table wine 1:200 13.2+0.1 1617 £ 65
A4, Douro 1:200 16.2+0.3 1912 + 26
A5, Alentejo 1:200 155+£05 2063 £ 74
A6, Beiras 1:200 13.4+0.5 1973+ 77
A7, Alentejo 1:200 16.7 £ 0.7 2134 + 38
A8, Dao 1:200 13.5+0.5 1763 £ 60
A9, Dao 1:200 14.2+0.1 2107 £ 90
A10, Douro 1:100 9.1+0.4 1284 + 52
All, Alentejo 1:200 16.4+0.2 2031 +64
Al2, Dao 1:200 18.6 + 0.8 2496 + 99

2 Each value corresponds to the mean * standarati®vif = 3).° Dilution performed
prior to analysis.

Table S2.Trolox equivalent antioxidant capacity (mM) and F@ucing capacity (mg1)

for white wineé

B — White wines, origin Dilution® TEAC assay FC assay
(mM) (mg L™

B1, Dao 1:20 1.45 +0.08 248 +9
B2, Alentejo 1:20 1.91 £ 0.07 225+ 3
B3, Dao 1:20 1.88 £+ 0.01 252 +5
B4, Alentejo 1:20 1.25+0.01 193 +4
B5, Beiras 1:20 1.55+£0.03 243 £5
B6, Minho 1:20 2.24 +£0.04 327 +12
B7, Minho 1:20 1.84 £ 0.02 254 +3
B8, Beiras 1:20 1.82 £ 0.05 198 +1
B9, Algarve 1:20 1.79 £ 0.06 323+3
B10, Alentejo 1:20 1.14 £ 0.05 219+7
B11, Minho 1:20 1.96 £ 0.07 254 +4
B12, Minho 1:20 2.83+0.03 290 +£5

2 Each value corresponds to the mean * standarati®vif = 3).° Dilution performed
prior to analysis.
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Table S3.Trolox equivalent antioxidant capacity (mM) and E@ucing capacity (mg1)

for herbal infusion®

C — Herbal infusions, Dilution® TEAC assay FC assay
description (mM) (mg L™
C1,Tilia cordatal. 1:4 0.28 +0.01 46 + 2
C2,Melissa officinalid.. 1:20 2.69 £0.09 536 £ 13
C3, Mentha piperital. 1:10 1.35+0.01 257 £4
C4, Aloysia citriodoraPalau 1:20 1.42 £ 0.04 372 +£13
C5, Melissa officinalid_. 1:20 3.22 +£0.05 543 +4
C6, Hypericum perforatunh. 1:20 2.21+£0.04 359+8
C7,Equisetum arvende 1:20 1.05 £ 0.03 1757
C8, Thea Sinensis sintRu-Erh) 1:20 3.30+0.08 408 + 4
C9, Matricaria chamomillaL. 1:10 0.40+0.01 731
C10, mixture of plants 1:20 3.63+0.11 498 + 11
C11, mixture of plants 1:20 2.29+0.10 416 £ 7
C12, mixture of plants 1:20 0.83 +0.02 2197

2 Each value corresponds to the mean * standarati®vif = 3).° Dilution performed

prior to analysis.

Table S4.Trolox equivalent antioxidant capacity (mM) and F@ucing capacity (mg1)

for tea infusion$

D — Tea infusions, description Dilution TEAC assay FC assay
(mM) (mg L™
D1, Camellia sinensis 1:40 5.95+0.12 619 + 18
D2, Camellia sinensis 1:40 492 +0.17 429 + 19
D3, Camellia sinensis 1:40 6.99 £0.11 709 +£19
D4, Camellia sinensis 1:80 10.9+0.2 1081 + 15
D5, Camellia sinensis 1:40 6.69 +0.16 784 + 16
D6, Camellia sinensis 1:40 5.25+0.18 531+9
D7, Camellia sinensis 1:40 4,54 +0.02 442 + 16
D8, Camellia sinensis 1:40 4,17 +0.08 510+6
D9, Camellia sinensis 1:40 3.52+0.10 304 +5
D10, Camellia sinensis 1:40 4,72 +0.10 483 +5
D11, Camellia sinensis 1:40 2.72+0.11 220+8
D12, Camellia sinensis 1:40 5.46 +0.18 587 +9

2 Each value corresponds to the mean * standarétiwmvifi = 3).° Dilution performed
prior to analysis. D1-D6, green tea; D7-D12, blaek
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Table S5.Trolox equivalent antioxidant capacity (mM) and Fe@ucing capacity (mg1)

for juice$

E — Juices, description Dilution® TEAC assay FC assay
(mM) (mg L™

E1l, orange 1:20 1.98 £ 0.07 463+ 5
E2, tropical fruits 1:20 2.13+0.03 397 +14
E3, tomato, tropical fruits, 1:20 170 +0.02 304 + 3
carrot
E4, orange, carrot 1:20 1.51 £ 0.06 3057
E5, tropical fruits, carrot 1:20 2.46 £ 0.07 3842
E6, orange 1:20 2.66 £ 0.08 659 £ 16
E7, apple 1:20 2.51 +£0.05 636 £ 9
E8, orange, passion fruit 1:20 3.58 £ 0.08 587 +9
E9, orange 1:20 1.35+0.05 435+11
E10, pineapple, coconut 1:20 2.75£0.07 478 £ 9
E11, orange 1:20 2.45+0.03 428 + 4
E12, tropical fruits 1:20 1.72 +0.07 304 +11

2Each value corresponds to the mean + standardtievi@ = 3)."° Dilution performed

prior to analysis.

Table S6.Trolox equivalent antioxidant capacity (mM) and F@ucing capacity (mg1)

for beer8
F — Beers, description Dilution® TEAC assay FC assay
(mM) (mg L™

F1, blond beer 1:20 0.92 +0.04 465 + 13
F2, blond beer 1:20 0.96 + 0.05 328+8
F3, blond beer 1:20 1.03+£0.03 482 +5
F4, blond beer 1:20 1.26 £ 0.05 379+7
F5, blond beer 1:20 0.85+0.03 321 +10
F6, blond beer 1:20 1.00 £0.02 362 +6
F7, dark beer 1:20 2.58 +£0.08 962 + 14
F8, dark beer 1:20 2.50 +£0.04 898 + 10
F9, dark beer 1:20 2.43 +£0.09 925 + 23
F10, dark beer 1:20 1.52 +0.04 573 +13
F11, dark beer 1:20 1.60 £ 0.01 456 + 4
F12, dark beer 1:20 2.43+0.12 875+9

2Each value corresponds to the mean + standardtitevi@ = 3)." Dilution performed

prior to analysis.
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In the present work, a chemiluminometric automatic flow
methodology for the in vitro determination of hypochlor-
ous acid scavenging capacity, under pH and concentration
conditions similar to those found in vivo, is proposed. As
the pH found in physiological conditions (7.4) and the
pH required for the chemiluminescence detection reaction
(>10) are different, the multisyringe flow injection analy-
sis features were exploited to perform the in-line reaction
of HOCI and the scavenger molecule at physiological pH
prior to reaction of the remaining HOCI with luminol at
alkaline conditions. These two reactions were carried out
in about 3 s, allowing the determination of fast reacting
antioxidants, in a time frame closer to in vivo generation
of HOCl when compared to previously described methods.
The developed method was applied to nonsteroidal anti-
inflammatory drugs of different chemical families, and
positive controls (cysteine, gallic acid, lipoic acid). The
HOCI scavenging capacity was evaluated at pH 7.4 and
10.0; different results were found for oxicam derivatives,
providing evidence that the pH of in vitro methods should
be carefully selected to allow assumptions about putative
in vivo effects.

The formation of reactive oxygen species (ROS) and metabo-
lites in biological systems plays an important role in the mecha-
nism of defense against microbes.!~3 However, the continuous
overproduction of these reactive species and/or the decrease in
antioxidant defenses may cause damage by destroying the
surrounding tissue and contributing to the development of
several human pathologies including atherosclerosis, neurological
degeneration, and several chronic inflammatory processes.*~¢ In

*To whom correspondence should be addressed. Telephone: +351
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the latter pathological condition, among the various ROS that may
be produced during the inflammatory response, a relevant role is
played by the potent bactericidal hypochlorous acid (HOC1).! This
nonspecific oxidizing and chlorinating agent which is produced
in vivo by the myeloperoxidase/H;0,/Cl- system of the stimulated
polymorphonuclear leukocytes rapidly reacts with amines and
sulfhydryl groups, causing damage to several biomolecules or cell
structures.5’ This makes HOCI as a potential target for the
chemotherapy of inflammation.

For this reason, several analytical procedures have been
developed for studying in vitro the scavenging activity of thera-
peutic agents against HOCl using electron spin resonance (ESR),?
UV-visible spectrophotometry,®~# fluorescence,”® and chemilumi-
nescence® as detection systems. However, these methods, which
are not suitable for fast screening, presented some limitations.
For instance, ESR-based methods need expensive instruments that
are not available in routine laboratories. Furthermore, in the
enzymatic-based assay developed by Haenen and Bast,’ employing
oy-antiproteinase (a;-AP) and elastase, compounds which have
inhibitory effects on the activities of either enzyme could falsely
be interpreted to be HOCI scavengers. For the 5-thio-2-nitroben-
zoic acid (TNB) oxidation assay,!® developed later by the same
group, it was observed that compounds containing free thiol
groups, such as dihydrolipoic acid, cysteine, and glutathione,
interfered in this method, yielding an excess of TNB. Néve et
al.1 verified that tenoxicam and piroxicam, two nonsteroidal anti-
inflammatory drugs (NSAIDs), scavenged HOC], but it was not
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possible to quantify their action as both compounds absorbed at
the wavelength of detection. To circumvent this type of interfer-
ence, a liquid chromatographic system has been applied to carry
out the separation of the drugs and their oxidation products before
the determination.!2® However, this makes these methodologies
time-consuming, expensive, and often not suitable for screening
determinations.

Chemiluminescence (CL) detection offers great analytical
advantages over the other techniques; it is selective, sensitive,
simple, inexpensive, and rapid.1s Nevertheless, the implementation
of fast CL reactions (as HOCl—luminol) ¢ based on batch methods
is laborious, as rapid and reproducible sample/reagent mixing
and immediate measurement are necessary. The automation of
these reactions, based on flow techniques, meets these require-
ments, improving the precision and accuracy of the methodology.1”
In fact, a flow injection analysis (FIA)!® and a sequential injection
analysis (SIA)Y using CL as detection system for the evaluation
of scavenging of hypochlorite ion have been developed, but its
application was restricted to standard compounds (ascorbic acid,
a-tocopherol, and trolox). Moreover, as the CL reaction is favored
under alkaline conditions, the scavenging reaction was carried
out at pH > 9.5, under conditions far different from those found
in physiological milieu.

Therefore, the main purpose of the present work was the
development of a chemiluminometric automatic flow methodology
for the in vitro determination of hypochlorous acid scavenging
capacity in conditions closer to those found in vivo. For this,
luminol was chosen as chemiluminometric reagent because of its
specificity for detecting HOCl among other reactive species
produced by human neutrophils after activation of the respiratory
burst response.? Furthermore, multisyringe flow injection analysis
(MSFIA)#-% was chosen, as it offers versatility of flow manage-
ment and multichannel operation in a wide range of flow rates.
These characteristics allow the accommodation in a single protocol
of different reaction conditions, concerning both reaction time and
pH value. Taking into consideration the differences between the
pH found in physiological conditions and the pH required for the
CL detection reaction, these MSFIA features were exploited to
perform the in-line reaction of HOCI and the scavenger molecule
at physioiogical pH {or at the pH of CL detection, for comparison
purposes) prior to oxidation of luminol by the remaining HOC1
at alkaline conditions. The developed method was applied to
several NSAIDs of different chemical families, and the HOCI
scavenging capacity at different pH values (7.4 and 10.0) was
evaluated.

(15) Garcia-Campania, A. M.; Baeyens, W. R. G. Chemiluminescence in Analytical
Chemistry, Marcel Dekker: New York, 2001.

(16) Francis, P. S.; Barnett, N. W.; Lewis, S. W.; Lim, K. F. Luminescence 2004,
19, 94-115.

(17) Trojanowicz, M. Flow Injection Analysis: Instrumentation and Applications;
World Scientific: Singapore, 2000; Chapter 4, pp 165—181.

(18) Sariahmetoglu, M.; Wheatley, R. A.; Cakici, 1; Kanzik, 1; Townshend, A.
Anal. Lett. 2003, 36, 749—765.

(19) Nakamura, K.: Ohba, Y; Kishikawa, N.; Kuroda, N. Bunseki Kagaku 2004,
53, 925-930.

(20) Myhre, O.; Andersen, ). M.; Aarnes, H.; Fonnum, F. Biochem. Pharmacol.
2003, 65, 1575—1582.

(21) Cerda, V.; Estela, J. M.; Forteza, R; Cladera, A.; Becerra, E.; Altimira, P.;
Sitjar, P. Talanta 1999, 50, 695—705.

(22) Segundo, M. A.; Magalhies, L. M. Anal. Sci. 2006, 22, 3—8.

(23) Miro, M.; Estela, J. M.; Cerda, V. Anal. Chim. Acta 2005, 541, 57—68.
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EXPERIMENTAL SECTION

Reagents and Solutions. All chemicals used were of analyti-
cal-reagent grade with no further purification. Aminopyrine was
obtained from Aldrich (Milwaukee, WI). Lornoxicam was kindly
provided by Euro-Labor Pharmaceutics. Lipoic acid and luminol
(5-amino-2,3-dihydro-1,4-phthalazinedione) were purchased from
Fluka (Buchs, Switzerland). Ethylenediaminetetraacetic acid
(EDTA) disodium salt and potassium dihydrogen phosphate were
obtained from Probus, S.A. (Barcelona, Spain). All other chemicals
were purchased from Sigma (St. Louis, MO), including the sodium
hypochlorite solution (4% available chlorine, ref 239305).

Water from Milli-Q system (resistivity >18 MQ cm) and
ethanol absolute pro analysis were used for the preparation of all
solutions. All solutions were protected from light. The stock
solutions of NSAIDs were prepared by dissolving aminopyrine,
cysteine, dipyrone, gallic acid, ibuprofen, and meloxicam in water.
Lornoxicam, piroxicam, sulindac, and tenoxicam were dissolved
in water with 2.0 mM NaOH. Acemetacin, indomethacin, and lipoic
acid were dissolved in ethanol. The working solutions (2.5-10000
uM) were prepared daily by dilution in water.

Hypochlorous acid (HOCI) solutions were prepared daily,
immediately before use. First, a 1% (v/v) solution of NaOCl was
prepared from the commercial solution. The pH was adjusted to
6.2 with diluted sulfuric acid and the concentration of HOCl was
further determined spectrophotometrically (Model 8453, Hewlett-
Packard, Waldgrohn Germany) at 235 nm using the molar
absorption coefficient of 100 M-t cm~1.% Next, the working
solution containing 50 4«M of HOCI was prepared by dilution of
the previous solution in 20 mM potassium phosphate buffer pH
7.4 or in 20 mM carbonate buffer pH 10.0. Due to the pK, (7.5) of
hypochlorous acid, the solution contains approximately 1:1 HOCI
and OCI~ at pH 7.4, while at pH 10.0 OCI~ are the main species.
However, it is usually referred as “HOCI” independently the pH
value of the medium.

The chemiluminogenic reagent was prepared by dissolving
22.2 mg of luminol in 250 mL of 0.10 M carbonate buffer (pH
10.0) containing 1.0 mM EDTA. This solution should be prepared
at least 24 h before analysis and kept in dark at room temperature.

Flow Manifold and Instrumentation. The automated mul-
tisyringe flow system designed for the chemiluminometric deter-
mination of hypochlorous acid scavenging capacity is depicted in
Figure 1A. It comprises a multisyringe piston pump (MicroBu
2030, Crison, Alella, Spain) equipped with syringes of 5 and 10
mL (Hamilton, Switzerland) at positions S1, S3 and S2, $4,
respectively. Each syringe is connected to a three-way commuta-
tion valve (N-Research, Caldwell, NJ) that allows the access to
two different channels (solutions flask or flow network). The flow
assembly also includes a 10-port multiposition selection valve
(Crison, Alella, Spain) used as sampling device.

All tubing connecting the different components of MSFIA was
made from polytetrafluoroethylene (PTFE — Omnifit, Cambridge,
U.K) of 0.8 mm i.d., except for tubes between the flasks and
syringes, which were of 1.5 mm i.d. in order to avoid back pressure
or vacuum at high flow rates. The four and three-way connectors
(T1 and T2, respectively) used as confluences were built from
polymethylmethacrylate (PMMA).

(24) Aruoma, O. . Gen. Pharmacol. 1997, 28, 269-272.
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Spiral-Shaped
Flow Cell

L2 PSM

(A)
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Figure 1. (A) Schematic representation of the multisyringe flow
injection setup assembled for the chemiluminometric determination
of hypochlorous acid scavenging capacity. MS, multisyringe; MV,
multiposition valve; PSM, photosensor module; S1 and S3, syringes
5mL; S2 and S4, syringes 10 mL; Vi, three-way commutation valves;
Ti, confluences; CC, central communication channel; HC, holding coil
(350 cm); RC, reaction coil (100 cm); L1 and L2, connecting tubing
(10 cm); C, carrier (10 mM phosphate buffer pH 7.4 or 10 mM
carbonate buffer pH 10.0); R1, HOCI 50 M in 20 mM phosphate
buffer pH 7.4 or in 20 mM carbonate buffer pH 10.0; R2, luminol 500
uMin 0.10 M carbonate buffer pH 10.0 and 1.0 mM EDTA; Aj, sample;
and W, waste. The exchange options of the commutation valves were
classified in on/off lines. The “off’ line was assigned to the solution
flasks, and the “on” line was reserved for the flow network. (B) Frontal
view of the custom-built spiral-shaped flow cell and upper view of
the flow cell positioned over the photosensor module, located inside
a light-tight box. The arrows indicate the flow direction.

The control of multisyringe and valve operation, and also CL
data acquisition and treatment, were attained by a personal
computer running the software package Autoanalysis written in
Delphi (version 5.0) and Visual C++ (version 6.0) (Sciware,
Balearic Islands, Spain).

As detection system, a lab-made CL detector adapted to flow
assemblies was applied. The CL detector that was previously
described for utilization in MSFIA manifolds® was improved by
engraving the flow path on an Acetal-Delrin block, providing a
spiral-shaped flow-through cell with an inner volume of 80 xL and
an effective emitting surface of approximately 0.85 cm?®. This flow
cell was placed and fixed over a photosensor module (Hamamatsu
HS5784, Bridgewater, NJ) window, producing a compact light-
tight box (Figure 1B).

Analytical Procedure of the MSFIA-CL Method for the
Determination of HOCl Scavenging Capacity. The experimen-
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tal MSFIA-CL procedure for the determination of hypochlorous
acid scavenging capacity including the scavenging reaction of
HOCI at a fixed pH value and subsequent CL luminol oxidation
in alkaline medium is summarized in Table 1. For this, the buffer
solution used as carrier, HOCI prepared in the respective buffer,
and luminol were placed in syringes S2, S3, and $4, respectively.
Syringe S1 and the multiposition valve were used for sample
loading into the holding coil and for dispensing a fixed aliquot of
sample into the reaction coil. Two confluences were incorporated
into the manifold: the first one to promote the merging of sample
with HOCI solution, and the second one allowed the merging of
this mixture with luminol just before light collection.

Briefly, the first commands of MSFIA-CL procedure (steps
2—8, Table 1) involved the sample selection and loading into the
holding coil. After this, the sample injection protocol begins by
dispensing simultaneously and at the same flow rate the sample
(150 L) and HOCl solution (150 L) into the reaction coil, where
the scavenging reaction took place (step 10, Table 1). Next, the
detector was activated, and the measurement of light intensity at
4 Hz within the wavelength interval ranging from 185 to 850 nm
was initiated (step 11, Table 1). Subsequently, the mixture HOCl/
sample was further propelled, mixed with luminol and driven to
the spirally shaped flow cell at a total flow rate of 10 mL min~!
for CL measurements at room temperature (step 12, Table 1).
Thereafter, the sample injection protocol (step 9, Table 1) was
again started. This analytical cycle was performed in quadruplicate
for each sample. Finally, the sample selection protocol (step 2,
Table 1) was restarted, rendering the system for analysis of the
next sample. The automated procedure devised allows the deter-
mination of scavenging capacity of up to eight samples (» = 4)
within the same analytical cycle.

The measurement of CL-blank signal was performed through
aspiration of water as sample, providing the maximum CL
emission. The HOCI scavenging capacity of the NSAIDs was
evaluated through the decrease in CL emission. The sample
concentration providing 50% inhibition of CL-blank emission (ICs)
was then estimated.

RESULTS AND DISCUSSION

Design of MSFIA-CL Method. The objective of the present
work was the development of an in vitro methodology for
determination of HOCI scavenging capacity in conditions close
to those found in vivo concerning pH and concentration of both
HOCI and antioxidant compounds. Therefore, a manifold based
on MSFIA was devised to accommodate the reaction between
HOCI and antioxidant compound at a different pH from the
reaction of remaining HOCI with the chemiluminogenic reagent
at alkaline pH (Figure 1). For this, the flexible channel operation
offered by MSFIA was exploited by merging HOCI solution
(syringe 3) to the antioxidant compound (syringe 1), both
propelled by buffer solution at pH 7.4 through the reaction coil.
Afterward, by activation of a third syringe, the chemiluminogenic
reagent at alkaline pH was added to the prior mixture and directed
at a higher flow rate toward the detector.

Taking into account that low concentrations of HOCI and
NSAIDs, in a range compatible to the respective physiological®®
and therapeutical?® levels would be tested, a high sensitivity was

(25) Weiss, S. J. N. Engl. J. Med. 1989, 320, 365—376.
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Table 1. Analytical Procedure for Determination of Hypochlorous Acid Scavenging Capacity Using the MSFIA-CL

Assembly
step instrumentation protocol®
1 multisyringe piston pump dispense 5000 xL at 15.0 mL min~! with heads V1 off,

V2 off, V3 off, and V4 off

2 start loop: sample selection
3 multisyringe piston pump pick up 1350 L at 15.0 mL min~* with heads V1 off,
V2 off, V3 off, and V4 off
4 multiposition valve valve moves to position X
5 multisyringe piston pump pick up 2000 xL at 4.0 mL min~! with heads V1 on,
V2 off, V3 off, and V4 off
6 multiposition valve valve move to position 1
7 multisyringe piston pump dispense 250 L at 1.0 mL min~! with heads V1 on,
V2 off, V3 off, and V4 off
8 multisyringe piston pump dispense 500 uL at 2.5 mL min~! with heads V1 off,
V2 on, V3 off, and V4 off
9 start loop: sample injection
10 multisyringe piston pump dispense 150 4L at 1.0 mL min~! with heads V1 on,
V2 off, V3 on, and V4 off
11 CL detector light collection with a 900-fold photomultiplier gain
12 multisyringe piston pump dispense 500 uL at a total flow rate of 10.0 mL min~!
with heads V1 off, V2 on, V3 off, and V4 on
13 CL detector stop chemiluminescence measurement
14 repeat » times from loop: sample injection
15 repeat # times from loop: sample selection
16 multisyringe piston pump pick up 5000 4L at 15.0 mL min~! with heads V1 off,

V2 off, V3 off, and V4 off

description

piston bar adjustment

syringes are filled with the
respective solutions

X = valve position 2 to 10

sample is aspirated into HC

cleanup sample tubing L1

dispense carrier to clean
manifold lines

merging sample plug with
oxidant reagent plug into RC
measure every 0.25 s, 2 points to average
merging oxidant-sample plug with
luminol; taking place the CL reaction

n = 4 (number of injections)
»n = number of samples
piston bar adjustment

4 The indicated values of flow rate and volume are referred to syringe 1 (5 mL)

needed. Therefore, the main goal of the optimization studies was
the improvement of the fast CL reaction between HOCl and
luminol. Since the proposed procedure involved CL inhibition, the
analytical signal corresponding to the blank (absence of antioxi-
dant compound) should be maximized in order to ensure the best
performance in terms of sensitivity. For this, the flow rate applied
during the detection step (Table 1, step 12), the volume of HOCI
introduced into the reaction coil, and the concentration of luminol
were studied. The initial concentration of HOCI was fixed at 50
uM as concentration vatues up to 100 uM can be achieved in vivo
at sites of inflammation,? but epithelial cell death was reported
for concentrations between 25 and 50 #M within 4 h of exposure.”’
The length of reaction line for the fast CL luminol oxidation (L.2)
was also fixed at 10 cm.

The flow rate is a relevant variable especially when the oxidant
and chemiluminogenic reagent are mixed just before light col-
lection, because it determines the time interval available for the
development of the CL reaction and measurement, which are also
dependent on the length of the CL reaction coil (L2). In view of
the manifold configuration and the analytical procedure devised,
the dependence of the flow rate on the light collection by the
photomultiplier tube was performed by activating simultaneously
syringe/valve $2/V2 and S4/V4. This study was carried out using
luminol 250 M and 100 L of HOCL. Total flow rates from 1.5 to
30 mL min~! were investigated (Figure 2A). It was observed that
the CL intensity increased with flow rate up to 10 mL min~! and
then decreased. The decrease in the analytical signal was due to
the maximum CL emission taking place after the detector flow
cell. Therefore, the total flow rate 10 mL min~! was selected for
further studies.

(26) Paino, I. M. M.; Ximenes, V. F.: Fonseca, L. M.; Kanegae, M. P. P.; Khalil,
N. M.; Brunetti, I. L. Braz. ]. Med. Biol. Res. 2005, 38, 543—551.

27) Sugiyama, S.; Kugiyama, K.; Aikawa, M.; Nakamura, S.; Ogawa, H.; Libby,
P. Anterioscler. Thromb. Vasc. Biol. 2004, 24, 1309--1314.
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The volume of HOC! injected into reaction coil RC was
evaluated between 25 and 250 uL (Figure 2B). The CL intensity
increased with HOCI volume up to 150 «L. For higher volumes
the CL peaks were larger but the maximum CL intensity was
similar because the dilution of the HOCI solution due to dispersion
was negligible. In fact, it was dependent on the ratio between the
flow rates of syringes S1 and S3. For this reason, 150 L of HOCI
was adopted for the next experiments.

The effect of luminol concentration was estimated through the
establishment of calibration curves by plotting the CL intensity
as a function of HOCI concentration (uM). For this, three different
luminol concentrations 100, 250, and 500 «M were evaluated; the
slopes obtained were 17.0, 50.7, and 127.9 CL intensity counts/
uM of HOC], respectively. A linear response interval was found
for HOCI concentrations ranging from 50—400, 10—100, and 10—
50 uM, respectively. The larger concentration of Juminol was
selected because the range of HOCI concentration was compatible
with those expected in vivo and the highest sensitivity was
attained.

Some nonsteroidal anti-inflammatory drugs (NSAIDs) have low
water solubility at neutral pH, but it increases when they are
dissolved in ethanol or in alkaline medium. For this reason, it
was decided to evaluate the influence of different ethanol con-
centrations (v/v) in the performance of the CL reaction. Hence,
using the devised procedure and the optimized conditions stated
above, the CL blank signal obtained using water (as sample) was
related to those attained with different ethanol concentrations
ranging from 0.5 to 100% (v/v). The CL inhibition was <2.2% for
ethanol concentrations up to 2% (v/v), whereas 5, 10, 25, 50, and
100% (v/v) of ethanol originated 7, 11, 44, 65, and 76% of CL
inhibition, respectively. Therefore, as a compromise between the
solubility of tested compounds and the interference on the
methodology, the maximum concentration of ethanol in the
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Figure 2. Optimization of the physical variables. (A) Flow rate.
Experimental conditions: 250 xM luminol, 50 xM HOCI, 100 uL of
HOCI. (B) Volume of HOCI. Experimental conditions: 250 M luminol,
50 M HOCI, 10 mL min~" of total flow rate. For both graphs each
point represents the values obtained from four determinations (mean
+ standard deviation).

CL Intensity

NSAIDs solutions allowed for determination using the flow system
was 2% (v/v). Furthermore, under the present assay conditions
the application of 2 mM of NaOH for preparation of some NSAIDs
stock solutions had no effect on the pH value of the scavenging
reaction.

The repeatability and reproducibility of the methodology were
assessed for the determination of ICs, values of lipoic acid
performed within and between-day (z = 3). The relative standard
deviation obtained was 0.1 and 1.8%, respectively.

The precision of the MSFIA-CL system was also estimated by
calculating the relative standard deviation from 12 consecutive
determinations of three lipoic acid standards (10, 20, and 40 M)
providing values of 2.3, 1.7, and 0.5%, respectively. Therefore, the
present MSFIA-CL method represents a noteworthy improvement
in the repeatability and reproducibility when compared to CL-
batch methodologies (RSD > 10%).1 The determination through-
put was 92 h-!, corresponding to a sampling rate of 23 h™! as
each sample was analyzed in quadruplicate. Reagent consumption
was 0.030 umol of HOCI and 2.0 xmol of luminol per sample
analyzed.

Application of the MSFIA-CL Method to Nonsteroidal
Antiinflammatory Drugs (NSAIDs). The MSFIA-CL method
was applied to NSAIDs representative of various families, namely
arylpropionic acid (ibuprofen), pyrazolone (aminopyrine, dipy-
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Figure 3. HOCI scavenging capacity of dipyrone, aminopyrine,
piroxicam, and cysteine at pH 7.4.

rone), indole (acemetacin, indomethacin, and sulindac), and
oxicam derivatives (lornoxicam, meloxicam, piroxicam, and tenoxi-
cam). Compounds reported as effective HOCI scavengers, such
as cysteine, gallic acid, and lipoic acid,?®? were used as positive
controls of the assay system.

In the present work, the Cl-reaction is preceded by an
oxidant—antioxidant reaction (HOCENSAIDs) at a fixed pH value.
The extension of this reaction is determined mainly by its rate,
which provides the ability of NSAIDs to scavenge HOCI. This
feature is important in evaluating the putative in vivo effect of the
drug, as its scavenging action against HOCI must be as fast as
possible to minimize cellular damage. In opposition to that, the
results provided by in vitro end-point methodologies, based on
measurements after minutes of reaction, do not reflect the in vivo
action of the drug as slow or fast reacting compounds are not
distinguishable.

The scavenge effectiveness was expressed as the percentage
of inhibition of luminol oxidation as a function of scavenger
concentration and the results obtained for some of the compounds
tested at pH 7.4 are presented in Figure 3. These compounds
scavenge HOC in a concentration-dependent manner. Moreover,
the sample concentration that originates 50% inhibition of luminol-
CL (ICsy) was also determined (Table 2). The values obtained by
other methodologies are also included in Table 2, but it should
be emphasized that a straightforward value comparison is not
possible, as the reaction conditions (pH, HOCI concentration,
probe species) are quite different. Nevertheless, a general
comparison about relative potencies is feasible.

The results obtained in the present study demonstrate that
HOCl is effectively scavenged by several NSAIDs and the potency
of scavenging capacity was similar to that found for the positive
controls. Cysteine (containing thiol group) exhibits greater HOCI
scavenging capacity than that of lipoic acid (oxidized form of
dihydrolipoic acid), since the ICs values at pH 7.4 of cysteine
and lipoic acid was 9.1 + 0.4 and 26.3 + 0.4 uM, respectively.
Similar results were found when performing the scavenging
reaction at pH 10.0. Similar results were found using the protein
carbony! assay at pH 7.4.2

(28) Yan, L. J.; Traber, M. G.; Kobuchi, H,; Matsugo, S.; Tritschler, H. J.; Packer,
L. Arch. Biochem. Biophys. 1996, 327, 330—334.

(29) Soobrattee, M. A.; Neergheen, V. S;; Luximon-Ramma, A.; Aruoma, O. L;
Bahorun, T. Mutat. Res. 2005, 579, 200—213.
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Table 2. HOCI Scavenging Capacity of Positive
Controls and NSAIDs

present method,? ICsy (uM)

pH74 pH 10.0 other methods
Positive Controls
cysteine 91+ 04 13.8+£07 52 + 6°
gallic acid 9.7+ 0.6 74402
lipoic acid 263+ 04 243+ 13 99 + 9¢
NSAIDs
ibuprofen NA? NA? NA“4
aminopyrine 16.8 + 0.4 209+11 20.2 + 2.5¢
dipyrone 276+ 13 21.5+0.3 4.5 4 0.7¢
acemetacin NA? NA? NA4
indomethacin NA? NA? NA?
sulindac NA? NA? NA¢
lornoxicam 175+ 0.1 1131+ 1 43107
meloxicam 99+ 0.1 665 + 4 17 + 37
piroxicam 17.7 £ 01 373+ 37 3.6£07f
tenoxicam 13.8 £ 0.8 1013 + 16 4.0+ 0.7/

a Results are expressed as the mean =+ standard deviation of four
determinations performed in duplicate. > NA, no activity was found
within the tested concentrations ranging from 100 to 10000 M. ¢ ICsp
(uM) values, using protein carbonyl assay (ref 28). ¢ NA, no activity
was found at concentrations ranging from 0 to 2000 M, using taurine
chlorination assay (ref 11). ¢ ICso (uM) values, using HOCLinduced
luminol-CL assay (ref 14). / Second-order rate constants (103 M~1s™1)
for the reaction of NSAIDs with HOC], using a competitive fluorimetric
assay based on p-aminobenzoic acid chlorination (ref 13).

For ibuprofen, acemetacin, indomethacin, and sulindac at
concentrations up to 10000, 100, 100, and 1000 M, respectively,
no detectable activity against HOCl was observed for either pH
7.4 or 10.0. The lack of HOCI scavenging capacity agreed well
with previous studies using taurine chlorination assay,!! in which
these compounds were unable to react directly with HOCl and to
protect taurine against chlorination. Nevertheless, it should be
noted that when acemetacin and indomethacin were dissolved in
2 mM NaOH, instead of ethanol, the ICsos (M) were 68 £ 2, 80
+ 4 at pH 7.4 and 138 + 31, 130 & 5 at pH 10.0, respectively. The
reason for these results could be explained by the rapid alkaline
hydrolysis of the amide bond of acemetacin and indomethacin,
even at low concentrations of OH-, yielding the formation of
chloramines, the reaction products of HOCI with amines.* Thus,
the scavenging effect observed in these conditions was due to
the products of hydrolysis instead of the original molecule. For
sulindac, which does not have the amide group, no scavenging
capacity was obtained.

The pyrazolone NSAIDs displayed potent scavenging effects
at both pH values, aminopyrine being the most potent when the
reaction took place at pH 7.4, while at pH 10.0 the scavenging
potency was similar for both compounds tested. In a previous
study, using HOClinduced luminol-CL at pH 12, it was clearly
shown that both compounds were highly potent scavengers of
HOCL! Nevertheless, in these conditions dipyrone showed higher
scavenging capacity than aminopyrine, and this may be attributed
to the higher pH value applied.

Antwerpen et al.,! using a competitive fluorimetric assay based
on p-aminobenzoic acid (PABA) chlorination for the determination

(30) Matos, C.; Chaimevich, H,; Lima, J. L. F. C.; Cuccovia, I. M; Reis, S. J.
Pharm. Sci. 2001, 90, 298—309.
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of the rate constants for the reaction of NSAIDs with HOCI,
reported that oxicam NSAIDs scavenge HOCI in physiologically
relevant conditions. Our results at pH 7.4 are in agreement with
those found, since the drugs seemed to have roughly the same
order of potency for HOCI scavenging and further indicate that
meloxicam is the most effective scavenger of this family. This is
related to the methylthiazole ring in meloxicam, which has a clear
influence on the increase of scavenging capacity of the drug
toward HOCLY Noteworthy, the observed ICss at pH 10.0 are
much higher (about 100 times higher) and the order of scavenging
potency was different. At pH 10.0, the thiophene ring of tenoxicam
and lornoxicam and the benzene ring of piroxicam and meloxicam
probably affect the oxidation on the C3-carbon of the enolic
function of these molecules toward HOC], since the potency of
these drugs were in the same order. Therefore, these results show
that the pH of HOCI scavenging reaction affects the ability of some
compounds to react with HOC], indicating that the conditions of
in vitro testing should be as close as possible to those found in
vivo.

In conclusion, the features of MSFIA, that allow the application
of flow rates between 0.6 and 30 mL min~!, enabled the precise
delivery of low sample volumes at low flow rates and the fast
reaction and detection by application of higher flow rates.
When compared to predecessor techniques, the application of
MSFIA to this particular application is clearly advantageous. First,
the consumption of reagents is not continuous as that which
occurs in FIA'® promoting the economy of luminol, which is
propelled to the detector just before signal measurement, after
the premixing of HOCI and putative antioxidant compound. In
SIA systems, the reagent consumption is not continuous, but in
the application proposed by Nakamura et al.,'? the luminol solution
is continuously added by an auxiliary pump to the main channel
that connects the selection valve and the detector. Furthermore,
it would be difficult to attain a homogeneous mixture between
the HOCl/buffer solution and the putative antioxidant in a SIA
system. In these systems, the mixing of solutions takes place at
the boundaries of the segments of reagent stacked in a holding
coil; thus, it would not be possible to guarantee a strict control of
reaction pH.

In this particular application of MSFIA, the system con-
figuration and the high flow rates applied allowed a high
determination throughput. In fact, the time taken here between
the contact of HOCI and the potential antioxidant compound
plus chemiluminescence detection was about 3 s, which is
well below what has been previously described in the
literature. This is an advantage over other methods because
the antioxidant compounds that react fast, closer to the time
frame of generation of HOCI in vivo, are determined. Further-
more, in the proposed method, the reaction conditions (HOCI
concentration and pH) were similar to those found in the
physiological milieu, despite the fact that the detection of
remaining HOCI took place at alkaline pH. This methodology
would be cumbersome to perform in a batchwise manner,
requiring manual pH adjustment before detection, but it
was successfully implemented here using MSFIA. Finally, the
MSFIA-CL methodology represents a suitable tool for the
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screening analysis of HOCI scavenging capacity, especially for
pharmaceutical and biomedical research.
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8.1. Analytical features of the developed flow-badeantioxidant capacity assays

In the present dissertation, several automatic adetlogies based on multisyringe flow
injection analysis were developed for the routioe/sning determination of antioxidant
capacity of pure compounds and complex matricesoad products, including beers,
isotonic and soft drinks, infusions, juices and @snTheir relevant analytical features are
summarised in Table 8.1.

The automation of antioxidant capacity assays edbastrict control of reaction conditions
including (i) reproducible mixture of antioxidanbrapounds/sample and oxidant species
(DPPH, FC reagent, ABTS, or HOCI), (ii) reproducible reaction time, and)(in-line pH
adjustment. In these systems, the contact of okidad antioxidant species with oxygen
and other substances that are present in the vgpdamironment was reduced. Moreover,
the reduced intervention of the operator contriduteachieving reliable results with good
repeatability (RSD < 4.0%). In fact, the automatiethods provided an improved
repeatability when compared to batch procedures;iristance, the precision of the
MSFIA-CL system developed for assessment of HO&Verging capacity was lower than
2.3%, compared to 10% obtained by CL-batch metloyies.

In batch methods used for the assessment of adéinkicapacity, the results obtained for
samples are related to an antioxidant standard contp that shows different kinetic
behaviour toward oxidant species. Thus, in ordeattain results independent of time of
analysis, these assays are usually based on entirpeasurements. The reaction time for
the DPPH, the Folin-Ciocalteu, and the ABTSassay vary between 20 min to 2 h, which
decreases drastically their determination throughiputhis context, and with the purpose
of attaining results statistically comparable wittose provided by the end-point batch
methods, a stopped-flow approach was implementbi Sirategy allowed to follow the
scavenging/reduction reaction development and teesss if total consumption of

antioxidant is attained during reaction monitoring.
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Table 8.1.Analytical features of the developed flow-based mettiodthe determination of antioxidant capacity.

Antioxidant assay Standard compound  Time of stopped Det. rate RSD Expression of antioxidant Type of samplé

(analytical range) flow (s) (h™ (%) capacity

Number of DPPHmolecules reduced by
DPPH assay - 180 14 - o Pure compounds
one molecule of antioxidant
Ascorbic acid Equivalents of ascorbic acid
DPPH assay 180° 13 <1.0 L Food products
(0.44 — 10.6 mg 100 mb) (VCEAC, mg 100 mL)
Gallic acid Equivalents of gallic acid

FC assay ) 240 12 <1.3 ) Food products

(2.5-40mg L) (mg L)
FC assay Gallic acid Equivalents of gallic acid

. 25¢° <4.0 .
(5.0-75mg L) 24 (mg L)
+ Food products
(12 +12)
Trolox 2o 31 Equivalents of trolox
o+ <3.
ABTS" assay (0.020 — 0.20 mM) (TEAC, mM )
HOCI scavenging Lipoic acid
) = 92 <2.3 ICs0 (UM) NSAIDs

capacity assay (5.0 — 50uM)

2 the mixture of sample and reagent was stoppeldeinietector (Ch. 3-5);the mixture of sample and reagent was stoppeldeimeaction coil before the detector

(Ch. 6);° no stopped flow was applied, the contact of saraplé HOCI plus chemiluminescence detection wastaBau(Ch. 7) food products include beers

(blond and dark), isotonic and soft drinks, infusigherbal and tea), juices, wines (red and whi@);, concentration of sample that inhibits 50% thelyital

signal; NSAIDs, nonsteroidal anti-inflammatory dsud@EAC, trolox equivalent antioxidant capacity; E&C, vitamin C equivalent antioxidant capacity.

g la1deyd
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For the DPPHand FC assay, the reaction mixture was stoppéaeimietector during 180
and 240 s, respectively, whilst for the sequertitermination of FC and ABTSassay,
the mixture of sample and reagent was stopped enrg¢action coil before the detector
during 250 and 295 s, respectively. The reactionetiwas markedly reduced when
compared to batch procedures; therefore the detation rate increased (varied between
12 and 24 H). For the HOCI scavenging capacity assay, thepsmilow approach was
not applied because the objective was to attairamtion time between the putative
antioxidant compounds and HOCI close to the tinaen& of generation of HOCI in vivo.
In fact, the contact between sample and HOCI phsniluminescence detection was
about 3 s. This strategy allowed to obtain a higtednination throughput (about 92
determinations per hour).

The standard compounds used for each assay wereskbhccording to the corresponding
batch methodology and results were expressed asadents of the respective compounds.
For the study of reaction conditions of DPP&ksay, the kinetic profile of radical
consumption for the first 3 min of reaction was edetined for several antioxidant
compounds and the number of DPRhblecules reduced by one molecule of antioxidant
was calculated. In the HOCI scavenging capacitgygdgpoic acid was used as the positive
control and the results were expressed as the otyaten of the sample that provided
50% inhibition of analytical signal (Kg). For all automatic methods developed, the results
obtained were in agreement with those reportedhmm literature and/or they were
statistically comparable with those provided by bagch procedures.

Computer-controlled  flow-based  methodologies, as FMS$S enable the
aspiration/propulsion of precise volumes of sampé&agents and carrier, and represent
powerful tools to develop greener analytical prazed by decreasing the reagent
consumption and minimising the waste generated. quantity of reagent(s) consumed
and the total waste (volume) generated per detatiom for the automatic flow systems
developed versus batch methods are presented ile Bab and 8.3, respectively. All
calculations were based on the information giverthia previous chapters and on the
information reported in the literature. For theeatatination of Folin-Ciocalteu reducing
capacity, the consumption of FC reagent was redadedit 500 times, while 10 mg of
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NaOH were used as alkaline reagent instead of f3Ng4O; used in the batch procedure.
The higher consumption of alkaline solution, ab®t times, for the sequential assay was
due to the increase in the number of operationsstepolved in the analytical cycle
(Chapter 6). Moreover, a considerable decreasdnenvblume of waste produced was
obtained for the flow method of FC assay (3 mL getermination compared to 100 mL
for batch assay). Taking into account that thishoétis widely used to estimate the
reducing/antioxidant capacity and represents airrelyt assay in the agrochemical field,
the high reduction of FC reagent consumption ared iblume of waste generated are
valuable features. On the other hand, the reagamtuenption and the volume of waste
produced for DPPHassay and for the determination of HOCI scavengimpacity was
higher using the flow-based methods. This tookelaecause the manual discrete methods
used for comparison purposes are not classicaladsths Folin-Ciocalteu assay. In fact,
they use a single spectrophotometric cell (DP&$ay) or a multiwell microplate (HOCI
assay) whereby the sample/reagent(s) are addedessigely, and therefore the
consumption of reagents as well as the volume dtevproduced per determination are
minimized (varying between 0.25 to 4 mL per detaation). Furthermore, the automatic
flow system developed for automation of DPPa$say replaced methanol for a less

harmful reaction media, ethanolic solution 50% v/v.
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Table 8.2. Quantities of reagents consumed per determindtiorine developed flow-

based and for the batch antioxidant methods.

Antioxidant assay MSFIA method Batch method
DPPH 0.34pmol .
DPPH assay ) DPPH 0.24pumol
DPPH 0.38umol
FC reagent 10L° FC reagent 5 nfL
FC assay
NaOH  10mg Na,CO, 3¢
FC reagent 10L° FC reagent 5 nfL
FC assay NaOH 24.7 mg Na.CO; 3d
+
i
ABTS" assay ABTS 1.8pmol ABTS  3.0umol
H,O, 0.18umol H,O,  0.03umol
HRP 0.12 nmol HRP 0.5 nmdl
HOCI scavenging HOCI 7.5 nmol HOCI 6.25 nmdl
capacity assay Luminol 500 nmol Luminol 62.5 nmdl

2 Flow method developed for studying DPP$tavenging reaction conditions (Ch. 3)Flow
method developed for determination of antioxidant capacity in food podGb. 4).° Values
refer to the commercial solutiohCalculated from Brand-Williamet al. (1995).° Calculated from

Singletonet al. (1999)." Calculated from Canet al.(1998).° Calculated from Costet al. (2006).
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Table 8.3.Volume of effluent (mL) produced per determination the developed flow-
based and for the batch antioxidant methods.

Antioxidant assay MSFIA method Batch method
4.2°
) 4.0°¢
DPPH assay 5.2
(methanol)

(50% v/v ethanolic solution)

FC assay 3.0 100
FC assa
Y 7.4 100°
+
ABTS™ assay
6.9 2.0°

HOCI scavenging

_ 2.6 0.25
capacity assay

2 Flow method developed for studying DPP$tavenging reaction conditions (Ch. 3)Flow
method developed for determination of antioxidant capacity in foadlupts (Ch. 4)? Calculated
from Brand-Williamset al. (1995). Calculated from Singletoat al. (1999).° Calculated from
Canoet al.(1998).! Calculated from Costat al.(2006).
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8.2. Contributions for the improvement of antioxidant capacity assays

The multisyringe flow systems presented in thisselitation contributed with new
automatic flow methodologies for the assessmenardgfoxidant capacity. Besides the
advantages attained with automation, the developettiods provided some improvements
in the performance of the analytical methodologies.

Considering the DPPHassay, the evaluation of antioxidant capacityatchwise manner

is generally performed in methanol media and trsilte are expressed as the sample
concentration that reduce 50% the initial DPRbhcentration. Moreover, the scavenging
reaction is time-consuming and it may take 20 minta hours for a single analysis
(Brand-Williams et al, 1995). In the automatic method developed for yshgl the
influence of pH and solvent in the DPP$tavenging reaction (Chapter 3), the number of
radical molecules reduced per molecule of antiodisdtained in methanol and ethanolic
solution 50% (v/v) were similar, indicating thatetiheplacement of methanol for a less
harmful reaction media is a valid environmentaligridly alternative. This outcome was
only possible due to the stopped-flow approach emanted in the present system and
could not be achieved in the previously descrided-based methods based on single-
point measurements (Ukedd al, 2002; Polaselet al, 2004). Moreover, the MSFIA
system proposed allowed the establishment of éifiereaction conditions (solvents, pH)
only by changing the content of the syringes anchaty be applied to other antioxidant
assays based on bleaching of chromogenic radicals.

Using the automatic method developed for the detextion of antioxidant capacity of
food products through the DPPHaction (Chapter 4), it was verified that the amtoof
radical consumed by antioxidant standards (ascanhiccaffeic acid) was independent of
the initial concentration of radical, except fotusitions where DPPFantioxidant molar
ratio was lower than the stoichiometric value. 8itlee percentage of radical consumed is
calculated as the ratio between absorbance decamasmitial absorbance of radical, the
values of percentage of DPPldonsumed will be different for the same amount of
antioxidant. Therefore, it was proposed that thioaidant capacity should be expressed
as the absorbance variation (or amount of radicasemed) rather than the percentage of
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radical consumed as a function of antioxidant cotred¢ion. It was also concluded that the
sample dilution factor plays an important role timia exhaustion of the scavenging ability
of the sample during the period of absorbance nmeasent, and consequently to achieve
results comparable to those obtained from the batethod. For samples that did not
exhaust its scavenging capacity within the timerezction monitoring, a mathematical
model was applied to estimate the total consumptibrDPPH. The combination of
automation and mathematical modelling for predgtememical equilibrium results was
applied here for the first time and it offers atfasd reliable alternative to the time-
consuming end-point batch method. Furthermore,gihaitative information about the
kinetic behaviour of antioxidant compounds inifajpfresent in the samples or formed
during the reaction with the radical was also pdedi.

Considering the automatic method developed for dbermination of Folin-Ciocalteu
reducing capacity (Chapter 5), the sodium hydroxadkrition was employed as alkaline
supporting medium instead of the carbonate bufédut®n used in the batch procedure
(Singletonet al, 1999). This replacement allowed a considerabtecase on the rate of
the formation of coloured products. Neverthelebs, éxcessive alkalinity of the medium
also originated an absorbance decrease along tueetal the destruction of the colour
complexes formed. In this context, the control edhation conditions offered by MSFIA
systems were exploited to implement these more tidraonditions, providing a
reproducible balance between the two reactionsualgt this methodology would be
cumbersome to perform in a batchwise manner, esitires a strict control of reaction
time and mixing of reagent/sample. The resultsiobthby the proposed method after 4
min of reaction were statistically comparable witlose attained by the time-consuming
batch method (2 h) proposed for standardisatiodetérmination of antioxidant capacity,
with good repeatability (RSD < 1.3%).

The automatic method developed for the sequengigrohination of FC reducing capacity
and ABTS' scavenging capacity (Chapter 6), represents ailusefl for routine analysis
and also for real-time comparison between the tvethods. A large number of samples
were analysed and the results showed that thelatore between these assays may vary
according to the type of sample, reinforcing theasidhat more than one method should be
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used for evaluation of antioxidant capacity. Thet faf performing these determinations in
parallel has also the advantage of processingahmle at the same time, avoiding errors
that might arise with sample degradation over tifitee possibility to perform each assay
separately or in tandem through software contraukh also be highlighted as an
advantage of the methodology proposed.

Regarding the automatic method developed for therehénation of HOCI scavenging
capacity (Chapter 7), the proposed multisyring& fkystem provides the application of a
large range of flow rates, enabling the precisévegl of low sample and HOCI volumes
at a low flow rate and then the fast reaction amdection of remaining HOCI by
application of a higher flow rate. This strategyswexploited to accommodate in a single
protocol different reaction conditions, concernbwh reaction time and pH value. In fact,
the proposed flow method represent a valuable ingmmant over previously described
methods, because the antioxidant compounds reagthdoxidant species in conditions
closer to in vivo generation of HOCI (pH 7.4, HO&Incentration of 5uM, and 3 s of
reaction time). Moreover, the results obtained @®vhe evidence that the pH of in vitro
methods should be carefully selected to allow agsiems about putative in vivo effects.

In conclusion, the automatic methods developedhis work showed to be a fast and
reliable way for determination of antioxidant/raalicscavenging capacity, so that they
could be a suitable alternative to the currentlistaxy methods and even a choice for
implementation in routine/screening analysis, esigcfor food, pharmaceutical and

biomedical research.

8.3. Perspectives and future trends

At the present moment, a high quantity and diversf analytical methods for

determination of antioxidant capacity are availableese assays differ from each other in
terms of reaction mechanisms, oxidant and targgifpspecies, reaction conditions, and in
the form that results are expressed. Even when oméy of these assays is considered,

different antioxidant standard compounds, solvergaction time and pH are frequently
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applied. Moreover, as thetal antioxidant capacitys dependent of a multitude of factors,
a “battery” of assays measuring different aspedtshe behaviour of antioxidants is
strongly required to generate a complete antioxigaofile. In a broad spectrum of areas,
including physiology, pharmacology, nutrition angr@hemical, this situation may
difficult the selection of the most appropriate huei(s), originating inappropriate
applications and misinterpretation of the resulise comparison of data from different
studies is also difficult. In this context, a primafactor to consider in selecting an
antioxidant method is the mechanism of reaction imdelationship to what might occur
in the target application. It is also advantagetuselect methods that are commonly
accepted, validated and standardised, with a laogg of comparable data available in the
literature. Therefore, the efforts that have beeadenduring the last two years to
standardize analytical methods and provide validlgjines are of utmost importance to
bring some order to this field, and they shoulgpbesued by future researchers.

In the future, other in vitro analytical assayslw# needed as more is learned about the
oxidation sources (radical and non-radical) inahgdiheir concentrations, the interactions
with other oxidant species and biological targ#tsir significance to oxidative stress, and
the surround environment. The design of novel nohelies definitely on the utilization
of oxidant and target/probe species (proteinscyliycerols, and cell models) with
relevant biological significance and in reactiomditions (concentrations, reaction time,
pH) as close as possible to those found in vive pbssibility to develop assays where
more than one oxidant species is present in thetiomamedium simultaneously should
also be considered. Regarding the automation abxadant assays, an interesting field
may be the development of automatic methodologieshfe assessment of biomarkers of
oxidative stress, such as F2-isoprostanes or mialloletiyde as indicators of oxidative
damage to lipids, protein carbonyls or nitrotyresas indicators of oxidative damage to
proteins, and 8-hydroxydeoxyguanosine as indicataxidative damage to nucleic acids.
The miniaturisation of flow-based systems for measwent in-field and for obtaining real-
time information may also be an actively pursuepiaan future analytical chemistry

research applied to this area.
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