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Flow-injection analytical system for the evaluation of antioxidative activity
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Reactive oxygen species (ROSs) and various free radicals are known to cause serious diseases,
such as cancer and arteriosclerosis, and to accelerate aging. In order to protect our health
from oxidative stress, active research has been carried out on screening antioxidants that can
quench or scavenge ROSs and free radicals formed in our body. In the present paper, several
novel flow-injection analysis (FIA) systems are discribed for estimating the antioxidative activity
rapidly and conveniently, as follows: (1) spectrophotometric and chemiluminometric FIA for
estimating the superoxide dismutase (SOD) and superoxide anion-scavenging activity (SOSA),
(2) amperometric FIA for monitoring the catalase activity, which can decompose hydrogen per-
oxide, (3) FIA for 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-scavenging activity using electron
spin resonance (ESR) as a detector, and (4) spectrophtometric FIA for 2,2'-azino-bis(3-benzthia-
zoline-6-sulfonic acid) (ABTS) radicalscavenging acitivity. Applications to practical samples,
such as biochemical materials and foods, are also described.

Keywords : flow-injection analysis; food analysis; reactive oxygen species; free radical ; immobi-
lized enzyme ; chemiluminescence; electron-spin resonance; superoxide dismutase;
catalase ; review.
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Fig. 1 Principle of WST-1 method%)
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The food samples used were green tea (O), red wine
(), coffee (&) and cocoa (@).
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carier~p~D/—>
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WST-1 + Hypoxanthine + (SOD or Water)

Fig. 3 FIA manifold for SOD assay'”

P: pump; IV: injection valve; D: detector
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Fig. 4 Typical response curve of SOD preparation
obtained by the present FIA method based on the use
of WST-1'"
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Fig. 6 Chemiluminometric FIA system for SOD
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Fig. 5 Relationship between SOD activity in rabbit

erythrocytes obtained by NBT method and the present
FIA method based on the use of WST-1
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Detector: chemiluminescence detector
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Fig. 7 Typical responée curve of SOD preparation
obtained by the present CL-FIA method"”
A: 0; B: 25; C: 50; D: 100; E: 250; F: 500; G:
1000; H: 2000 ng/ml
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#10g 12 40 ml DAEEKEMZ, LT REBROBRIETHL
2iio 7.

WEAERE % Table 1IR3 . ESR #:& CLFIA HE:OHE
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58 A R 0 B IZAERI4R 52 0.997 D BAT 72 EARK I RE 2552
oz, TORRIE, LFESEDAORKA REREOR
FERVEHIIT LT hH, Hr#l SOSA i TH % CLFIA 25,
ESRELEHBEOSEVHERKREE525ZLERTT—%
THY, HeBRAEMEMDORAZ ) —= 2 716 LTRE W
BRABRD L EPHHIN I LIRS,

—7, WEMRICERT AL, BRERERGOKMEY
DHRT, 2200FE, ThbbFrNursReEARD
SOSA ZFIZEWZ LA LA & 2 5 72, Noda 5 i ESR
BIZXBREDRKR, WRFHBY D SOSA 5173100~
206300 units/g TH o7z L H_EL T2, 5T, CL-
FIAEIC L AEREE X2 N0 V%D SOSA # REEE Y
72D ICBET S L, £ 2N 571000 units/g & 452000
units/g & % %. CL-FIA #:% Hv TS O & 5% L
72 2%, 520000 units/g & 637000 units/g DA S
72, 2DOFEICLDUBOER, Fru REeEAEK
DOWMAEIED SOSA X, RELFA%SDL2VIEZRUETH
% EDHBH L.

ERFEF v 0 RPN ENEER, Ldhaus
WKLo TRESNZDDTHD. 9 L-BEHEIKE
DOHBRILEEIZS 2 5 HBIZOWT, BEIZHARTY lifEss
HrLEZON AUET, BHMEOHMKLZEEDE
BEHOPICTHIENTEZ EITME, FEDAIC
b, AEEMEF LR EOHVER LR TREKEVESI RV
7ZENT. IS ORERITA CLFIA B:0VE AR AR
EMOMBICERAWICRAETRETHL I LEHRLTY
5.
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Table 1 SOSA of bioresources produced in Kochi
Prefecture obtained by ESR method and CL-

FIA method
Sample name ESR CL-FIA
(units/g dry)  (units/g dry)

Anaerobically treated tea 192000 1770000
(Gabaroncha)
Post-heating fermented tea 216000 2230000
(Goishicha)
Mulberry tea leaf 11700 32700
Small sweet green pepper 2530 39600
Kidney bean 2780 269000
Chest nut 10600 17100
Okra 4500 11200
Delaware 700 258
Cucumber 2890 3920
Cherry tomato 38100 24700
Dehydrated aloe perrye 1100 12400
Loquat (pulp) 1060 2980
Loquat (peel) 3740 30600 -
Loquat (seed) 7700 9390
Plum (pulp) 1080 1670
Plum (peel) 10700 27900
Plum (seed) 81900 7370

3 H ¥ I—FiEHo FlA

N5 T —CILBRALKE R K L BREIC RS DRETH .
5. BELKZEEZe FaF I VS VN NVOMBKRTH 57
b, FOFRIESTEH S5 —VREABEICBNTE
BhikEZ2HoTnW5b, # % 5—BigtiaE, Bk
EOWRELEEE=F—F52 T, FBRBRLAED
SGRCELIBER I T 7 ABEBERTES—THZ
ETHZBENTWEHY, BEIEBETH S0, L0
5 CRAEZERUNEEORBILEL ISNTVSE, #2T
EEDLIX, W57 —EOERETHLHBRILKEEL, Bl
BRZHOTEENICRESE, ZOMRIIECERT S
BEEZTU—AN—F L TDr 55— RBEEERTE=S
—FTAHLWI AL TNy 5 —CiEHEHIA FIA S A 7
INOY R T A

ALY 7 v iEMAL Sepharose IC TFRLOBILEER % & « [H
FAL, 754 2mme X6cm) WKHRBELTEEEY T2
F—b Lk 2BBRO7O—YAFHIIBWT, —HD
FTAUVHOLEBEEELI Yy VY —BHER) AR 7
UF2—7RFIZEDY T2 & —PISEEL, BEERLK
FAREZTLELHIL, FrUYT—BIROBTIRE 2K
FEg, bI3—HD5A4 22 Hh %I —EHEHR (20u)
ZEAL, BBALKFEOSMRICIVALIBEL 7O —X
VICHBLA 79— 7 BHBIEBBICLIDVE=F— L7
(Fig. 8). "—A T4 VEBREZEEIILZZE—7ELIS
h T —EORBREERL, ABOEEZRD. B
BELLT, FNVI—-AFFT¥—+¥ (EC 1.1.3.4; from
Aspergilius niger), XO (EC 1.1.8.22; from Butter milk),
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R

A _
P Iv _ OE
B ]
<II> 1] FC waste
t enzyme reactor

catalase or sample

Fig. 8 Schematic diagram of FIA system for catalase activity

P: pump; IV: injection valve; FC: flow cell; OE: oxygen electrode; R: recorder

ThVa—F+*¥%—+E (EC 1.1.8.13; from Candida boi-

dinii), 79U H—+¥ (EC 1.7.8.3; from yeast) ZFHVWTY
AT K ORELE o 72, |

T3, BEBILKEOF VT4 Y BERE L TCHAV AL
BIROLBEITo72. 0.256 gDRALY 7 ViEMHAL
Sepharose {28 LT, FhENI/ VI -2+ F T F—¥
3000 units, XO 1.9 units, 7NV 2 —VF F T ¥—¥ 55

units, 7V H —¥ 48 units T FEE/LICH LBEZEY T 7 ¥
— B, BUVT 2 —I210mM 7L a— X, 0.2

mMERFHF ¥, 05mMI ¥/ —)b, 0.4mMREE
ERBRBLT, R—=X5 4 YERMEOEILE 72, 500 4
B OMBEBICH LT, 7 —BidMbomR LBz L i
LTHFCRVWEEREZR L. COEE2S, ) h—
EHBRBALKEDF V4 VREAERELLTRETHS &
HW L7, U A—BY T 77 —2HATRELLEZT,
F oYY —FiK%E 0.4mM REZ & 100 mM V) ~EEIER
W (pH8.0), WE% 0.5 ml/min, FERE% 30T &
BRELL. ARBLAHTENY ST —-YoEHAEEiTo
7225, 0~210 units/ml OHEPHT, BEFEHLLE—2
BHEE OBICEBRBEFRIZD SN, FBHERRE
21 units/ml (§/N=4) THo7z. 210 units/ml 7 ¥ 5 —
@R UMELZEE, 1BRUD 15 BEo 5
FWEET, ¥— 7 BREOEBHREIL15% (n=5) TH
> 7.

# 5 T —HRERRIELET 5 5V = MALE W O
ERFAHILTRBECKETZZEMOATHEY. £
CTAFIAY AT LAOERMWLEFAHALENE LT, &i#
L7V ATFLZ2T7VEVTAFRNIZEBH S S—ED
KERIEDE=41) 7\ ZBHE L7z, 210 units/ml D5 ¥
F—¥% 37C, pH74 DEHAMLEMHFITEB VT 10 mM
XiZ25mM DT ) EVT AT FEL Y Fan—+T5
ZETHY T—EDBEiE2To7. 4 vy Fax—bLTHh
L4FTEIRBERRL, Zoh 55 —YiEHEAE

100

80 -

60

40 -

Relative activity, %

20 H

0 T T
0 10 20 30
Time/min
Fig. 9 Time course of catalase activity during the

incubation with glyceraldehydes (0: @; 10 mM: O;
25 mM: A)

Catalase (210 units/ml) in 50 mM phosphate buffer
(pH 7.4) containing 150 mM NaCl was incubated at
37C. The activity was expressed as the relative one
against the initial activity.

LzEon (Fig 9), 4 Y% a~— FEEDISORER
TVENT VT FICXBREVPERMICE=F—TE 5
CEPHLRELRoT. TOKELLERS Y T —EESLH
M FIA ¥ A7 41, HILZEHEBLHBKREOHHTE
A RREDPTEETH 5 LATRE STz,

4 FUANHEEERD FIA

MR R O B 8BRS X - 2 PR L RE O W E I,
V- VEBROHBBLTELZE Faut v Feoy
YERETRICCEDN T 5 TED, % DEED» HEH
SNTHY, BETLIZHIN TS, LarLids, K
HEIZIIHERAPOBBZET LI 0L, ZhIIEDS
it & BAEMEITEN R 4 LRGSR &
nTws., €09 5, 1,1-diphenyl-2-picrylhydrazyl
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Fig. 10 Structure of (a) DPPH radical and (b) ABTS
radical

(DPPH) *° 2,2'-azino-bis (3-benzthiazoline-6-sulfonic acid)
(ABTS) 7% EDRGUDOEET Y H M3 DHEEH %
P 2 HESHBEMAEHO—RA 7 ) —= 0 FIZIZARE
nTws (Fig. 10). RETIE, TNSHDT VA MITHT
SHEREH M S - DB 27200 FIA A7 4
oW TH~RS,

4-1 DPPH 5 ¥ HILEEFEMD FIA

BaBG07 VA NMEEREFMT ABRICEAREINAT
W5 DPPH 7 VA VAR ZBEELTWDEZ L5,
WHEDETIZL > TEDT VI NOEXREEZFMTE
5. L2Leds, BEMESICIEIECYWELEINTS
D, BB Lo TR 2 W EZ T2 WEEEDH L. —
BIZFIANOEREDN - EENLIEHREHSI121E, ESR
ZHVLONFREOE» S RTREOHETHS. L
L&A s, ESRIZHEBRIEVEMET, LHREDOTHITIE
AMETHLEVIRBEALTCNS, 22T, FEHELI
ESREDREZ VIR 5720012, BHEWEIZESR 2 HW7-
BLWFIA Y AT ADORMEZITTV, 7V =TT H VO
EEREZWE - AE>ORFRMICFM T 2 HiEOMY %17
o7, TITEREORMNOHIEL LT, DPPH 5V 4 VD
FIEVEEHT > 2 7 A DRSOV TRRSY,
ZEOOMABMRY TIX, ESR % FIA ORI FIHE L
BRI MERN oz, FITANEZIED HI2Y7:
D, £9ESRFIA (FHSILT D H % flow injection
spin analysis: FISA LIFATWS) I2XB 70—V H
DEBNL T —OWRERICOWTHRET L2, REEBRT
i, YUINIAVVATFARAWT, ¥ YUY —BHL
LT50% D% ) —VziE 0.32 ml/min TEHEL 7.
CCICHEBBE20W EEALL. EASKZRABEI S
PYTALNEBEY, TO—AN—F L TDONAFE LIV
(Fig. 11) ICB% &N/, ESREE L LTIEHAERTRO

KAGAKU

(2004)

Vol. 53

Fig. 11 Schematic diagram of flow-through cell®”

The flat cell was inserted into the cavity (left side) and
fixed with the Teflon holder. A: cavity of the ESR
instrument; B: Teflon holder; C: flow-through flat
cell; D: stainless union; E: connector

7Y -V ANEZS—FRI0 ZHV. FIDOIZ, 75uM
O DPPH % F ¥ ) ¥ — &l & LTH L %45 £ D ESR A
N7 P VEMELE. B5RDPPHI VAND Y 7 F
WiE, ZREEETIH/ONLE Y 7L &Ll BlbidhnE
EBHONER ST, FZT, DPPH I VA NVDARY b
VIEBWTROKRER Y7 FIVENEZRL 334.8~
335.6 mT OHEFAT, AL DPPH 5 ¥ HIVIBHIIH L
THRLOIhAY - BZB L. ZOESE, 335.35mT T
RROE—7@HIRDLNZ s, ZOHELRERSE
EL7 AEHBITBVT, EL2EEDODPPH #7EAL
TRLEORBELY -5 LOMICIE, BIFREMERIE
L7z —fIZESR AT VAR TRR SN A A,
% EE LT, BELAE) Ty FVEREE= S —L
BRCIE, BONA Y- BITIRE L ORICEBAY A
ERTIENESLhE R o7 L7zh 5T, ESRIZ FIA
O E LTERBICHATETH L2 Z LR ER
7z.

INLDFRRICEDNVT, RIZFTVIAL VAT L%
HWTDPPH 7 VA NEEFEREDFIA VAT LAORE®
A& (Fig. 12). AFICIX50% =¥ ) — V%, BEIZiE
DPPH % MEfIIC Y A F AR T 2L, "—2 T4 v &
LT—EDRKEEDESR V7 FUHEBBI SNz, FZIZ
=TT TCTIVINAAIRY Yy —FiEA
ThE, TOHEHBFERICEY, FIVHINVTTFUMNMETL
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Fig. 12 Flow injection spin analytical system®”
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FC: flow-through cell

T, AHFATE— s HBBHE NS K AT AN D
DPPH 5 VA NVDEE® 0.2mM & LT, AT A5 A28
R DPPH S VA NAARY Yy —CThHBTAINE
VEEEREALLZA, BEKELZAN T4 TE—2
PEH sz (Fig. 13). TAINVE VEBELE -5
L OMIZIEED THWERWHBEIRD Shi:. Bl
3 Y EFHEMRD Trolox, XL FIZYAF A YIZOVWTEY
BOBRELBHI SN - BLOBEREARLCE S,
INSOPEICELTY, WEOHICEVERNHEEAFR
HHM7z (Fig. 13). SRS 3 DD DPPH 5 VA IV A AN
VX —OR LRI ICEESRD LN, TRAavE Y
BMoOME% 100 £L35&, Trolox, YATF A vOEER
ZTNZEN L 42THY, EROGTHFHHFETHLN
7CEAET & & K —H L7z, %8, 0.32ml/min DFHET
&, 1EERI D8 13 RIRO ST AT RETH - 72,
AEOERBFE L B, 4% USRI L TR
EEEAL, RETHIERBEI ORI TT T 4 —
(HPLC) T#E 5N 5% DPPH 7 V7 ViHEEL OB 24T
572, HPLC 2V B HERBL B L2 25, MEDF
ETHEON-ZRRBOT U h ViIEERRIE, HBENEV—K
HAERL, & ESRFIA %I 1 MK, 35T ORHELR O
ETHBIIHD2b6T, ERE~OFEHAEZAELTNS
Z DS HN R 57z (Table 2).

42 ABTS 5 ¥ HIVNEEMD FIA

&I, BEHRMEORIBILEEIEE Sh, ZO5Fb
IZABTS VBN D Z EHE . —f&IZDPPH 5 V7
VOBEFEEICIE 50% 7 ) — VIBHRAFEV S5,
ABTS 3KBHETH 2720, KRBT TOFHLTHTH
5. SRITIZABTS S VA NI F 4 EEERRED -
DIZHRBENLZFIA VAT AR, o620 UDBHEYY
TAEDI12~16 RE OB T VAN 2 EREELLE
WHo®?. T, FTUAINBEICHWONERENNE
OBIZDRET 5720, HEICEEY5 2 2RI E 2
bhi., ZZTARHETE, ThOEOREAZBIHEL
ABTS I VA VHREHIEE L LT, RVAF I 5 —¥

(@]

! ! ! 1 1

0 0.05 0.1 0.15 0.2 0.25 0.3
DPPH radical scavenger/mM

Fig. 13 Relationship between DPPH radical scav-
enger concentration and peak height obtained by the
present FISA systemm)

Table 2 DPPH radical-scavenging activity of beverages

Radical-scavenging activity

Beverages (umol Trolox equivalent per 100 ml)®
FISA method (ESR) ; HPLC (colorimetry)

Green tea 784 ) 971

Oolong tea 310 351

Coftee 967 965

Red wine 752 943

a) Data are expressed as pmol Trolox equivalent per 100 ml
of each sample and as the mean of triplicate.

(POD) % FEBILLIZNT 2% —% 54 YHITHARAL
FIA ¥ AT A DBEET- 722,

FETHWR FIA Y X7 A% Fig. 141" L7z, POD
FEELLAD T2 5 —Ii2 ABTS B & BELKZER L
RIS &5 LT, ABTST VANV ERAELSER. b9 —
FORED»HIEHABEZEAL, SYINVBREATRIH,
IFXVUTERT, JU—RAN—F A4 TOSNKET~%
w7,

RETIE, ABTST VIV ERESEE 20, BV 7T
G 1L Sepharose (ZBE #A L L 72 POD % AIv:7z. POD
i, TOREIEETEDLAL TS0, £ POD %#
STEEF M) ATBELE, BFE01L6YTI A
FHERBEE, BIIKFEMATHEST MUY ATRTL
BL, 73 /74LPOD ZFAR L2, RICBILY 7 Vi L
Sepharose % 1 mM HCl T & ¢, kiM%, 4C ICTH
ElLL., BEMLZSVE2HS5A (AE2mm X B S
35mm) ZFEHEL, Y7 y—L L/

AETHEHTAREREZRET 5720, ABIST VA
VD 400~900 nm D AT M a 7 A NVE YEEOIEE
TNy FEEHVWTHELAE A, 734nm & 417
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ABTS + H,0, R

Buffer

KAGAKU Vol. 53 (2004)

D |—>» Waste

20 pl of Sample

Fig. 14 FIA system for ABTS radical-scavenging activity

P: pump; IV: injection valve; R: peroxidase reactor; MC: mixing coil; D:

detector

nm (ZBRKBINAZEZD Sz, T2, TAIVE Y BEORE
FEIIG C-ERN 2B E A ZNENDOERTHED S
N7=2A%, 417 nm DI ) PWAEEAIKE L, X0 &K
ELaMBABETE L2 00, UBOHEIZIE 417 nm

RV, ‘

BBEGERET L0, KELABLKFBEDY
BERIz. HEE 0.2~ 1.0ml/min DEHTE/L X%
eI, WEPKELLDIZONTI VIEEIEL &
272 ehn, UBOEBTIIREES 1.0 ml/min & L
7z.

ABTS DEE % BEELAFICH L TABFETH S 1.8
mM IZEZE L, BEKEOREBES 0.02~0.12mM %
TEAESEL A, BEILKFRREIKE LS 22105
TWOLED ML 72, A bKRREL 0.12mM & L7z
LE, ¥—rmEkiayYy 3 EFHEMR Trolox IBE L
DHIZIZ 0.01 ~0.25 mM OB THEMRI L AHEARD 5
iz, F72, BBILKZEEZ 002mMELLLI S,
Trolox (2§ A HMHRF L 0.004 mM (S/N=4) Tho
o, EELOEBIIBVWTYH, V775 -3 2HUER
EEoTz, Fi:, TOFMHTIH1IEMICERERR6 T L
OREHEETH - 7.

REOERBANOBERM R T 5720, Bx OBt
WMED ABTS 7 ¥V A WVHEKZEEZHIE L7, Trolox i,
Iy ) —=VIZBMRL, 7 A a VY U EBIZEBRKIZ SR L.
AEOBHE LTHW LY ) — )V Bk % Wt
L7zeZh, YEL0BETLEEIRONEPo/2. TR
INECREED THEEOERE DPPH 5 UV VIEEWE
@ Trolox #ffii&1E (TEAC) ZfEREOHEE L —FL
72, 724 O U ESREHZ DWW T Rk & ol % 17
SRR, MEOMICIIRBIFZ —ErBOLN (n=28,
r=0.998), FREFEREHLTOBVEAEEZELT
WBZEPHLNE Lo,

5 &k ETi)

KIRLTIE, Z2LOBROBERE LT, T80
KF& LTHONAHEEBESL T ) —F VW VOHEEE,
VbW A PEELEEZ M T 572 0D FIA ¥ 25 AZDW

THRALTE. TNHDY AT LIEEEA ML AICHHL
THHEEOREEEE FEMT 5 LT, 53R
AETARBOMBICERWLAAGPHFESNS.
EHBELZ GO 7Y —F Vh ML, —BINICARET
FHOENMLEETH S, INLE2NHRET HHELED
AHERICBNT, BHEEOBVWHEREEL 0TI, FE
ZROSOHBAIHRL LEE ENDE, BRI TEALELS
2, FABRTRRIEEOBCEREERRL 7Y -5V H N
E, AR LORREHEBAR LI EZY —TE B2 TR
, FNHDOT VA NETA VRTRESEL L LTEE
ThY, NRERT IV HNVOEY TS DBS—REEI 725 v T
EHRT, BRERICADGIIRAEVIRELEMEET 5.
SHROEIMOEEERRERL 7 ) - VAV ERRICL
7z, % - BELPIRRILRERFM S X 7 A 2B LTV &7
WEEZTWAS,

X [y
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HEENTELHERBRIFEREL D7) - VAN, EEBERPLELLORETH S I EPFENE L
DOHFETHLNIIEINTZ. 22T, BUREFEFBROFHOBEAIS, Tho0BWKEELET 51L%
BEEE, NEHZL7HENE, Wb 2HEBILELET2EHOBRESLEMETOMBIE RIS
TWwh, K@ TIE, MEROTBLIEEFEEICRDLMES - RESIEL LTCEEOSPRELHFILW Y
U—A Tz arGgHMyATa, $hbb (1) BBREDE, BCIbEREAEITED BREA—/—
AFYFIRLY —XHEYE, RORA——FF L F7 =4 VIHEERNES AT 4, (2) BB tkEZS
BT HBERA YT —EOERFE S R T4, (3) BTAY VHEFBRERICHW 1,1-diphenyl-2-picrylhy-
drazyl 7 VA VHFIERFME S A T4, RO (4) BOGREEREIC X % 2,2-azino-bis (3-benzthiazoline-6-sulfon-
icacid) T VA NBEERERBE Y AT LIZOWTHRAL, ZOIBABICOVWT NS,
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