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A stable radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH®)
has been used as a reactivity model of reactive oxygen
species (ROS) to evaluate the activity of antioxidants.
However, the insolubility of DPPH® in water has precluded
its use in aqueous media, particularly in concentrated
buffer solutions. In this study, DPPH® was successfully
solubilized in water by complaxation of DPPH® with
B-cyclodextrin (f-CD). The water-soluble inclusion com-
plex of DPPH* with 3-CD (DPPH*®/B-CD), thus obtained,
could be efficiently scavenged by water-soluble antioxi-
dants, such as ascorbic acid and Trolox, a water-soluble
analog of a-tocopherol (vitamin E). The kinetic analysis
of the scavenging reaction of DPPH®/B-CD in buffer
solutions of various pH values provides fundamental and
valuable information about the reactivity of water-soluble
antioxidants in biological redox systems as well as a
strategy to develop pH-responsive antioxidants.

Keywords: antioxidant, reactive oxygen species, 2,2-

diphenyl-1-picrylhydrazyl radical, cyclodextrin, kinetics
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Scheme 1. Reaction of DPPH*® with antioxidants.
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H, DPPH® DRE# EIF 3 2 &N TE Lok,
2T, @BEWN LD BKENEETH S E#EZ, DPPH?
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K (Milli-Q) 25 mL ZiZ, HiICE2 £ TR L
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Scheme 2. Solubilization of DPPH* by [3-CD.
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Figure 1.
complex of DPPH* with (3-CD calculated using
DFT (camB3LYP/6-31G8(d)/Def2TZV:C-PCM
solvation model parameterized for water). Ele-

Optimized structure of the inclusion

ment colors are: red, oxygen; light purple, ni-
trogen; gray, carbon; light gray, hydrogen.
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/ —) (MeOH) (516nm), EtOH (517nm), 7% F =
FUV (519nm) 7 E DRSBTS XD b BE IR
EY7bFLTw3 256, DPPH® O >N-N"—fiiid
B-CD DAMilicHiTE D, Ko MHAEHL T
WH I EDRBI N, FEEE, BHENBIEE (density
functional theory, DFT) (Z & ) DPPH® O B-CD Lt
f& (DPPH*/B-CD) Dt =515 9 % &, Fig. 1
IZR$ & 91Z, DPPH® D 7 VILERALAY B-CD NIZ T
B, >SN-N"-Bf71x B-CD DAMINC T v 2 MExE DS
ROLETH DI EDBbroz67,

DPPH® D¥EJE1X, =4 ) — )V -FEMHiE (1:1 v/v) HCTHt
HEINTV L ENVBFREDME (e = 10700 M 'em™)
ZHOGCER LY. ZO8H, i LYWE OIGHE
i i+ 2BEIGELTWEH0D, 1 % £iiED
DPPH* L 22K E N Twuiwnwl Ebhrot, &
E, B-CD HIRDAKEMD CD O THRL Z &I
fZ, DPPH® & DLEEEMDINS VWIcDTH D EH
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Figure 2. Cyclic voltammograms of DPPH*/j3-
CD (7.4 x 107> M) in phosphate buffer (0.1 M,
pH 7.4) (solid line) and DPPH"® (1.3x107* M) in
MeOH (0.1 M BuyNClOy,) (dashed line) at room
temperature at scan rate of 0.1 V s™! with glassy
carbon working electrode.

Table 1. One-electron redox potentials (E) ;)
of DPPH* in MeOH (0.1 M BuyNClO,4) and
DPPH" solubilized by 3-CD in phosphate buffer
(PB) (0.1 M, pH 7.4).

Solvent E;;,(DPPH*/DPPH*)/ E,;;(DPPH*/DPPH™)/
V vs. Ag/AgCl V vs. Ag/AgCl

MeOH +0.78 +0.27

PB +0.72 +0.32

Z60N%, ZD7d, DPPHY/B-CD DHEkZ#HEL <,
S DOFEBTIZ, DPPH® ZWEL TV AW 7Y —0D
B-CD % &L /KiER 2 Z D E MW7,

3 KA1 DPPH 2 Y AL DERILFERIZEE

DPPH* | MeOH 7 & O FH &AM, "y —d&
TRALBRICKIGZZ T 5 Z EDASNT VB0 22
T, DPPH® KSR TED & 9 Rigfigcsgsh %
IRTDITOWT, BRAL AT L7z, ) v BEhE
# (0.1 M, pH7.4) H#, KIF{L DPPH® D% A 7V »
JRNYET T L%WWET S L, Fig. 2 DEHTRT
FEALIRICI 3 & 417z, MeOH 1, DPPH® (& A[3fi 72
—ERAGEICKIEZZ T 2D L (Fig. 2 ),
U VBRI Tl — IR LR R HE RN & A o
7z (Fig. 2 D¥ =27 1B XU VI). ik, DPPH® 8
—HE LI N TERL 72 h F 4 ~f (DPPHY) (¥ —
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PTWI EBbhrolk, ZHF—E T BILEICKIGT
znFnAEH T % DPPHT 8L 007 =4 ~fE (DPPH")
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Figure 3. Spectral changes observed upon ad-

dition of (a) AscH, (0-5.4 x 107> M) or (b)
Trolox (0—4.6 X 1073 M) to DPPH*/B-CD (6.3 x
1073 M) in phosphate buffer (0.1 M, pH 7.4).
Insets: plots of the absorbance at 527 nm vs. (a)
[AscH,]/[DPPH"] and (b) [Trolox]/[DPPH"]®.
Copyright (2015) The Royal Society of Chem-

istry.
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4 FKB{L DPPH T YA )L EKBHERBEEYE D
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D3DPPH® Z B HELTWA I ERZRLTVS
(Scheme 3a). AscH, DfbH HIicE¥ IV E (a-F 2
7 zu—)b) OKFEWFERTH % Trolox %\ 7
5412 b [HBRIC DPPH® 13 Trolox 12 & » T#IE R <
&SN (Fig. 3b, Scheme3b), A7 b ILiEEH
5, AscH, ¥ 7213 Trolox (& 2 43 ¥-® DPPH® ZHZ% L
TWw3 2 EDbhrol (FNZ 1 Fig.3a $7133b D
inset).

Rz, T Dy {tYWHE £ DPPH® & DRIGICE
\7 % 527 nm DWICEDREKZ N2 A vy 7 h 70—
ECIEEF L 72 (Fig. 4a). AscH, D¥RJE2S DPPH® 2 1%
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- (@)

HO._ 0
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0 OH
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0 0.
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Scheme 3. Reactions of DPPH*/B-CD with
(a) AscH™ and (b) Trolox.

ma R AL F



KA 22- 7 2 Z)L-1-E7UILE RZ YL (DPPH) T I AILIC &2 KBERBCYE OREFRIE T

(a) "

6

Absorbance

400 500 600 700

0.2+

b Wavelength /nm
(b) 0.6
——-._2-
<
I -4t
<
o 041 A =
e ‘ l ~ -6
g L 1 1
S 0 010203 04
2 /\ Time /s
PR
o

R g

Sy

i s
ol _w"‘\\\\\

400 500 600 700
Wavelength /nm

Figure 4. Spectral changes (interval: 25 ms)
observed during reactions of (a) AscH, (1.4 x
1073 M) with DPPH*/B-CD (2.6 x 10~ M) and
(b) Trolox (6.3 x 10~ M) with DPPH*/B-CD
(3.0 x 1073 M) in phosphate buffer (0.1 M, pH
7.4) at 298 K. Insets: the first-order plots of the
absorbance at 527 nm®. Copyright (2015) The
Royal Society of Chemistry.
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Figure 5. Plots of ko vs. (a) [AscH;]
and (b) [Trolox]®. Copyright (2015)
The Royal Society of Chemistry.
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pH7.4) H1Tix MeOH H X D H £ 80 f5 > & & 238
ko,
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Figure 6. Plots of k vs. pH for AscH, (closed
triangles) and Trolox (open circles). The num-
bers beside the chemical structures are pK,
values.
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Al LTRO SN2 M2 LTw20D k9 ICR
Z5%. L»L, pH72 AN TH R KR { DPPH® % iH
KL Tws7d, IEFHRZERNICH#ET 27201
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CEMORE £ 72130 FRETDBETH 5.

5 B-CD $5E(KIC KD DPPH 5 Y AILDAGATL
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1% £iiThb, %2 TBR-CD DR D ICKFMED
30 513 EEiv 2,6-2-0- X 7 )L-B-CD (DM-B-CD) % H
\»"C DPPH® D/KELZ il 727, DM-B-CD DKIEM:
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Figure 7. Plots of [DPPH*/3-CD] vs. [}3-CD]
(open circles) and [DPPH*/DM--CD] vs. [DM-
B-CD] (closed circles) 2 h after the reaction of
DPPH* (3.1 x 10~ M) in 5 mL water at room
temperature”. Copyright (2016) Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

BNz AL - TKIE(L S 4172 DPPH® DIEIEDBEA L,
D3C—EMEICE L 7. DPPH® D /KiAE{L¥ X DM-B-CD
ZHW2 2L TR-CD DA LD DFFICKEL 72,
RIZ, V) v EAEER (0.05M, pH 7.4) Hh, DPPH*/DM-
B-CD & AscH, ¥ 7213 Trolox & DJIGZITV>, k fifi % R
E L. ZOFER, Table2 1278 F X 9 12, DPPH*/DM-
B-CD Z H\W7-H5H D k%, FUFEMETHREL 7%
DPPH*/B-CD @ k fHDFI 23D 1 &>z, iU,
DM-B-CD 43 T H D X FIOVEES SR RESE & 722 5 T, KA
MR EmE L DG ZHFEL 7D EHEZ 6N,
DL EDfERD 6, KBTI E OEEZ EL 5
fili$ % 7z ® 21k, DPPH*/DM-B-CD X h & DPPH*/p-
CDDHELTWHWAB I EDHELE ST,

Table 2. k values for the reactions between
water-soluble antioxidants and DPPH®/B-CD or
DPPH*/DM-3-CD in phosphate buffer (0.05 M,
pH 7.4) at 298 K.

CD k (AscHy) M~' s™! &k (Trolox)/M~! 7!
DM-3-CD 3.7x 103 1.0 x 10*
B-CD 7.9 x 10° 2.0x 10*
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E & B B

P ABK ¢ ENZAFZEBHFE IR N B R R T S B
FEME TR AR O IFTUIT O SR B S AT Ja i Fae
T HRERITIIZE  — o TSR, 1994 4E KR
WFSZREE T LA RIS, 1999 48 KRERKR AR
B LA RHE LA IR S - A LA 1.
it (27). 1998 4F 4 H HARE Al i 23 e i i 7
B (DC2, PD). [ 7385 A S A F e it Bl o
H#BICT 1999 4E 11 H X h HARMEEHY I —F L
T b, 2000 4 1 H X D BREAR R S SE MR AL
MIREBIFZEE. 2002 4F 4 H FSZATBOE N U
WAWFEATIIZE R, 2006 4 4 H FBEMEE 2 #E T
2016 4F 4 H2 o Bll%. HMIZL By 7 242, E17%
ke, AmpEifles, ARbE, st Bk
K74 B, i, J55EYE (TOEIC 945 /), 7—<
W=D, A 7AMEK (v THAY), 7u”,
SNS, A% (WKL) kL.
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