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The antioxidant activities of flavonoid mixtures can be used to investigate the synergistic antioxidant
mechanism of flavonoids. The antioxidant capacities of three flavonoids (quercetin, baicalein, and daidzein)
and [-carotene in binary and ternary mixtures with kaempferol were analyzed using a 2,2-diphenyl-1-
picrylhydrazyl (DPPH) inhibition assay by means of absorption spectroscopy. The results showed that the
number of hydroxyl groups and o-hydroxyl groups had a significant effect on the antioxidant activity of the
flavonoids, and the mixture of kaempferol, quercetin, and baicalein showed optimal synergistic antioxidant
activity. Compared with quercetin and baicalein, kaempferol had the fastest inhibition rate, and multiple
prolonged kinetic processes associated with the scavenging of DPPH radicals occurred in mixtures of
kaempferol with the other flavonoids and [-carotene. Kaempferol has a potential synergistic antioxidant ef-
fect when mixed with daidzein and [-carotene, and the results suggested that this may be due to the regener-
ation of kaempferol after antioxidation. By means of classic UV-Vis spectroscopy, reaction details of the
synergistic antioxidant process of DPPH radical scavenging by flavonoids can be obtained.

Keywords: UV-Vis spectroscopy, 2,2-diphenyl-1-picrylhydrazyl, flavonoids, [-carotene.

OIIPEAEJEHUE MEXAHU3MA CUHEPTETUYECKOI'O AHTUOKCUJAHTHOI'O
B3AVMMO/IEMCTBUA KEMII®EPOJIA C TPEMS JIPYTUMH ®JIABOHOUJIAMHU
M B-KAPOTUHOM C UCHIOJIb30BAHUEM Y®-BUJIUMOMN CIIEKTPOCKOIIUU

Y. Shi*, Y.-D. Guo, Y.-D. Mi, J. Cheng, W. Dong, G.-F. Zhang, Y. Zeng
VIIK 543.422:547.979.8

Ieoazcoeuueckuii koarneoxe baomoy, Buympennsa Moneonus baomoy, Kumaii;
e-mail: shiying@bttc.edu.cn

(Illocmynuna 28 uons 2022)

AHmuokcuoaHmuas. akMusHOCMb cMecell haagoHOU08 UCNONB30BAHA OIS UCCIE008AHUSL MEXAHUBMA UX
CUHEP2EMUYECK020 AHMUOKCUOAHMHO20 83aUMOOCUCmEUst. AHMUOKCUOAGHMHbIE CEOUCMEA MpeX (hlasoOHOU-
006 (Keéepyemuna, 6anKaieuna u 0aud3euna) u -kapomuHa 6 OUHAPHLIX U MPOUHBIX CMeECAX ¢ KeMngepo-
JIOM 0XapaKmepuz06amvl ¢ UCNOAb306AHUEM aHAIU3A UuHeubuposanus 2,2-ougenun-I1-nuxpuneuopasuia
(DPPH) ¢ npumenenuem abcopbyuonnoti cnekmpockonuu. I1okazano, 4mo Koauvecmseo 2uOpOKCUIbHbIX U O-
CUOPOKCUTLHBIX 2PYNN OKA3bI8Ae 3HAYUMENbHOE GIUSHUE HA AHMUOKCUOAGHMHYIO AKMUBHOCHb (IA60HOU-
008, a cmeco KemMn@epoia, Keepyemuna u OQUKAIeUHa OeMOHCIPUPYem ONMUMAIbHYIO0 CUHEP2EMUYECKYIO
aHmuoxkcuoanmuylo akmusnocms. Ilo cpasnenuio ¢ Kéepyemunom u OAlKALeUHoM y KeMngepoia camas
8bICOKASA CKOPOCMb UHSUOUPOBAHUSA, U 8 CMeCAX Kemnghepona ¢ opyeumu (prasoHouoamu u [-KapomuHom
nPOUCXO0SIM  MHONCECMEEHHble KUHEeMUYECKUe npoyeccyl, cessanuvie ¢ yoarenuem paouxaioé DPPH.
Kemngpepon obradaem nomenyuanviblm CUHep2eMu4eckum aHmMuoOKCUOAHMHBIM C80UCMEOM NPU CMEUUBA-
HUU ¢ 0aUO3EUHOM U [-KapOMUHOM, YMo Modicem Oblmb CEA3AHO C peceHepayueli Kemngepoia nocie anmu-

** Full text is published in JAS V. 90, No. 4 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 90, No. 4 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).



AHHOTALIMY AHIJIOSI3bIYHBIX CTATEN 656-2

oxcuoanmuoeo devicmaus. C nomoupio knaccudeckou Y D-euoumoii CnekmpoCKonuy MOXCHO NOIYUUMb dema-
JU Peaxyuy CUHEp2emu4ecko2o aHMUoOKCUOaHmHozo npoyecca yoanenus paouxaios DPPH ¢rasonouoamu.

Knroueevie cnosa: YD-suoumas cnexmpockonus, 2,2-oupenun-I-nuxpuieuopasui, @hiaeoHouowl,
[-Kapomu.

Introduction. Flavonoids, also known as bioflavonoids, are members of a class of low-molecular-
weight natural plant components that are primarily found in some colored plants. They cannot be synthesized
by the human body and need to be ingested. Clinical studies have shown that flavonoid supplementation via
food-derived plants, such as vegetables and fruits, can reduce the risk of cancer and cardiovascular and neu-
rological diseases [1]. The health-promoting effects of flavonoid compounds are believed to be derived from
their antioxidant capacity. Flavonoid antioxidants can use the reducing power of phenolic hydroxyl groups to
scavenge reactive oxygen species (ROS) directly through hydrogen transfer or electron transfer mechanisms
and indirectly by regulating enzyme activity or chelating metal ions [2].

In an actual antioxidant system, multiple antioxidants typically act simultaneously. Some researchers
have reported synergistic antioxidant effects among flavonoids, such as between kaempferol and myricetin
[3], as well as between quercetin and catechin or cyanidin [4]. Flavonoids and other natural extracts, such as
flavonoids, a-tocopherol [5, 6], and a mixture of low-concentration carotenoids and polyphenols, resulted in
a significant reduction in ROS levels [7]. The synergistic effect between antioxidants is influenced by the
proportion of the formulation, type of antioxidants, and reaction systems [8, 9]. Research on the mechanisms
of interaction between different types of natural antioxidants can provide a theoretical and experimental ba-
sis for the rational combined use of antioxidants.

Current experiments on the scavenging of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals by antioxi-
dants focus on single-wavelength acquisition at ~515 nm, but the absorption peak of flavonoids is generally
below 450 nm (e.g., that of kaempferol is at 370 nm). Therefore, this study used steady-state ultraviolet-
visible (UV-Vis) absorption spectroscopy to observe the scavenging process of DPPH radicals scavenged by
flavonoids to discover detailed changes in waveforms during the scavenging process and to extensively ana-
lyze the mechanism of their interactions. We compared the DPPH radical scavenging activities of kaempfe-
rol, quercetin, baicalein, daidzein, and -carotene, which were then added to kaempferol to form a binary or
tertiary solution.

Daidzein [-carotene

The DPPH radical scavenging activity of the mixtures of flavonoids was tested to determine whether
there was a synergistic antioxidant effect between them.

Materials and methods. Kaempferol (>97%) and quercetin (=98%) were purchased from Rohn Rea-
gent (Shanghai Eon Chemical Technology Co., Ltd., Shanghai, China). Baicalein (=98%), daidzein (=98%),
DPPH (>98%), 2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonate) radical cation (ABTS<"), and B-carotene
(297%) were purchased from Chongqing Pulico Biotechnology Co., Ltd. (Chongqing, China). Spectroscopi-
cally pure ethanol (>99.8%) was purchased from Aladdin Chemical Reagent (Shanghai Aladdin Biochemical
Technology Co., Ltd., Shanghai, China).

Kaempferol, quercetin, baicalein, and daidzein were prepared at 0.1 mg/mL (first prepared as 1 mg/mL
solution in ethanol and then diluted with ethanol), and 3-carotene was prepared at 0.5 mg/mL in ethanol.
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Approximately 1 mg of solid DPPH was dissolved in 50 mL of ethanol (stored away from light), then
ethanol (0.5 mL) was added to 1 mL of the above solution for dilution. The absorbance was controlled be-
tween 0.8-1.0 [10]. The procedure for preparation of the ABTS<" solution and the inhibition calculation
method are described in [11].

Equation 1 was used to calculate the percentage of DPPH inhibition:

Acontrol - Asample

ontrol

Inhibition DPPH = { } x100%, (1)
where Acontrol (0.8—1.0) is the initial absorbance of the DPPH radical solution and Asampel is the absorbance of
the DPPH radical solution at different time intervals after the addition of the sample. The results were also
used for IC50 calculations, i.e, the concentration of the sample required to reduce 50% of DPPH radicals.

Preparation of binary and ternary mixed solutions of samples. After obtaining the IC50 values of each
flavonoid using Eq. (1), binary and ternary solutions were prepared using half (1/2) or one-third (1/3) of the
IC50 values of each flavonoid. Generally, the IC50 values of flavonoids for the scavenging of DPPH and
ABTSe" radicals are approximate, but daidzein did not scavenge DPPH radicals at the IC50 value of ABTS«"
(Fig. 1S). To avoid adding too much daidzein that would affect the experimental results, the IC50 value of
daidzein on ABTS+" radicals was used as the reference concentration for the subsequent preparation of the
mixed solution. A volume of 10 pL of 0.5 mg/mL B-carotene solution (~6.21 uM, with no obvious scaveng-
ing effect on DPPH radicals) was mixed with kaempferol (at the concentration of its IC50 value) as a binary
solution.

Determination of IC50 values and time-continuous steady-state absorption spectra. A volumetric gradi-
ent of flavonoid solution (at least 5 volumes, adjusted to 0.5 mL by adding ethanol) was added to the pre-
pared 1.0-mL DPPH radical solution. The total volume of the solution for all experiments was 1.5 mL. After
this mixed solution was left to react for 30 min, absorbance was measured at 516 nm (721N, Shanghai Prism
Technology Co., Ltd.). The DPPH radical inhibition of the flavonoid solutions at each volume gradient was
obtained using Eq. (1). A linear fit of the above data was performed to calculate the amount (concentration)
of flavonoids used for 50% DPPH radical inhibition (IC50 value of flavonoids). Three parallel measure-
ments were conducted for each dose. The details of this method are available in the study by Li [10].

The steady-state absorption spectra (Lambda 950, PerkinElmer Instruments L.td.) were measured im-
mediately after the addition of the prepared kaempferol solution, binary, and ternary mixtures to the DPPH
radical solution, which was the absorption spectra of 1 min, followed by the acquisition of absorption spec-
tral data every 3 min up to 43 min.

All measurements were performed at room temperature in a 1 cm cuvette with sealed lids. The lifetime
fitting programs for kinetics analyses were calculated using SciDAVis 1.26 (open source).

Results and discussion. Antioxidant activity of individual flavonoids. This work included kaempferol,
quercetin, baicalein and daidzein. Based on the IC50 values obtained (Fig. 2S, Table 1S), the ability of fla-
vonoids to scavenge DPPH radicals is related to the number of hydroxyl groups; however, the IC50 of bai-
calein was lower than that of kaempferol, indicating that the hydroxyl groups on the A-ring were more capa-
ble of deprotonation than those on the B-ring. It was also found that quercetin was approximately 2% more
powerful than kaempferol in scavenging DPPH free radicals, whereas the two molecules differed only by the
hydroxyl group at the 3’ position of the B ring, indicating that the hydroxyl group at this position has a sig-
nificant influence on the antioxidant capacity of flavonoids.

Scavenging of DPPH radicals by kaempferol. The absorbance of the DPPH radical at 516 nm decreased
significantly at the beginning of the experiment (within 1 min; Fig. 1a). An elevated absorption peak was ob-
served at 295 nm, which was attributed to the kaempferol-scavenging DPPH radical. A similar absorption
peak in the methanol solution was identified by mass spectrometry, representing the [M—H]~ ion of the com-
pound formed in the reaction through the transfer of two H atoms to the DPPH radical, after which the oxi-
dized kaempferol bound two CH3OH molecules [12]. In our work, ethanol was used, which may have yield-
ed a similar product. The observed rapid rate of DPPH radical scavenging (Fig. 1b) by kaempferol may be
due to the positions of its hydroxyl groups — they are not located near each other and do not form intramo-
lecular hydrogen bonds after H transfer to DPPH (as observed in flavonoids with hydroxyl groups at the 3’,4’
positions); therefore, the loss of protons has little effect on the protons of other hydroxyl groups [13]. Details
are provided in the Discussion section.
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Fig. 1. (a) Steady-state absorption spectra of DPPH radicals scavenged by kaempferol
with time (16.11 uM, 0 min represents the steady-state absorption spectrum of DPPH radicals
before kaempferol was added); (b) the corresponding kinetic and fitted curves at 516 nm.

Scavenging of DPPH radicals by kaempferol mixed with quercetin, baicalein, and daidzein. A mixture
of flavonoids may have synergistic or antagonistic effects [3, 14-16]; therefore, we mixed kaempferol with
three other flavonoids with different numbers and positions of hydroxyl groups to investigate whether there
might be synergistic or antagonistic antioxidant effects between them.

Scavenging process of DPPH radicals with binary mixtures of quercetin, baicalein, and daidzein.
Compared with the results shown in Fig. 1a, the interaction of kaempferol with quercetin resulted in an in-
significant peak at 295 nm (Fig. 2a). The absorbance at 516 nm decreased gradually over time, and the
DPPH radical scavenging process was prolonged (compared to Fig. 1b). The peak at 295 nm was inconspic-
uous in the spectrum of the mixture of kaempferol and baicalein (Fig. 2b). A distinct shoulder peak appeared
at 370 nm, which was attributed to deprotonation of baicalein [17]. The absorbance at 516 nm decreased sig-
nificantly within 1 min and slowly decreased with time. The DPPH radical scavenging activity of the mix-
ture of kaempferol and daidzein (Fig. 2c) was significantly lower than that of kaempferol alone. The peak at
295 nm also became inconspicuous, and there was no noticeable increasing trend with a time delay; howev-
er, compared with that in Fig. 1a, this absorbance peak became considerably broader and more intense. The
increase was attributed mainly to daidzein because it absorbs in this wavelength range. Within 1 min, the ab-
sorbance at 516 nm decreased significantly and then decreased slowly with time.

Scavenging process of DPPH radicals by kaempferol with ternary mixtures of quercetin, baicalein, and
daidzein. As most studies have focused on binary mixtures of flavonoids, the possible synergistic effects of
ternary mixtures of these flavonoids were investigated in this study. The mixture of kaempferol, quercetin,
and baicalein had a pronounced synergistic antioxidant effect, and the absorbance at 516 nm was reduced
within 1 min (Figs. 3a,d). The absorbance value continued to decline with time, and there was an apparent
increase in peak intensity at 290-310 nm, which is the characteristic peak position of the antioxidant product
kaempferol; there was also an obscure peak at 370 nm. As shown in Fig. 2b, this peak was mainly attributed
to the product of baicalein after deprotonation.

The inhibition of DPPH radicals was enhanced by the addition of either quercetin or baicalein to the
daidzein and kaempferol solutions (Figs. 3b,c vs. Fig. 2c). The mixture of daidzein and quercetin or baicalein
with kaempferol gave rise to an absorption peak of daidzein at 310 nm; moreover, the product peak after
kaempferol antioxidation was not apparent, similar to the case of kaempferol mixed with daidzein solution
alone (Fig. 2¢). The inhibition of DPPH radicals and the kinetics of the peak at 516 nm were similar for both
mixed solutions. Comparing Figs. 2b and 3¢ shows that the solution with the addition of baicalein also gave
rise to an absorption peak at 370 nm (the product after deprotonation of baicalein). Notably, the absorption
peak of the product of DPPH radical scavenging by kaempferol (290-310 nm) increased in intensity with a
time delay; however, this peak elevation was not observed with the addition of quercetin (Fig. 3a) or the bi-
nary mixture (Figs. 2a—c), indicating that the interaction of kaempferol with quercetin or baicalein may have
changed after the addition of daidzein.
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Fig. 2. Steady-state absorption spectra of DPPH radical scavenging by the addition of (a) quercetin,

(b) baicalein, and (c¢) daidzein to kaempferol. (d) The corresponding kinetic and fitted curves at 516 nm.

As observed, 0 min represents the steady-state absorption spectrum of DPPH radicals before the kaemp-
ferol mixture was added. The binary mixture was mixed at half the IC50 value of each flavonoid.

Absorbance, a. u. a b

12 12 :

L1k "™ 1l —_m

1o} — | 10} p—

0.9t 280 290 300 310 320 330 340 0.9 280 290 300 310 320 330 13

0.8+ 0.8+ —

0.7} 0.7 -

0.6F 0.6F —

0.5} 05} —

04f 04F —
—37

03 03 40

02} 02} —®

0.1f 01f

0.0 L L L L L —== ) L L L L L

300 400 500 600 700 800 900 300 400 500 600 700 800 900 A,nm
Absorbance, a. u. c d

1.2

Ll e r e Kaempferol-Quercetin-Baicalein

1.0+ :‘7’ 038 ' o  Kaempferol-Quercetin-Daidzein

09} 260 250 300 310 30 B0 340 oqk o Kaempferol-Baicalein-Daidzein

0.8 —6 L

0.7 | o6f

0.6 + —5 L

0.5} % | ost

04 . —_—34 L

03} | o04p

02} — [

o1l 03}

300 400 500 600 700 800 A,nm O 10 20 30 40 t, min

Fig. 3. Steady-state absorption spectra of DPPH radical scavenging by the addition of (a) quercetin
and baicalein, (b) quercetin and daidzein, (c) and baicalein and daidzein to kaempferol.
(d) The corresponding kinetic and fitted curves at 516 nm. As observed, 0 min represents
the steady-state absorption spectrum of DPPH radicals before the kaempferol mixture was added.

The ternary mixture was mixed according to one-third of the IC50 value of each flavonoid.
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DPPH radical scavenging process in a mixture of kaempferol and [-carotene. The mixture of
kaempferol with B-carotene (~6.21 uM) resulted in ~50% inhibition within 1 min (Fig. 4b), and the genera-
tion of kaempferol antioxidant products at 295 nm. A gradual increase in the absorption peak of B-carotene
was observed (Fig. 4a), likely due to the gradual downward deposition of 3-carotene, as it is slightly soluble
in ethanol. A similar phenomenon was observed in the experiments with carotene mixed with DPPH radicals
(Fig. 35). The kinetics monitored by the peak at 516 nm approximates that of DPPH radical scavenging by
kaempferol (Fig. 1b), except that a longer scavenging process occurred.
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Fig. 4. (a) Steady-state absorption spectra of DPPH radical scavenging by the addition of B-carotene (6.21 uM)
to kaempferol. (b) The corresponding kinetic and fitted curves at 516 nm. As observed, 0 min represents
the steady-state absorption spectrum of DPPH radicals before the kaempferol mixture was added.

Effect of the number and position of hydroxyl groups of flavonoids on DPPH radical inhibition. It is
generally accepted that the greater the number of hydroxyl groups in a flavonoid, the stronger its antioxidant
capacity [5, 18] due to the fact that the number of protons that can be transferred increases. As seen from our
results, the number of hydroxyl groups in daidzein, baicalein, kaempferol, and quercetin increased; however,
the antioxidant capacity of baicalein was greater than that of kaempferol, indicating that the number of hy-
droxyl groups is not necessarily proportional to the antioxidant capacity. The positions of the hydroxyl
groups and the corresponding bond dissociation energies are important factors [13, 19-22]. The o-trihydro-
xyl group of baicalein exhibited a significantly stronger ability to scavenge DPPH radicals than that of
kaempferol [23], suggesting that the o-trihydroxy group is more susceptible to deprotonation, possibly be-
cause the conjugation of the o-trihydroxy oxygen atom makes baicalin electronically repulsive, which in turn
makes the hydroxyl group more vulnerable to attack [24]. It was observed that the IC50 of quercetin was ap-
proximately one-third that of kaempferol, whereas the difference between them was only the 3’-OH group.
It is presumed that this 3'-OH group can form an o-dihydroxy group with 4’-OH in quercetin, similar to the
o-trihydroxy group of baicalein, greatly enhancing the antioxidant ability [25]. At a similar concentration,
daidzein did not show the ability to scavenge DPPH radicals [26], likely because of its low number of hy-
droxyl groups and lack of o-hydroxy groups. Therefore, it was speculated that an increase in the number of
hydroxyl groups and the structure of o-hydroxyl groups can enhance the DPPH radical inhibition of flavo-
noids.

Synergistic scavenging effect of DPPH radicals among flavonoids. A mixture of different flavonoid
compounds may have synergistic antioxidant [8, 14, 15], antagonistic [3, 27, 28], or additive effects [4, 29].
The study of mixed flavonoids can provide an in-depth understanding of the mechanism of interaction of differ-
rent flavonoids and provide a reference for adding flavonoid compounds to mixtures for antioxidant purposes.

It was found that similar concentrations of daidzein did not have a significant scavenging effect on
DPPH; however, when mixed with kaempferol (half the IC50 value), it appeared to have little synergistic an-
tioxidant effect (scavenging rate >25%). After adding either baicalein or quercetin to the kaempferol and
daidzein mixture, the scavenging rate was close to 50%. These results suggest that daidzein exhibits a syner-
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gistic antioxidant capacity with kaempferol or other flavonoids. This may be due to the regenerative effect of
daidzein on kaempferol [27, 30] or the formation of stronger antioxidants with other flavonoids [31].

In our study, the mixtures of kaempferol with baicalein and quercetin showed similar DPPH radical in-
hibition, suggesting that the mixtures of kaempferol with these two flavonoid compounds induced an addi-
tive effect (no significant synergistic antioxidant capacity was observed in the mixture of quercetin and bai-
calein (data not shown)). Inhibition was significantly increased in the kaempferol, quercetin, and baicalein
mixture, indicating that this ternary flavonoid mixture had a synergistic antioxidant effect.

The absorption spectra of DPPH radical scavenging by the ternary mixture and the binary mixture were
compared, and some spectral differences were observed; for example, the absorption of kaempferol
at 295 nm increased with time (Figs. 1a and 3c). The shoulder peaks of the antioxidant products of baicalein
at approximately 370 nm are evident in Figs. 2b and 3c, suggesting that there may be subtle differences in
the specific mechanisms of antioxidation in the binary and ternary systems of these four flavonoids. Howev-
er, more detailed experiments are required to elucidate the mechanisms of these interactions.

Effect of flavonoid mixing on the scavenging rate of DPPH radicals. The kinetic lifetime of the peak at
516 nm was fitted (Table 1), and it was found that the aforementioned binary and ternary mixtures all un-
derwent a rapid kinetic decay process (0.22—0.49 min), which occurred in kaempferol alone. Therefore, the
process was attributed to the scavenging process of DPPH radicals by kaempferol, and the reason for such
a rapid scavenging rate was that there was no o-hydroxyl group in kaempferol that could form intramolecular
hydrogen bonds to prevent the DPPH radical from approaching its 4'-OH, and the unpaired electrons became
highly delocalized and produced ten resonance structures that also increased its rate of scavenging DPPH
radicals [13]. In contrast, flavonoids with o-dihydroxy and o-trihydroxy groups can form intramolecular hy-
drogen bonds that prevent DPPH radicals from reacquiring protons [13]; therefore, their scavenging rate is
relatively low [32] (clearer in baicalein; data not shown). A second long-lived process was observed when
kaempferol was mixed with quercetin or baicalein. This lifetime was approximately 12 min with quercetin
and was increased with baicalein (limited by the actual experimental time; this lifetime is for reference).

TABLE 1. DPPH Inhibition by Kaempferol (K) and Its Mixture with Quercetin (Q), Baicalein (B),
Daidzein (D), and B-carotene (B-Car) and the Fitted Lifetimes of the Peak at 516-nm Observed
During the Scavenging of DPPH Radicals

Flavonoid Mixture” Inhibition, % Ty, min Ty, Min T3, min
K 1 47.33 0.37 £ 0.0082 - -

K:Q 1/2: 172 42.11 0.49 + 0.035 12.61 + 1.67 —

K:B 1/2: 1/2 4691 0.40+0.011 >1000 —

K:D 1/2: 172 34.20 0.36 £0.014 16.63 +1.28 -
K:Q:B 1/3:1/3:1/3 64.59 0.22 +0.0089 4.90 + 0.80 72.66 +11.53
K:Q:D 1/3:1/3:1/3 47.64 0.28 £0.043 2.08 +0.13 37.32+1.37
K:B:D 1/3:1/3:1/3 48.23 0.34 £ 0.031 2.56 £0.28 43.10+4.92
K: B-Car 1: (6.21 uM) 47.45 0.036 +0.00 | 92.65+44.51 -

* The 1C50 values of each flavonoid.

Although daidzein did not have significant DPPH scavenging ability during the experimental period of
this study, there may be some synergistic antioxidant effect with kaempferol (as discussed in the previous
section); thus, a long-life process of approximately 16 min was also observed in the kinetic study. As men-
tioned in section 4.2, this lifetime may be due to the regenerative effect of daidzein on kaempferol, which
has lost protons [30, 33], or the formation process of a stronger antioxidant [31].

For the ternary mixture solution, the kinetic results were consistent with three scavenging processes,
except for the first DPPH scavenging by kaempferol, an additional scavenging process of approximately
2-5 min, which may be the result of the interaction of the three flavonoids during the scavenging of DPPH
radicals. The ternary mixtures all accelerated the scavenging of kaempferol (compared to binary mixtures),
but in practical applications, a higher scavenging rate may not be better; however, for the long-term preser-
vation of food, it is necessary to extend the scavenging time of antioxidants [34].
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Synergistic scavenging of DPPH radicals by a kaempferol and [-carotene mixture. Studies have shown
that mixtures of carotenoids and various natural plant extracts (flavonoids, resveratrol, and astaxanthin) ex-
hibit synergistic antioxidant activity [35, 36]. There are three possible mechanisms for this phenomenon:
B-carotenes regenerate flavonoids. Astaxanthin radical cations react with B-carotene to regenerate astaxan-
thin, and then astaxanthin continues to scavenge peroxyl radicals [37]; flavonoids regenerate B-carotene, In
liposomes, berberoside anions can reduce B-carotene cation radicals, and -carotene can continue to exert
anti-lipid oxidation effects on membranes [38]; mutual protective effects occur. Vitamin E protects B-caro-
tene from oxidation, whereas the oxidation products of B-carotene and retinol can reduce and regenerate vit-
amin E [39, 40].

In this work, 6.21 pM (10 pL, 0.5 mg/mL) B-carotene had no scavenging effect on DPPH radicals
(Fig. 3S) [41] (~270.08 uM p-carotene could scavenge ~50% of DPPH radicals; data not shown). By com-
paring the absorption spectra obtained during the DPPH scavenging process of kaempferol and the B-caro-
tene mixture with the kaempferol solution alone (Fig. la vs. Fig. 4a), it was observed that the peak of
kaempferol at 280-310 nm, which increased during the scavenging process, remained the same. Therefore,
we presume that in both solutions, kaempferol scavenges the DPPH radical. By comparing the kinetics asso-
ciated with the normalized peak at 295 nm (Fig. 5), we found that when kaempferol interacted with the
DPPH radical alone, and it increased to the maximum absorbance within 15 min, indicating that the scaveng-
ing process of DPPH radicals was completed within that period. After the addition of B-carotene, the absorb-
ance peak at 295 nm continued to increase slowly, corresponding to the long-lived process related to the
peak at 516 nm (Table 1). This indicates that although the addition of carotenoids did not enhance the anti-
oxidant capacity of kaempferol in 1 min, it had a potential synergistic antioxidant capacity with kaempferol
over a long period of time because the 295 nm peak is attributed to the antioxidant product of kaempferol.
Therefore, it is presumed that this long scavenging process may be because of the regeneration process of
kaempferol, which then continues to scavenge DPPH radicals. This kinetic process was not fully captured
because of the experimental time of our current study; thus, subsequent longer observations are necessary.

Absorbance, a. u.

e o ° o e o o © 0 o o
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0.80 |- R
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= Kaempferol+f-carotene

0'72 -I. n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n

0 10 20 30 40 ¢, min

Fig. 5. Kinetics at 295 nm (data after 1 min) during the scavenging of DPPH radicals
by kaempferol (e, data from Fig. 1a) and the kaempferol-pB-carotene mixture
(=, data from Fig. 4a), normalized at 1 min.

Advantage of UV-Vis spectroscopy in antioxidant activity evaluations. Antioxidant activity evaluations
on DPPH radicals are generally measured at ~515 nm (the absorbance of DPPH radicals) [42], but the ab-
sorption peaks of flavonoids are mainly below 450 nm, and the single-wavelength information might not in-
clude changes in the spectral shape of flavonoids interacting with radicals. More in-depth analysis requires
more comprehensive spectral data, and UV-visible spectroscopy can be used to obtain some spectral details.
As mentioned in the preceding discussion, the observation of subtle spectral shape changes can be used to
explore the mechanism of flavonoid antioxidant action more deeply. Therefore, we conducted multiband
UV-visible spectroscopy for individual flavonoids, based on which the mechanism of interaction between
flavonoids and B-carotene in the synergistic antioxidant process was investigated as an extended application
of classic UV-visible absorption spectroscopy. From these subtle spectral signals, we speculate that the syn-
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ergistic antioxidant capacity of kaempferol with other flavonoids/carotenoids may occur mainly as a result of
the regeneration of kaempferol. However, in this work, only the scavenging process of DPPH radicals by
flavonoids was investigated because DPPH radicals have low absorption values in the absorption peak re-
gion of flavonoids and do not cause much interference with the analysis of flavonoid absorption spectral sig-
nals; however, the scavenging capacity against DPPH radicals is influenced by the reaction conditions such
as solvent and composition of mixed solvents [43, 44], temperature [45, 46], and radical concentration [47].
Therefore, to better understand the antioxidant mechanism, more detailed characterization methods, more
types of free radicals and flavonoids, and ultrafast spectroscopy to explore the rapid scavenging process are
also necessary.

Conclusions. The application of UV—Vis absorption spectra can provide a more comprehensive view of
the free radical scavenging process of flavonoids and a more in-depth understanding of their possible syner-
gistic antioxidant interaction mechanism. The results of the present study showed that the antioxidant capaci-
ty of flavonoids was related not only to the number of hydroxyl groups but also to the position of the hy-
droxyl groups. Flavonoids with o-dihydroxy at the 3',4’ positions and o-trihydroxy at the 5, 6, 7 positions
had greater antioxidant activity but slowed their DPPH inhibition process — kaempferol had the highest inhi-
bition rate, followed by quercetin and baicalein. Although daidzein and B-carotene did not have a significant
scavenging effect on DPPH radicals (at concentrations similar to those of the other flavonoids in this study),
they showed potential synergistic antioxidant effects when mixed with kaempferol. This synergistic antioxi-
dant effect may be due to the regenerative effect of kaempferol after antioxidation. A mixture of kaempferol,
quercetin, and baicalein exhibited optimal synergistic antioxidant activity; however, the exact underlying
mechanism requires further investigation.
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Supplement

TABLE 1S. Number of Hydroxyl Groups and DPPH IC50 Values of Kaempferol, Quercetin,
Baicalein, and Daidzein (Daidzein Was Measured Using ABTS+" method).

Flavonoids n(OH) IC50 (uM)
Kaempferol 4 16.11
Quercetin 5 4.94
Baicalein 3 11.36
Daidzein 2 —28.27 (for ABTS*")
Inhibition ABTS*", %
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Fig. 1S. The added volumes of daidzein vs. the inhibition of ABTSe" radicals.
The red dots mark the sample volumes with 50% inhibition, and the red line is the fitted line.
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Fig. 2S. The added volumes of (a) kaempferol (0.1 mg/mL), (b) quercetin (0.1 mg/mL),
and (c) baicalein (0.1 mg/mL) vs. the inhibition of DPPH radicals; the red dots mark
the sample volumes with 50% inhibition, and the red line is the fitted line.
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Fig. 3S. Steady-state absorption spectra of DPPH radical scavenging by the 6.21 uM B-carotene.




