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s of flavonoids on browning
induced by enzymatic oxidation of tyrosinase:
structure–activity relationship

Yao Lu, a Yi Xu,a Meng-Ting Song,a Ling-Ling Qian, a Xiao-Lin Liu,a

Rong-Yao Gao,a Rui-Min Han, *a Leif H. Skibsted b and Jian-Ping Zhang a

Tyrosinase, widely distributed in nature, is a copper-containing polyphenol oxidase involved in the

formation of melanin. Flavonoids are most often considered as tyrosinase inhibitors but have also been

confirmed to be tyrosinase substrates. Four structure-related flavonoids including flavones (apigenin and

luteolin) and flavonols (kaempferol and quercetin) are found to promote not inhibit browning induced by

tyrosinase catalyzed oxidation both in model systems and in mushrooms under aerobic conditions. A

comparison with enzymatic oxidation and autooxidation of flavonoids alone has helped to clarify why

flavonoids function as a substrate rather than an inhibitor. Flavonoids almost do not affect the kinetics of

melanin formation from enzymatic oxidation of L-dopa in excess. In addition, a new brown complex

formed during the reaction of flavonoid quinone and dopaquinone is suggested to enhance the

browning effects by competing with isomerization and autooxidation. Structure–activity relationships of

the four flavonoids in melanin formation leading to browning induced by autooxidation and enzymatic

oxidation confirm the enzymatic nature of the browning.
Introduction

Tyrosinase (TYR) is a crucial enzyme in melanin biosynthesis in
animals, bacteria, plants, and fungi.1 Tyrosinase has been
recognized to catalyze tyrosine monophenol and synthesize
intermediates including L-dopa o-diphenol, dopaquinone,
cyclodopa and dopachrome (DC), which further polymerizes to
form brown or black melanin pigments.2–6 In animals, melanin
can protect the skin from ultraviolet radiation damage.
However, excessive production of melanin causes freckles,
melasma, age spots, and under some conditions may induce
skin cancer.7 In vegetables and fruits, tyrosinase also catalyzes
the oxidation of bioactive constituents of fruit and vegetables,
which leads to unfavorable enzymatic browning, damage of
nutrients and sensory properties.8

Tyrosinase inhibitors have attracted great attention in rela-
tion to medical, cosmetic and food products due to their
preventive effects in pigmentation disorders, skin aging and
food browning. Hydroquinone, kojic acid, corticosteroid and
arbutin have been known to be efficient tyrosinase inhibitors,
but their serious side effects such as permanent
rsity of China, Beijing, 100872, China.

@ruc.edu.cn; mtsong2019@ruc.edu.cn;

u.cn; rygao@ruc.edu.cn; jpzhang@ruc.

-6251-6604

Copenhagen, Rolighedsvej 30, DK-1958

.ku.dk

the Royal Society of Chemistry
depigmentation, erythema, contact dermatitis, and skin cancer
among others, limit their applications.9–12 Flavonoids, as natural
antioxidants abundant in fruits and vegetables as well as compo-
nents in traditional herbal medicine,13 have been identied, based
on kinetic studies in model systems, as tyrosinase inhibitors
inhibiting formation of the intermediate DC absorbing at 475 nm
during oxidation of L-dopa as substrate.14–19 Some avonoids have
even been characterized as strong tyrosinase inhibitors.20–26

However, interference of avonoids reacting with o-quinone was
recently found to inhibit the enzymatic reactions and therefore to
complicate determination of tyrosinase activity in the presence of
avonoids.27 The effects of avonoids serving as both inhibitors
and substrates of tyrosinase on melanin formation and browning
are accordingly still not clear.

In this kinetic study, spectroscopic methods were employed
to reveal the effects of four structure-related avonoids on
melanin formation and browning induced by enzymic oxidation
of tyrosinase both in model system with L-dopa oxidation and in
browning of mushrooms as a food example. Except for two 5,7-
phenols in ring A, apigenin (Api) contains one 40-phenolic
groups in ring B, and luteolin (Lut) has an additional 30-phenol
compared with Api. Kaempferol (Kaem) and quercetin (Quer)
have an additional 3-phenol in ring C compared with Api and
Lut, respectively, as shown in Scheme 1. Mushroom tyrosinase
(EC 1.14.18.1), as the only commercially available tyrosinase,
was used in model system due to its highest homology with
mammalian tyrosinase among different tyrosinases.28,29 The
browning of mushroom has been conrmed to be the enzymatic
RSC Adv., 2021, 11, 13769–13779 | 13769
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Scheme 1 Molecular structures of (a) apigenin, Api, (b) luteolin, Lut, (c)
kaempferol, Kaem and (d) quercetin, Quer.

Fig. 1 Absorption spectra of 28 mg mL�1 tyrosinase, 130 mM L-dopa
and 28 mM Api, Lut, Kaem, and Quer , respectively.

Fig. 2 Fluorescence emission spectra of 28 mgmL�1 tyrosinase in the pre
Kaem and (d) Quer at 25 �C, respectively. lex¼ 280 nm. Insets: plots of log
F0 and F represent fluorescence intensities of solutions in the absence a

13770 | RSC Adv., 2021, 11, 13769–13779
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oxidation of amino acid tyrosine by tyrosinase.30 Agaricus bis-
porus, also known as white mushroom, containing a variety of
amino acids, nucleotides and vitamins,31–33 was used for
comparison with the model systems studied.
Results

To elucidate effects of avonoids on melanin formation and
browning induced by tyrosinase, enzymatic oxidation of L-dopa
pre-incubated with avonoids by tyrosinase in ternary system
and of avonoids by tyrosinase in binary system as well as
autooxidation of avonoids alone were investigated in
comparison in air-saturated aqueous solution by the use of
time-dependent absorption spectra. The changes of white
mushroom in color were recorded to investigate the effect of
avonoids on browning of food system by using diffuse reec-
tion spectra. Since the enzymatic oxidation of avonoids by
tyrosinase occurs on a slower minute timescale compared with
the rate of avonoids binding with tyrosinase as seen below in
Fluorescence of tyrosinase quenched by avonoids section,
uorescence spectroscopy was applied to study the interaction
of avonoids with tyrosinase in aqueous solution.
Interaction of avonoids with tyrosinase

The characteristic absorption of tyrosinase, L-dopa and individual
avonoids, Api, Lut, Kaem and Quer at 250–350 nmwere shown in
Fig. 1. At the excitation wavelength of 280 nm, the uorescence
emission spectra of tyrosinase with different concentrations of
avonoids were collected, as shown in Fig. 2a–d. Fluorescence
spectra were calibrated to eliminate the inner lter and re-
absorption of avonoids according to eqn (1)34,35

F ¼ Fm � e(A1+A2)/2 (1)
sence of varying concentrations, 0, 5, 10, 15, 28, 40 mM (a) Api, (b) Lut, (c)
[(F0– F)/F] at lem¼ 340 nm according to the double-logarithm eqn (3).
nd presence of flavonoids.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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where F and Fm represent the calibrated and measured uo-
rescence intensity; A1 and A2 stand for the absorbance at the
excitation wavelength (lex ¼ 280 nm) and emission wavelengths
of avonoids, respectively.

Tyrosinase in aqueous solution was found having a strong
uorescence emission peak at 340 nm, while avonoids showed
little uorescence emission under the same conditions. The
uorescence intensities of tyrosinase signicantly decrease with
increasing concentrations of avonoids, indicating that avo-
noids quench the uorescence of tyrosinase. No obvious
changes observed in the calibrated uorescence emission
spectra of tyrosinase, indicating the interaction of avonoids
with tyrosinase almost not altering the proximal environment of
the chromophore tryptophan residues.

The quenching constants, Kq, of avonoids with tyrosinase
were determined by linear tting the uorescence intensity
ratio (F0/F) using the Stern–Volmer eqn (2) below:17,36

F0

F
¼ 1þ Kqs0½Q� (2)

F0 and F are the uorescence intensities of tyrosinase in the
absence and presence of avonoids, respectively. Kq, s0 and [Q]
are the bimolecular quenching constant, the average lifetime of
the uorophore without the quencher s0 ¼ 10 ns (ref. 36) and
the concentration of the quencher, respectively.

The obtained quenching constants, Kq, of the four avonoids
with tyrosinase, 4.19 � 1012 L mol�1 s�1 for Api, 5.19 � 1012 L
mol�1 s�1 for Lut, 3.47 � 1012 L mol�1 s�1 for Kaem and 6.13 �
Fig. 3 Absorption spectra (a, c, e and g) and absorption changes (b, d,
solution with 100 mMApi, Lut, Kaem andQuer, respectively, at 25 �C. The
h0) for the autooxidation of 100 mM Api, Lut, Kaem and Quer alone, were s
for clarity. The optical length of the quartz cells is 0.5 cm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
1012 L mol�1 s�1 for Quer, are higher than the maximum
diffusion collision quenching constant (2.0 � 1012 L mol�1

s�1),17 indicating that the uorescence quenching of tyrosinase
by the four avonoids in this study is a static process. The
binding constant (Ka) and the number of binding sites (n) for
static quenching of avonoids with tyrosinase were calculated

by linear regression of the plot of log
F0 � F

F
against

log
1

½Qt� �
ðF0 � FÞ½Pt�

F0

following the double-logarithm eqn (3) as

shown in Fig. 2a–d insets26,37

log
F0 � F

F
¼ n log Ka � n log

1

½Qt� �
ðF0 � FÞ½Pt�

F0

(3)

where F0 and F are the same as in eqn (2), and [Qt], [Pt] are the
total concentrations of avonoids and tyrosinase, respectively.
Ka and n were approximately determined to be Ka ¼ 3.57 � 104,
5.01 � 104, 3.26 � 104 and 6.53 � 104 L mol�1 and n ¼ 1.18,
0.97, 0.99 and 0.83 for Api, Lut, Kaem and Quer, respectively.
These results support one tyrosinase binds with one avonoid
molecule in agreement with ref. 26.
Enzymic oxidation of avonoids by tyrosinase

Reactions between Api, Lut, Kaem and Quer with tyrosinase
were followed spectrophotometrically for air-saturated solu-
tions as shown in Fig. 3a–h in comparison with the
f and h) for 28 mg mL�1 tyrosinase reacting in air-saturated aqueous
absorption spectra (a0, c0, e0 and g0) and absorption changes (b0, d0, f0 and
hown for comparison. The absorption changes at 700 nm are enlarged

RSC Adv., 2021, 11, 13769–13779 | 13771
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autooxidation of avonoids alone by oxygen in air as shown in
Figure 3a0–h0. The detailed mechanism including the enzymatic
oxidation and autoxidation of Api, Lut, Kaem and Quer is
summarized in Scheme 2.

The reactivity of the tyrosinase toward each compound
differed signicantly. Continuous changes in absorptions
spectra (Fig. 3a, c, e and g) show that oxidation occurs aer
addition of avonoids to tyrosinase, which are different from
reaction of avonoids with Cu(II) or other metal ions forming
relatively stable avonoid complexes as found in our previous
studies.38–41 In contrast, the autooxidation of avonoids alone
are less complicated.

During both enzymatic oxidation and autooxidation of Api
(Fig. 3a and a0), similar small changes in the character of the
absorption spectra but with larger reduction in the absorption
intensity at 250–450 nm and with a slight increase in absor-
bance intensity at longer wavelength. The brown product
absorbing at longer wavelength is assigned as a avonoid dimer
or polymer formed from an oxidized avonoid, phenoxyl or
quinone radical, reacting with other parent avonoid molecules
or dimerization of avonoid quinones themselves.42–46 The
dimerization or polymerization of Api are thus suggested to
occur via an oxidation intermediate of the most reducing 40-
phenol, 40-monoquinone. The kinetics at 343 nm and the
enlarged kinetics at 700 nm in Fig. 3b and b0 both show the
correlation of the decay of the parent Api and the formation of
the brown polymerized avonoids in similar amount. The rate
obtained from the kinetics at 700 nm in enzymatic oxidation is
slightly slower than for the autooxidation (Fig. 3b and b0),
indicating that the interaction of Api with tyrosinase almost
does not change the reaction pathway of autooxidation, but only
Scheme 2 Proposed mechanism of autooxidation and enzymatic oxid
induced by enzymatic oxidation of L-dopa.

13772 | RSC Adv., 2021, 11, 13769–13779
slightly slows down the reaction rate of autooxidation by a weak
interaction.

In case of Lut containing a catechol group of ring B but
lacking a 3-hydroxyl group of ring C, the absorption intensity at
wavelengths lower than 400 nm decreased faster than for Api
during enzymatic oxidation although the change in the char-
acteristic of absorption spectra were similar as seen in Fig. 3c.
The kinetics followed by spectral changes at 350 nm and the
enlarged kinetics at 700 nm at less than 60 min also shows good
correlation, which is similar to Api for the decay of the parent
Lut and for the formation of the polymerized products (Fig. 3d).
The absorption spectra at 700 nm for Lut increased more
signicantly than for Api, and aer 60 min the otherwise
homogeneous solution begins to be occulent with brown
precipitate. In contrast, the autooxidation of Lut is far less
distinctive than autooxidation of Api as seen spectral changes at
250–450 nm, and almost no brown product seems to be formed
following absorption at longer wavelength as seen Fig. 3c0 and
d0. Lut as well as eriodictyol and catechin both containing
catechol group have been reported to be enzymatically oxidized
into o-diquinone, which is reactive and tends to react with the
parent Lut forming polymerized products.43–46 This may be
explained by the stronger absorbance noted for Lut at the longer
wavelength than for other avonoids under consideration. The
reaction of monophenol in ring B of Api oxidized into diphenol
forming Lut, is excluded due to differences in spectral changes
obtained for Api with Lut at longer times.

The spectra peaked at �370 nm for Kaem and Quer con-
taining 3-hydroxyl group of ring C during enzymatic oxidation
and gradually blueshied, similar to what has been character-
ized to form of the protocatechuate products 2-(3,4-
ation of flavonoids and promotion effect of flavonoids on browning

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)benzofuranone with
an absorption maximum at 330 nm (Fig. 3e and g) via inter-
mediates, monoquinone for Kaem and diquinone for Quer, by
electrochemical and enzymatic oxidation.27,47 Whereas, the
autooxidation of Kaem has similar spectral changes as Api both
containing 40 mono-phenol in ring B and showing the obvious
decrease in absorption intensity of parent molecules at shorter
wavelength and observable increase of the polymerized prod-
ucts at longer wavelength (Fig. 3a0 and e0). No isomerized pro-
tocatechuate products are observed in autooxidation and there
is far more oxidized brown product formed a little later in
autooxidation than in enzymatic oxidation, as seen from the
time trace of absorption at 700 nm shown in Fig. 3f and f0. This
difference in kinetics implicates that enzymatic oxidation is
more favorable. Kaem has a 3-hydroxyl group as one more
reactive site when compared to autooxidation resulting in
isomerization into protocatechuate products, which inhibits
the brown product formed with absorption at longer wave-
length. Notably, the autooxidation of Quer shows similar and
indistinctive spectral changes as Lut both containing 30,40-
catechol group in ring B (Fig. 3c0, d0, g0 and h0). Due to the weak
reactivity in reaction with oxygen and resistance against
autooxidation, Quer still containing a catechol diphenol group
is more reactive towards enzymatically forming protocatechuate
products than Kaem containing the 40-monophenol group.
Fig. 4 Absorption spectra during oxidation of 2000 mM L-dopa by 28 mg
100 mM (b) Api, (c) Lut, (d) Kaem, (e) Quer pre-incubated at 25 �C in air-s
incubated for 5 min before adding L-dopa. The optical length of the qua

© 2021 The Author(s). Published by the Royal Society of Chemistry
As seen in Scheme 2, Api and Kaem with 40-monophenol in
ring B are autooxidized faster and more than Lut and Quer with
the 30,40-diphenol moiety. Enzymatic oxidation of 40-mono-
phenol in Api and Kaem yields 40-phenoxyl or quinone radicals
while the 30,40-diphenol of Lut and Quer forms 30,40-diquinone.
Enzymatic oxidation of 40-monophenol in Kaem and 30,40-
diphenol in Quer to form monoquinone and diquinone,
respectively, followed by isomerization into protocatechuate
products, is accordingly more favorable than autooxidation of
both Kaem and Quer.
Effects of avonoids on enzymic oxidation of L-dopa induced
by tyrosinase

UV-vis spectra and their changes aer addition of 2000 mM L-
dopa to the solutions of 28 mg mL�1 tyrosinase without and with
100 mM Api, Lut, Kaem and Quer pre-incubated for 5 min were
recorded and the changing spectra are shown in Fig. 4a–e and
5a–c, respectively.

An absorption peak with maximum at 480 nm appeared
upon addition of L-dopa to tyrosinase (Fig. 4a). This species has
been well established as an intermediate of the enzymatic
reaction, DC, during melanin formation from oxidation of
dopaquinone (DQ) followed by oxidation of cyclodopa, reaching
a concentration maximum in 5 minutes and subsequently
decaying and transforming into melanin with absorption
mL�1 tyrosinase (a) in the absence of flavonoids, and in the presence of
aturated solution. The mixture of tyrosinase and flavonoids were pre-
rtz cells is 1 cm.

RSC Adv., 2021, 11, 13769–13779 | 13773
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Fig. 5 Absorbance changes at (a) 320 nm, (b) 480 nm and (c) 700 nm as
extracted from spectra of Fig. 4b–d and (d) absorption differences between
the sampleswith flavonoids andwithoutflavonoids at 700nm.Control in a-
c is the kinetics from Fig. 4a. Insets: Quer as an example to indicate the
methods used to determine the lag phase, LP inmin, and the rate constant,
k in min�1, of the linear increase in the region after the inflection point.
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ranging from 300 nm to 700 nm via multi-step polymerization
(Scheme 2). In this process, only the characteristic absorption of
DC (300–500 nm) and of melanin (300–800 nm) were observed
Table 1 Binding constant (Ka, L mol�1) and binding number (n) of flavonoids
flavonoids. The inflection time at 700 nm, tt for the ternary system (tyrosinase, fl
and ta for autooxidation of flavonoids alone. Absorbances at 700 nm and a
autooxidation. Lag phase (LP, min) prior to the increasing absorbance at 700 n
for sampleswithoutflavonoids andwithflavonoids after the inflection point at 7
absorbance seen in Fig. 5d by subtracting the absorbance of the sample with

Flavonoid Ka (�104, L mol�1) n tt (min) te (min) ta (min

Api 3.57 1.18 9 32 22
Lut 5.01 0.97 53 12 —
Kaem 3.26 0.99 21 9 22
Quer 6.53 0.83 47 — —
Blank

a * and # represent using 1 cm and 0.5 cm, respectively. Ae and Aa are enlar
At. “—” means undetectable due to lower absorbance close to baseline or

13774 | RSC Adv., 2021, 11, 13769–13779
due to the formation of intermediates, DQ and cyclodopa,
occurring at a shorter timescale with a rst order rate constant
of 5.2 � 10�3 min�1.6 The detailed transformation mechanism
have been investigated by real time kinetic studies using Raman
and UV-vis spectra recently.6 Similar dynamics are also obtained
in the present study and shown as “control” in Fig. 5a–c.

Upon addition of L-dopa to tyrosinase pre-incubated with
avonoids, it is evident that for the four avonoids, the
absorption spectra from 350 nm to 700 nm decreases in
intensity and broadens to a varying degree as seen Fig. 4b–e.
The same inexion points for the four avonoids at the same
delay time were observed for the dynamics at 320 nm, 480 nm
and 700 nm show obvious correlation between the intermedi-
ates and products formed in enzymatic reaction as shown
Fig. 5a–c, also supporting formation of an oxidized interme-
diate and interference of product absorption in the same
spectral region. Kinetics as followed at 320 nm seems too
complicated to be analyzed due to the spectral overlap of
avonoids, L-dopa, DC and melanin. The formation and decay
kinetics of DC at 480 nm is in contrast widely accepted as
a standard for quantication of the inhibitory efficiencies of
tyrosinase inhibitors. The kinetic inhibition effects as followed
at 480 nm for the four avonoids are Quer > Lut > Kaem > Api
(cf. Fig. 5b), which is consistent with the binding constants for
Api and Kaem lower than for Lut, and far lower than for Quer
(Table 1).

It should be noted that the dynamics in ternary system as
followed spectroscopically at 480 nm for L-dopa enzymatically
oxidized by tyrosinase pre-incubated with Api only shows
slightly smaller changes than as seen for the sample enzymat-
ically oxidized by tyrosinase alone (Fig. 5b). However, an
obvious increase in spectral changes in ternary system at
700 nm for Api gives an inection time, tt ¼ 9 min, notably far
earlier than the slow formation of melanin for samples without
Api added and also earlier than inection times as seen in the
spectra, te ¼ 32 min and ta ¼ 22 min, for the formation of the
products from enzymatic oxidation and autooxidation of Api,
respectively (Fig. 3b and b0, 5c and Table 1). The absorbance at
700 nm in ternary system is also higher than enzymatic oxida-
tion and autooxidation of Api by comparing the absorbance
intensity at 700 nm and at 70 min, At for ternary system, Ae for
with tyrosinase obtained from the fluorescence of tyrosinase quenched by
avonoids and L-dopa), te for enzymatic oxidation (tyrosinase and flavonoids),
t 70 min, At for the ternary system, Ae for enzymatic oxidation and Aa for
m and rate constants (k, min�1) by linear fitting of the increasing absorbance
00nm in Fig. 5c. The absorbancedifference,DAt obtained from the constant
out flavonoids from the absorbance of the samples with flavonoidsa

) At* Ae
# Aa

# LPt (min) kt (�10�3, min�1) DAt

0.076 0.042 0.042 5 4.79 � 0.28 0.063
0.434 0.142 0.003 20 5.50 � 0.08 0.288
0.129 0.014 0.024 11 6.18 � 0.23 0.148
0.237 0.014 0.014 22 6.19 � 0.09 0.111

24 5.66 � 0.13

ged two times for comparison with the absorbance of the ternary system,
lack of inection time.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) HPLC-MS spectra of enzymatic oxidation of 2000 mM L-
dopa and of 100 mM Lut individually by 28 mg mL�1 tyrosinase, and of
2000 mM L-dopa addition to 28 mgmL�1 tyrosinase pre-incubated with
100 mM Lut for 5 min at 25 �C in air-saturated solution. The reaction
time of all samples for HPLC-MS determination is 70 min. (b) MS
spectra of the ternary system of tyrosinase, Lut and L-dopa in (a) at
3.75 min and 3.64 min.
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enzymatic oxidation and Aa for autooxidation, as seen in Table
1. This implicates there is more active reactant involving the
reaction with phenoxyl or quinone radical of Api to yield brown
product. The new brown product at 700 nm is excluded as
formation from the enzymatic oxidation of L-dopa alone
(control in Fig. 5c) or from enzymatic oxidation and autoox-
idation of Api. In addition, no absorbance is appearing at
700 nm for the products of parent avonoids reaction with the
enzymatically oxidized species o-quinones of L-dopa, dop-
aquinone (DQ), as reported by Gąsowska-Bajger. et al.27 A
product from the reaction of oxidized Api, monoquinone, with
DQ, is suggested to be responsible for the brown product at
700 nm as evidenced by a reaction of chlorogenic acid quinone
with catechin quinone leading to enzymatic browning of
apple,44 and by the HPLC-MS results with Lut as an example,
which will be further explained in the following.

Similarly the more remarkable absorbance at longer wave-
length also suggests that a reaction of oxidized avonoids,
monoquinone for Kaem and diquinone for Lut and Quer,
occurs with DQ. This absorption was also observed for samples
of L-dopa and tyrosinase pre-incubated with the other three
avonoids including Kaem, Lut and Quer by comparing the
absorbance at 700 nm of the ternary system with enzymatic
oxidation and autooxidation, At[ Ae� Aa (Table 1). The kinetic
inection points of time in ternary system for Kaem, Lut and
Quer, however, are found longer than in enzymatic oxidation
and autooxidation, which may arise from stronger binding of
avonoids with tyrosinase (Table 1). A lag phase LP (in min) was
determined from the intersecting point of the slope line at the
middle point with the baseline, as shown in Fig. 5d inset with
Quer as an example. LP values of 5, 20, 11, 22 min for Api, Lut,
Kaem, Quer, respectively, as listed in Table 1 shows distinct
effects. Compared with Api, the prolonged LP corresponding to
the slower formation of brown product may arise from the
increasingly stronger binding of 3,4 conjugation or catechol
groups for Kaem, Lut and Quer with Cu(II) ion of tyrosinase
compared to binding at the 4,5 group in Api. Higher absorbance
of the brown product may therefore be ascribed to the higher
reactivity with DQ of the products formed from enzymatic
oxidation probably accompanying with autooxidation, mono-
quinone for Kaem and diquinones for Lut and Quer, respec-
tively, compared with monoquinone for Api.

It is also clearly seen from kinetics monitored at 700 nm in
Fig. 5c that the linearly increasing absorption at the timescale
aer the inection point for all samples with avonoids are
almost in parallel with the absorption changes for the sample
without avonoids. The rate constants, k, obtained by linear
tting the spectral changes aer the inection time (inset in
Fig. 5d) shown in Table 1 implicate all samples has the similar
reaction rates for melanin formation. Accordingly, the involve-
ment of avonoids in the system of L-dopa and tyrosinase
almost do not affect the formation of melanin. The results of the
kinetics as followed at 700 nm for samples with avonoids
subtracting the kinetics for the sample without avonoids
evidently gives the rate of formation of the new brown product,
formed from avonoid quinone reaction with dopaquinone
reaching constant absorbance within 70 min. Lut is found to
© 2021 The Author(s). Published by the Royal Society of Chemistry
have the most distinct effect on promotion of browning fol-
lowed by Kaem, Quer and Api, on the basis of constant absor-
bance of the difference kinetics at 55–70 min in ternary system,
DAt, as seen in Fig. 5d and Table 1. Lut containing 30,40-diphenol
group is enzymatically oxidized into diquinone, showing the
highest reactivity to react with dopaquinone leading to brown-
ing. Kaem ranks second among four avonoids due to the
integrated contributions from the reaction of monoquinone of
Kaem with dopaquinone and from its autooxidation and
competition with isomerization into protocatechuate products
from monoquinone of Kaem. Lower absorbance for Quer may
arise from its lower reactivity in browning by autooxidation
although Quer shows similar reactivities of diquinone with
dopaquinone and similar isomerization from diquinone. Api
shows the least promotion effect in browning, which may be
due to the weak interaction of tyrosinase with parent Api.
HPLC-mass analysis of the products of enzymatic oxidation

HPLC-MS was performed with Lut as an example due to more
obvious formation of browning products at 700 nm for Lut
compared to other avonoids (Fig. 5d).

Enzymatic oxidation products at 70 min of elution for L-dopa
and for Lut individually, and for L-dopa and Lut together by
tyrosinase under the same conditions as the experiment of
Fig. 3c and 4a and c were analyzed by HPLC-MS. As seen in
HPLC spectra of Fig. 6a, when compared with the binary
RSC Adv., 2021, 11, 13769–13779 | 13775
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Fig. 8 Diffuse reflectance spectra (a and b) and absorption changes at
480 and 700 nm (c and d) recorded for mushrooms soaked in solu-
tions without and with 100 mM Api, Lut, Kaem, and Quer for 10 min at
25 �C in air-saturated water. All solutions are 100 mM PBS buffer
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systems of L-dopa or Lut oxidized by tyrosinase, the ternary
system of L-dopa, Lut and tyrosinase has a new component
appearing at 3.64 min of elution and has a distinctly stronger
component at 3.75 min. MS spectra in Fig. 6b shows the
component at 3.75 min is the parent Lut, which may arise from
the enzymatic oxidation of Lut inhibited by addition of L-dopa.
More parent Lut is le in the ternary system compared to most
of Lut oxidized by tyrosinase in the binary system. The MS
spectra at 3.64 min in Fig. 6b gives a 569.1 negative ion peak.
This component is explained as a complex formed from
combination of an enzymatically oxidized Lut, o-diquinone and
an oxidized L-dopa, DQ together with ve water molecules, [Lut
diquinone + DQ + 5H2O]

�, in agreement with the above
assignments in the kinetic analysis. This complex is not further
characterized in more detail in present study.

The detailed reaction mechanism of four avonoids
involving the catalytic oxidation of L-dopa by tyrosinase is also
summarized in Scheme 2.
containing 5% DMSO to increase the solubility of flavonoids. Control in
a-d is the sample immersed in PBS buffer only.
Effect of avonoids on browning of white mushroom slices

The effects of avonoids on the browning of white mushrooms
were followed with intervals of one hour recording the changes in
color and in spectra for up to 8 hours by the use of a camera and the
diffuse reectance spectroscopy, respectively. It is seen from the
photographs at 0, 2 and 8 hours in Fig. 7 that the color of all
mushroom slices turns brown as time increases. All mushroom
slices at 8 hours show atrophy to varying extent due to the vapor-
ization of moisture. The mushrooms soaked in avonoid solutions
turned brown faster than mushrooms soaked in PBS solution
alone, whichwas especially evident for Kaem andQuer. The sample
soaked in Lut is marginally less brown than samples soaked in
Kaem and Quer, and the sample soaked in Api is far less brown.

The absorption spectra at 2 and 8 hours and spectral changes
at 480 nm and 700 nm quantitively measured by diffuse
reection in Fig. 8a–d show that the absorbance of the mush-
room slices soaked in the avonoid solutions were higher than
for the slices only soaked in PBS buffer. The absorbance
intensity for the samples soaked in solutions of the four
investigated avonoids have comparable intensity at 2 hours,
but marginally higher for Lut, Kaem and Quer than Api aer 8
hours. This increasing absorbance intensity in the presence of
Fig. 7 Changes in color for mushroom cap/pileus slices after being
soaked in solutions without and with 100 mM Api, Lut, Kaem or Quer in
PBS buffer with 5% DMSO for 10 min in air at 25 �C.

13776 | RSC Adv., 2021, 11, 13769–13779
avonoids observed by diffuse reection is consistent with the
changes in color shown in Fig. 7.
Discussion

Flavonoids have been conrmed to be both oxidation substrates
and inhibitors of tyrosinase. The enzyme inhibitory kinetics has
shown that almost all avonoids have more or less signicant
inhibitory effects on tyrosinase by monitoring the formation
and decay at �480 nm of the DC reaction intermediate.
However, in the present study, four structure-related avonoids,
Api, Lut, Kaem and Quer were conrmed to promote not inhibit
the enzymatic browning both in model and food systems by
comparing the spectral changes in ternary system including L-
dopa, tyrosinase and avonoids with enzymatic oxidation and
autooxidation of avonoids and with mushroom slices.

The reaction conditions including the concentration range
selected for the present investigation are comparable to the
conditions used by others.17,18,48,49 Similar pseudo inhibition
effects were also observed if the kinetics was only monitored at
a single wavelength of 480 nm. This wavelength has been
conrmed to contain contribution to absorption or a variety of
components including DC, DQ and melanin, making the
wavelength inaccurate for analysis of melanin formation. The
kinetics followed at 700 nm help to exclude the interference
from absorbance of DC. The combination of analysis of kinetics
at 480 nm and 700 nm further helped to distinguish the
formation of melanin from other transformations. This
conclusion is also supported by the experiment involving
mushroom browning as a real food system.

During the autooxidation of avonoids alone, Api and Kaem
with 40-mono-phenol in ring B is more susceptible to be
oxidized by oxygen in air than Lut and Quer with 30,40 di-phenol
in ring B. 30,40 di-phenol facilitating to stabilize the structures of
Lut and Quer in the process of autooxidation, although they
© 2021 The Author(s). Published by the Royal Society of Chemistry
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generally show higher radical scavenging activities than
phenols in Api and Kaem.50

In the enzymatic oxidation of avonoids as substrates,
tyrosinase shows low reactivity in oxidation of Api and the
character of the spectral changes are almost similar to the
changes in the autooxidation. High reactivity of tyrosinase to
oxidize Kaem into monoquinone followed by isomerization
competing with autooxidation lead to less effect on browning
than autooxidation. Lut containing the catechol group more
easily enzymatically forms diquinone leading to more distinct
browning by polymerization than Api and Kaem without the
catechol. Quer, despite containing a catechol group also easily
forms diquinone like Lut, shows less browning tendency due to
the competition of isomerization with polymerization.

In the binary system of L-dopa as substrates of tyrosinase, the
decay of the reaction intermediate DC results in the formation
of the brown product, melanin, occurring at 24 min as shown in
Fig. 5c and Table 1.

In the ternary system of L-dopa and tyrosinase pre-incubated
with avonoids, avonoids as both substrates and inhibitors of
tyrosinase react competitively with L-dopa, otherwise reacting
with tyrosinase. Comparing the results for the enzymatic
oxidation and autooxidation of avonoids and enzymatic
oxidation of L-dopa, new brown products for the ternary system
appear at 5–22min as detected for the rst time in present study
(Fig. 5d and Table 1), and earlier than the formation of melanin,
which further promote the browning of the samples. The new
brown products do not form from the enzymatic oxidation of
individual avonoids or L-dopa alone. The reaction of avo-
noids with dopaquinone (DQ) as reported in ref. 27 was also
excluded by the results of the present study based on the
spectral comparison, showing no absorption at higher wave-
lengths than 600 nm for the product of avonoid reacting with
DQ. An oxidized product of avonoids as substrates, quinones
of avonoid, is now suggested to react with the oxidized product
of L-dopa as substrates, DQ, both produced from enzymatic
oxidation of tyrosinase, forming the brown complexes as shown
in Scheme 2, and thus promote not inhibit browning.

DQ reacts with quinones of avonoids promoting browning,
however, seems to slow down the formation of DC at 480 nm
and therefore shows inhibition effects. This inhibition effect
depends on secondary reactions and cannot be assigned to the
inhibition reactivities of avonoids as otherwise reported.27 DQ
has been found to trigger neuronal damage in the brain due to
dopaminergic neurons deciency in turn leading to Parkinson
diseases.18,51 Reaction of enzymatically oxidized avonoid with
DQ may give a new perspective for further understanding
avonoids as bioactive molecules with health protecting effects.

The spectral changes at longer time aer the respective
inection points (Fig. 5c and Table 1) are almost parallel with
the rate constants for Api, Lut, Kaem and Quer obtained by
linear regression, indicating that addition of avonoids hardly
affects the rate of melanin formation from enzymatic oxidation
of L-dopa when in excess. The small differences in observed
kinetics between samples with and without avonoids suggest
a common mechanism including fast formation and a similar
constant concentration of the brown complex for all avonoids
© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. 5d). This result indirectly supports the validity of the
assumption that melanin formation is not affected by avo-
noids in presence of excessive L-dopa. Flavonoids does not seem
to inhibit formation of melanin deactivating tyrosinase, but are
oxidized into quinones to react with DQ forming a complex to
promote browning instead.
Conclusions

The four avonoids, Api, Kaem, Lut and Quer, have signicantly
different effect on autooxidation and enzymatic oxidation both
as substrates and as inhibitors of tyrosinase, and also in their
effect on melanin formation leading to browning. Flavonoids
with 40-monophenol groups, Api and Kaem, are more readily
autooxidized and polymerized into browning products than Lut
and Quer. On the contrary, enzymatic oxidation of avonoids
alone almost has no effect on Api, for which avonoid autoox-
idation still is dominant, while Lut containing the catechol
group is far more easily oxidized into diquinone compared to
autooxidation leading to distinct browning through polymeri-
zation. Flavonols, both Kaem and Quer with 3-hydroxyl are
enzymatically oxidized into mono or diquinone, which further
isomerizes into products absorbing at lower wavelength
resulting in formation of product with paler brown color and
different from autooxidation product of Kaem or enzymatic
oxidation product of Lut. Notably, Quer containing a catechol
like Lut, behaves more like Kaem than like Lut.

When L-dopa added as a substrate competes with avonoids
as substrate for tyrosinase, the four avonoids are all expected
to promote browning through formation of complexes by
combination of the quinones of the oxidized avonoid with DQ.
Browning promotion effects of the four avonoids as studied in
model systems are also observed for mushrooms as a relevant
food system. This study may accordingly provide new perspec-
tives for avonoids as important food components, and as
enzymatic inhibitors, additives and as antioxidants in food.
Materials and methods
Materials and reagents

Kaempferol (Kaem, >98%), apigenin (Api, >98%), luteolin (Lut,
>98%) and quercetin (Quer, >98%) were from Huike Plant
Exploitation Inc., (Shanxi, China). Mushroom tyrosinase (TYR,
7164 units/mg) was purchased from Sigma Chemical Co. (St.
Louis, USA). L-Dopa was purchased from Sangon Biotech
(Shanghai) Co. Ltd. Dimethyl sulfoxide (DMSO) was purchased
from Aladdin Chemicals Co. (Shanghai, China). Phosphate
buffer solution (PBS, $99.5%) was from Coolaber Co. (Beijing,
China). Fresh white mushroom were bought from supermarket.
The cap/pileus of white mushroom were uniform cut into slices
with thickness of 2 mm and diameter of 12 mm by the
combined use of an electric slicer and a perforator.
Fluorescence of tyrosinase quenched by avonoids

Fluorescence spectra were measured using a FLS980 uores-
cence spectrophotometer (Edinburgh Instruments, UK). The
RSC Adv., 2021, 11, 13769–13779 | 13777
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concentration of tyrosinase is 28 mgmL�1 and the concentration
of avonoids ranges from 0 to 40 mM. The excitation wavelength
lex is 280 nm. The uorescence spectra of all samples were
corrected by subtracting the spectra of sodium phosphate
buffer alone.

Enzymatic oxidation of avonoids and L-dopa pre-incubated
with avonoids by tyrosinase

Tyrosinase and avonoids (Api, Lut, Kaem, Quer) were mixed in
50 mM phosphate buffer at pH 6.8. The nal concentrations are
100 mM for avonoids, and 28 mg mL�1 for tyrosinase. 3% (v/v)
DMSO was used to increase the solubility of avonoids in
buffer. All absorption spectra were obtained every minute.

UV-vis absorption spectra of enzymatic oxidation of avo-
noids by tyrosinase in binary system and enzymatic oxidation of
L-dopa by tyrosinase pre-incubated with avonoids in ternary
system were recorded on a Cary60 spectrophotometer (Varian,
Inc., Palo Alto, CA, USA) using 0.5 and 1.0 cm quartz cells at
25 �C, respectively. The autooxidation of avonoids alone in the
same concentrations are also performed for comparison using
0.5 cm quartz.

Tyrosinase and avonoids (Api, Lut, Kaem, Quer) were mixed
and incubated at 25 �C for 5 minutes. L-dopa was added to
pretreated solution of tyrosinase and avonoids, and the
absorption spectra were recorded every minute using 50 mM
aqueous phosphate buffer as solvent (pH 6.8). The nal
concentrations are 100 mM for avonoids, 28 mg mL�1 for
tyrosinase and 2000 mM for L-dopa. 3% (v/v) DMSO was used to
increase the solubility of avonoids.

Enzymatic oxidation of 2000 mM L-dopa alone by 28 mg mL�1

tyrosinase was also recorded in parallel for comparison.

HPLC-mass analysis of the products of enzymatic oxidation

The samples were prepared under the same experimental
conditions as above mentioned enzymatic oxidation of Lut and
L-dopa individually, and oxidation of L-dopa by tyrosinase pre-
incubated with Lut, respectively. 100 mL reaction mixtures for
the three samples at 70 min were analyzed on HPLC-MS (Ulti-
mate 3000 UHPLC-Q Exactive, Thermo Scientic, US) equipped
with a Zorbax 300SB-C8 column (250 mm � f 4.6 mm; size of
immobile particles, f 5 mm). The mobile phases were 0.1%
formic acid in water as the A-phase, and acetonitrile as the B-
phase. The determination conditions for HPLC were as
follows: 5% A + 95% B for 0–1 min; 55% A + 45% B for 1–3 min;
100% A for 3–12 min; 5% A + 95% B for 12–14 min. The owing
rates were kept at 0.3 mLmin�1. The injection volume was 5 mL.
The HPLC-separated components were coupled to the MS
analyzer, and the MS detection was achieved by electrospray
ionization (ESI) in the negative ion mode. The MS conditions
were as follows: desolvation temperature, 400 �C; cone gas ow,
10 L h�1; desolvation gas ow, 800 L h�1; and cone voltage, 40 V.

Browning of white mushroom

The absorption spectra of white mushroom surfaces were
analyzed with UV-vis diffuse reectance spectroscopy (UH4150,
Hitachi, Tokyo, Japan) with BaSO4 as a reectance standard.
13778 | RSC Adv., 2021, 11, 13769–13779
The intensity of reection spectra was calculated by subtracting
the initial spectra of mushroom slices without being immersed
in avonoid solutions from the spectra of samples immersed in
avonoid solutions at the time indicated.

The same-sized slices from the cap of white mushroom were
soaked for 10 min in solutions of 100 mM Api, Lut, Kaem and
Quer in PBS buffer (5% DMSO), respectively, and dried out in
the air followed by being adhered on glass slides. Changes in
color and absorption spectra of the mushroom slices were
recorded every hour by a camera and a diffuse reectance
spectrometer. A sample soaked only in PBS buffer was used in
parallel as a control. All experiments were repeated three times,
and the same tendency in browning promotion was observed.

Abbreviations
TYR
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Tyrosinase

Api
 Apigenin

Lut
 Luteolin

Kaem
 Kaempferol

Quer
 Quercetin

DMSO
 Dimethyl sulfoxide

PBS
 Phosphate buffer solution

DC
 Dopachrome

DQ
 Dopaquinone

LP
 Lag phase
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