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Abstract
Quercetin (3,30,40,5,7-pentahydroxyflavone), one of the most abundant dietary flavonoids, has been investigated for its ability
to bind FeII, FeIII, CuI and CuII in acidic to neutral solutions. In particular, analysis by UV–visible spectroscopy allows to
determine the rate constants for the formation of the 1:1 complexes. In absence of added metal ion, quercetin undergoes a
slow autoxidation in neutral solution with production of low hydrogen peroxide (H2O2) concentrations. Autoxidation is
accelerated by addition of the metal ions according to: CuI . CuII @ FeII < FeIII. In fact, the iron-quercetin complexes seem
less prone to autoxidation than free quercetin in agreement with the observation that EDTA addition, while totally preventing
iron-quercetin binding, slightly accelerates quercetin autoxidation. By contrast, the copper-quercetin complexes appear as
reactive intermediates in the copper-initiated autoxidation of quercetin. In presence of the iron ions, only low concentrations
of H2O2 can be detected. By contrast, in the presence of the copper ions, H2O2 is rapidly accumulated. Whereas FeII is rapidly
autoxidized to FeIII in the presence or absence of quercetin, CuI bound to quercetin or its oxidation products does not undergo
significant autoxidation. In addition, CuII is rapidly reduced by quercetin. By HPLC-MS analysis, the main autoxidation
products of quercetin are shown to be the solvent adducts on the p-quinonemethide intermediate formed upon two-electron
oxidation of quercetin. Finally, in strongly acidic conditions (pH 1–2), neither autoxidation nor metal complexation is
observed but FeIII appears to be reactive enough to quickly oxidize quercetin (without dioxygen consumption). Up to ca.
7 FeIII ions can be reduced per quercetin molecule, which points to an extensive oxidative degradation.
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Introduction

Flavonoids (the main class of polyphenols) are

abundant in all parts of plants and in plant-derived

foods such as common fruits and vegetables, tea

and wine. Beside their important functions in

plants, (pigmentation, UV screening, iron uptake,

chemical defense against predators, participation in

signalling pathways leading to N2 fixation etc.) they

have attracted considerable interest over the last two

decades because of their important role in defining

the organoleptic properties of foods (colour,

flavour) and, possibly, their nutritional value in

terms of preventing the development of degenera-

tive diseases (cardiovascular diseases, cancers, age-

related disorders) [1–5]. This last point is

substantiated by a wealth of in vitro studies that

point to the ability of flavonoids to act as

antioxidants, enzyme inhibitors and modulators of

various biochemical signals.

Interactions of flavonoids with metal ions is also a

biologically significant process. For instance, iron

complexation has been proposed as a possible

antioxidant mechanism in plant nodules where the

highly reducing conditions allowing N2 reduction
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could also lead to O2 activation with subsequent

production of reactive oxygen species (ROS) and

oxidative damage to biomolecules [6]. Moreover,

complexation of dietary iron in the gastro-intestinal

tract is known to lower iron bioavailability and may

favour disorders related to iron deficiency, especially

in developing countries (anti-nutritional effect) [7].

More generally, the reducing properties of flavonoids

and their ability to form stable complexes with iron

and copper ions can strongly modulate the redox

properties of those metal ions and sustain part of the

antioxidant and, eventually, pro-oxidant properties of

flavonoids [6,8–16]. This pro-oxidant/antioxidant

balance is highly dependent on the environment,

especially the presence of other metal chelators and

the targeted biomolecules. For instance, flavonoids

stimulate FeIII-induced hydroxyl radical production

from H2O2 in the presence of EDTA but not in the

presence of citrate or ATP [8]. In the absence of

chelators, production of the hydroxyl radical by the

Fenton reaction (FeII þ H2O2) was also promoted by

highly reducing flavonoids such as quercetin [10].

Usually, when lipid peroxidation is initiated by iron- or

copper-containing systems, the antioxidant activity of

flavonoids prevails [6,9–13] and likely operates by a

combination of radical scavenging and metal com-

plexation processes. On the other hand, pro-oxidant

and antioxidant effects of flavonoids have been

reported in the metal-induced oxidative degradation

of proteins and DNA (in the absence or presence of

hydroperoxides) [6,14–16]. The pro-oxidant activity

of flavonoids can be related to their ability to reduce

high-valence metal ions (FeIII, CuII) into their low-

valence counterparts (FeII, CuI), which can either

autoxidize or promote the homolytic cleavage of

hydroperoxides with subsequent ROS production.

Finally, highly reducing flavonoids are air-sensitive

compounds that may undergo autoxidation to yield

ROS [17,18]. This poorly understood process is likely

mediated by metal traces [19,20] and may participate

in flavonoid cytotoxicity, not only because of the ROS

produced but also because some flavonoid oxidation

products (e.g. aryloxyl radicals, o-quinones and

p-quinonemethides) are highly oxidant and/or electro-

philic [21–26]. Finally, flavonoid autoxidation is

probably a major cause of flavonoid instability during

the processing of flavonoid-containing foods,

especially during thermal treatments [27].

In this work, interactions of quercetin (3,30,40,5,

7-pentahydroxyflavone), one of the most abundant

flavonoid aglycones, with iron and copper ions are

investigated in acidic to neutral aqueous solutions.

The rate constants and thermodynamic constants of

metal complexation are estimated. The influence of

added metal ions on the kinetics of quercetin

autoxidation and H2O2 production is also studied as

well as the eventual changes in the redox state of the

metal ions in the course of the reaction.

Experimental

All experiments were conducted at 378C and run in

duplicate.

Materials

Quercetin dihydrate (98%), FeSO4, 7H2O (99%),

FeCl3, 6H2O (97%), CuCl2, 2H2O (99.9%), CuCl

(99 þ %), xylenol orange sodium salt, ferrozine (5,6-

diphenyl-3-(2-pyridyl)-1,2,4 triazine-40,400-disulfonic

acid sodium salt hydrate, 97%), bathocuproinedi-

sulfonic acid disodium salt hydrate, butylated

hydroxytoluene (BHT) and H2O2 (30%) were from

Sigma-Aldrich. Ethylene diamine tetraacetic acid

disodium dihydrate (EDTA) was from Normapur.

The buffers used in the experiments are a 0.2 M

acetate buffer (pH 4.0) and a 0.01 M phosphate buffer

(pH 7.4). Because of the poor solubility of quercetin,

experiments in slightly acidic conditions (pH 5.0)

were run in a 1:1 MeOH–acetate buffer mixture.

Analyses

Complexation and autoxidation reactions. The

complexation and autoxidation processes were

monitored using a HP 8453 diode-array spectrometer

equipped with a magnetically stirred quartz cell

(optical pathlength: 1 cm). The temperature in the

cell was kept at 378C by means of a thermostated bath.

The 5 £ 1023 M solutions of metal ion were prepared

in MeOH (FeIII, CuII) or MeOH-0.2 M H2SO4 96:4

(FeII) or MeCN-0.2 M HCl 96:4 (CuI). The FeII and

CuI solutions were prepared daily and checked for

autoxidation using the proper colorimetric tests

(see below).

To 2 ml of the pH 7.4 buffer solution placed in the

spectrometer cell were successively added 20ml of a

freshly prepared 5 £ 1023 M solution of quercetin in

MeOH and 10–100 ml of a freshly prepared

5 £ 1023 M solution of metal ion. Spectra were

recorded every 0.5 s over 2 min (complexation) and

every 30 s over 120 min (autoxidation). At pH 5, only

complexation was investigated (spectra recorded every

5 s over 10 min). Eventually, the order of addition of

quercetin and the metal ions into the buffer was

reversed to outline the competition between quercetin

and phosphate for the metal ions.

H2O2 titration [28]. The FOX2 reagent was prepared

by mixing a solution of xylenol orange sodium salt

(38 mg) and BHT (440 mg) in MeOH (450 ml) with a

solution of FeSO4, 7H2O (49 mg) in 50 ml of 0.25 M

H2SO4. Hence, the final composition of the FOX2

reagent was: 1024 M xylenol orange, 4 £ 1023 M

BHT, 25 £ 1023 M H2SO4 and 25 £ 1025 M FeSO4,

7H2O in 90% (v/v) MeOH. Aliquots (0.5 ml) of
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a 1024 M solution of quercetin (phosphate pH 7.4,

378C) in the presence or absence of metal ion (1 equiv)

were rapidly taken up, diluted into 1.5 ml of FOX2

reagent at room temperature, and stirred for 10 min.

The samples were then transferred to the spectrometer

cell for recording the absorbance at 592 nm (lmax of

the FeIII-xylenol orange complex). In control

experiments without quercetin, addition of FeIII,

CuII or CuI to the FOX2 reagent caused a time-

dependent increase in A (592 nm) (attributed to slow

metal exchange on the xylenol orange ligand) whose

amplitude is in the order FeIII . CuII . CuI. The

corresponding values at 10 min must be subtracted.

Corrections using FeIII apply to any experiment

involving iron ions, since FeII is rapidly autoxidized

to FeIII in the pH 7.4 phosphate buffer. Corrections

using CuI apply to experiments using quercetin and

CuI or CuII, since the latter is rapidly reduced to CuI by

quercetin. Since distinct values are obtained for

corrections with CuI and CuII, it is assumed that CuI

autoxidation is negligible in the presence of the FOX2

reagent (CuI rapidly added to a FOX2 reagent-

phosphate buffer (3:1) mixture). The H2O2

concentration is deduced from a calibration curve

constructed by mixing the FOX2 reagent (1.5 ml) with

aliquots (0.5 ml) of aqueous H2O2 solutions of known

concentrations obtained by dilution of a 0.01 M

solution (concentration determined from

1(H2O2) ¼ 40 M21 cm21 at 240 nm). In those

conditions, the apparent 1 value of the FeIII-xylenol

orange complex at 592 nm was 65 £ 103 M21 cm21.

FeII titration [29]. Aliquots (0.5 ml) of a 1024 M

solution of quercetin (phosphate pH 7.4, 378C) in the

presence of FeII or FeIII (1 equiv) were rapidly taken

up, diluted into 1.5 ml of an aqueous 1023 M ferrozine

solution at room temperature, and stirred for 10 min.

The samples were then transferred to the spectrometer

cell for recording the absorbance at 564 nm (lmax of

the FeII-ferrozine complex, 1 ¼ 27,900 M21 cm21).

CuI titration [30]. Aliquots (0.5 ml) of a 1024 M

solution of quercetin (phosphate pH 7.4, 378C) in the

presence of CuII or CuI (1 equiv) were rapidly taken

up, diluted into 1.5 ml of an aqueous 1023 M solution

of bathocuproin disulfonate at room temperature, and

stirred for 10 min. The samples were then transferred

to the spectrometer cell for recording the absorbance

at 480 nm (lmax of the CuI-bathocuproin disulfonate

complex, 1 ¼ 13,900 M21 cm21).

Data analysis. The curve-fittings of the absorbance vs

time plots were carried out on a Pentium PC using the

scientist program (MicroMath, Salt Lake City, UT).

Beer’s law and sets of differential kinetic equations

(see text for the kinetic models used) with initial

conditions on concentrations were input in the model.

Curve-fittings were achieved through least square

regression and yielded optimized values for the

parameters (kinetic rate constants, molar absorption

coefficients, stoichiometries). Standard deviations are

reported.

HPLC-MS experiments. They were performed on a HP

1050 model equipped with a diode-array detector and

coupled to a Micromass LCZ 4000 mass

spectrometer. A C18 column (4.6 £ 150 mm, 5mm

particle size) equipped with a pre-column

(4.6 £ 7.5 mm, 5mm particle size) and kept at 258C

was used. The mobile phase (flow rate: 1.0 ml min21)

was a linear gradient of acetonitrile and 0.05%

aqueous HCO2H with 5% MeCN at time 0 and

100% MeCN at 60 min. Mass spectra were recorded

in the negative electrospray mode. The Masslynx

program was used for data analysis.

Results and discussion

Autoxidation with no added metal ions

Autoxidation of quercetin (QH2), which is barely

detectable in a pH 5.0 acetate buffer, is significant in

a pH 7.4 phosphate buffer (378C). The spectral

changes at 380 nm (quercetin consumption) and at

330 nm (formation of the quercetin autoxidation

products QS) both obey an apparent first-order

kinetics and give consistent values for the corre-

sponding rate constant: ka ¼ 57.5 (^0.3) £ 1026 and

56.7(^0.3) £ 1026 s21. Hence, the half-life of quer-

cetin is roughly 3.4 h in these conditions. In addition,

the following molar absorption coefficients can be

estimated: 1(QH2, 380 nm) ¼ 18 £ 103 M21 cm21,

1(QS, 330 nm) ¼ 19 £ 103 M21 cm21, 1(QH2,

330 nm) ¼ 1 £ 104 M21 cm21. From the literature

and our previous works [31–35], we assume that the

autoxidation products (QS) detectable at 330 nm

result from solvent addition (SyH2O or MeOH) on

the p-quinonemethide (Q) formed by two-electron

oxidation of quercetin (Scheme 1, QS stands for

QMeOH, QH2O and QH2OMeOH taken collec-

tively). This can be confirmed by HPLC-MS analysis

(Table I). It can be noted that even the low MeOH

content of the neutral buffer used in this work was

sufficient for the detection of p-quinonemethide-

MeOH adducts (QMeOH, QH2OMeOH). In the

course of quercetin autoxidation, an apparent zero-

order formation of H2O2 with R(H2O2) ¼

3 £ 10210 M s21 (quercetin concentration ¼ 1024 M)

could be evidenced over 3 h. Hence, after 3 h, it

can be estimated that ca. 3 mM H2O2 has

accumulated whereas almost 50mM quercetin has

been consumed.

Interactions of quercetin with iron and copper ions 305
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Although, it may be tempting to consider the first

step of quercetin autoxidation as a direct electron

transfer from quercetin (mainly, a dianion at pH 7.4

[36]) to dioxygen, it must be noted that the

corresponding thermodynamics is quite unfavourable

since the redox potential of the QHz/QH2 and

O2(dissolved)/Oz2
2 couples at pH 7 are 0.33 [37] and

20.16 V, respectively. In fact, the combination of

unfavourable thermodynamics and spin restrictions

(O2 is a spin 1 molecule) should make the direct

electron transfer a very slow process [19]. Hence,

catalysis by unidentified metal traces must operate

[20]. In the presence of quercetin and its oxidation

products, these metal traces could efficiently decom-

pose H2O2 (formed during quercetin autoxidation),

thereby preventing its accumulation.

Iron-quercetin complexation at pH 5

The spectral changes following the addition of iron

ions to a pH 5 acetate buffer containing quercetin can

be ascribed to pure complexation. Indeed, no increase

O

O

OH

O

HO

OH O

O

OH

OH

OH

HO

OH O Quercetin (QH2)

–2 H

O
OH

OH

HO

OH O

OH HO
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O
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Q

O

O
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O

OH

OH

QH2O

O
OH
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HO

OH O

MeO

O

O
OH

OH

HO

OH O

MeO

OH
OH

MeOH

H2O

O

O

O

OHOH

HO O
O

OOH

HO

QMeOH
QH2OMeOH

Q-CO F

A

B

C

Scheme 1.

Table I. HPLC-MS data for the autoxidation of quercetin (1024 M) with or without added FeIII (1–2 equiv, added last) in 0.01 M phosphate

buffer–MeOH (95:5) (pH 7.4, 378C). Analysis after 15 h (no added FeIII) or 1–6 h (þFeIII).

Retention time/min m/z* lmax/nm Structure†

14.0 317, 299, 261, 255, 199, 179, 163, 137 292 QH2O

16.0 331, 299, 271, 261, 217, 199, 187, 137 292 QMeOH

19.1‡ 349, 331, 299, 271 292 QH2OMeOH

22.8 301, 179, 151 254, 370 QH2

* Molecular mass of possible structures and fragments: QH2OMeOH ¼ 350, QMeOH ¼ 332, QH2O ¼ 318, Q ¼ 300, Q–CO ¼ 272,

QH2O–2CO ¼ 262, Q–CO2 ¼ 256, Q–CO ¼ 272, QH2O–2CO–CO2 ¼ 218, Q–2CO–CO2 ¼ 200, F ¼ 180, F–O ¼ 164, F–CO ¼ 152,

dihydroxybenzaldehyde ¼ 138. † See Scheme 1 quercetin (QH2), p-quinonemethide-water adduct (QH2O), p-quinonemethide-MeOH

adduct (QMeOH), p-quinonemethide-water-MeOH adduct (QH2OMeOH). ‡ Detected in the absence of added FeIII, only.
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in the absorbance around 300 nm that would point to

oxidation can be detected. The appearance of a broad

absorption band around 440 nm is ascribed to metal

complexes and reaches a maximal intensity over ca.

1 min (Figure 1). For iron/quercetin molar ratios

higher than two, precipitation was observed at the end

of the kinetic run, especially with FeIII. Plateau values

of A(440 nm) can be used to estimate the stability

constant K1 of the complex (noted QM). Assuming

1:1 binding, the following equations can be easily

derived and used in the fitting of the Aplateau(440 nm)

vs total metal concentration curve (11, molar absorp-

tion coefficient of QM; [M ], free metal concentration;

Mt, total metal concentration; c, total quercetin

concentration, no significant absorption for both M

and QH2 at 440 nm) (Figure 1):

Aplateau ¼ 11

K1½M�c

1 þ K1½M�

½M� ¼
Mt

1 þ K1c
1þK1½M�

This procedure allows to ensure that the complexa-

tion equilibrium is reached while avoiding autoxidation

and precipitation (which ultimately proceeds at the

highest FeIII concentrations studied). Calculations with

FeIII give: K1 ¼ 119 (^25) £ 103 M21, 11 ¼ 18,000

(^480) M21 cm21 (r ¼ 0.997). In the case of FeII, one

obtains: K1 ¼ 78 (^21) £ 103 M21, 11 ¼ 18,800

(^800) M21 cm21 (r ¼ 0.993). The increase in

A(440 nm) can also be fitted against a simple kinetic

model assuming reversible second-order metal com-

plexation of quercetin (QH2) to form complex QM

(first-order rate constant k1). Hence, the following rate

laws are used in the curve-fitting procedure:

2
d

dt
½QH2� ¼ 2

d

dt
½M� ¼

d

dt
½QM�

¼ k1½QH2�½M�2
k1

K1

½QM�

Rate constant k1 and binding constant K1 are the

adjustable parameters, the molar absorption coeffi-

cients of the metal complexes being set at their values

deduced from the analysis of the Aplateau vs Mt curve

(see above). The corresponding values are collected in

Table II. Both procedures give consistent K1 values.

As expected, quercetin has a stronger affinity for FeIII

than for FeII. The stronger FeIII-quercetin binding is

essentially reflected in a faster association. According

to the literature [38], FeIII could be oxidizing enough

0 10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0
A (440 nm)

1

2

3

4

Time / s

0 50 100 150 200 250
0.0

0.2

0.4

0.6

0.8

1.0

Total FeIII concentration / µM

B (440 nm)

Figure 1. Complexation of quercetin (5 £ 1025 M) by FeIII in a

1:1 0.2 M acetate buffer-MeOH mixture (pH 5, 378C). (Part A)

A(440 nm) vs time curves: FeIII/quercetin molar ratio ¼ 0.5(1),

1.0(2), 1.5(3), 2(4). (Part B) A(440 nm) vs total FeIII concentration

plot. The solid lines are the results of the curve-fitting procedures

(see text).

Table II. Complexation of quercetin (5 £ 1025 M) by FeII and FeIII in a 1:1 0.2 M acetate buffer–MeOH mixture (pH 5, 378C).

Spectroscopic monitoring at 440 nm (metal complexes) over 2 min. Molar absorption coefficients of the complexes set at 18,000 and

18,800 M21 cm21 for FeIII and FeII, respectively (see text).

Fe conc./mM k1(FeIII)/M21 s21 1023K1(FeIII)/M21 k1(FeII)/M21 s21 1023K1(FeII)/M21

50 1222(^22) 117.2(^0.8) 1067(^41) 36.6(^0.8)

75 1203(^40) 129.0(^4.2) – –

100 1510(^43) 133.7(^7.3) 866(^33) 79.6(^2.4)

125 – – 982(^26) 77.3(^2.5)

150 1448(^12) 113.3(^2.5) 918(^31) 75.5(^5.1)

200 1160(^36) 107(^11) 844(^34) 71.1(^6.4)

250 1218(^10) 96.5(^2.6) 814(^36) 57.5(^6.7)
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at pH 5.0 to be reduced to FeII by quercetin (a 1:1

stoichiometry was reported for this reaction in a pH

5.5 acetate buffer). HPLC analysis actually allowed us

to detect quercetin oxidation products QS. However,

over the period of spectroscopic monitoring of iron-

quercetin complexation (1–2 min), no significant

development of absorption around 300 nm that

would be typical of QS can be noted. We thus assume

that quercetin oxidation is negligible under these

conditions and that the data reported in Table II only

refer to complexation.

Iron-quercetin complexation at pH 7.4

At pH 7.4, Fe-quercetin complexation is much faster

than at pH 5.0 (Figure 2). This must reflect the fact

that competition between protons and metal ions for

the quercetin-binding site is more in favour of

complexation. For Fe/quercetin molar ratios higher

than 1, the fast increase in A(460 nm) is followed by a

slower increase (Figure 2, curve 2A). Hence, the

whole A(460 nm) vs time curves could not be

kinetically analyzed within the assumption of simple

1:1 binding. On the other hand, the hypothesis of two

quasi-irreversible binding processes successively

yielding complex QM (rate constant k1, molar

absorption coefficient 11) and complex QM2 (rate

constant k2, molar absorption coefficient 12) gave

quite satisfactory curve-fittings. The corresponding

values of the optimized parameters are reported in

Table III. For Fe/quercetin molar ratios lower than 1,

reversibility in QM formation must be assumed.

Good curve-fittings are obtained by using an estimate

for 11 from experiments at Fe/quercetin molar ratios

higher than 1, k1 and K1 being the adjustable

parameters. The corresponding binding constants

can be estimated: K1(FeII-quercetin) ¼ 4 £ 105,

K1(FeIII-quercetin) ¼ 16 £ 103 M21. The formation

of 1:1 and 2:1 FeIII-quercetin complexes has already

been reported in the literature from potentiometric

titrations in aqueous solutions [36]. Indeed, querce-

tin displays up to three distinct sites for metal

binding: the catechol nucleus (1,2-dihydroxybenzene,

B-ring), a a-hydroxyketo group (C-ring) and a

b-hydroxyketo group (A- and C-rings). However,

comparison between flavones possessing only one of

those metal binding sites clearly shows that the

catechol nucleus by far displays the highest affinity

for FeIII, especially in neutral conditions [39].

In the case of FeIII, the complexation kinetics is

deeply affected by the order of addition of the reagents

(Figure 2). For instance, when quercetin is added to a

solution of FeIII in the phosphate buffer, the FeIII-

quercetin complexation is relatively slow because

quercetin must displace tightly bound phosphate

ligands for the binding to proceed. As a result, the

apparent thermodynamics of complexation is less

favourable (K1(FeIII-quercetin) ¼ 3–4 £ 103 M21).

By contrast, when FeIII (weakly bound to MeOH

molecules) is added to a solution of quercetin in the

phosphate buffer, the FeIII-quercetin complexation

appears faster, probably because it successfully

competes with iron–phosphate complexation under

these conditions. Anyway, quercetin-FeIII binding

remains slower than quercetin-FeII binding because

competition between quercetin and phosphate ions is

more severe in the case of FeIII than in the case of FeII.

In the kinetic analysis (Table III), the kinetics of iron–

phosphate complexation is not explicitly taken into

account so that the corresponding rate constants must

be considered as apparent (buffer-dependent) para-

meters. In the case of FeII, the influence of the order of

addition of the reagents cannot be rigorously studied

because autoxidation of FeII is quite fast in a neutral

phosphate buffer due to the stronger interaction of the

phosphate ions with FeIII [29]. In fact, in those

conditions, FeII titration in the absence or presence

Absorbance

Time / s

Time / s

Concentration (x 10–6 M)

(A)

(B)

Figure 2. Complexation of quercetin (5 £ 1025 M) by FeIII

(5 equiv) in a 0.01 M phosphate buffer (pH 7.4, 378C). (Part A)

absorbance vs time curves. (Curves 1A and B) detection at 380 nm.

(Curves 2A and B) detection at 460 nm (curves 1A, 2A: FeIII added

last, curves 1B, 2B: quercetin added last). (Part B) concentration vs

time curves (FeIII added last).
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of quercetin shows that most FeII is converted into

FeIII within the first minutes following addition of FeII

to the phosphate buffer (Figure 3). Quercetin-FeII

binding only provides marginal protection to FeII

against autoxidation. Hence, experiments in which

quercetin is added to a solution of FeII in the

phosphate buffer were not considered. Despite the fast

autoxidation of FeII, the kinetic data obtained when

iron is added last are significantly distinct for FeII and

FeIII. Hence, in the experiment with FeII, we may

assume that most of the iron is in the FeII state during

the time period used for spectral measurements

(2 min).

Copper-quercetin complexation at pH 7.4

When CuII is added to a solution of quercetin

(CuII/quercetin molar ratio #1), a fast monotonous

increase in A(460 nm) (Figure 4) which is in

agreement with previous reports [38]. A plot of the

Amax(460 nm) vs total metal complexation can be

fitted assuming 1:1 binding to give: K1 ¼ 180

(^34) £ 103 M21, 11 ¼ 15,780(^380) M21 cm21

(r ¼ 0.9995, data not shown). However, at CuII/quer-

cetin molar ratios lower than 1, the A(460 nm) vs time

curves could not be analyzed within this simple

hypothesis even when taking into account reversibility

(11 set at 15,780 M21 cm21). We just mention that

correct curve-fittings are obtained by assuming a

quasi-irreversible 1:1 binding to form complex QM

(second-order rate constant k1, molar absorption

coefficient 11) followed by an apparent first-order

conversion of QM into QM0 (rate constant k0
1, molar

absorption coefficient 101) (Table IV). A possible

interpretation could be a rearrangement within the

copper coordination sphere promoted by slow

phosphate binding. However, redox processes

cannot be excluded although no significant increase

in A(330 nm) that would point to the formation

Table III. Complexation of quercetin (5 £ 1025 M) by FeII and FeIII in a 0.01 M phosphate buffer (pH 7.4, 378C). Spectroscopic

monitoring at 460 nm (metal complexes) over 2 min.

Fe conc./mM k1/M21 s21, K1/M21 11/M21 cm21 k2/M21 s21 12/M21 cm21

FeII, 37.5* 8560(^210) 104 – –

37.2(^0.6) £ 104

50* 9130(^290) 104 – –

45.5(^1.0) £ 104

75 12100(^100) 9600(^20) 743(^64) 10600(^20)

100 10760(^100) 9400(^30) 1901(^82) 11030(^10)

125 7209(^51) 9910(^30) 1732(^56) 11020(^10)

150 11290(^450) 9120(^130) 1875(^117) 11350(^10)

175 4808(^66) 10710(^60) 879(^71) 11510(^10)

200 9060(^220) 10180(^90) 1505(^76) 11920(^10)

FeIII, 50* 1912(^26) 6300 151(^4) 8500

16.1(^0.1) £ 103

75* 1577(^18) 6300 88(^2) 8500

15.6(^0.1) £ 103

125 3355(^41) 6300(^20) 56(^15) 8800(^450)

150 3062(^33) 7130(^20) 158(^14) 8520(^50)

175 4160(^140) 6340(^60) 298(^18) 8410(^20)

200 3000(^70) 6270(^40) 155(^8) 8640(^30)

225 1809(^20) 7150(^20) 53(^6) 8760(^90)

250 2740(^90) 8330(^70) 176(^18) 9920(^30)

FeIII, 150*,† 91.4(^1.1) 6300 63.7(^1.3) 8500

3577(^65)

200*,† 87(^1) 6300 50.7(^1.2) 8500

3938(^90)

250*,† 63.2(^0.5) 6300 36.5(^0.6) 8500

3320(^57)

* Reversible 1:1 binding assumed (binding constant K1). † Quercetin added last.

Time / min

% FeII

Figure 3. Time-dependence of the FeII concentration (1024 M) in

a 0.01 M phosphate buffer (pH 7.4, 378C) in the absence (O) or

presence of quercetin (1024 M) (B).
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of quercetin oxidation products, is observed. At

CuII/quercetin molar ratios higher than 1, the first

part of the A(460 nm) vs time curves (slow decay not

considered) can be treated within the assumption of a

simple irreversible 1:1 binding. The corresponding

rate constants are in reasonable agreement with those

deduced from a kinetic analysis at 380 nm (absorption

maximum for quercetin) (Table IV).

In the case of the CuI-quercetin complexation, the

building-up of A(460 nm) is even faster than with the

other metal ions investigated (Figure 4). Assuming an

irreversible 1:1 binding, the kinetic analysis of the

A(460 nm) vs time curves over the first 15 s allows to

obtain an estimate for the corresponding rate

constant: k1 ca. 104 M21 s21 (Table IV). After this

fast binding step, a slow decay of A(460 nm) can be

observed (Figure 4), which suggests either the

rearrangement of the primary complex (kinetic

product) into a more stable one (thermodynamic

product) or the onset of quercetin autoxidation (see

below).

Copper-quercetin complexation probably occurs

via the 4-keto group of the C-ring with additional

involvement of the O3–H or O5–H group [38].

Indeed, the copper-induced bathochromic shift of the

low-energy absorption band of quercetin (ca. 50 nm

for a quercetin-copper ion molar ratio of 1) is larger by

more than 30 nm than that induced by the iron ions

(binding at the catechol site [39]).

In summary, addition of iron or copper ions to a

solution of quercetin in a neutral phosphate buffer is

followed by fast metal-quercetin complexation. The

apparent second-order rate constants of 1:1 binding

(k1) are in the order: CuI (ca. 1 £ 104 M21 s21)

. CuII, FeII (5–10 £ 103 M21 s21) . FeIII

(2–4 £ 103 M21 s21). The binding kinetics is com-

plicated by additional 2:1 metal-quercetin complexa-

tion (Fe ions in excess) and rearrangement of the

primary complexes into more stable complexes

(copper ions).

Autoxidation in presence of iron ions at pH 7.4

When the spectral changes following Fe addition are

monitored over 2 h, a combination of chemical

processes can be observed: during the first minutes,

the spectral changes essentially reflect complexation

since no increase in the absorbance at 330 nm typical

of quercetin oxidation products (QS) is detected.

Then, the continuous slow increase in A(330 nm)

and decrease in A(380 nm) is indicative of quercetin

autoxidation (Figures 5 and 6). However, monitoring

at 460 nm (metal complexes) points to a biphasic

process. Indeed, following the fast complexation step,

A(460 nm) keeps increasing more slowly and either

reaches a stable plateau value (iron/quercetin molar

ratio # 1, Figure 5) or tends to decrease very slowly

(iron/quercetin molar ratio . 1, Figure 6). A more

detailed kinetic analysis can be proposed based on

the simplification that metal complexation is fast

Table IV. Complexation of quercetin (5 £ 1025 M) by copper ions in a 0.01 M phosphate buffer (pH 7.4, 378C). Spectroscopic monitoring

at 460 nm (metal complexes) over 2 min.

Cu conc./mM k1/M21s21 11/M21cm21 103k0
1 s 101/M21cm21

CuII, 12.5 7840(^480) 8900(^250) 45(^3) 13450(^50)

25 5930(^570) 8540(^440) 40(^3) 13740(^60)

37.5 7890(^320) 10290(^160) 26(^4) 12210(^80)

50* 3810(^60) 12000(^30) – –

2920(^30) 8050(^20) – –

100(0–15 s)* 6140(^400) 12410(^150) – –

5620(^370) 7190 (^160) – –

125(0–15 s)* 6650(^100) 14720(^30) – –

5410 (^320) 7900 (^110) – –

CuI(0–15 s)

75 8990(^490) 12610(^150) – –

100 8690(^370) 12040(^80) – –

* The second set of parameters is gained from monitoring at 380 nm.

Time / s

A(460 nm)

Figure 4. Complexation of quercetin (5 £ 1025 M) by CuII

(dash lines, curve 1:1 equiv, curve 2:2 equiv) and CuI (solid lines,

curve 3:1 equiv, curve 4:2 equiv) in a 0.01 M phosphate buffer

(pH 7.4, 378C).
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and quasi-irreversible. Thus, at the end of the fast

step (1–3 min), the quercetin and metal complex

concentrations are, respectively approximated to

c 2 Mt and Mt (Mt: total metal concentration, c:

total quercetin concentration) when c . Mt, and 0

and c when Mt . c. Those concentrations are used as

initial conditions for the curve-fitting procedures

dealing with autoxidation (monitoring over 2 h

following the fast complexation step). For FeIII/quer-

cetin molar ratios higher than 1, the A(460 nm) vs

time curves can be interpreted by assuming the

relatively fast conversion of the metal complexes (QM

and QM2 taken collectively) into a first product P1

absorbing at 460 nm (apparent first-order rate

constant k0
1) which slowly decays into a final product

P2 that does not absorb at 460 nm (apparent first-

order rate constant k0
2). Then, the simultaneous

fitting of the A(380 nm) and A(330 nm) vs time

curves with k0
1 held to its value deduced from the

kinetic analysis at 460 nm yields refined values for the

rate constant k0
2 (Figure 6, Table V). With FeII in

excess, the reverse procedure gave better results, i.e.

simultaneous fitting of the A(380 nm) and A(330 nm)

vs time curves to extract values for k0
1 and k0

2 followed

by fitting of the A(460 nm) vs time curve with k0
1 held

constant to obtain a second estimate of k0
2 (Table VI).

Product P1 displays absorption bands at 460 and

380 nm. Its absorption at 330 nm is ca. twice as low

as for product P2, which on the other hand does not

absorb at 460 and 380 nm. It is thus reasonable to

assume that P1 is a metal complex steming from

rearrangement in the coordination sphere of complex

QM (QM2), as already observed in the investigation

of copper-quercetin complexation, and that P2 is the

mixture of quercetin oxidation products (QS)

evidenced by HPLC-MS and displaying a typical

absorption band at 330 nm in neutral aqueous

solution. The corresponding molar absorption coeffi-

cient is ca. 2 £ 104 M21 cm21 (as estimated in

quercetin autoxidation with no metal added, see

above) although larger values are obtained in the

curve-fittings dealing with the most concentrated

solutions of metal ions because of the weak

(uncorrected) absorption of the free metal ion at

330 nm.

For Fe/quercetin molar ratios lower than 1, free

quercetin is still present in the solutions so that the

direct autoxidation mechanism that does not involve

complex QM as an intermediate must be taken into

account for a correct fitting. Satisfactorily, the

corresponding rate constant is in good agreement

with that deduced from the experiment with no metal

added (see above) (Tables V and VI). However, it can

be noted that A(460 nm) does not significant decay for

Fe/quercetin molar ratios equal to 0.5 and 1

(in Tables V and VI, the corresponding k0
2 values

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

2

1

3

Absorbance

Time (x 103) / s

Figure 5. Autoxidation of quercetin (5 £ 1025 M) after addition

of FeIII (1 equiv) in a 0.01 M phosphate buffer (pH 7.4, 378C).

(Curve 1) detection at 380 nm. (Curve 2) detection at 330 nm.

(Curve 3) detection at 460 nm.

0 1 2 3 4 5 6 7

0 1 2 3 4 5 6 7

0.48

0.49

0.50

0.51

0.52

0.45

0.50

0.55

0.60

0.65

0.70

0.75

Time (x103)/s

Time (x103)/s

1

2

3

Absorbance

Figure 6. Autoxidation of quercetin (5 £ 1025 M) after addition

of FeIII (3 equiv) in a 0.01 M phosphate buffer (pH 7.4, 378C).

(Curve 1) detection at 460 nm. (Curve 2) detection at 330 nm.

(Curve 3) detection at 380 nm. The solid lines are the results of the

curve-fitting procedures.
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deduced from the kinetic analysis at 460 nm are either

zero or very small) while autoxidation is well

evidenced by the increase in A(330 nm) and decrease

in A(380 nm) (Figure 5). These discrepancies point to

the limits of our kinetic approach and suggest that

iron-quercetin binding is reversible under such

conditions and that the spectral changes essentially

reflect autoxidation of free quercetin.

The apparent rate constant k0
1 increases mono-

tonously with the FeIII concentration in the range

4–18 £ 1024 s21. No such clear dependence could be

observed with the FeII-initiated process (k0
1 in the range

3–9 £ 1024 s21). The k0
2 values (1–4 £ 1025 s21)

display no clear dependence on the Fe concentration or

on the Fe redox state. These parameters are proposed

to measure the sensitivity of the iron–quercetin

complexes toward autoxidation in a neutral phosphate

buffer. In comparison with the autoxidation of

quercetin with no added metal ion (ka ca.

6 £ 1025 s21), it can be concluded that the iron

complexes of quercetin are less reactive than free

quercetin toward dioxygen. In other words, iron

complexation weakly protects quercetin against auto-

xidation. The autoxidation kinetics of the iron-

quercetin complexes is essentially independent of the

iron redox state. It can thus be proposed that the FeII-

quercetin complexes are rapidly converted in FeIII-

quercetin complexes in agreement with the observation

that FeII does not accumulate in the course of quercetin

autoxidation (Figure 3).

When FeIII or FeII is added to a solution of

quercetin in the presence of EDTA (EDTA/quercetin

molar ratio ¼ 10), no absorption band above 400 nm

can be detected. Clearly, EDTA-bound iron is no

longer available to strongly complex quercetin. Under

such non-complexing conditions, autoxidation is

weakly accelerated by iron. Excellent curve-fittings

of both the A(380 nm) and A(330 nm) vs time curves

(Figure 7) could be achieved within the hypothesis of a

two-step process involving the formation of a labile

complex QM (second-order rate constant k0
1, absorp-

tion at 380 nm) that reacts with dioxygen to yield QS

(first-order rate constant k0
2, no absorption at 380 nm).

The k0
1 and k0

2 values are not significantly dependent

on the Fe redox state (Tables V and VI). Parameter k0
1

tends to decrease when the total metal concentration

increases, probably because of unaccounted reversi-

bility in QM formation. Parameter k0
2, which is

approximately constant and independent of the total

metal concentration, can be taken as a measure of the

Table V. Autoxidation of quercetin (5 £ 1025 M) in the presence of FeIII in a 0.01 M phosphate buffer (pH 7.4, 378C). Without EDTA, the

spectral changes occurring during 3 min following the addition of FeIII (pure complexation) are not considered in the calculations. At time

zero, all quercetin is assumed to be bound to FeIII, except for 25mM FeIII (50% binding). Values in brackets are the wavelengths of detection

(in nm).

FeIII conc./mM* 105 k0
1 s 105 k02 s 101, 102/M21cm21

25(460) 39(^1) – 7950(^10), 0

25(380) 39 4.90(^0.02) 11630, 0

(330)† 4.90‡ 12170, 16680

50(460) 54(^1) – 6730(^10), 0

50(380) 54 4.11(^0.02) 13270, 0

(330) 12400, 21090

100(460) 69(^2) 1.25(^0.01) 9360(^10), 0

100(380) 69 3.05(^0.02) 10920, 0

(330) 11930, 24830

150(460) 119(^2) 1.67(^0.02) 10380(^10), 0

150(380) 119 2.97(^0.01) 11270, 0

(330) 12530, 26410

200(460) 139(^3) 1.99(^0.01) 10810(^10), 0

200(380) 139 2.62(^0.01) 11580, 0

(330) 14200, 30860

250(460) 181(^3) 2.11(^0.01) 11080(^10), 0

250(380) 181 2.43(^0.01) 11640, 0

(330) 14990, 32380

FeIII conc./mM{ k01/M21s21 105 k02/s21 101, 102/M21cm21

25(380) 12.7(^4.8) 31(^7) 16660, 0

(330) 17100, 24570

50(380) 5.8(^0.3) 22.6(^1.0) 13280, 0

(330) 19290, 24100

100(380) 2.4(^0.3) 19.5(^2.0) 10680, 0

(330) 25720, 28440

150(380) 1.4(^0.4) 17.7(^3.5) 9150, 0

(330) 30940, 33430

* No EDTA. † Autoxidation of QM and free quercetin. ‡ Rate constant for the autoxidation of free quercetin (set equal to k0
2 for fitting). { With

EDTA (0.5 mM).
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sensitivity of quercetin to autoxidation initiated by

EDTA-iron. From its value (2–3 £ 1024 s21), it can

be concluded that EDTA-iron accelerates quercetin

autoxidation by a factor 3–4 only.

When quercetin autoxidation takes place in the

presence of added FeII with or without EDTA, the

ROS possibly formed during fast FeII autoxidation do

not seem to significantly accelerate the consumption

of quercetin, which in both cases does not appear

faster than the corresponding process in the presence

of added FeIII (Tables V and VI).

Taken together, the data about quercetin autoxida-

tion in a neutral iron-containing phosphate buffer

suggest that iron ions accelerate the reaction in non-

complexing conditions, only. The redox potential of

the FeIII/FeII couple is strongly pH-dependent

because of the successive deprotonations of Fe3þ-

bound water molecules in the pH range 2–4. Hence,

E 0(FeIII/FeII) drops from 0.77 V at pH 0 to 0.11 V at

neutral pH [19], thus making FeIII a much less potent

oxidant at neutral pH. The E 0 fall is expected to be

even larger in the presence of phosphate ions which

have a higher affinity for FeIII than for FeII. The same

trend is observed upon iron-EDTA binding

(log K ¼ 25 with FeIII and 14.3 with FeII). Indeed,

the experimental E 0 value for the FeIII/FeII (EDTA)

couple is 0.12 V. Since the redox potential of the

QHz/QH2 couple at pH 7 is 0.33 V [37], the direct

electron transfer from quercetin to FeIII (in the

presence or absence of EDTA) can be predicted to be

a thermodynamically unfavourable reversible process.

Table VI. Autoxidation of quercetin (5 £ 1025 M) in the presence of FeII in a 0.01 M phosphate buffer (pH 7.4, 378C). Without EDTA, the

spectral changes occurring during 90 s following the addition of FeII (pure complexation) are not considered in the calculations. At time zero, all

quercetin is assumed to be bound to FeII, except for 25mM FeIII (50% binding). Values in brackets are the wavelengths of detection (in nm).

FeII conc./mM* 105 k01 s 105 k0
2 s 101, 102/M21cm21

25(460) 171(^7) 0.42(^0.01) 12800(^10), 0

25,(380) 171 0.37(^0.15) 9070, 0

(330)† 6.3(^0.1)‡ 7900, 24010

50(460) 71(^1) – 7140(^10), 0

50(380) 71 4.00(^0.01) 13570, 0 11660, 21010

(330)

100(460) 90 2.23(^0.02) 10380(^10), 0

100(380) 90(^3) 2.56(^0.02) 12490, 0

(330) 12370, 27060

150(460) 39 2.51(^0.01) 10150(^10), 0

150(380) 39(^1) 2.21(^0.02) 9950, 0

(330) 12900, 28040

200,(460) 44 3.10(^0.03) 10780(^10), 0

200(380) 44(^1) 2.40(^0.02) 10090, 0

(330) 13760, 29640

250(460) 31 2.98(^0.03) 10740(^10), 0

250(380) 31(^2) 1.38(^0.01) 10290, 0

(330) 17380, 43260

FeII conc./mM{ k0
1/M21s21 105 k0

2/s21 101, 102/M21cm21

25(380) 10.6(^3.0) 25(^4) 14470, 0 15650, 22120

(330)

50(380) 5.4(^0.3) 19.1(^0.8) 13820, 0 20080, 25370

(330)

100(380) 2.6(^0.3) 21.9(^2.2) 11340, 0 23430, 26770

(330)

150(380) 1.8(^0.4) 24.6(^5.5) 11970, 0

(330) 28330, 28840

* No EDTA. † Autoxidation of QM and free quercetin. ‡ Rate constant for the autoxidation of free quercetin. {With EDTA (0.5 mM).

0 1 2 3 4 5 6 7
0.4

0.6

0.8

1.0
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Time (x103)/s
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Figure 7. Autoxidation of quercetin (5 £ 1025 M) after addition

of FeIII (2 equiv) in a 0.01 M phosphate buffer (pH 7.4, 378C)

containing EDTA (5 £ 1024 M). (Curve 1) detection at 330 nm.

(Curve 2) detection at 380 nm. The solid lines are the results of the

curve-fitting procedures.
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Under noncomplexing conditions (EDTA), iron-

mediated quercetin autoxidation could be initiated

either by a reversible direct electron transfer from

quercetin to FeIII (driven to products by the fast

disproportionation of the quercetin radicals [40]) or

via labile high-spin complexes, possibly monocate-

cholate complexes (noted QHFeIII in Scheme 1). Both

mechanisms have been reported in the literature with

other catechol ligands [41,42]. In our kinetic analysis,

the detection of an intermediate species absorbing at

380 nm (Tables V and VI) is more in favour of the

second mechanism. Since FeII and FeIII are as

effective at accelerating quercetin autoxidation in the

presence of EDTA, we may also assume that FeII

autoxidation is not the rate-determining step of FeII-

induced quercetin autoxidation. Processes likely

involved in quercetin autoxidation in the presence of

Fe ions are summarized in Scheme 2.

In equimolar iron ion-quercetin solutions

(1024 M), a low slowly increasing H2O2 concentration

can be detected over 1 h (Figure 8) that does not

exceed 1025 M. Hence, it is suggested that H2O2

formed during quercetin autoxidation is decomposed

by the Fe ions. The ROS thus produced

(e.g. hydroperoxyl and hydroxyl radicals) could

themselves take part in quercetin oxidation. This is

in agreement with a previous work in which the

hydroxyl radical could be evidenced by ESR after spin

trapping in mildly alkaline solutions (pH 8.5 tris

buffer, 258C) of quercetin in the presence of FeIII-

EDTA [17]. The ESR signal was enhanced by

superoxide dismutase and abolished by catalase, thus

confirming that H2O2 was the precursor of the

hydroxyl radical in such conditions. Hence, in the

presence of iron ions, quercetin autoxidation may be a

combination of the following processes (written for

simplicity as overall two-electron oxidations although

sequential one-electron transfers must take place):

QH2ðand=or QFeIIIÞ þ O2 ! QS þ H2O2

QH2ðand=or QFeIIIÞ þ H2O2 ! QS þ 2H2O

Autoxidation in presence of copper ions at pH 7.4

When the spectral changes following the addition of

copper ions to a solution of quercetin in a neutral

phosphate buffer are recorded over 1 h, it can be

observed that the fast building-up of the absorption

above 400 nm (metal complexes) is followed by a

slower decay, which, however, appears much faster

than with the iron ions (Figure 9). This decay

(typically monitored at 460 or 420 nm for CuII/quer-

cetin molar ratios higher than 1) is paralleled by the

increase in A(330 nm) typical of the quercetin

oxidation products. With CuII, no evidence could be

gained that these spectral changes reflect a multi-step

process. Hence, the A(460 or 420 nm) and A(330 nm)

vs time curves were simultaneously fitted to a simple

kinetic law assuming the first-order conversion of the

metal complexes into oxidation products. The

corresponding rate constants ka lie in the range

3–9 £ 1024 s21 and have no clear dependence on the

total CuII concentration (Table VII). As expected, the

presence of EDTA (EDTA/quercetin molar

ratio ¼ 10) inhibits copper-quercetin binding (no

Without EDTA

QH2 + FeII/III QFeII/III, fast
+2H+

–2H+

O2

QFeII

QFeIII

QFeIII, fast

QS, very slow

O2

+S/–FeIII

O2
QH2 QS, slow

+S

With EDTA

QH2+FeIII

2QH

FeII

QH+FeII

QH2+QS, fast

FeIII,fast

QHFeIII (labile complex)

+H+

+H+

-H+

-H+

+S

O2

slow

Scheme 2. Proposed mechanism for autoxidation of quercetin in

the presence of iron ions (in the absence of EDTA, strong

complexation is assumed to take place on the B-ring with removal of

protons at O30 –H and O40 –H).

0

20

40

60

80

100

0 10 20 30 40 50 60

Time / min

H2O2 concentration /µM

Figure 8. Production of H2O2 in a 0.01 M phosphate buffer (pH

7.4, 378C) in the presence of quercetin (1024 M) and metal ions

(1024 M): quercetin þ CuI (V), quercetin þ CuII (B),

quercetin þ FeII (O), quercetin þ FeIII (†).
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absorption above 400 nm). The A(380 nm) and

A(330 nm) vs time curves, respectively, featuring the

consumption of quercetin and formation of its

oxidation products were kinetically analyzed to extract

the apparent first-order rate constants of autoxidation

ka. The ka values are essentially constant and fall in the

range 1–2 £ 1024 s21. Hence, EDTA significantly

inhibits the CuII-initiated autoxidation of quercetin,

which suggests that the CuII-quercetin complexes

are key-autoxidation intermediates in the absence

of EDTA.

In the literature, CuII has been reported to

accelerate 1,2,4-benzenetriol autoxidation much

more efficiently than FeIII [43]. During CuII-initiated

autoxidation of quercetin, H2O2 accumulates more

readily (ca. 5 £ 1025 M in an equimolar 1024 M

mixture of quercetin and CuII after 1 h) than in the

presence of the iron ions (Figure 8). Moreover, CuII is

rapidly reduced into CuI (Figure 10) in agreement

with previous reports [38].

As judged by the fast decay of A(460 nm) and

building-up of A(330 nm), CuI-induced autoxidation

of quercetin seems a quite efficient process

(Figure 11). However, monitoring at 380 nm

(absorption maximum of quercetin) clearly shows

that the chemical transformations that follow the fast

CuI-quercetin binding (completed in less than 20 s)

are actually multi-step. The A(380 nm) vs time

curves could be fitted assuming the successive

conversion of the metal complex into three new

species (P1, P2 and P3) with apparent first-order rate

constants k0
1, k0

2 and k0
3. Then, the simultaneous

fitting of the A(460 nm) and A(330 nm) vs time

curves with k0
1 held to its value deduced from the

kinetic analysis at 380 nm yields refined values for the

rate constant k0
2. Rate constants k0

1, k0
2 and k0

3 rate

constants display values in the ranges 1–2 £ 1022,

1–3 £ 1023 and 4–5 £ 1025 s21, respectively

(Table VIII). As for the iron ions, product P1,

Table VII. Autoxidation of quercetin (5 £ 1025 M) in the

presence of CuII in a 0.01 M phosphate buffer (pH 7.4, 378C). In the

absence of EDTA, the spectral changes occurring during 2 min

following the addition of CuII are not considered in the calculations

(fast metal binding, marginal oxidation). Values in brackets are the

wavelengths of detection (in nm).

CuII conc./mM 105 ka s 1QS/M21cm21

50(330)* 27.9(^0.4) 33210

(420) 2650

75(330)* 51.1(^0.6) 23680

(420) 3220

100(330)* 85.5(^0.3) 17210

(420) 3550

125(330)* 69.4(^0.4) 22820

(420) 4500

150(330)* 60.8(^0.5) 26170

(420) 4790

200(330)* 75.5(^0.5) 22960

(420) 5200

50(330)† 18.8(^0.9) 23220

(380) 7970

100(330)† 14.3(^0.7) 25000

(380) 6500

150(330)† 21.6(^0.9) 21660

(380) 7600

200(330)† 9.0(^0.1) 29780

(380) 0 0

* No EDTA. † With EDTA (0.5 mM).

0 1 2 3 4
0.2

0.4

0.6

0.8

1.0

1.2
Absorbance

1

3

2

Time (x103)/s

0

0.5

1

A

B

300 350 400 450 500 550
Wavelength / nm

A
bs

or
ba

nc
e 0 1

5

Figure 9. Autoxidation of quercetin (5 £ 1025 M) after addition

of CuII (3 equiv) in a 0.01 M phosphate buffer (pH 7.4, 378C). (Part

A) UV–visible spectra at time 0 (spectrum 0), 2 min (spectrum 1),

10 min (spectrum 2), 20 min (spectrum 3), 30 min (spectrum 4) and

60 min (spectrum 5). (Part B) absorbance vs time curves. (Curve 1)

detection at 380 nm. (Curve 2) detection at 330 nm. (Curve 3)

detection at 420 nm.

0
10
20
30
40
50
60
70
80
90

100

0 5 10 15 20 25 30

Time / min

% CuI

Figure 10. Time-dependence of the CuI concentration in a 0.01 M

phosphate buffer (pH 7.4, 378C). Copper ion and quercetin

concentrations are 1024 M: CuI (V), CuI þ quercetin (B),

CuII þ quercetin (O).
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which moderately absorbs at 330 nm and displays

a strong absorption above 400 nm, must be a CuI-

quercetin complex resulting from a rearrangement of

the primary complex formed within 10–20 s after CuI

addition (Figure 4, Table IV). During this step, no

large increase in A(330 nm) can be observed so that

the molar absorption coefficient at 330 nm of the new

species formed is set equal to that of quercetin for the

curve-fittings (experiments over 1 h). It can be

noticed that a similar two-step process operates in

the CuII-quercetin binding. However, because the

subsequent autoxidation of quercetin is slower in that

case, the time zero of the kinetic analysis of

autoxidation can be delayed so as to essentially deal

with the second step (rate constant k0
2). Since

A(330 nm) sharply increases during the step charac-

terized by rate constant k0
2, we assume that this

parameter can be equated to the apparent rate

constant of CuI-initiated quercetin autoxidation (ka).

This is in agreement with product P2 having a strong

absorption at 330 nm and only a very weak

absorption above 400 nm. Hence, P2 is identified as

QS, the mixture of solvent adducts on the quercetin

p-quinonemethide displaying either a five- or six-

membered heterocycle (Scheme 1). Those species in

equilibrium probably bind CuI through their catechol

and/or keto groups and become further autoxidized

into product P3 (rate constant k0
3).

In the pH 7.4 phosphate buffer at 378C, kinetics

of CuI autoxidation are too fast to be investigated by

sample uptake for spectroscopic measurements

(Figure 10). Simultaneously, a rather low production

of H2O2 can be detected that tends to level off after

15 min (data not shown). Interestingly, quercetin

(in equimolar 1024 M concentration with CuI)

stimulates H2O2 production, allowing the formation

of a quasi-stoichiometric concentration of H2O2

after 1 h (Figure 8). Moreover, in the presence of

quercetin, CuI autoxidation is totally prevented

(Figure 10). Since CuI is stabilized despite quercetin

consumption, it can be concluded that the quercetin

oxidation products themselves bind CuI (in agree-

ment with the kinetic analysis above) and inhibit its

autoxidation.

Table VIII. Autoxidation of quercetin (5 £ 1025 M) in the presence of CuI in a 0.01 M phosphate buffer (pH 7.4, 378C). The spectral

changes occurring during 40 s following the addition of CuI are not considered in the calculations (fast metal binding, marginal oxidation).

Values in brackets are the wavelengths of detection (in nm).

CuI conc./mM 104 k01 s 105 k0
2 s 105 k0

3 s 10i/M
21cm21

50(380)* 174(^5) – – 5780

50(330) 174 75(^2) 4.0(^0.1) 24090, 0†

(460) 9200, 420, 0

100(380) 118(^5) 284(^8) 4.3(^0.1) 5410, 7240, 0

100(330) 118 226(^1) – 19930†

(460) 10110, 2320

125(380) 111(^5) 318(^11) 4.6(^0.1) 5190, 7240, 0

125(330) 111 242(^1) – 19840†

(460) 10270, 2410

150(380) 96(^5) 390(^18) 4.4(^0.1) 5370, 7540, 0

150(330) 96 261(^1) – 20280, 0†

(460) 10370, 2610, 0

* Analysis of the fast step only. † At 330 nm, 101 set equal to 1QH2
.

0.30

0.31

0.32

0.33

0.34

0.35

0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

Time (x103)/s

0 1 2 3
Time (x103)/s

2

3

1

Absorbance 

Figure 11. Autoxidation of quercetin (5 £ 1025 M) after addition

of CuI (2 equiv) in a 0.01 M phosphate buffer (pH 7.4, 378C).

(Curve 1) detection at 380 nm. (Curve 2) detection at 330 nm.

(Curve 3) detection at 420 nm. The solid lines are the results of the

curve-fitting procedures.
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Although, a weaker oxidant than FeIII in acidic

conditions (E 0(Cu2þ/Cuþ) ¼ 0.34 V), CuII is no less

oxidizing than FeIII at neutral pH because of its

weaker hydrolytic properties (E 0(CuII/CuI) ¼ 0.15

V) [19]. In addition, copper ions form square planar

(CuII) or tetrahedral (CuI) complexes whereas iron

ions prefer (distorted) octahedral geometries. Inter-

estingly, the CuII-initiated autoxidation of 1,2,4-

benzenetriol is insensitive to superoxide dismutase

whereas autoxidation with no metal added or after

addition of FeIII is [43]. This observation led the

authors to suggest that free Oz2
2 is not involved in the

CuII-initiated autoxidation of 1,2,4-benzenetriol

which would take place via a two-electron process

within a redox active CuII complex. Moreover, a

detailed investigation of the oxidation of catechol by

CuII has shown that the rate-limiting step is actually

an intramolecular electron transfer within the

catecholate-CuII complex [44]. Since the stable

redox state of copper during quercetin autoxidation

is actually CuI (Figure 10), the copper-induced

quercetin autoxidation is proposed to take place from

the quercetin-CuI complex after eventual reduction

of CuII within its complex with quercetin (Scheme 3).

Since H2O2 is accumulated during copper-initiated

autoxidation of quercetin (Figure 8), it may be

proposed that the complexes involving CuI and the

quercetin oxidation products are not able to decom-

pose H2O2 (Fenton reaction).

The rate constants for metal-quercetin complexa-

tion and quercetin autoxidation are summarized

in Table IX for all metal ions investigated in this

work. It must be emphasized that the whole kinetic

analysis is mainly aimed at dissociating binding from

autoxidation processes to give an estimation of the

apparent rate constants of quercetin autoxidation (ka).

Most probably, multiple redox processes simul-

taneously operate in quercetin autoxidation: auto-

xidation of FeII, reduction of CuII by quercetin (up to

9 equiv of CuII after incubation for 2 h in a pH 7.4

phosphate buffer at 378C [38]), Fenton reaction (at

least in the presence of the Fe ions). . . However,

because of the distinct spectral properties of quercetin,

its metal complexes and primary oxidation products,

an approximate separation between metal-quercetin

binding and quercetin autoxidation is possible.

As judged from the ka values (Table IX), the rate of

quercetin autoxidation in the presence or absence of

added metal ions varies as follows in neutral complex-

ing conditions (no EDTA): CuI . CuII @ no metal

added . FeII < FeIII. The iron complexes are only

weakly redox active, probably because of their low

spin. The absence of discrimation between FeII and

FeIII is in agreement with the fast autoxidation of FeII

to FeIII which is not inhibited by quercetin (Figure 3).

By contrast, the copper complexes are strongly redox

active. Since the CuI-induced autoxidation of querce-

tin appears significantly faster than the CuII-induced

process, it can be proposed that the reduction of CuII

by quercetin (although relatively fast, see Figure 10) is

rate-limiting.

Oxidation by FeIII in strongly acidic conditions

When quercetin is mixed with FeIII in 0.1 M HCl–

MeOH (1:1), oxidation readily proceeds even under

N2 (Figure 12). By contrast, no reaction takes place

with FeII. Thus, in strongly acidic conditions where

FeIII is essentially under its free highly oxidizing Fe3þ

form and quercetin under its neutral unbound form,

electron transfer can take place between the two

species. Reduction of highly coloured FeIII com-

plexes in mildly acidic aqueous solutions is at the

basis of common antioxidant tests [45]. By analogy

to a kinetic model already developed for H-atom

QH2+CuI/II QHCuI/II,fast
+H

+

-H
+

2QHCuII

QHCuI

QHCuI + QSCuI

QSCuI + H2O2,slow
H+,O2

S

+S/–H+

Scheme 3. Proposed mechanism for copper-induced autoxidation

of quercetin (binding is assumed to take place on the C-ring with

removal of proton at O3–H or O5–H).

Table IX. Rate constants for complexation and autoxidation of quercetin (5 £ 1025 M) in a 0.01 M phosphate buffer (pH 7.4, 378C).

1022k1/M21s21* 1022k2/M21s21† 104 k0
1 s‡ 105 ka s{

No metal added – – – 6

FeIII 20–40 0.5–2 4–18 2–4

FeII 70–120 10–20 3–17 2–4

FeIII–EDTA – – – 20–30

FeII–EDTA – – – 20–30

CuII 40–80 – 300–400 30–90

CuI 130–170 – 100–200 100–400§

CuII–EDTA – – – 10–20

* 1:1 metal-quercetin binding. † 2:1 metal-quercetin binding. ‡ Slow rearrangement in the coordination sphere. {Autoxidation with formation

of QS. § Slow autoxidation of QS (ka2 ¼ 4–5 £ 1025 s21.
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transfer reactions from polyphenols to the DPPH

radical [46], the decay of the visible absorbance of

quercetin at 370 nm can be analyzed to evaluate the

stoichiometry n of the reaction (number of Fe3þ ions

reduced per quercetin molecule over 1 h of reaction)

and the rate constant k1 for the first electron transfer

from quercetin. To that purpose, it is simply

assumed that quercetin is made of n reducing units

R that all irreversibly transfer one electron to Fe3þ

with the same bimolecular rate constant k: R þ

Fe3þ ! Rox þ Fe2þ. For the FeIII/quercetin molar

ratios selected (in the range 1–5), a fraction of

quercetin is spared at the end of the reaction as

evidenced by the residual absorbance at 370 nm

(Figure 12). Once this plateau is reached, it is

assumed that all Fe3þ has been converted into Fe2þ.

The following equations can thus be used in the

curve-fitting procedure:

A ¼ 1½QH2� ¼ 1½R�=n

2
d

dt
½R� ¼ 2

d

dt
½Fe3þ� ¼ k½R�½Fe3þ�

The initial concentrations are (R)0 ¼ nA0/1,

(Fe3þ)0 ¼ C. The initial rate of quercetin consump-

tion can also be written as: k(R)0(Fe3þ)0 ¼

kn(QH2)0(Fe3þ)0 ¼ k1(QH2)0(Fe3þ)0. Hence, k can

be identified with k1/n. The values for k1 and n are

collected in Table X. As a validation of the simplified

data treatment exposed above, these values are in

reasonable agreement for the different Fe3þ concen-

trations used. From the n values, it is clear that

quercetin undergoes an extensive oxidative degra-

dation in those conditions since a single quercetin

molecule is able to reduce ca. seven Fe3þ ions after 1 h

of reaction. This value is only a lower limit since

A(370 nm) continues to slightly decay beyond 1 h.

Such high n values are in agreement with those

measured in DPPH scavenging experiments [46]

(n < 5) and in the reduction of CuII by quercetin

(n < 9) [38].

Conclusion

Quercetin, one of the most abundant flavonoids in

plants and food, displays contrasted behaviours with

iron and copper ions. In strongly acidic conditions

where FeIII is a potent oxidant, quercetin rapidly

reduces up to 7 equiv of Fe3þ without participation

of dioxygen. In mildly acidic conditions (pH 5),

quercetin quickly binds iron ions with no simul-

taneous autoxidation. In neutral conditions, quer-

cetin even more quickly binds iron and copper ions

(although competition with the phosphate ions from

the buffer is very significant). Following complexa-

tion, quercetin is oxidized by dioxygen (autoxida-

tion) via distinct mechanisms. In the case of iron

ions, the complexes are relatively inert and react

with dioxygen even more slowly than free quercetin.

Addition of EDTA inhibits iron-quercetin binding

and promotes quercetin autoxidation. In the case of

the copper ions, the thermodynamically stable

complexes are rapidly autoxidized, the reduction

of CuII by quercetin being the likely rate-determin-

ing step. Addition of EDTA inhibits copper-

quercetin binding and quercetin autoxidation.

Those processes may be of importance in the field

of food chemistry since polyphenols and metal ions

may come into contact during food processing,

conservation and cooking and also in the field of

nutrition. Indeed, after food ingestion, significant

concentrations of labile iron and copper complexes

can be produced in the gastro-intestinal tract

because of the catabolism of endogenous ligands

[47,48]. Their role in accelerating the autoxidation

of dietary antioxidants, thereby altering their

bioavailability, certainly deserves more attention.
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Table X. Reduction of FeIII by quercetin (5 £ 1025 M) in 0.1 M

HCl–MeOH (1:1) (378C) Molar absorption coefficient of quercetin

at 370 nm ¼ 2 £ 104 M21cm21.

FeIII/mM k1/M21s21* n†

50 55(^1) 7.34(^0.02)

75 49(^1) 7.12(^0.04)

125 82(^1) 7.26(^0.01)

250 89.0(^0.3) 6.67(^0.01)

* Rate constant for the first electron transfer from quercetin.
† Stoichiometry (number of FeIII reduced per molecule of quercetin

over 1 h).

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.75

0.80
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0.90

0.95
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A (370 nm)

Time (x103)/s

Figure 12. Oxidation of quercetin (5 £ 1025 M) by Fe3þ(2.5

equiv) in 0.1 M HCl–MeOH (1:1) (378C). The solid line is the

result of the curve-fitting procedure (see text).
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