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ABSTRACT: Common human plasma proteins (CHPP), also called blood proteins, are proteins found in blood plasma. The
molecular structure/property�affinity relationships of dietary polyphenols noncovalently binding to CHPP were investigated by
comparing the binding constants obtained from the fluorescence titration method. An additional methoxy group in flavonoids
increased their binding affinities for CHPP by 1.05 to 72.27 times. The hydroxylation on the 40 position (ring B) of flavones and
flavonols and the 5 position (ring A) of isoflavones weakened the binding affinities; however, the hydroxylation on other positions of
flavonoids slightly enhanced or little affected the binding affinities for CHPP. The glycosylation of flavonoids weakened or slightly
affected the affinities for CHPP by 1 order of magnitude. The hydrogenation of the C2dC3 double bond of flavone,
6-hydroxyflavone, 6-methoxyflavone and myricetin decreased the binding affinities about 10.02 to 17.82 times. The galloylation
of catechins significantly improved the binding affinities with CHPP about 10 to 1000 times. The esterification of gallic acid
increased its binding affinity. The binding affinities with CHPP were strongly influenced by the structural differences of dietary
polyphenols. Polyphenols with higher affinities for purified HSA also showed stronger affinities with CHPP. The hydrophobic force
played an important role in binding interaction between polyphenols and CHPP.

KEYWORDS: structure�affinity relationship, molecular property�affinity relationship, polyphenols, common human plasma
proteins, protein�polyphenol noncovalent interaction

’ INTRODUCTION

Dietary polyphenols such as flavonoids are important nutri-
ments in foods.1�4 They are of great interest for complementary
and alternative medicinal effects, which are basically related to
the antioxidant property.5�7 The structural differences between
the various classes of polyphenols significantly affect their
absorption, metabolism, and bioactivities in vivo.8�10

Common human plasma proteins (CHPP), also called blood
proteins, are proteins found in blood plasma. Serum total protein
in blood is about 70 g/L.11 Briefly, CHPP consists of albumins
(35�50 g/L), immunoglobulins (10�15 g/L), fibrinogens
(2�4.5 g/L), and other proteins such as α1 antitrypsin, α1 acid
glycoprotein, and α1 fetoprotein.

11 Some of them (e.g., human
serum albumin (HSA), β-lactoglobulin and γ-globulin) can bind
with many kinds of endogenous and exogenous agents such as
dietary polyphenols.12�14 60% of plasma proteins are made up of
the protein albumin, which are natural vehicles for acidic and
neutral bioactive molecules and food nutriments. Globulins
make up 35% of plasma proteins and are used in the transport
of ions, hormones and lipids assisting in immune function.11�14

The purified HSA (fraction V) are usually used as a modeling
protein to investigate the interaction between small molecules
and proteins.15�17 However, proteins in CHPP including albu-
min, α-acid glycoprotein, lipoproteins and α, β, and γ globulins
pay an important role in the pharmacokinetic and pharmacody-
namic properties of food nutriments.15�17 The polyphenol�
protein interaction is very important for investigation the deliver

of bioactive compounds in vivo.18,19 Moreover, there are many
metal ions, glucose and small molecules existing in blood that
also affect the binding interaction between small molecules and
proteins in blood. Few reports, however, have focused on the
interaction between dietary polyphenols and total serum pro-
teins. In order to investigate the binding affinities of dietary
polyphenols for total plasma proteins, CHPP was purified from
the blood of volunteers by centrifugation. The present work
concerns the relationship between the molecular structure/
properties of dietary polyphenols and their affinities for CHPP.

’MATERIALS AND METHODS

Apparatus and Reagents. The fluorescence spectra were re-
corded on a JASCO FP-6500 fluorometer (Tokyo, Japan). Fifty-five
polyphenols (Table 1) were studied. Biochanin A, genistein, apigenin,
puerarin, catechin (C), epicatechin (EC), and luteolin (99.0%) were
purchased from Aladin Co. Ltd. (Shanghai, China). Flavone, chrysin, and
baicalein (99.5%) were obtained commercially from Wako Pure Chemical
Industries (Osaka, Japan). Flavanone, 7-hydroxyflavanone, 6-hydroxyflava-
none, 6-methoxyflavanone, 6-hydroxyflavone, and 6-methoxyflavone were
purchased from TCI Chemical Industries (Tokyo, Japan). Other standards
(Table 1) were obtained commercially from Shanghai Tauto Biotech CO.,
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Table 1. Chemical Structure of Dietary Polyphenols and Their Affinities for CHPPa
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Ltd. (Shanghai, China). The working solutions of standards (1.0 �
10�3 mol/L) were prepared by dissolving each polyphenol with
methanol. All other reagents and solvents were of analytical grade,
and all aqueous solutions were prepared using newly double-
distilled water.

Collection of Plasma Proteins Samples. Blood-derived serum
was obtained using blood from 19 healthy adult volunteers. The blood
was taken and analyzed in Shanghai Dahua Hospital. We allowed blood
to clot in glass centrifuge tubes for 2�4 h to obtain serum. Blood-derived
serum was clarified by centrifugation at 3000 rpm for 10 min to separate

Table 1. Continued

a Each polyphenol was tested with three CHPP samples from different people, and the average binding constant and the number of binding sites were
obtained.

Figure 1. The quenching effects of 6-hydroxyflavone (A), 6-methoxyflavone (B), 6-hydroxyflavanone (C), and 6-methoxyflavanone (D) on CHPP
fluorescence spectra at 300.15 K. λex = 280 nm; CHPP, 1:100; a�i: 0.00, 1.00, 2.00, ..., 8.00 (�10�6 mol/L) of polyphenols.
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serum from the blood cells to get CHPP. The working solution of CHPP
(1:100) was prepared by directly diluting the above CHPP with double-
distilled water prior to use.
Fluorescence Spectra. 3.0 mL of working solution of CHPP

(1:100) was transferred to a 1.0 cm quartz cell. Then it was titrated with
successive addition of 3.0 μL of polyphenol solution (1.0� 10�3 mol/L).
Titrations were performed manually by using trace syringes. In each
titration, the fluorescence spectrum was collected with the working
solution of CHPP (1:100). The fluorescence spectra were recorded in
the wavelength range of 310�450 nm upon excitation at 280 nm when
diluted CHPP was titrated with polyphenol solution. Slit widths, scan
speed and excitation voltage were kept constant within each data set, and
each spectrum was the average of three scans. Quartz cells (1 cm path
length) were used for all measurements. The results of the time course
experiments for the equilibration are not given here. Fluorescence
emissions of these polyphenols within the range of 300�400 nm were
not observed under the excitationwavelength of 280 nm.The polyphenols
were stable during the fluorescence measurements, as shown by HPLC
analyses (not given here). Each fluorescence intensity determination was
repeated and found to be reproducible within experimental error. Each
polyphenol was tested with three CHPP samples from different people,
and the average binding constant and the number of binding sites were
obtained.
Data Process. Fluorescence quenching was described by the

Stern�Volmer equation:16�19

F0=F ¼ 1 þ Kqτ0½Q � ¼ 1 þ KSV ½Q � ð1Þ
where F0 and F represent the fluorescence intensities of CHPP in the
absence and in the presence of polyphenols, Kq is the quenching rate
constant, KSV is the dynamic quenching constant, τ0 is the average
lifetime, and [Q] is the concentration of polyphenols.

The binding constants were calculated according to the double-
logarithm equation:14�17

log10½ðF0 � FÞ=F� ¼ log10Ka þ n log10½Q � ð2Þ
where F0 and F represent the fluorescence intensities of CHPP in the
absence and in the presence of polyphenols,Ka is the binding constant, n
is the number of binding sites, and [Q] is the concentration of
polyphenols. According to eq 2 the values of “(F0 � F)/F” can be
obtained in each “[Q]”. Then, the linear regression equation between
the “log10[(F0 � F)/F]” values and “log10[Q]” values was obtained on
the Origin 7.5 software. The slope factor means “n”, and the intercept refers
to “log10Ka”.

’RESULTS AND DISCUSSION

Quenching Effect of Polyphenols on CHPP Fluorescence.
As representative examples, the fluorescence spectra of CHPP
after addition of 6-hydroxyflavone (A), 6-methoxyflavone (B),
6-hydroxyflavanone (C), and 6-methoxyflavanone (D) are
shown in Figure 1 (The fluorescence spectra of CHPP quenched
by other polyphenols are not given here.) Except for EC, (�)-
epigallocatechin (EGC), and C, all polyphenols tested can
quench the fluorescence of CHPP remarkably with increasing
concentration of polyphenols. There are no obvious shifts of the
maximum λem of CHPP fluorescence for polyphenols tested.
The quenching ratio (F/F0) of CHPP fluorescence with

addition of 6-hydroxyflavone, 6-methoxyflavone, 6-hydroxyfla-
vanone, and 6-methoxyflavanone are shown in Figure 2. The
intensities of CHPP fluorescence decreased rapidly with the
addition of 6-hydroxyflavone and 6-methoxyflavone. However,
6-hydroxyflavanone and 6-methoxyflavanone quenched CHPP
fluorescence slowly. 8.0 μmol/L of 6-hydroxyflavone was found

to lead to quench CHPP fluorescence by 46.60%; however,
8.0 μmol/L of 6-hydroxyflavanone only quenched 16.83% of
CHPP fluorescence. These results indicated that the quenching
effect of polyphenols on CHPP fluorescence depended on the
structures of polyphenols.
Figure 3 shows the Stern�Volmer plots for CHPP fluores-

cence quenching by 6-hydroxyflavone, 6-methoxyflavone, 6-hy-
droxyflavanone and 6-methoxyflavanone. As seen from Figure 3,
the Stern�Volmer plots for 6-hydroxyflavanone and 6-methoxy-
flavanone are linear, which illustrates that 6-hydroxyflavanone
and 6-methoxyflavanone quenched CHPP fluorescence mainly
by the dynamic model. However, it was found that both dynamic
and static quenching were involved for 6-hydroxyflavone and
6-methoxyflavone on CHPP fluorescence, which is demon-
strated by the fact that the Stern�Volmer plots deviated from
linearity toward the y-axis at higher concentrations.
The Binding Constants (Ka) and the Number of Binding

Sites (n). Each polyphenol was tested with three CHPP samples
from different people, and the average binding constant and the
number of binding sites are summarized in Table 1. The values of

Figure 2. The quenching ratio (F/F0) of CHPP fluorescence with
addition of 6-hydroxyflavone, 6-methoxyflavone, 6-hydroxyflavanone,
and 6-methoxyflavanone.

Figure 3. The Stern�Volmer plots for CHPP fluorescence quenching
by polyphenols at 300.15 K.
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log10Ka are proportional to the number of binding sites (n)
(Figure 4), which indicates that the equation (eq 1) used here is
suitable to study the interaction between polyphenols and
CHPP.18,19 The magnitudes of apparent binding constants
for CHPP were almost in the range of 104�106 L/mol,
which were much smaller than the affinities of polyphenols for
BSA, bovine γ-globulin, and HSA from our previous reports
(104�108 L/mol).12,15,16

Flavonoids. Influence of an Additional Methoxy Group in
Flavonoids. Figure 5 shows the effect of an additional methoxy
group in flavonoids on the affinities for CHPP. In general, an
additional methoxy group in flavonoids increased their binding
affinities for CHPP by 1.05 to 72.27 times. The affinity of
tectorigenin for CHPP was found to be 72.27 times higher than
that of its unmethoxylated form (genistein) (Figure 5). On the
other hand, 40-methoxylation of galangin hardly affected the
affinity for CHPP. However, if a hydroxyl group in flavonoids was
changed to a methoxy group (methylation), their binding
affinities for CHPP were slightly affected. In our previous report,
the methylation of hydroxyl group in flavonoids enhanced their
binding affinities for HSA by 2�16 times.16

Hydroxylation. Table 2 shows the effect of hydroxylation of
flavonoids on the affinities for CHPP. As seen from the data, the

hydroxylation on rings A, B, and C of flavonoids slightly affected
the binding affinities for CHPP. The hydroxylation on the 40
position (ring B) of flavones and flavonols and 5 position
(ring A) of isoflavones weakened the binding affinities; however,
the hydroxylation on other positions of flavonoids slightly
enhanced or little affected the binding affinities for CHPP. The
hydroxylation on 7-hydroxyflavanone showed about 20-fold
higher affinity than that of flavanone.
Flavonoid Isomers. In this study, we can compare two isomer

groups (apigenin, galangin, baicalein, genistein and luteolin,
kaempferol, fisetin). The binding constants (Ka) were deter-
mined as galangin > baicalein > apigenin > genistein and
luteolin > kaempferol > fisetin. These data illustrate that flavones
and flavonols show higher binding capacity with CHPP than
isoflavones.
Glycosylation. The dietary flavonoids in nature occur mostly

as β-glycosides. The flavonols are foundmainly as the 3- and 7-O-
glycoside, although the 40 position may also be glycosylated in
some plants (Table 1). Herein, the effect of glycosylation of
dietary flavonoids on the affinities for CHPP was investigated.
The sugar moieties are in 3, 7, or 40 positions of flavonoids. In our
present study (Figure 6), the glycosylation of flavonoids slightly
decreased or little affected the affinities for CHPP less than 1
order of magnitude. For example, the affinity of quercetin for
CHPP was similar to that of rutin and quercetin. However,
recently we found that the glycosylation of flavonoids decreased
the affinities for purified HSA or BSA by 1�3 orders of
magnitude depending on the conjugation site and the class of
sugar moiety.16 This different influence may due to plasma
proteins from common human beings having bound with some
small molecules in vivo, which occupied the binding sites and
caused competing binding.
Hydrogenation of the C2dC3 Double Bond. The C2dC3

double bond in conjugation with a 4-oxo group plays a very
important role for the affinity for CHPP. As shown in the
Supporting Information, it was found that the hydrogenation
of the C2dC3 double bond of flavonoids decreased or little
affected the binding affinities for CHPP. The hydrogenation of

Figure 4. The relationship between the binding affinities (log10Ka) and
the number of binding sites (n) between polyphenols and CHPP.

Figure 5. Effects of methoxylation andmethylation of flavonoids on the
affinities of the polyphenols for CHPP.

Table 2. Effects of Hydroxylation of Flavonoids on the
Affinities for CHPP

class ring position example effect (times)

flavone A 7 H f OH flavone f 7-OH flavone little effect

5 H f OH 7-OH flavone f chrysin v 9.55

6 H f OH chrysin f baicalein little effect

flavone f 6-OH flavone v 1.74

B 40 H f OH chrysin f apigenin V 4.57

30 H f OH apigenin f luteolin v 1.74

C 3 H f OH chrysin f galangin little effect

apigenin f kaempferol little effect

luteolin f quercetin v 1.26

flavonol A 5 H f OH fisetin f quercetin v 11.48

B 30 H f OH kaempferol f quercetin v 3.72

40 H f OH galangin f kaempferol V 6.62

50 H f OH quercetin f myricetin little effect

isoflavone A 5 H f OH daidzein f genistein V 1.86

daidzin f genistin V 2.57

flavanone A 6 H f OH flavanone f 6-OH flavanone v 3.09

7 H f OH flavanone f 7-OH flavanone v 19.95
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the C2dC3 double bond of flavone, 6-hydroxyflavone, 6-meth-
oxyflavone, and myricetin decreased the binding affinities about
10.02 to 17.82 times. However, the hydrogenation of the C2dC3
double bond on apigenin and 7-hydroxyflavone hardly affected
the affinity for CHPP. Previously, we have investigated the effect
of hydrogenation of the C2dC3 double bond in flavonoids on the
affinities for purified HAS by 2�3 orders of magnitude. Planarity of
the C ring in flavonoids may be important for binding interaction
with proteins, as the molecules with saturated C2�C3 bonds
(flavanones and certain others) permit more twisting of the B ring
with reference to the C ring. A C2dC3 double bond increases the
π-conjugation of the bond linking the B and C rings, which favors
near-planarity of the two rings.20 Molecules with near-planar
structure more easily enter the hydrophobic pockets in proteins.
Catechins. Catechins are the major polyphenols in green tea

leaves. The major catechins of green tea extract are C, EC, EGC,
(�)-epicatechin gallate (ECG), (�)-epigallocatechin gallate
(EGCG), and gallocatechin gallate (GCG).21�24 Here, we

determined the affinities between catechins and CHPP by
fluorescence quenching method with double logarithm regres-
sion curve (Table 1). The binding constants (log10 Ka) between
ECG, EGCG, and GCG for CHPP were 4.28, 3.93 and 4.62,
respectively. However, the binding constants of EC, EGC, and C
for CHPP were very low and they hardly quenched the CHPP
fluorescence. And the calculated binding constants of EC, EGC,
and C for CHPP were less than 103 L/mol. It illustrates that the
galloylation of catechins significantly improved the binding
affinities with CHPP about 10 to 1000 times. The pyrogallol-
type catechins showed lower affinities than catechol-type cate-
chins. Moreover, the affinity of the catechin with 2,3-trans
structure (GCG) for CHPP was shown to be higher than that
of the catechin with 2,3-cis structure (EGCG).
Stilbenes. Stilbenes are phytoalexins that become activated

when plants are stressed and are important polyphenols with the
C6�C2�C6 structure.25 The typical natural stilbenes are res-
veratrol and its 3-glucoside, polydatin.26 Here, we determined
the affinities between resveratrol/polydatin with CHPP. The

Figure 6. The glycosylation of flavonoids decreased or little affected
the affinity of the polyphenols for CHPP: (1) Ka(rutin)/Ka(quercetin),
(2) (narirutin)/Ka(naringenin), (3) Ka(kaempferitrin)/Ka(kaempferol),
(4) Ka (genistein)/Ka(sophoricoside), (5) Ka(quercetin)/Ka(quercitrin),
(6) Ka(naringenin)/Ka(naringin), (7) Ka(daidzein)/Ka(puerarin), (8) Ka-
(baicalein)/Ka(baicalin), (9) Ka(daidzein)/Ka(daidzin), (10) Ka(genistein)/
Ka(genistin), (11) Ka(hesperitin)/Ka(hesperitin-7-O-rutinose).

Figure 7. The relationship between the affinities of polyphenols for
CHPP (log10Ka(CHPP)) and HSA (log10Ka(HSA)).

Figure 8. Relationship of apparent binding constants (log10Ka) with
partition coefficient (XLogP3) of polyphenols. The partition coefficient
values (XLogP3) were taken from PubChem Public Chemical Database.

Figure 9. Relationships of the hydrogen bond acceptor/donor number
of polyphenols (N) with the affinities for CHPP. The hydrogen bond
acceptor/donor numbers were taken from PubChem Public Chemical
Database.
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binding constants (log10 Ka) between resveratrol and polydatin
for CHPP were 6.23 and 5.10, respectively. It illustrated that the
glycosylation of resveratrol slightly reduced the affinity for
CHPP. The affinity of resveratrol for CHPP was about 13.48
times higher than that of polydatin.
Gallic Acid. Gallic acid is one of phenolic acids found in

gallnuts, sumac, witch hazel, tea leaves, oak bark, and other plants.
Gallic acid seems to have antifungal and antiviral properties. Gallic
acid acts as an antioxidant and helps to protect our cells against
oxidative damage.27 The esters of gallic acid are termed “gallates”.
The typical gallates are methyl gallate, ethyl gallate, and propyl
gallate (Table 1). As seen from Table 1, the esterification of gallic
acid significantly improved the affinity for CHPP. The affinities of
gallic acid and its esters with CHPP were determined as methyl
gallate > propyl gallate > ethyl gallate > gallic acid.
Relationship between the Affinities of Polyphenols for

CHPP and Purified HSA. Purified HSA and BSA are usually used
as modeling proteins to investigate the interactions between
small molecules and serum albumins. In our previous report,16

the molecular property�affinity relationship of flavanoids and
flavonoids for purified HSA in vitro was investigated. The
affinities of polyphenols for purified HSA were also investigated
by other groups.28�32

The affinities of flavonoids for purified HSA were within the
range of 104�108 L/mol, which were obviously much higher
than current affinities for CHPP (104�106 L/mol). In blood,
there are many metal ions, such as Zn2+, Cu2+, Ca2+, and Mg2+,
and small molecules, which also affect the interaction between
polyphenols with plasma proteins. Cao et al. found Zn2+

decreased the affinity of flavonols for BSA in vitro.33 The
relationship between the affinities of polyphenols for CHPP
and purified HSA is shown in Figure 7. As seen from these data,
polyphenols with higher affinities for purified HSA also showed
stronger affinities with CHPP. It illustrated that the HSA is the
major transporting protein in blood for polyphenols.
The Nature of Polyphenol�CHPP Noncovalent Interac-

tion. The noncovalent interaction between polyphenols and
proteins usually is caused by four major interaction forces,
namely, hydrogen bonding force, van der Waals force, hydro-
phobic interaction and electrostatic interaction.34�36 The nature
of polyphenol�CHPP interaction was studied by investigation
of the molecular property�affinity relationship. Here the lipo-
philicity and hydrogen bond acceptor numbers of polyphenols
were used. The lipophilicity of the compounds under study was
assessed by their partition coefficient values (XLogP3) according
to PubChem Public Chemical Database. There is a relationship
between the XlogP3 values and log10Ka values for polyphenols
(Figure 8). The linear regression equation using the Origin 7.5
software was log10Ka = 5.02167 + 0.13611 XlogP3 (R = 0.22377).
The affinities of polyphenols for CHPP increased with increasing
partition coefficient. From this point, the hydrophobic force
played an important role in binding interaction between poly-
phenols and CHPP.37,38 To further investigate whether or not
the hydrogen bond force plays an important role in binding
polyphenols to CHPP, the relationships of the hydrogen bond
acceptor/donor numbers (N, data were from reference) of
polyphenols with the affinities for CHPP are shown in Figure 9.
The affinities for CHPP slightly decreased with increasing
hydrogen bond donor numbers of polyphenols hardly changed
with hydrogen bond acceptor numbers. These results illustrate
that the hydrogen bond force was not the main force to bind
polyphenols to CHPP.

Concluding Remarks. As shown in Figure 10, some of the
structural elements that influence the affinities of polyphenols for
CHPP are the following: (1) An additional methoxy group in
flavonoids increased their binding affinities for CHPP by 1.05 to
72.27 times; methylation of flavonoids hardly affected the
affinities. (2) Hydroxylation on 40 position (ring B) of flavones
and flavonols and 5 position (ring A) of isoflavones weakened the
affinities; however, the hydroxylation on other positions of
flavonoids slightly enhanced or little affected the binding affinities.
(3) Glycosylation of flavonoids weakened or little affected the
affinities by 1 order of magnitude. (4) Hydrogenation of the
C2dC3 double bond of flavone, 6-hydroxyflavone, 6-methoxy-
flavone, and myricetin decreased the binding affinities about 10.02
to 17.82 times. (5)Galloylation of catechins significantly improved
the binding affinities with CHPP about 10 to 1000 times. (6)
Esterification of gallic acid increased its binding affinity.
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