
ORIGINAL ARTICLE

Comparative Study of the Interactions between Ovalbumin
and five Antioxidants by Spectroscopic Methods

Xiangrong Li1 & Yunhui Yan1

Received: 19 July 2016 /Accepted: 3 October 2016 /Published online: 8 October 2016
# Springer Science+Business Media New York 2016

Abstract L-Ascorbic acid, α-tocopherol, procyanidin B3, β-
carotene and astaxanthin are five classic dietary antioxidants.
In this study, the interaction between the five antioxidants and
ovalbumin was investigated by fluorescence spectroscopy, in
combination with UV-vis absorption spectroscopy and circu-
lar dichroism (CD) spectroscopy. The quenching mechanism
of ovalbumin by α-tocopherol is static quenching and the
interaction between α-tocopherol and ovalbumin is synergis-
tically driven by enthalpy and entropy. Electrostatic interac-
tions and hydrophobic interactions play a major role in stabi-
lizing the complex. For the other four antioxidants, the
quenching mechanisms are all static quenching mechanisms
at lower concentrations of antioxidants, but at higher concen-
trations of antioxidants, predominantly by the Bsphere of
action^ quenching mechanisms. The binding processes of
the other four antioxidants to ovalbumin are all entropy pro-
cess and the major part of the action force is hydrophobic
interactions. The binding constants of ovalbumin with the five
antioxidants are in the following order as: astaxanthin > β-
carotene > L-ascorbic acid > procyanidin B3 > α-tocopherol
at 298 K. Synchronous fluorescence spectroscopy shows the
interaction between L-ascorbic acid/β-carotene/astaxanthin
and ovalbumin decreases the hydrophobicity of the microen-
vironment of tryptophan (Trp) and tyrosine (Tyr) residues.

The hydrophobicity of Trp is increased while the hydrophility
of Tyr is increased in the presence of α-tocopherol.
However, the microenvironment of Trp and Tyr is not
affected by procyanidin B3. The UV-vis absorption and
CD spectra suggest that the interaction between the five
antioxidants and ovalbumin leads to the loosening and
unfolding of ovalbumin skeleton and exerts some influ-
ence on the natural secondary structure of ovalbumin.
The study provides an accurate and full basic data for
clarifying the binding mechanisms of L-ascorbic acid,
α-tocopherol, procyanidin B3, β-carotene and astaxanthin
interacting with ovalbumin and is helpful for understanding
rational use of antioxidants as dietary supplements.
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Introduction

Antioxidants have attracted considerable attention from
multiple areas of food chemistry or toxicology. In addi-
tion, growing concern has been expressed over the poten-
tially mutagenic and carcinogenic effects of synthetic anti-
oxidants from available literature [1]. L-Ascorbic acid,
α-tocopherol, procyanidin B3, β-carotene and astaxanthin are
five classic dietary antioxidants. L-Ascorbic acid (molecular
structure: inset of Fig. 1a) is an essential component in the diet
of humans, and also is a typical long used pharmaceutical agent
[2]. α-Tocopherol (molecular structure: inset of Fig. 1b), the
most biologically active form of vitamin E, has long been
recognized as the most active naturally occurring, lipid-
soluble chain-breaking antioxidant [3]. Proanthocyanidins
are secondary metabolites of plants that are abundant in
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fruits and vegetable-based beverages like juices, beer, and
wine [4]. One of the most widely studied proanthocyanidins
is procyanidin B3 (catechin-(4β → 8)-catechin; molecular
structure: inset of Fig. 1c) due to its high abundance in the
human diet and relevant antioxidant activity [5]. β-Carotene
(molecular structure: inset of Fig. 1d) consists of a polyene
system with 11 conjugated double bonds and a β-ring at
each end of the chain [6]. It has antioxidant activity and
may consequently offer protection against cancer and car-
diovascular diseases [7]. Astaxanthin (molecular structure:
inset of Fig. 1e) is a carotenoid with great commercial
potential in the pharmaceutical and food industries. The
presence of the hydroxyl (OH) and keto (C = O) moieties
on each ionone ring explains some of its unique features,
namely, the ability to be esterified and a higher antioxi-
dant activity and a more polar nature than other caroten-
oids [8]. People generally think that dietary antioxidants
have little side effects. Therefore, the five antioxidans are
widely used as food supplements.

Egg white proteins (EWP) are extensively used in food
industry due to their functional (foaming, gelling, emulsifying)
and nutritional properties [9]. The main protein of egg white is
ovalbumin (OVA) which represents 54 % of EWP [10].
Therefore, ovalbumin is widely used in the food industry and
is also present in many biological systems [11]. It is a phos-
phorylated and glycosylated globular protein with a diameter
5.5 nm [12], an isoelectric point (pI) ~4.9 [13] and a molecular
weight ~ 45 kDa [14]. This protein is composed by a single
polypeptide chain of 385 amino acid, of which a half are hy-
drophobic and mainly buried into the protein structure, and a
third are charged mainly located on protein surface in contact
with aqueous medium [15, 16]. These amino acid residues fold
into a globular conformation with a high secondary structure
content (30.6 % α-helix and 31.4 % β-strand), and a flexible
loop-helix-loop motif reactive center [17, 18]. Ovalbumin has
one disulphide bond and four free sulfhydryl groups [19].
Furthermore, ovalbumin contains three tryptophan residues:
Trp-148 in helix F, Trp-267 in helix H, and Trp-184 as the
nearest neighbor residue of the carboxyl terminus of strand
3 A [18, 20, 21]. It has been demonstrated that ovalbumin
has the ability to interact with many compounds, such as
caffeine, theophylline, diprophylline [22], stearic acid [23],
epigallo-catechin 3-gallate [24], gum arabic [25], tea poly-
phenol [26], quercetin [27], ruthenium(II)-bipyridine-tert-
butylcalix [4]arene complexes [28], oxovanadium(IV)-salen
complexes [29], etc. However, to our knowledge, an accurate

�Fig. 1 Emission spectra of ovalbumin in the presence of different
concentrations of L-ascorbic acid (a), α-tocopherol (b), procyanidin B3
(c), β-carotene (d) and astaxanthin (e) at 298 K, pH 7.40 and
λex = 280 nm. The inset corresponds to the molecular structure of L-
ascorbic acid (a), α-tocopherol (b), procyanidin B3 (c), β-carotene (d)
and astaxanthin (e), respectively
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and full basic data for clarifying the binding mechanisms of
the five antioxidants to ovalbumin were not reported in the
literature.

Knowledge of interaction mechanism between antioxidant
and ovalbumin is very important. First, ovalbumin can im-
prove water solubility of hydrophobic compound such as
α-tocopherol, β-carotene and astaxanthin allowing their in-
corporation in food systems, such as certain beverages [9].
Second, dietary antioxidant is considered to be a safe natural
product. However, it may act as an antinutritional factor when
ingested in excess. To minimize the antinutritional effects and
make full use of antioxidant, knowledge of the interaction
between antioxidant and ovalbumin is desirable. Third, the
conformational changes of ovalbumin induced by its interac-
tion with antioxidant may reduce the activity of ovalbumin.
Ovalbumin represents the major allergen from avian egg white
that causes IgE-mediated food allergic reactions particularly in
children. The prevalence of ovalbumin allergy is estimated
between 1.6 % and 3.2 % among children and 0.6 % among
adults [30]. Ovalbumin conformation, digestibility and aggre-
gation are important for biological activities of dietary pro-
teins that elicit hypersensitivity reactions in humans [24].

In the present work, a comprehensive investigation was
performed for the binding properties of the five antioxidants
to ovalbumin under the physiological conditions. Using dif-
ferent spectroscopic methods, the binding information, includ-
ing quenching mechanisms, binding parameters, thermody-
namic parameters, binding modes and the natural secondary
structure changes of ovalbumin was investigated.

Materials and Methods

Materials

Ovalbumin, L-ascorbic acid, α-tocopherol (density:
0.950 g mL−1 at 20 °C), procyanidin B3, β-carotene and
astaxanthin were purchased from Sigma-Aldrich Chemical
Company (St. Louis, USA). Ovalbumin was dissolved in a
phosphate buffer solution of pH 7.40 (0.01 mol L−1 PBS),
and it was stored at 0–4 °C in the dark. L-Ascorbic acid and
procyanidin B3 were directly dissolved in phosphate buffer
solution of pH 7.40 (0.01 mol L−1 PBS), and α-tocopherol
was diluted with 99.5 % (v/v) ethanol before use. β-Carotene
and astaxanthin were dissolved in 99.5 % acetone and
then diluted with phosphate buffer solution of pH 7.40
(0.01 mol L−1PBS). The stock solutions of the five an-
tioxidants were prepared and used immediately because
of oxidation under light and air. Double distilled water
was used to prepare solutions. The pH was determined
using a PHS-2C pH-meter (Shanghai DaPu Instruments
Co., Ltd., Shanghai, China) at ambient temperature.
Sample masses were weighed accurately on a microbalance

(Sartorius, BP211D) with a resolution of 0.01 mg. All other
reagents were all of analytical reagent grade and were used as
purchased without further purification.

Fluorescence Measurements

The fluorescence measurements were performed on Cary
Eclipse fluorescence spectrophotometer (VARIAN, USA)
equipped with a 1.0 cm quartz cell holder and a thermostat
bath. Certain volume of the stock solution of ovalbumin and
various volumes of the stock solution of antioxidants were
transferred to 0.01 L volumetric flasks. The mixture was
diluted to the experimental concentrations with phosphate
buffer solution of pH 7.40 as the working solutions.
Ovalbumin concentration was kept at 5 × 10−5 mol L−1.
The excitation and emission slit widths were fixed at
5 nm. The excitation wavelength was set at 280 nm
(where both Trp and Tyr are excited) and 295 nm (where
only Trp is excited), and the emission spectra were read at
300–450 nm at a scan rate of 100 nm min−1. The exper-
iment was measured at four temperatures (293, 298, 303
and 310 K) with recycle water keeping the temperature
constant. The synchronous fluorescence spectra were
scanned from 280 to 330 nm (Δλ = 15 nm) and from
310 to 400 nm (Δλ = 60 nm), respectively.

The fluorescence measurements are hindered by the inner-
filter effect, which is that small ligands absorb the light at the
excitation and emission wavelengths of proteins and leads to
unreliable results. Thus it is very important to subtract such an
effect from the raw quenching data. The extent of this effect
can be roughly estimated with the following equation [31]:

Fcor ¼ Fobsd10
AexþAemð Þ=2 ð1Þ

where Fcor and Fobsd are the corrected and observed fluores-
cence intensities, respectively, whereas Aex and Aem are the
sum of the absorbance of protein and ligand at the excitation
and emission wavelengths, respectively. The fluorescence in-
tensity utilized in this study is the corrected intensity.

Absorbance Measurements

UV-vis absorption spectra were recorded with a TU-1810
spectrophotometer (Puxi Analytic Instrument Ltd., Beijing,
China) equipped with 1.0 cm quartz cells at 298 K.
Ovalbumin concentration was kept at 5 × 10−6 mol L−1.
Buffer (control) and samples were placed in the reference
and sample cuvettes, respectively. The UV-vis absorption
spectra of ovalbumin in the absence and presence of antioxi-
dants were obtained by utilizing the mixture of antioxidants
and phosphate buffer at the same concentration as the
reference solution.
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Circular Dichroism (CD) Measurements

The CD measurements were carried out on a Jasco J-715
spectropolarimeter under constant nitrogen flush. For mea-
surements in the far-UVregion, a quartz cell with a path length
of 0.2 cm was used. Three scans were accumulated with con-
tinuous scan mode and a scan speed of 200 nm min−1 with
data being collected at 0.2 nm and response time of 2 s. The
sample temperature was maintained at 298 K. Ovalbumin
concentration was fixed to 4 × 10−6 mol L−1 and the five
antioxidants concentration used was 4 × 10−5 mol L−1.
Corresponding blanks (without ovalbumin) were recorded
and subtracted from the sample spectra, and results were taken
as CD ellipticity in mdeg.

Results and Discussion

Effect of Antioxidants on Ovalbumin Fluorescence

Figure 1 shows the fluorescence emission spectra obtained for
ovalbumin at pH 7.40 with the addition of the five antioxi-
dants at λex = 280 nm. In all cases, the fluorescence intensity
of ovalbumin decreases regularly with the increasing concen-
trations of antioxidants, indicating that the five antioxidants
can bind to ovalbumin. Furthermore, a red shift is observed
with increasing L-ascorbic acid/β-carotene/astaxanthin con-
centration, which suggests that the fluorophore of ovalbumin
is placed in a more hydrophilic environment after the addition
of L-ascorbic acid/β-carotene/astaxanthin [32]. The change in
the emission peak of ovalbumin has a blue shift for α-tocoph-
erol. The blue shift suggests a reduction in the polarity of the
microenvironment around fluorophore [26]. Upon the gradual
addition of procyanidin B3, the emission intensity of ovalbu-
min decreases without any obvious shift in the maximum
emission wavelength. The result suggests that binding of
procyanidin B3 to ovalbumin has little effect on the microen-
vironment around fluorophore.

Upon excitation at 280 nm, both Trp and Tyr are readily
excited, but most of the fluorescence comes from Trp because
of the efficient resonance energy transfer (RET) from Tyr to
Trp, while at an excitation wavelength of 295 nm, only Trp
emits fluorescence [33]. To determine whether both Trp and
Tyr residues are involved in the interaction with an antioxidant
molecule, the fluorescence of ovalbumin excited at 295 nm in
the presence of the five antioxidants was also measured. The

�Fig. 2 Fluorescence quenching of ovalbumin (5 × 10−5 mol L−1) at
298 K and pH 7.40, plotted as extinction of ovalbumin intrinsic
fluorescence (F/F0) against antioxidants concentration for L-ascorbic acid
(a), α-tocopherol (b), procyanidin B3 (c), β-carotene (d) and
astaxanthin (e). The fluorescence emission intensity was recorded at
λex = 280 nm and 295 nm
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plots of F/F0 against the concentration of antioxidants are
shown in Fig. 2, where F0 and F represent the fluorescence
intensities before and after the addition of the antioxidants,
respectively. For L-ascorbic acid, procyanidin B3, β-
carotene and astaxanthin, significant difference is observed
from the quenching of ovalbumin fluorescence after excitation
at these two wavelengths. The results demonstrate that Trp
and Tyr residues are both implicated in the fluorescence
quenching. For α-tocopherol, no significant difference is ob-
served at these two wavelengths. This demonstrates that only
Trp is implicated in the fluorescence quenching and that Tyr
residues do not participate in the molecular interaction be-
tween α-tocopherol and ovalbumin.

Fluorescence Quenching Mechanisms

The different mechanisms of quenching are usually classified
as either dynamic (a collisional process) or static (the forma-
tion of a complex between quencher and fluorophore). For
fluorescence quenching, the decrease in intensity is usually
described by the Stern-Volmer equation [34]:

F0=F ¼ 1þ kqτ0 Q½ � ¼ 1þ KSV Q½ � ð2Þ

where F0 and F represent the steady-state fluorescence inten-
sities at λex = 280 nm in the absence and presence of the
antioxidants, respectively. kq is the bimolecular quenching
constant, τ0 is the lifetime of the fluorescence in absence of
the antioxidants. The lifetime of ovalbumin was used as 10 ns
according to the reference [24]. [Q] is the concentration of the
antioxidants, andKSV is the Stern-Volmer quenching constant.

Figure 3 shows the Stern-Volmer plots for the ovalbumin
fluorescence quenching by L-ascorbic acid, α-tocopherol,
procyanidin B3, β-carotene and astaxanthin. A linear Stern-
Volmer plot means that only one type of quenching mecha-
nism occurs (dynamic or static). In the present case, a linear
Stern-Volmer plot is observed for α-tocopherol (Fig. 3b),
which means that only one type of quenching mechanism
occurs (dynamic or static). The value of KSV obtained from
the slope of the plot is listed in Table 1. The value of kq for
α-tocopherol is greater than the limiting diffusion rate con-
stant of the biomolecule (2 × 1010 L mol−1 s−1) [35], which
suggests that the quenching mechanism of ovalbumin by
α-tocopherol is not initiated by dynamic quenching but by
static quenching. For L-ascorbic acid, procyanidin B3, β-
carotene and astaxanthin, the Stern–Volmer plots are linear
at lower quencher concentrations, while the plots exhibit an
upward curvature, concave toward the y axis at high quencher
concentrations. The results show that the quenching type is

�Fig. 3 Stern-Volmer plots of ovalbumin fluorescence quenched by L-
ascorbic acid (a), α-tocopherol (b), procyanidin B3 (c), β-carotene (d)
and astaxanthin (e) at 298 K and pH 7.40. The fluorescence emission
intensity was recorded at λex = 280 nm
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probably single quenching at lower antioxidants concentra-
tion. Therefore, to provide a semiempirical measure of the
magnitude of the quenching in the four antioxidant-
ovalbumin systems [36], we discussed the quenching in terms
of KSV values computed by linear fits of the Stern-Volmer
plots at low quencher concentrations where the plots are near-
ly linear. The values of KSV obtained from the slope of these
plots are also listed in Table 1. From the results listed in
Table 1, the values of kq for the four antioxidants are all larger
than 2.0 × 1010 L mol−1 s−1, the maximum diffusion collision
quenching rate constant of various quenchers with the bio-
polymer [35], which illustrates that the specific interactions
between ovalbumin and the four antioxidants have occurred
and their fluorescence quenching mechanisms are all mainly
arisen from static quenching by complex formation in the
linear range [37].

The positive deviation in the Stern-Volmer plots at high
quencher concentrations can arise from a variety of processes,
including combined static and dynamic quenching and the
Bsphere of action^ model. Therefore, the upward-curving
Stern-Volmer plots were at the beginning analyzed in terms
of a combined static and dynamic quenching. Thus, the fluo-
rescence data were analyzed by a modified Stern-Volmer
equation [38]:

F0=F ¼ 1þ KD Q½ �ð Þ 1þ KS Q½ �ð Þ
¼ 1þ KD þ KSð Þ Q½ � þ KDKS Q½ �2 ð3Þ

where [Q] is the concentration of the antioxidants, KS and KD

are static and dynamic Stern-Volmer constants, respectively.
Eq. 3 predicts that the plot of ((F0/F)-1)/[Q] versus [Q] should
be linear with an intercept of KD + KS and a slope of KDKS.
The static and dynamic quenching constants can be obtained
from the solutions of the quadratic equation. However, for the
data plotted in Figure S1, (F0/F-1)/[Q] versus [Q] is found to
be highly nonlinear. The nonlinear nature of the plots indicates
the involvement of other factors apart from static quenching
and dynamic quenching. To explain the nonlinearity of the
curve, these systems were treated in terms of the Bsphere of
action^ model. In this situation, quenching occurs due to the
quencher being adjacent to the fluorophore at the moment of
excitation. These closely spaced fluorophore-quencher pairs

are immediately quenched, but fluorophore and quencher
do not actually form a ground-state complex. The modi-
fied form of the Stern-Volmer equation which describes
this situation [39]:

F0

.
F ¼ exp Kapp Q½ �� � ð4Þ

in this equation, Kapp is the apparent static quenching constant.
In the present case, the experimental results exhibit a very good
linear relationship between ln (F0/F) and [Q] (Figure S2). The
results suggest that the quenchingmechanisms of ovalbumin by
L-ascorbic acid, procyanidin B3, β-carotene and astaxanthin
are all static quenching at lower concentrations of antioxidants,
but at higher concentrations of antioxidants, predominantly by
the Bsphere of action^ quenching mechanisms.

Binding Parameters

When small molecules bind independently to a set of equiva-
lent sites on a biomacromolecule, the binding constant (Ka) and
the number of binding sites (n) can be derived from the Eq. 5:

log
F0−F
F

¼ logKa þ nlog Q½ � ð5Þ

where F0, F and [Q] are the same as in Eq. 2, Ka is the binding
constant and n is the number of binding sites per ovalbumin
molecule. Figure 4 shows the plots of log (F0-F)/F versus log
[Q] for the five antioxidant-ovalbumin systems at different
temperatures. The calculated binding constants (Ka) and the
number of binding sites (n) are presented in Table 2. For the
five antioxidant-ovalbumin systems, the values of n approxi-
mately equals to 1, indicating that almost one molecular of
antioxidant binds to one molecular of ovalbumin. The values
of Ka for α-tocopherol decreased with increasing temperature,
indicating that the interaction between α-tocopherol and oval-
bumin is getting weak when the temperature rose, resulting in
the reduction of the stability of α-tocopherol-ovalbumin
complex, and the binding reaction between α-tocopherol
and ovalbumin is exothermic. The increasing temperature does
not result in a reduction of the stability of the L-ascorbic
acid/procyanidin B3/β-carotene/astaxanthin-ovalbumin com-
plex, which may indicate forming four stable complexes and

Table 1 The Stern-Volmer quenching constant (KSV), bimolecular quenching constant (kq) and the apparent static quenching constant (Kapp) for the
interaction of L-ascorbic acid, α-tocopherol, procyanidin B3, β-carotene and astaxanthin with ovalbumin at 298 K and pH 7.40

System KSV (L mol−1) kq (L mol−1 s−1) Kapp (L mol−1)

L-Ascorbic acid-ovalbumin (8.021 ± 0.033) × 103 (8.021 ± 0.033) × 1011 (4.342 ± 0.050) × 103

α-Tocopherol-ovalbumin (2.163 ± 0.044) × 103 (2.163 ± 0.044) × 1011 /

Procyanidin B3-ovalbumin (9.264 ± 0.026) × 103 (9.264 ± 0.026) × 1011 (7.023 ± 0.023) × 103

β-Carotene-ovalbumin (1.870 ± 0.026) × 105 (1.870 ± 0.026) × 1013 (1.072 ± 0.044) × 105

Astaxanthin-ovalbumin (1.715 ± 0.032) × 106 (1.715 ± 0.032) × 1014 (1.050 ± 0.034) × 106
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the bindings are all endothermic reactions. These results are
validated by the enthalpy change, as shown in Table 3. The
binding constants of ovalbumin with the five antioxidants are
in the following order as: astaxanthin > β-carotene > L-
ascorbic acid > procyanidin B3 > α-tocopherol at 298 K.
The Ka between ovalbumin and α-tocopherol is in the range
of 103 L mol−1, which is similar to the binding affinity of tea
polyphenol to ovalbumin at pH 7.50 [26]. The values of Ka

between ovalbumin and L-ascorbic acid/procyanidin B3 is
range from 104 to 105 L mol−1 and is comparable with the
purine alkaloids (caffeine, theophylline and diprophylline),
epigallo-catechin 3-gallate and quercetin (104–105 L mol−1)
with ovalbumin [22, 24, 27]. For β-carotene/astaxanthin-
ovalbumin system, from these binding constant values
(105–107 L mol−1), it is clear that the binding of β-carotene
and astaxanthin with ovalbumin is very strong and compara-
ble with ruthenium(II)-bipyridine-tert-butylcalix [4]arene
complexes (105 L mol−1) and oxovanadium(IV)-salen com-
plexes (104–107 L mol−1) with ovalbumin [28, 29]. In addi-
tion, astaxanthin binds ovalbumin in a more firmly way than
the other four antioxidants.

Thermodynamic Parameters and Binding Mode

In general, the essence of most protein–ligand recognition is
non-covalent interactions, such as electrostatic interactions,
multiple hydrogen bonds, van der Waals interactions, hydro-
phobic effect, etc. Intermolecular forces can be explained by
calculating the thermodynamic parameters (free energy
change (ΔG), enthalpy change (ΔH), and entropy change
(ΔS)) of the binding reaction, which can be obtained based
on the binding constantsKa (Table 2) of different temperatures
(293, 298, 303, and 310 K) using the van’t Hoff equation
(Eq. 6) and Gibbs-Helmhotz equation (Eq. 7):

lnKa ¼ −
ΔH
RT

þ ΔS
R

ð6Þ

ΔG ¼ ΔH−TΔS ð7Þ
where Ka is analogous to the binding constant at 293, 298,
303, and 310 K, and R is the gas constant. The enthalpy
change (ΔH) and entropy change (ΔS) can be calculated
from the slope and intercept of the linear van’t Hoff plot
(Figure S3a) of lnKa versus 1/T based on Eq. 6. The free energy
change (ΔG) is then estimated from Eq. 7. Figure S3b illus-
trates the values of the thermodynamic parameters for the in-
teraction of the five antioxidants with ovalbumin at 298 K,

�Fig. 4 The plots of log (F0-F)/F vs. log [Q] for the L-ascorbic acid-
ovalbumin system (a), α-tocopherol-ovalbumin system (b),
procyanidin B3-ovalbumin system (c), β-carotene-ovalbumin system
(d) and astaxanthin-ovalbumin system (e) at four different
temperatures and pH 7.40. The fluorescence emission intensity was
recorded at λex = 280 nm
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while Table 3 shows these values at each studied temperature.
The negative values of free energy (ΔG), as shown in
Figure S3b and Table 3, support the assertion that the binding

processes are all spontaneous. Ross and Subramanian have
characterized the sign and magnitude of the thermodynamic
parameter associatedwith various individual kinds of interaction

Table 2 The binding parameters
for the interaction of L-ascorbic
acid, α-tocopherol, procyanidin
B3, β-carotene and astaxanthin
with ovalbumin at four different
temperatures at pH 7.40

System T (K) Ka (L mol−1) n R a S.D.b

L-Ascorbic acid-ovalbumin 293 2.524 × 104 1.11 0.9924 0.0668

298 3.243 × 104 1.15 0.9968 0.0443

303 6.673 × 104 1.24 0.9974 0.0429

310 1.193 × 105 1.31 0.9986 0.0341

α-Tocopherol-ovalbumin 293 6.480 × 103 1.15 0.9963 0.0393

298 5.986 × 103 1.15 0.9979 0.0295

303 5.550 × 103 1.15 0.9981 0.0285

310 5.170 × 103 1.15 0.9972 0.0346

Procyanidin B3-ovalbumin 293 9.166 × 103 0.98 0.9851 0.0727

298 2.536 × 104 1.10 0.9893 0.0684

303 7.400 × 104 1.21 0.9956 0.0484

310 2.088 × 105 1.33 0.9973 0.0419

β-Carotene-ovalbumin 293 1.892 × 105 0.99 0.9928 0.0503

298 5.346 × 105 1.08 0.9985 0.0252

303 1.421 × 106 1.18 0.9988 0.0241

310 5.659 × 106 1.30 0.9975 0.0388

Astaxanthin-ovalbumin 293 2.690 × 106 1.01 0.9920 0.0536

298 6.719 × 106 1.09 0.9969 0.0356

303 1.994 × 107 1.17 0.9954 0.0467

310 6.016 × 107 1.25 0.9964 0.0441

a R is the correlation coefficient
b S.D. is standard deviation

Table 3 Thermodynamic
parameters for the interaction of
L-ascorbic acid, α-tocopherol,
procyanidin B3, β-carotene and
astaxanthin with ovalbumin at
pH 7.40

System T (K) ΔH (kJ mol−1) ΔG (kJ mol−1) ΔS (J mol−1 K−1)

L-Ascorbic acid-ovalbumin 293 72.51 ± 0.12 -24.49 ± 0.10 331.05 ± 0.08
298 -26.15 ± 0.10

303 -27.80 ± 0.10

310 -30.11 ± 0.10

α-Tocopherol-ovalbumin 293 -10.04 ± 0.07 -21.36 ± 0.06 38.63 ± 0.04
298 -21.55 ± 0.06

303 -21.74 ± 0.06

310 -22.01 ± 0.06

Procyanidin B3-ovalbumin 293 140.13 ± 0.15 -22.36 ± 0.12 554.57 ± 0.11
298 -25.13 ± 0.12

303 -27.91 ± 0.12

310 -31.79 ± 0.12

β-Carotene-ovalbumin 293 150.66 ± 0.21 -29.59 ± 0.16 615.19 ± 0.18
298 -32.67 ± 0.16

303 -35.74 ± 0.16

310 -40.05 ± 0.16

Astaxanthin-ovalbumin 293 139.92 ± 0.09 -36.08 ± 0.06 600.69 ± 0.11
298 -39.08 ± 0.06

303 -42.09 ± 0.06

310 -46.29 ± 0.06
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which may take place in protein association process. IfΔH < 0,
ΔS < 0, the main forces are van der Waals and hydrogen bond
interactions; ifΔH < 0,ΔS > 0, electrostatic effect is dominant;
ifΔH > 0,ΔS > 0, hydrophobic interactions play the main roles
in the binding reaction [40]. So the results indicate that electro-
static force is the main binding force to stabilize the complex of
α-tocopherol-ovalbumin. In addition, the positive entropy (ΔS)
value is frequently taken as a typical evidence for hydrophobic
interaction. Hence, the main intermolecular interactions may
be electrostatic force and hydrophobic interactions in the
binding process of α-tocopherol to ovalbumin. For L-
ascorbic acid/procyanidin B3/β-carotene/astaxanthin-ovalbu-
min system, the positive values obtained for both ΔH and
ΔS indicate that hydrophobic interactions is the major bind-
ing force. But besides that, in all cases, static interaction is
along with covalent binding.

By the Eq. 7, the change of Gibbs free energy (ΔG) is the
comprehensive embodiment of the changes of enthalpy (ΔH)
and entropy (ΔS). The interaction for α-tocopherol and oval-
bumin is synergistically driven by enthalpy and entropy, while
the binding processes of L-ascorbic acid, procyanidin B3, β-
carotene and astaxanthin to ovalbumin are all entropy process.

Investigation of Ovalbumin Conformation Changes

To explore the effect of the five antioxidants on the con-
formation changes of ovalbumin, synchronous fluorescence
measurements, UV-Vis absorption and CD spectra were
performed.

Synchronous fluorescence spectra can supply characteristic
information about the molecular environment in the vicinity of
fluorophore, such as Trp or Tyr [41]. The spectrum is obtained
through the simultaneous scanning of the excitation and emis-
sion monochromators while maintaining a constant wave-
length interval between them. When the wavelength intervals
(Δλ) are stabilized at 15 or 60 nm, the synchronous fluores-
cence gives the characteristic information of Tyr or Trp, re-
spectively [42, 43]. The effects of the five antioxidants on the
synchronous fluorescence spectra of ovalbumin are shown in
Fig. 5. The red shifts of the maximum emission wavelength of
Trp and Tyr residues (Fig. 5a and b, Fig. 5g and h, Fig. 5i and j)
suggest that the interaction of ovalbumin with L-ascorbic
acid/β-carotene/astaxanthin results in a more polar environ-
ment for Trp and Tyr residues, the hydrophobicity is decreased
[22]. With adding of α-tocopherol, the maximum emission
wavelength of Trp is observed to have a blue shift along with
a red shift of Tyr (Fig. 5c and d). This suggests that the hydro-
phobicity of Trp is increased while the hydrophility of Tyr is
increased. For procyanidin B3 (Fig. 5e and f), the maximum
emission wavelengths of Tyr and Trp residues are almost un-
changed during the interaction, suggesting that the polarity
around these residues is retained. In addition, there is a new
emission at around 330 nm of α-tocopherol-ovalbumin system

and procyanidin B3-ovalbumin system at the Δλ = 60 nm,
respectively. The occurrence of this new band on the
interaction of α-tocopherol/procyanidin B3 with ovalbu-
min is probably due to the efficient energy transfer from
ovalbumin to α-tocopherol/procyanidin B3 [44].

From Figure S4a, S4d and S4e, we can see that the curves
of Δλ = 60 nm are all lower than the curves of Δλ = 15 nm,
which leads to the conclusion that Trp plays an important role
during fluorescence quenching of ovalbumin by L-ascorbic
acid,β-carotene and astaxanthin. Possibly, during interactions
L-ascorbic acid, β-carotene and astaxanthin are situated
closer to Trp residues compared to Tyr residues [44].
For α-tocopherol and procyanidin B3 (Figure S4b and S4c),
No significant difference is observed at Δλ = 60 nm and
Δλ = 15 nm. Combining Fig. 2b and c, Conclusion can be
drawn that only Trp is implicated in the fluorescence
quenching for α-tocopherol, and the binding site of
procyanidin B3 on ovalbumin is almost the same distance to
Trp and Tyr residues.

UV-vis absorption technique can be used to explore the
structural changes of protein. The UV-vis absorption spectra
of ovalbumin in the absence and presence of antioxidants are
shown in Fig. 6. Ovalbumin has two absorption peaks, the
strong absorption peak at about 220 nm reflects the framework
conformation of the protein, the weak absorption peak at
about 280 nm appears to be due to the aromatic amino acids
(Trp, Tyr, and Phe) [45]. With adding of L-ascorbic
acid/α-tocopherol to ovalbumin solution, the intensity of the
peak at 220 nm decreases and no obviously shift. The subtle
variation might arise from the disturbance of the microenvi-
ronment around the polypeptide caused by the binding of L-
ascorbic acid/α-tocopherol with ovalbumin. For L-ascorbic
acid, the intensity of the peak at 280 nm increases
(hyperchromic effect) obviously and has blue shift. The result
indicates that the interaction between L-ascorbic acid and ov-
albumin decreases the hydrophobicity of the microenviron-
ment of the aromatic amino acid residues. With adding of
procyanidin B/β-carotene/astaxanthin, the intensity peak of
ovalbumin at 220 nm decreases with a red shift and the inten-
sity of the peak at 280 nm has minimal changes. The results
can be explained that the interaction between procyanidin
B/β-carotene/astaxanthin and ovalbumin leads to the loosen-
ing and unfolding of the protein skeleton.

Circular dichroism (CD) is usually employed to monitor
the conformational changes of protein because of its accuracy
and sensitivity. The CD spectra of ovalbumin in the absence
and presence of the five antioxidants are shown in Fig. 7. Free
ovalbumin has a high percentage of α-helix structure which
shows characteristic strong double minima signals with two
negative bands in the UV range at 208 and 220 nm (Fig. 7).
Both bands are due to n-π* transition of the carbonyl group of
peptide [29]. The binding of the five antioxidants to ovalbu-
min causes only a decrease in negative ellipticity at all
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Fig. 5 Synchronous fluorescence
spectra of ovalbumin in the
presence of different
concentrations of L-ascorbic acid
(Δλ = 60 nm (a) andΔλ = 15 nm
(b)), α-tocopherol (Δλ = 60 nm
(c) and Δλ = 15 nm (d)),
procyanidin B3 (Δλ = 60 nm (e)
and Δλ = 15 nm (f)), β-carotene
(Δλ = 60 nm (g) andΔλ = 15 nm
(h)) and astaxanthin (Δλ = 60 nm
(i) and Δλ = 15 nm (j)) at 298 K
and pH 7.40
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wavelengths of the far-UV CDwithout any significant shift of
the peaks, which clearly indicates the changes in the protein
secondary structure, and a decrease of the α-helix content in
protein [29]. The percentage of α-helix can be calculated
using the following equation [29]:

α−helix %ð Þ ¼ −MRE208−4000
33000−4000

� 100 ð8Þ

where MRE208 is the observedmean residue ellipticity (MRE)
value at 208 nm, 4000 is the MRE of the β-form and random
coil conformation cross at 208 nm, and 33,000 is the MRE
value of the pure α-helix at 208 nm.

MRE208 ¼ Intensity of CD mdegð Þ at 208nm
10Cpnl

ð9Þ

where Cp is the molar concentration of ovalbumin, n the num-
ber of amino acid residues (385 for ovalbumin) and l is the
path length (0.2 cm). The α-helix content of protein was cal-
culated from Eqs.8 and 9. It can be calculated that the native
ovalbumin solution has 33.62 % of α-helix, while α-helix
content of ovalbumin decreases to 31.90 %, 32.23 %,
31.34 %, 29.36%and 28.97 % with the addition of L-
ascorbic acid, α-tocopherol, procyanidin B3, β-carotene and
astaxanthin, respectively. These results indicate that the addi-
tion of the five antioxidants induces the changes of the natural
secondary structure of ovalbumin, which may lead to changes
of the physiological function of ovalbumin.

Fig. 7 Circular dichroism spectra of ovalbumin in the absence and
presence of L-ascorbic acid, α-tocopherol, procyanidin B3, β-carotene
and astaxanthin at 298 K and pH 7.40

�Fig. 6 UV-vis spectra of ovalbumin in presence of different concentrations
of L-ascorbic acid (a),α-tocopherol (b), procyanidin B3 (c),β-carotene (d)
and astaxanthin (e) at 298 K and pH 7.40
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Conclusions

The binding mechanisms of L-ascorbic acid, α-tocopherol,
procyanidin B3, β-carotene and astaxanthin interacting with
ovalbumin were investigated by fluorescence spectroscopy,
UV-vis absorption spectroscopy and circular dichroism (CD)
spectroscopy. Experimental results suggest that the five antiox-
idants can bind to ovalbumin and quench the fluorescence of
ovalbumin. The quenching mechanism of ovalbumin by
α-tocopherol is static quenching. For L-ascorbic acid,
procyanidin B3, β-carotene and astaxanthin, the quenching
mechanisms are all static quenching mechanisms at lower con-
centrations of antioxidants, but at higher concentrations of anti-
oxidants, predominantly by the Bsphere of action^ quenching
mechanisms. The binding constants of ovalbumin with the five
antioxidants are in the following order as: astaxanthin > β-
carotene > L-ascorbic acid > procyanidin B3 > α-tocopherol
at 298 K. The number of binding sites (n) approximately equals
to 1, suggesting that one molecule of antioxidant combines with
one molecule of ovalbumin. By evaluating the thermodynamic
parameters, it is found that the interaction for α-tocopherol and
ovalbumin is synergistically driven by enthalpy and entropy,
and electrostatic interactions and hydrophobic interactions play
amajor role in the reaction. The binding processes of L-ascorbic
acid, procyanidin B3, β-carotene and astaxanthin to ovalbumin
are all entropy process and the major part of the action force is
hydrophobic interactions. Synchronous fluorescence spectros-
copy shows the interaction between L-ascorbic acid/β-carotene/
astaxanthin and ovalbumin decreases the hydrophobicity of the
microenvironment of Trp and Tyr residues. However, the hy-
drophobicity of Trp is increased while the hydrophility of Tyr is
increased in the presence of α-tocopherol. The polarity and
hydrophobicity around Trp and Tyr microenvironment is not
affected by procyanidin B3. In addition, the interaction of α-
tocopherol or procyanidin B3 with ovalbumin has the efficient
energy transfer from ovalbumin to α-tocopherol or procyanidin
B3. The UV-vis absorption suggests that the interaction be-
tween the five antioxidants and ovalbumin leads to the loosen-
ing and unfolding of ovalbumin skeleton. The results of CD
suggest that the five antioxidants indeed exert some influence
on the natural secondary structure of ovalbumin and finally lead
the reduction of the protein α-helix structure.
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