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The binding processes of thearubigin, which is one of the two major polyphenols (the other one is
theaflavin) that gives black tea its characteristic color and taste, to the bovine serum albumin (BSA)
surface have been investigated by quartz crystal microbalance with dissipation monitoring (QCM-D).
The mass and thickness of the thearubigin adlayer on BSA surfaces at various thearubigin
concentrations, salt concentrations, and pH values have been determined by QCM-D using the Voigt
model. Our results show that the adsorption isotherm of thearubigin on the BSA surface can be
better described by the Langmuir model than the Freundlich model, suggesting that the thearubigin
adsorption on the BSA surface is dominated by specific interactions, such as electrostatic interaction
and hydrogen bonding, as evidenced by the stronger thearubigin adsorption at pH below the isoelectric
point (pI) of BSA and shifts in the positions of both amide bands in the FTIR spectra of the BSA
surface with and without thearubigin adsorption. The addition of salt can also influence the thearubigin
binding to BSA surfaces. The salt concentration-enhanced effect at a salt concentration lower than
0.1 M is explained as that an increase of salt concentration can screen the electrostatic repulsion to
a larger extent than the electrostatic attraction between thearubigin and BSA. On the other hand,
when the salt concentration is higher than 0.1 M, both electrostatic repulsion and attraction can be
significantly screened by the higher salt concentration, resulting in the salt concentration-reduced
effect. However, when the salt concentration is further increased to 0.4 M, the addition of thearubigin
may promote the formation of a certain type of complex with BSA, resulting in the increases of both
thickness and mass of the thearubigin adlayer.
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INTRODUCTION

Tea refers to the plant Camellia sinesis, its leaves, and the
extracts and infusion thereof. Tea, consumed by over two-thirds
of the world’s population, is now the second most popular
beverage, next only to water (1). Black teas and green teas are
the two main types, defined by their respective manufacturing
techniques. Polyphenols, in particular the catechins, are the most
significant group of tea components (2, 3). During the production
of black tea, the fermentation (enzymatic oxidation) processes
cause green tea catechins to oxidize and polymerize to form
oligomeric flavanols, including theaflavins, thearubigin, and
other oligomers (4). Theaflavins and thearubigin are two main
polyphenols that give black tea its characteristic color and taste
(5). The structure of thearubigin, the most abundant phenolic
fraction in black tea with molecular weight ranging from 1000

to 40000, has not yet been well characterized (6). Recent studies
show that black tea polyphenols have numerous health benefits,
including the prevention of chronic diseases such as cancer and
cardiovascular diseases (7–12).

Tea polyphenols have been reported to interact with proteins.
Epigallocatechin-3-gallate (EGCG), the most abundant catechin
in green tea, was found to bind to salivary proline-rich protein,
which may be responsible for the astringency tastes of
tea (13, 14). The interactions between EGCG and proline-rich
protein take place because the A and D (gallate group) rings of
EGCG interact with proline (15). The interactions can be either
reversible or irreversible, depending on pH, temperature, and
the concentration of either protein or flavonoid (2). Some studies
reported that the interactions between polyphenols in tea and
proteins might lead to the loss of bioavailability of polyphenols
and their antioxidant capacity (16). Previous results showed the
reduced risk of coronary heart disease in subjects drinking black
tea alone, but no beneficial effects were observed in subjects
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consuming black tea with milk (16). Arts et al. reported that
casein had negative effects on the antioxidant capacity of green
tea and black tea polyphenols (2a).

The aim of this paper is to understand the mechanism
involved in the intermolecular interactions between black tea
thearubigin and bovine serum albumin (BSA), which is a
globular protein which functions biologically as a carrier for
fatty acid anions and other simple amphiphiles in the blood-
stream (17). One BSA molecule contains 583 amino acids in a
single polypeptide chain with a molecular weight of about 66000
(18). Quartz crystal microbalance (QCM) is an extremely
sensitive mass sensor capable of measuring the mass changes
of a material at the level of 0.4 ng/cm2. The detection signals
and calculated adsorbed mass in the conventional QCM are
solely based on the assumption that the changes of the
fundamental frequency of piezoelectric is proportional to the
change of adsorbed mass on the surface of the quartz crystal
calculated from the classical Sauerbrey equation (19). However,
it is now known that the changes of the fundamental frequencies
of quartz crystals depend not only on the mass adsorbed on the
quartz crystal surfaces but also on other factors, such as
temperature and viscoelastic properties of the adlayers (20). In
many systems involving biomolecules, the adsorbed film is not
rigid, making the Sauerbrey relation invalid. A film that is “soft”
(viscoelastic) will not fully couple to the oscillation of the
crystal, which dampens the crystals oscillation. The conventional
QCM has limits for precise mass detection in the liquid
environment because the mass obtained is very often underes-
timated (21, 22). The improved QCM with dissipation monitor-
ing, also called QCM-D, has been shown to provide a better
tool to investigate viscoelastic soft materials since it also takes
into account the energy dissipation factor (23). Previously,
conventional QCM was used to monitor the binding kinetics
between bovine serum albumin and tannic acid (24). Very
recently, we employed QCM-D to study the interactions between
(-)-epigallocatechin gallate (EGCG) and the bovine serum
albumin (BSA) surface (25). Our results showed that the EGCG
adsorption on the BSA surface was dominated by nonspecific
hydrophobic interaction.

As an extension of our previous work on EGCG, we will
further explore the effect of polyphenol structure (i.e., the
charge-containing polyphenol like thearubigin) on polyphenol
binding to the BSA surface. In this paper, QCM-D is used to
monitor the binding of black tea thearubigin to the BSA surface
in real time, where BSA is chemically immobilized on the gold-
coated quartz crystal surface. The adsorbed mass, thickness of
the thearubigin adlayer on the BSA surface at various thearu-
bigin concentrations, pH values, temperatures, and salt concen-
trations are determined by a combination of QCM-D and the
Voigt model. A novel mechanism regarding the effects of salt
concentration on the binding of thearubigin to BSA is proposed.

MATERIALS AND METHODS

Materials. Bovine serum albumin (BSA, g98% pure by gel
electrophoresis) was purchased from Sigma Chemical Co. (St. Louis,
MO) and used without further purification. 11-Mercaptoundecanoic acid
(11-MUA) (Aldrich, St. Louis, MO), N-hydroxysuccinimide (NHS)
(Aldrich), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC) (Sigma), acetic acid (Aldrich), sodium acetate (Fisher, Fair
Lawn, NJ), ammonium hydroxide (NH4OH) (VWR, West Chester, PA),
hydrogen peroxide (H2O2) (Aldrich), sodium chloride (NaCl) (Fisher),
and absolute ethanol (Fisher) were all used as received. The buffers
used were acetate buffers of 0.001, 0.01, 0.1, 0.15, 0.2, and 0.4 M at
pH 4.9 and 0.01 M at pH 3, as well as sodium phosphate buffer of
0.01 M at pH 7.

Preparation of Thearubigin. Five grams of black tea water-soluble
powder (a gift from Unilever Co., Englewood Cliffs, NJ) was dissolved
in 200 mL of water. It was extracted with 200 mL of ethyl acetate for
three times. The water layer was then extracted with 200 mL of butanol
for three times. The combined butanol extract was dried using a rotary
evaporator under vacuum. Thearubigin (1.2 g) was obtained. The
possible dimeric structure of thearubigin proposed by Haslam (5) to
account for its color and acidity is shown in Figure 1. The extracted
thearubigin was then dissolved in 0.01 M acetate buffer at pH 4.9 to
prepare thearubigin solutions with concentrations of 0.002%, 0.005%,
0.02%, 0.032%, 0.08%, 0.15%, and 0.30%, respectively.

Preparation of the BSA Surface. AT-cut gold-coated quartz crystals
(fundamental frequency of 5 MHz) were purchased from Q-Sense AB
(Sweden). The immobilization of BSA on the gold-coated quartz crystal
surface was carried out using the procedure modified from a previously
published paper (26). Gold-coated quartz crystals were first cleaned in
an UV/ozone chamber for 10 min, followed by immersion in a 1:1:5
mixture of ammonium hydroxide (NH4OH, 25%), hydrogen peroxide
(H2O2, 30%), and Milli-Q water for 5 min at 75 °C, and finally cleaned
in an UV/ozone chamber for another 10 min These gold-coated quartz
crystals were then rinsed with a large quantity of Milli-Q water, dried
with nitrogen gas (N2), and subsequently soaked in 10 mM 11-
mercaptoundecanoic acid (11-MUA)/absolute ethanol solution at 60
°C for at least 24 h. The excess amount of 11-MUA was rinsed off
with absolute ethanol, and the modified quartz crystal surfaces were
dried under N2 flow. Just before the immobilization of protein, 11-
MUA-coated quartz crystal surfaces were activated by a mixed solution
containing 1:1 (v/v) of 100 mg/mL 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and 100 mg/mL N-hydroxysuccin-
imide (NHS) in Milli-Q water for 1 h. The solution of 10 mg/mL BSA
in phosphate buffer (pH 7.0) was used to incubate the activated surfaces
at 4 °C for at least 24 h. The quartz crystal surfaces were finally rinsed
thoroughly by phosphate buffer, followed by Milli-Q water, and dried
under N2 flow.

FTIR Measurements. The infrared spectra of BSA-modified quartz
crystal surfaces before and after thearubigin adsorption were collected
with a Thermo Nicolet smart apertured grazing angle (SAGA) accessory
operating at the grazing angle of incidence of 80°. Both ATR and
grazing angle measurements were carried out using a Fourier transform
infrared spectrometer (Thermo Nicolet 670, Madison, WI). The
resolution was set to 4 cm-1, and 1024 scans were collected for each
sample.

QCM-D Measurements. The interactions between thearubigin and
the BSA functionalized quartz crystal surface were studied using a
commercial QCM-D apparatus (Q-Sense AB, Sweden) with a Q-Sense
D300 electronic unit. A polypropylene pipet tip connecting to the
temperature-controlled chamber was initially filled with the specific
buffers studied. By opening the valve, distilled water was exchanged
in the QCM-D chamber via the gravitational flow. After a stable baseline
was established, polyphenol solutions in water were exposed to the
BSA-modified crystal surface. At the same time, the adsorption was
monitored as a function of time by recording the shifts in both frequency
(∆F) and energy dissipation (∆D) simultaneously at the fundamental
resonant frequency along with the third, fifth, and seventh overtones

Figure 1. Possible dimeric structure of thearubigin proposed by Haslam
(5) to account for its color and acidity.
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until the steady state of the adsorption was reached. The long-term
stability of the frequency was within 1 Hz, and this drift was negligible
compared to the frequency shifts due to the adsorption.

Traditionally, Sauerbrey mass was calculated from the Sauerbrey
equation (19):

M)- C
n

∆F (1)

∆F, M, and n represent the frequency change, adsorbed mass per unit
area, and overtone number, respectively. C is the mass sensitivity
constant (17.7 ng/cm2 Hz). The Q-Sense software determines the
resonance frequency and the decay time τ0 of the exponentially damped
sinusoidal voltage signal over the crystal, and the dissipation factor D
can be obtained from the equation:

D) 1
πf0τ0

) 2
ωτ0

(2)

where f0 is the resonance frequency and τ0 is the decay time.

RESULTS AND DISCUSSION

Effect of Thearubigin Concentration. The typical adsorption
process of thearubigin on the bovine serum albumin (BSA)
surface was monitored in real time by simultaneously measuring
resonance frequency shifts (∆F) and energy dissipation shifts
(∆D). Panels a and b of Figure 2 show ∆F and ∆D changes as
a function of time upon the addition of 0.032% thearubigin at
pH 3.0 and in 0.01 M acetate buffer solution. The ∆F values
obtained at three different overtones (n ) 3, 5, 7) were
normalized by their overtone number. The arrows indicate the
injection time of the thearubigin solution (t1) and several times
of rinsing with buffer solutions (t2, t3), respectively. Right after
the injection of the thearubigin solution, there is a rapid decrease
in ∆F and a marked increase in ∆D, followed by a more gradual

change in ∆F and ∆D until the steady state is reached. The
adsorption of thearubigin on the BSA surface consists of
reversible and irreversible adsorption processes. We use the data
that were obtained after two times of rinsing to explain the
reversible adsorption process. During the rinsing processes (t2,
t3), the small amount of adsorbed thearubigin mass decreased,
as indicated by the small increase in ∆F. At the same time,
∆D decreased slightly, suggesting that the thearubigin molecules
were loosely adsorbed on the BSA surface, and the loss of the
small amount of thearubigin molecules made the thearubigin
adlayer more rigid. Although the reversible thearubigin adlayer
can be washed out by the buffer rinsing processes, the
irreversible adsorption may be the main driving force that causes
the loss of antioxidant activities of thearubigin. The irreversible
adsorption of thearubigin on the BSA surface is mainly caused
by specific interactions, such as hydrogen bonding and elec-
trostatic interaction, and will be discussed in detail in the
following sections of this paper.

The Sauerbrey equation is in fact derived from uniform
ultrathin rigid films with material properties indistinguishable
from those of the quartz crystal. For an ideal rigid film, the
ratios of the frequency shift with the overtone number (∆Fn/n)
at different overtones should be overlapped with each other
(∆F3/3 ) ∆F5/5 ) ∆F7/7). However, a film that is “soft”
(viscoelastic) will not fully couple to the oscillation of the quartz
crystal, which dampens the crystal’s oscillation. Therefore, the
Sauerbrey equation will no longer be valid in the calculation
of the adsorbed mass and thickness. Viscoelastic propertiy
changes in the adsorbed materials on the electrode surface would
create additional frequency shifts besides the ones due to the
mass load on the electrode surface (27). The decreases in ∆F
and the increases in ∆D indicate the mass increase of the
adsorbed thearubigin adlayers and the formation of loose
thearubigin adlayers on the BSA surface, respectively.

By taking into account the viscoelastic properties of the
system, the Voigt model can allow a more accurate estimation
of mass changes using QCM-D responses (28). In this model,
∆F and ∆D of an adsorbed layer can be concisely expressed
using the equations:

∆F ≈- 1
2πF0h0[η3

δ3
+ h1F1ω- 2h1(η3

δ3
)2 η1ω

2

µ1
2 +ω2η1

2]
(3)

∆D ≈ 1
πfF0h0[η3

δ3
+ 2h1(η3

δ3
)2 η1ω

2

µ1
2 +ω2η1

2] (4)

where F0 and h0 are the density and thickness of the crystal,
respectively, η3 is the viscosity of the bulk fluid, δ3 [)(2η3/F3ω)1/2]
is the viscous penetration depth of the shear wave in the bulk
fluid, F3 is the density of the bulk fluid, and ω is the angular
frequency of the oscillation. Here, four unknown parameters
of the adsorbed layer including the thickness, density, viscosity,
and elastic shear modulus are represented by h1, F1, η1, and µ1,
respectively. Because the adsorbed layer exhibits different
penetration depth of harmonic acoustic frequencies, ∆F and ∆D
are measured simultaneously at the fundamental resonant
frequency along with the third, fifth, and seventh overtones. As
a result, up to eight experimental values of ∆F and ∆D are
available. The Q-Sense software, which is based on the Voigt
model, has been used to model the responses at the third, fifth,
and seventh overtones during the process of thearubigin

Figure 2. (a) Frequency shift (∆F) and (b) energy dissipation shift (∆D)
induced by the adsorption of 0.032% thearubigin acetate buffer solution
at pH ) 3.0 and I ) 0.01 M on the bovine serum albumin-coated quartz
crystal surface. ∆F and ∆D are measured simultaneously at three
overtones (n ) 3, 5, 7) and normalized by their overtone number. The
arrows indicate the time for the injection of thearubigin molecules (t1)
and two times of rinsing steps (t2 and t3).
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adsorption on the BSA surface and provides the mass and
thickness of the adsorbed thearubigin adlayer on the BSA
surface.

Figure 3 displays the time-resolved frequency shifts (∆F)
for the fifth overtone upon the addition of thearubigin solutions
of different concentrations (ranging from 0.005% to 0.15%) onto
the BSA surface at pH 4.9 and 0.01 M acetate buffer solution.
With the increase of the thearubigin concentration, ∆F increases,
suggesting the increase of adsorbed mass on the basis of the
Sauerbrey equation. To obtain a more precise picture of
thearubigin adsorption behaviors, the thearubigin adsorbed mass
and the thickness of the thearubigin adlayer, based on the Voigt
model, were calculated and shown in Figure 4. Increasing
thearubigin concentration from 0.002% to 0.300% leads to
increases in both thickness (i.e., from 2.1 to 11.3 nm) and mass
(i.e., from 134.7 to 711.1 ng/cm2) of the adsorbed thearubigin
adlayer.

The equilibrium of adsorption is a fundamental property of
the solute-surface interaction because the adsorption process
will continue until a thermodynamic equilibrium of the solute
concentration is reached. The equilibrium at a given temperature
is usually presented with an isotherm, which is the plot of
the mass of the adsorbed solute versus the solute concentration.
The adsorption isotherm is useful in predicting the performance
of an adsorption system. Either the Langmuir isotherm or the

Freundlich isotherm may be used to describe the adsorption
isotherm of thearubigin onto the BSA surface, which can be
determined from the changes of the adsorbed mass of thearu-
bigin against thearubigin concentration. The Langmuir model
assumes that (1) the adsorbed layer should be a monolayer, (2)
there are finite numbers of identical adsorption sites on the
surface, and (3) the adsorption ability of a solute to each of
these sites is independent of the occupation of neighboring sites
(29). This model is useful when there are strong specific
interactions between the surface and the adsorbate. The driving
force for the adsorption is the concentration of the solute, and
the Langmuir isotherm can be described by the equations (29):

M)
MmKC

1+KC
(5)

C
M

) 1
KMm

+ 1
Mm

C (6)

where C is the concentration of the adsorbate solution, M is
the amount of adsorbate on the adsorbent, K is a direct measure
of the intensity of the adsorption process, and Mm is a constant
related to the area occupied by a monolayer of adsorbate,
reflecting the adsorption capacity. The experimental data of
thearubigin adsorption on the BSA surface give a satisfactory
fit to the Langmuir model with a correlation coefficient of
0.9735, as shown in Figure 5 (top), indicating that the Langmuir
model can be used to describe the thearubigin adsorption on
the BSA surface. Mm, which indicates the absorption capacity,
and K, which reflects the intensity of adsorption process, can
be estimated from the slope and intercept of the plot of C/M
versus C/Mm and are equal to 690 ( 51 ng/cm2 and 38.0 (
5.6, respectively.

For comparison, we also fit the thearubigin adsorption
isotherm with the Freundlich model, which can be described
as

M)KfC
1⁄n (7)

The results of Kf and n estimated from the fitting to eq 7 are
975 ( 97 and 3.23 ( 0.42, respectively. The fit to experimental

Figure 3. Time-dependent frequency shifts (∆F) for thearubigin adsorption
on BSA-modified quartz crystal surfaces for thearubigin solutions of various
concentrations: (a) 0.005%; (b) 0.02%; (c) 0.032%; (d) 0.08%; (e) 0.15%.
The thearubigin solutions were prepared in 0.01 M acetate buffer at pH
) 4.9.

Figure 4. Changes of mass and thickness of the thearubigin adlayer on
BSA surfaces at various thearubigin concentrations: (a) 0.002%; (b) 0.005%;
(c) 0.02%; (d) 0.032%; (e) 0.08%; (f) 0.15%; (g) 0.30%. The thearubigin
solutions were prepared in 0.01 M acetate buffer at pH ) 4.9.

Figure 5. Adsorption isotherm of thearubigin onto the BSA surface fitted
to the Langmuir model (top) and the Freundlich model (bottom).
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data using the Freundlich model is less satisfactory compared
with the Langmuir model, as shown in Figure 5. The Freundlich
model is an empirical model and predicts infinite adsorption at
infinite concentration. At low thearubigin concentration, al-
though the distribution of thearubigin on the BSA may not be
homogeneous due to the broad molecular weight dispersity of
thearubigin, which ranges from 1000 to 40000 Da, the better
fit of the thearubigin adsorption isotherm using the Langmuir
model rather than the Freundlich model may indicate that the
thearubigin adsorption onto the BSA surface is mainly governed
by specific and strong interactions, and the Langmuir adsorption
process may be less disturbed by the heterogeneity of binding
of thearubigin on the BSA surface. Thearubigin is a polar
molecule containing a large amount of hydroxyl groups as well
as some carboxyl groups, which can form specific and strong
interactions with BSA molecules through both hydrogen bonding
and electrostatic interaction. However, at higher thearubigin
concentration, large molecules may occupy more than one
adsorption site than small ones. Two competing effects, the
heterogeneity of the thearubigin molecules bound on BSA
surface and the specific interactions between thearubigin and
BSA, may cause good fits of the data by the Freundlich model
at higher thearubigin concentration.

To prove the existence of hydrogen bonding between the
adsorbed thearubigin molecules and BSA surfaces, FTIR spectra
of BSA surfaces with and without the thearubigin adsorption
were collected, as shown in Figure 6. The FTIR spectrum of
the pure BSA surface displays two characteristic bands at 1666
and 1546 cm-1. The 1666 cm-1 (amide I) band arises
predominantly from the protein amide CdO stretching vibra-
tions, and the 1546 cm-1 (amide II) band is due to the amide
N-H bending vibrations and C-N stretching vibrations (25).
The positions of amide bands I and II in the thearubigin-
adsorbed BSA surface show a remarkable shift from 1667.3 to
1561.3 cm-1 (∆νj ) 106.0 cm-1) and from 1536.0 to 1445.2
cm-1 (∆νj ) 90.8 cm-1), respectively, after thearubigin adsorp-
tion. The significant peak position shifts observed in the amide
I and amide II bands may be attributed to hydrogen bonding
between thearubigin and BSA molecules, suggesting that the
hydrogen bonding may occur between the phenolic hydroxyl
groups in thearubigin and the functional groups (i.e., amide
groups) of the BSA.

Our previous studies on EGCG binding to the BSA surface
suggest that the main driving force between them is through
hydrophobic interaction, which can be verified by temperature-
dependent QCM-D measurements for 20 mM EGCG at 25, 30,
and 35 °C (25). In that case, a higher adsorbed EGCG mass is
found at the higher temperature. Here we have also carried out
temperature-dependent QCM-D measurements for the adsorption

of 0.032% thearubigin solution on the BSA surface. However,
we find that, even at temperatures below the critical denaturing
temperature of BSA (i.e., 60 °C), the increase of temperature
actually decreases the amount of both thickness and mass of
the thearubigin adlayer, as shown in Figure 7a. This result
indicates that the hydrophobic interaction is not the dominant
factor associated with the binding between thearubigin and BSA,
simply because the hydrophobic interaction usually increases
with the increase of temperature (31), which is opposite to the
experimental results obtained regarding the changes of the
adsorbed mass and thickness of thearubigin with temper-
ature.

Effect of pH. To investigate the possible role of electrostatic
interaction involved in the binding between thearubigin and BSA,
in addition to the experiments performed at pH 4.9, we also
conducted QCM-D measurements at pH values of 7.0 and 3.0,
where BSA carries negative and positive charges, respectively. The
mass and thickness of the adsorbed thearubigin adlayer on the BSA
surface at pH 7.0, 4.9, and 3.0 are compared in Figure 7b. As
discussed above, the hydrophobic interaction, even at the isoelectric
point (pI) of BSA, is not the dominant factor for thearubigin
adsorption. The significantly higher or lower adsorbed thearubigin
mass and thickness at pH 3 or 7 suggest that the electrostatic
interaction between BSA surface charges and charges existing in
thearubigin plays a significant role in their interactions. At pH 3,
the maximum adsorbed thearubigin mass and thickness indicate
the existence of strong electrostatic attraction between the positively
charged BSA surface and the negatively charged thearubigin
molecules. On the other hand, the minimum adsorbed thearubigin
mass and thickness at pH 7 may arise from the electrostatic
repulsion between the negatively charged protein surface and the
negatively charged thearubigin molecules. One notes from the
possible dimeric structure of thearubigin molecules shown in
Figure 1 that thearubigin molecules carry a negatively charged
carboxyl group (5).

Effect of Salt Concentration. To further understand the nature
of interactions between thearubigin and BSA, we also studied the
effects of salt concentration on the binding of thearubigin molecules
on BSA surfaces. Figure 7c displays the changes of adsorbed mass
and thickness of the thearubigin adlayer on BSA surfaces as a
function of salt concentration. At pH 4.9, when the acetate buffer
concentration increases from 0.001 to 0.100 M, both adsorbed mass
and thickness increase. On the other hand, as the salt concentration
increases above 0.1 M, both adsorbed mass and thickness decrease.
These results indicate that salt concentration has complex effects
on the electrostatic interaction between protein BSA and thearu-
bigins. Similar salt concentration effects were also observed in the
electrostatic interaction between some proteins and certain
polyelectrolytes (32, 33).

The protein molecules are essentially amphoteric polyelectro-
lytes, containing both positive and negative charges. Therefore,
there simultaneously exist electrostatic attraction and electrostatic
repulsion between the charges in protein molecules and thearubigin
molecules. The electrostatic attraction and electrostatic repulsion
may be related to the average distance between the protein’s
positive sites and thearubigin’s negative sites (R+), the average
distance between the protein’s negative sites and thearubigin’s
negative sites (R–), and the Debye length (Rd) through the equation:

U)-
Qp

2ε (Q+

R+
e-R+/Rd -

Q-

R-
e-R-/Rd) (8)

where U is the potential energy for the electrostatic interaction,
Qp is the charge of thearubigin associated with the protein
molecule which contains Q+ positive charges and Q– negative

Figure 6. FTIR spectra of the pure BSA surface (dashed line) and the
BSA surface with adsorbed thearubigin molecules (solid line).
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charges, and ε is the dielectric constant. If Q+, Q–, R+, and R–

are independent from salt concentration (I), the increase of salt
concentration leads to Coulombic screening through influencing
Rd (Rd ≈ 0.3/I1/2). During the thearubigin adsorption on the BSA
surface, at lower salt concentrations, there may be R+ < Rd <
R–, and the increase of salt concentration is mainly to screen
the electrostatic repulsion but not disturb the electrostatic
attraction between thearubigin and the BSA surface. Conse-
quently, the total interactions will be enhanced with increasing
salt concentration. This salt concentration-enhanced effect thus
increases the thearubigin adsorbed mass on the BSA surface
when I increases from 0.001 to 0.1 M. On the contrary, when
I is above 0.1 M, there may be Rd < R+ < R–, and the added
salt can screen both electrostatic attraction and repulsion
significantly owing to the higher salt concentration. Therefore,
the increase in I beyond 0.1 M leads to the gradually reduced
amount of thearubigin molecules adsorbed on the BSA surface.
However, when I is further increased to 0.4 M, the addition of
thearubigin may promote the formation of a certain type of
complex with BSA, resulting in an increase in the amount
of thearubigin adsorbed on the BSA surface.

CONCLUSION

In summary, the adsorption of thearubigin molecules on the
BSA surface was monitored in real time through the simulta-
neous measurements of the shifts in both resonance frequency
and energy dissipation using QCM-D. The adsorbed thearubigin
masses and thicknesses under different physicochemical condi-
tions, such as thearubigin concentration, temperature, pH, and
salt concentration, were calculated using the Voigt model. Our

results suggest that specific interactions, such as electrostatic
interaction and hydrogen bonding, are the dominant forces in
thearubigin-BSA interactions. There are electrostatic attraction
and repulsion between BSA protein and thearubigin. The
maximum and minimum interactions between thearubigin and
BSA occur at pH below and higher than the pI of the protein,
suggesting the existence of strong electrostatic interaction
between the negatively charged thearubigin carboxyl group and
either positively charged or negatively charged BSA molecules
depending on the pH. The existence of electrostatic interaction
is also confirmed by the complex salt concentration effects: the
adsorbed mass and thickness of the thearubigin adlayer estimated
from the Voigt model confirm that the adsorption of thearubigin
on the BSA surface is favored by the increase of salt concentra-
tion from 0.001 to 0.1 M. Further increase of salt concentration
from 0.1 to 0.2 M hinders thearubigin adsorption and causes
the formation of a thinner thearubigin adlayer. Hydrogen
bonding is another dominant force in the thearubigin-BSA
interactions, as evidenced by the large BSA band position shifts
for both amide I and amide II before and after thearubigin
adsorption in FTIR spectra. The adsorption isotherm for
thearubigin adsorption on BSA can be better described by the
Langmuir model than the Freundlich model. This research will
help us to better understand the mechanism that controls the
polyphenol binding to proteins and can be extended to studies
of bindings between drugs and receptor proteins.
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