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Introduction

Oxidization increases the binding of EGCG to
serum albumin revealed by kinetic data from label-
free optical biosensor with reference channel}

Beatrix Peter, *1 Andras Saftics, @;t Boglarka Kovacs, @1 Sandor Kurunczi @ and
Robert Horvath @

Epigallocatechin-gallate (EGCG) is the main polyphenol ingredient of green tea. This compound is a strong
antioxidant and oxidizes easily. Numerous studies demonstrated its beneficial effects on the human health,
for example its anticancer and anti-inflammatory activity. In the body, EGCG is transported by serum
albumin. EGCG easily oxidizes and the interactions of the oxidized form presumably present significant
differences. However, the presence of oxidized EGCG is usually neglected in the literature and its effects
have not been investigated in detail. Here, we applied the label-free grating coupled interferometry method
that performs dual-channel measurements. The measured kinetic signal can be compensated with a signal
of a reference channel at each measurement time. By testing both hydrophilic and hydrophobic platforms,
we found that EGCG can bind to a wide range of surfaces. Exploiting the dual-channel referencing ability as
well as the unique sensitivity and throughput of the employed label-free technique, the experiments
revealed the specific interactions between bovine serum albumin (BSA) and EGCG and determined the
characteristic dissociation constant (Ky) of the binding equilibrium. The obtained binding constants were
compared to literature values, showing reasonable agreement with NMR data. Besides the native EGCG, the
oxidized form of EGCG was also examined, whose binding behaviors to serum albumins have never been
studied. Overstoichiometric binding obtained; BSA has stronger and weaker binding sites, which could be
characterized by two separate Ky values. Furthermore, EGCG oxidization increased the bound amount.

EGCG solution alters from colorless at around pH 7 to yellow
at higher pH regions.”® Its major oxidation products are thea-

Green tea infusion is from the unfermented leaves of Camellia
sinensis. The main ingredient of this popular drink is the
most studied polyphenol, epigallocatechin-gallate (EGCG).
Numerous studies have demonstrated its beneficial effects on
human health. For example its anti-cancer, anti-inflammatory,
anti-cardiovascular, anti-metastasis and antioxidant activity
have been established in many publications."™ It is well
known that tea polyphenols have antioxidant activities."
Among these ingredients, EGCG is the most effective in react-
ing with ROS (reactive oxygen species)."” It has been demon-
strated that EGCG and other catechin compounds are unstable
at pH above 7 (neutral and alkaline conditions) and at high
temperature, furthermore, it has been also shown that EGCG
dimerizes and oxidizes facilely."*® The color of the aqueous
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sinensin A (molecular weight 914 Da) and another dimer with
molecular weight of 884 Da.*” These dimers can be further
transformed to other chemicals, supposedly polymers."”

In the body, EGCG is transported by serum albumin.?
According to some studies, it has been suggested that the
binding to plasma proteins - BSA (bovine serum albumin)
and/or HSA (human serum albumin) - stabilizes EGCG, inhi-
bits its oxidation in vivo, and masks its reactivity during trans-
port through the bloodstream.®° Thus, the cells can be pro-
tected from EGCG-induced cell death, and may allow effective
delivery of the intact bioactive compound to target tissues
without collateral damage.®* ' EGCG can bind to certain cellu-
lar proteins as well, such as caspase-3, poly (ADP-ribose) poly-
merase (PARP), a-tubulin, Bcl2 proteins, vimentin, insulin-like
growth factor receptor 1 (IGF1R), tyrosine-protein kinase fyn
(FYN), glycine-rich RNA-binding protein 8 (GRPS8), zeta-chain-
associated protein kinase 70 (ZAP70), Ras-GTPase-activating
protein-binding protein 1 (G3BP1), peptidyl-prolyl cis/trans iso-
merase (Pin1), signal transducer and activator of transcription
1 (STAT1), and 67 kDa laminin receptor (67LR).'>'" In some
cases, the binding has important biological consequences and
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activates signaling pathways. For example, EGCG increased the
viscosity of salivary mucin®'? and caused gelation and precipi-
tation as well."'* Recent studies showed that this compound
inhibits protein aggregation and efficiently blocks the
amyloid-fibril formation of amyloidogenic proteins (hunting-
tin, a-synuclein and amyloid-p) involved in Huntington’s,
Parkinson’s and Alzheimer’s diseases.””'**® Furthermore,
experiments on animal models suggest that drinking tea may
decrease the incidence of dementia."”'> Additionally, it has
neuroprotective and neurorescue activities in cellular and
animal models of neurological disorders."'®> The biological
activities of EGCG are mediated through the binding to the
cell surface receptor 67LR."'® The obstructive effect of the
compound on tumor cell proliferation is exerted through its
binding to 67LR and altering signaling pathways."”

In case of BSA, in silico docking analysis showed that BSA
had stronger affinity to EGCG than other proteins.'
Furthermore, the green tea polyphenol induces a confor-
mational change in the protein BSA.®

The binding between BSA and EGCG was investigated pre-
viously mainly by labelling techniques, for example propidium
iodide (PI) exclusion test, immunofluorescent staining, fluo-
rescent quenching, western blot or other methods, such as
nuclear magnetic resonance (NMR), circular dichroism (CD),
size exclusion chromatography (SEC)*'*'®2' etc. A label-free
technique, the quartz crystal microbalance with dissipation
monitoring (QCM-D) was also applied to reveal the adsorbed
mass, thickness and viscoelastic properties of EGCG adlayer
on BSA surface at different EGCG concentrations, sodium chlor-
ide concentrations, temperatures and pH values.”* It was
suggested previously that EGCG binds to BSA both by hydrogen
bonds and  hydrophobic interactions and  forms
complexes.®'%'#2% According to a former study with QCM-D,?*
the adsorption isotherm of EGCG on BSA layer could be better
described by the Freundlich model than the Langmuir model,
showing that EGCG adsorption on BSA is dominated by nonspe-
cific hydrophobic interactions.** Furthermore, EGCG adsorption
reveals that hydrogen bonding might be also involved in EGCG
adsorption on BSA surfaces.”” The driving force of hydrophobic
interaction may be attributed to the respective nonpolar struc-
ture of the polyphenol.>* The hydroxyl groups of EGCG may
form hydrogen bonds with H-acceptor sites on BSA, due to their
proton-donating potential.*>** Change of pH and salt concen-
tration can also influence the adsorption process, and the
adsorbed EGCG molecules may act as bridges to let BSA mole-
cules aggregate with each other.”>**** However, water coupled to
BSA are driven out during polyphenol adsorption.*****> Higher
adsorbed mass of EGCG on BSA causes an increase in both vis-
cosity and shear elastic modulus of the polyphenol adlayer.>*

However, all of these investigations neglected the oxidized
form of EGCG, except Kusuda and co-workers, who revealed that
the oxidation of EGCG contributed to the formation of more
stable complexes of EGCG and BSA.*° Our previous work showed
that EGCG and oxidized EGCG (hereafter ox. EGCG) form multi-
layers on poly(i-lysine)-grafi-poly(ethylene glycol) (PLL-g-PEG) and
its Arg-Gly-Asp (RGD) functionalized form (PLL-g-PEG-RGD).>®
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EGCG has been already studied by applying different
optical label-free biosensors. Optical biosensors are especially
suitable where label-free high-resolution kinetic data are
needed for the analysis of surface adsorption processes.””*®
The demonstrated high sensitivities enable the analysis of
small molecules.?*** For example, the adsorption process and
the subsequent HeLa cell adhesion onto PLL-g-PEG and PLL-g-
PEG-RGD coatings were monitored by applying a multicompo-
nent system with the label-free Epic BT resonant waveguide
grating biosensor.”® This publication highlighted the fact that
in general, the significance of the oxidized form is neglected
in other previous studies®® and the description of the EGCG
sample preparation is also deficient (freshly created or not,
storage conditions, etc.) in former literature. Later, it was
demonstrated that the temporal evolution of the adhesion
process was largely affected by pre-exposing the HeLa cells to
various concentrations of EGCG.>** Using the Epic BT tech-
nique, the shape of the cell adhesion kinetic curves were
employed to quantify in vitro cell viability in a fast, cost-
effective, and highly sensitive manner.**** The adsorption pro-
perties of EGCG-mucin complexes®®®” as well as EGCG
binding to PLL-g-PEG and PLL-g-PEG-RGD polymer coated sur-
faces® were studied by applying optical waveguide lightmode
spectroscopy (OWLS).

In this study, another label-free technique, the grating
coupled interferometry (GCI)**™** was chosen, to reveal the
interactions of both EGCG and the rarely investigated ox.
EGCG with BSA. In general, interferometric biosensors have
several advantages including high sensitivity and ease of
integration.>****° The present instrument has a leading level of
sensitivity superior to surface plasmon resonance (reliable kine-
tics below 1 pg mm™2, according to the manufacturer’’). The
capabilities of the device can be exploited in the drug discovery
industry, especially in weak binding small molecule drugs, large
drug targets, binding analysis at low concentrations and slow
dissociation kinetics, among others.*” Thus, it is especially
suited to study small molecule interactions in a real-time and
label-free manner. The further advantages compared to other
ones are the robust microfluidics and crude sample robustness
normally only achieved with plate-based assays.*’

Our current work aimed to explore non-binding reference
surface chemistries for EGCG analysis. EGCG and ox. EGCG
can easily bind to proteins with high affinities through hydro-
gen bonding.'*® As demonstrated in our previous work,
EGCG and ox. EGCG adsorbed even onto the strongly anti-
fouling PLL-g-PEG coating as well.*® Therefore, in the present
work, we planned to reveal the binding of EGCG to BSA on
hydrophilic and hydrophobic surfaces using the GCI tech-
nique. Another scope of this study was to understand the
binding kinetics of EGCG. The employed high-throughput GCI
setup Creoptix WAVE applies dual-channel measurements
where the measured signal can be compensated with a refer-
ence channel signal at each measurement point. Exploiting
this feature, our measurements allowed for the quantification
of the specific binding and the dissociation constant (Kg)
value of the BSA and EGCG/ox. EGCG interaction.

This journal is © The Royal Society of Chemistry 2019
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Materials and experimental methods
Materials

The buffer which was continuously flowed over the sensor
surface (so-called running buffer) was prepared by adding
20 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
(HEPES, Sigma-Aldrich) to Hank’s balanced salt solution
(HBSS, Sigma-Aldrich). The pH was adjusted to pH 7.0 with
1 mM NaOH. 3% dimethyl sulfoxide (DMSO) was also added
to the solution.

EGCG powder (Sigma Aldrich) was dissolved in running
buffer in different concentrations. To get ox. EGCG solu-
tion, the liquid was placed into water bath for 90 min at
60-70 °C.*°

Lyophilized BSA (Sigma Aldrich) was dissolved in running
buffer to get BSA solution at 1 mg ml~" concentration.

Grating coupled interferometry (GCI) measurements

Working principle of GCI. In a typical GCI device two light
beams are coupled into a planar optical waveguide through
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two grating regions. The first beam, coupled into the wave-
guide through the first grating, passes through the sensing
region of the waveguide. The beam, and thus also the coupled
mode, is phase modulated using a square wave voltage driven
liquid crystal modulator (LCM). The second beam is coupled
in through the second grating, which also combines the two
modes excited by the parallel beams (joins the two arms of the
interferometer). Consequently, a periodic interference inten-
sity signal is detected by a suitable photodetector and analyzed
further. During the experiments, biomolecules adsorbing on
the surface of the waveguide within the sensing region affect
the phase of the propagating mode. This phase shift is pre-
cisely determined by analyzing the periodic interference
signal.*®**> To demonstrate the capabilities of this method,
evaluated kinetic data were added to the ESIf about the
binding of furosemide to carbonic anhydrase (CAII) protein,
which is a widely employed reference system of kinetic
measurements.

Chip conditioning and coating. The experiments and in situ
monitoring of the binding events were performed using the
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Fig. 1 The GCI instrument is on the left side (middle). The interior part of the appliance is magnified with a green frame. Here, the components
(autosampler pump valve, autosampler pump, needle, sample rack) of the autosampler system and their layout is clearly seen (left side, above). The
instrument applies a sensor chip (WAVEchip, bottom left corner). The sensor chips used in the WAVE instrument have two channels (bottom right
corner); one for measuring the interaction between the immobilized bioreceptor and the analyte (measuring channel, channel 1) and one for sub-
tracting the channel 1 signal by a reference signal (reference channel, channel 2). In our case, BSA was immobilized on channel 1 surface, while

channel 2 remained unmodified.

This journal is © The Royal Society of Chemistry 2019
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Creoptix WAVE (Creoptix AG, Switzerland) GCI instrument.*$*?
The instrument has a temperature-controlled autosampler
system (see Fig. 1) which enables to measure a number of
samples in one experiment. Different types of WAVEchips
(obtained from Creoptix AG, Switzerland) were used in the
measurements, such as PCP (thin polycarboxylate functionali-
zation, quasi-planar surface, hydrophilic), PCP-L (quasi-planar
polycarboxylate coating with lipid anchors, hydrophobic) as
well as Ta,0s. Based on our preliminary experiments performed
on the above surfaces, PCP chips were chosen for the profound
analysis of EGCG-BSA interaction.

We have to emphasize that it is difficult to find a
reference surface or other protein which does not bind EGCG.
According to our results, EGCG binds practically to any
surfaces, it adsorbs to oxide type native chip surfaces
(bare Ta,Os chip surface) and it also coats hydrophobic
surfaces (PCP-L chip surface, see ESIt). BSA has several sites
which can form hydrogen bonds with water and potentially
bind EGCG. More the surface is anti-fouling (water-like) it
binds more EGCG.>¢

After conditioning with borate buffer (0.1 M sodium
borate pH 9.0, 1 M NacCl), subsequent injections of running
buffer were performed (startup cycles) in order to stabilize
the baseline signal. The BSA was deposited on channel 1
surface at 1 mg ml~" concentration, while channel 2 was used
as the reference channel, providing the reference signal (see
Fig. 1). The irreversibly deposited BSA amount was at a
surface density of around 540 pg mm™>. After several injec-
tions, the sample EGCG solutions were injected in different
concentrations (lowest concentration: 0.533 pM, highest:
17.5 mM, dilution factor: 2, number of dilutions: 12, repli-
cates: 2). Sample depletion was negligible in this configur-
ation. In order to correct the measured data for the difference
in how the bulk refractive index is sensed, DMSO calibration
with different concentrations of DMSO solutions was
additionally performed. The need of this correction orig-
inates from the fact that the reference channel does not have
the ligand protein (in this case BSA) and, therefore, it is more
sensitive to the changes of refractive index of the solution
(also called missing volume effect in literature*®), data
adjustment and correction (DMSO calibration and DMSO-
correction, baseline-correction, X (time)-offset elimination) as
well as analysis of the given data were carried out using the
Creoptix WAVEcontrol software.

Analysis of biosensor data. Basically, the adjusted data were
evaluated with two different models. The first model supposes
only one EGCG-binding site on the BSA (in the WAVEcontrol
evaluation program given as 1:1 kinetic or hereafter homo-
geneous binding site model). The other one considers two
binding sites with different affinities (in the WAVEcontrol evalu-
ation program given as heterogeneous ligand or hereafter hetero-
geneous binding site model). Both the kinetic curves and equi-
librium curves were used for the determination of Ky values.
The adsorbed mass recorded at 55 min of the association
section of the binding experiments was used for further ana-
lysis. Additionally, the Hill model was also used to evaluate the
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data in terms of the number of available binding sites on the
BSA molecules:

ch

R fna

(1)
where R is the obtained response signal (mass) values for sep-
arate concentrations, R,y is the maximal response value for a
given analyte concentration and c is the analyte concentration.
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Fig. 2 Results of typical BSA-EGCG binding experiments. The
measured data were evaluated using the WAVEcontrol built-in homo-
geneous binding site model. (A) Adsorbed surface mass values of EGCG
at concentrations of 0.533 pM, 2.18 mM and 17.5 mM performed on PCP
WAVECchips. Blue line: adsorption onto BSA-coated surface (channel 1);
red line: adsorption onto reference channel surface without BSA
(channel 2). (B) EGCG adsorption isotherm on BSA surface. (C) Surface
mass — log(concentration) curve used for the determination of Ky. The
data (two replicates are shown at each concentration) were fitted by the
homogeneous binding site equilibrium model.
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The h parameter equals to 1.0 when a monomer binds with
non-cooperativity to one site. When it is greater than 1.0, the
receptor or ligand has multiple binding sites with positive
cooperativity. This means that the binding of a ligand makes
further binding easier. % is less than 1.0 when there are mul-
tiple binding sites with different affinities for the ligand or
when there is a negative cooperativity meaning that binding of
a ligand inhibits the binding of further ligands.

The Hill model evaluation was performed by the GraphPad
Prism 7 (demo version) software.

Results and discussion
BSA-EGCG interaction, related to literature data

Prior to the BSA-EGCG binding experiments, first the non-
specific binding capabilities of various chip surfaces were
tested employing EGCG solutions. We found that EGCG can
bind to all of the tested surfaces at a similar level. For details,
see ESL.T

Typical surface mass curves obtained on the binding of
EGCG are plotted in Fig. 2A. According to our measurements
on the reference channel, significant signal could be observed
on surfaces without BSA coating, demonstrating the strong
adsorption of EGCG even on antifouling surfaces. However,
owing to the reference channel measurements, the reference-
corrected differential data could be efficiently used for the
kinetic and equilibrium evaluations.

As Skrt et al. used a single binding model to evaluate the
BSA-EGCG interaction,”® we also applied a homogeneous
binding site model to fit our data in order to calculate Ky. The
results of the equilibrium analysis can be seen in Fig. 2B and C.
Furthermore, based on the NMR and isothermal titration
calorimetry (ITC) results of Eaton et al.” who identified two
binding sites with different affinity, we evaluated our data
using a heterogeneous ligand model, supposing two types of
differently interacting binding sites on BSA. According to our
analysis based both on the kinetic and equilibrium analysis, it
was found that supposing homogeneous binding sites on the
EGCG, the Ky is in the 1.4-1.7 mM range. Considering binding
sites with different affinities, two types of binding sites could
be identified: one with K4 value of 1.7-8.6 mM and one with
0.085-0.087 mM.
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To compare our results with reference Ky, the found litera-
ture K4 values of BSA-EGCG interaction are summarized in
Table 1, but given as the original data found in the literature
and expressed in mM. It is important to emphasize that the lit-
erature values vary in a wide range and data with several order
of magnitude differences are typical. Also, the Ky values
strongly depend on the applied determination method. It
should be highlighted that our Ky results are closest to the
NMR and ITC measurement data.’

BSA-ox. EGCG interaction

Typical surface mass curves obtained on the binding of ox.
EGCG are plotted in Fig. 3A, and the evaluated kinetic and equi-
librium results can be seen in graph B and C. In our previous
study, we found that a higher amount of ox. EGCG can adsorb
onto PLL-g-PEG and PLL-g-PEG-RGD surfaces compared to fresh
EGCG.?® Here, we observed a similar phenomenon, that a
higher amount of ox. EGCG adsorbed on the BSA surface.

Based on the homogeneous binding site model evaluations,
K4 values of 1.0-1.9 mM were determined (note, however, that
the binding was overstoichiometric). Using the heterogeneous
binding site model, also as for fresh EGCG, a weaker and a
stronger binding sites were found (a weaker with Ky; =
1.8-6.5 mM and a stronger with Ky, = 0.039-0.13 mM). In our
previous study, we found that the ox. EGCG molecules are pri-
marily in dimer or oligomer form with higher polymerization
degrees in their aqueous solutions.”® Thus, if we consider a
higher molecular weight for the analyte EGCG (e.g. twice or
three times of the original 458 Da molecular weight) the deter-
mined K4 data using the same 458 Da molecular weight
should represent apparent values. Therefore, lower actual Ky
values and stronger interactions are suggested between the ox.
EGCG and BSA (the obtained Ky values should be halved).
Based on the above considerations and the obtained Ky data, it
can be concluded that ox. EGCG molecules have higher affinity
to BSA than fresh EGCG.

Our results also show that the K4 values provided by the
kinetic evaluation are in the same range as the equilibrium
evaluation emphasizing the potential of measuring the kine-
tics of interactions by the GCI technique. The measured
kinetic data related to multiple concentrations as well as the
fit of the data with the homogeneous and heterogeneous

Table 1 Comparison of our determined Ky values with data originating from previously published studies on BSA—EGCG interactions

Reference Technique

Data as found in the literature Literature data expressed in mM

Eaton, 2017° Nuclear magnetic resonance (NMR)

Eaton, 2017° Isothermal titration calorimetry (ITC)
Zinellu, 2014*°
Chandra, 2012°°
Skrt, 2012%*
Zhang, 2016"°

Affinity capillary electrophoresis (ACE)
Fluorescence quenching

Fluorescent emission spectrometry
Docking analysis

Ka, =19 pM 1.90 x 107% (Kq,1)
Kq, =40 mM 4.00 x 10" (Kq,)
Kq, =21.6 uM 2.16 X 107° (Ky,1)
Kqp =22 mM 2.20 X 10" (Kq.,)
K, =3.68x10*M™" 2.72 x107?

Ky, = 4.00 x 10° M ! 2.50 x 1072
K,=14.0x10°M™" 217 x 1072

AG = —10 kcal mol™ 4.68 x107°

Data indications are the followings: Ky: dissociation constant (K4 ; or Kq, refers to the dissociation constants of two separate binding sites), Kp:
binding constant (reciprocal to Kg), AG: Gibbs free energy change accompanying the binding event.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Results of typical BSA—ox. EGCG binding experiments performed
on PCP WAVEchips. The measured data were evaluated using the
WAVEControl built-in homogeneous binding site model. (A) Adsorbed
surface mass values of ox. EGCG at concentrations of 0.533 pM,
2.18 mM and 17.5 mM. Blue line: adsorption onto BSA-coated surface
(channel 1); red line: adsorption onto reference channel surface without
BSA (channel 2). (B) ox. EGCG adsorption isotherm on BSA surface. (C)
Surface mass — log(concentration) curve used for the determination of
Kyq. The data (two replicates are shown at each concentration) were
fitted by the homogeneous binding site equilibrium model.

binding site kinetic models are shown in Fig. 4. According to
the fit evaluations, the quality of the fit was better in case of
the heterogeneous model (see 4> error function values of fits in
figure caption).

Consideration of multiple binding sites, Hill model evaluation

Comparing the measured maximal response value (Rmax) With
an expected response that corresponds to the case when one
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Fig. 4 Fitting the adjusted and reference-corrected data with the
homogenous (A) and heterogeneous (B) kinetic models in case of ox.
EGCG. The individual red curves represent separate association and dis-
sociation phases obtained at different ox. EGCG concentrations. The
green arrow indicates the direction of concentration increase: the top
curve corresponds to the highest ox. EGCG concentration (17.5 mM),
while the curves underneath correspond to lower concentrations fol-
lowing a decreasing concentration order: 17.5 mM, 8.73 mM, 4.36 mM,
2.18 mM, 1.09 mM, 0.546 mM, 0.273 mM, 0.136 mM, 68.2 uM, 34.1 uM,
17.1 pM, 8.52 pM, 4.26 pM, 2.131 pM, 1.07 pM, 0.533 pM. Only the
17.5 mM, 8.73 mM as well as 0.273 mM concentrations are marked at
the maximal signal value. Replicated measurements are not shown.
22 error function values representing the quality of fit: homogeneous
model (lower value represents a better fit): 7.5 pg mm™2, heterogeneous

model: 5.8 pg mm™2,

BSA molecule binds one EGCG or ox. EGCG, we calculated the
number of EGCG and ox. EGCG molecules bound by one BSA
molecule. The number of bound EGCG and ox. EGCG/BSA can
be seen in Table 2. Additionally, the K4 values resulted from
the evaluations are also included in the table. It is important

This journal is © The Royal Society of Chemistry 2019
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Table 2 Summary of data obtained on the binding of EGCG and ox. EGCG to BSA. Note that in case of ox. EGCG, EGCG molecules are mostly in
dimerized form (the shown apparent K values of ox. EGCG should be halved)

Homogenous binding site

model Heterogeneous binding sites model
Kinetic Fit Equilibrium
Measured Bound Kinetic fit ~ Equilibrium
Rmax (pg mm™>)  EGCG/BSA K4 (mM) Kq (mM) Ky (mM)  Kgqp (mM)  Kgq; (mM)  Kg, (mM)  Hill coeff.
EGCG 134 35 1.4 2.0 1.7 0.085 8.6 0.087 0.50
ox. EGCG 240 63 1.0 1.6 6.5 0.13 1.8 0.039 0.91

oxidized EGCG
h =0.91+0.08
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Fig. 5 Fitting of EGCG and ox. EGCG data points with the Hill model.
The obtained Hill coefficient values (h) are less than 1.0 indicating mul-
tiple binding sites.

to note that considering the deposited BSA amount and sub-
sequently bound EGCG one can safely suggest that there are
multiple binding sites on each BSA molecule for EGCG
(35 and 63 EGCG and ox. EGCG molecules/BSA, respectively).
Thus, the Hill model that fits the Hill coefficient (also known
as Hill slope, i) was also used for the evaluation.

As a result of Hill equation fits, we obtained Hill coefficient
values less than 1.0 both for EGCG (k = 0.50 + 0.04) and ox.
EGCG (h = 0.91 + 0.08). Based on these outcomes, we suggest
that there are multiple binding sites on the BSA. After the
stronger binding site saturates, other EGCG molecules bind to
weaker sites, which means that the binding of an EGCG ligand
inhibits the binding of further EGCG molecules. The fitted
curve is plotted in Fig. 5.

Conclusions

In this work, we have presented a quantitative characterization
on the interaction of the polyphenol EGCG and its poorly
studied oxidized form (ox. EGCG) with BSA protein using a
highly sensitive label-free optical biosensor (GCI). This tech-
nique enables to collect reference-corrected kinetic data about

This journal is © The Royal Society of Chemistry 2019

molecular binding events. As the data obtained on the refer-
ence channel revealed, EGCG (and also ox. EGCG) adsorbs to
all types of chip surfaces at around the same level, indepen-
dently on the hydrophilicity/hydrophobicity of the chip sur-
faces. This is an important information for those who are
studying this molecule. The comparison of the measured and
expected R, values revealed that BSA has several binding
sites for capturing EGCG, the binding is overstoichiometric.
According to our results, one BSA molecule is able to bind up
to 35 EGCG or 63 ox. EGCG molecule, respectively. Using the
Hill model for evaluating the equilibrium data, the obtained
h parameters confirmed that there are multiple binding sites
(7 < 1). The binding of the first EGCG molecule has an inhi-
bition effect on further EGCG binding. Based on the kinetic
and equilibrium analysis, in case of using a homogeneous
binding site model, the K4 values characterizing the EGCG/ox.
EGCG-BSA interaction were in the mM range. The applied
heterogeneous binding site model revealed that BSA has stron-
ger and weaker binding sites, which could be characterized by
two separate K4 values (one in the mM range and one in the
107>-10"" mM range, respectively). Our data have shown that
more ox. EGCG bound to the BSA than fresh EGCG. This
observation is similar to the behavior of EGCG/ox. EGCG on
PLL-g-PEG coatings.?® It can be concluded that without using
reference-correction, the above phenomena could not be
revealed. The presented method could be extended to various
types of analytes and ligands, also using various reference sur-
faces with wide range of surface chemistries. The above results
also highlight the importance of polyphenol oxidization in
conjunction with their transport properties in the body.
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