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ABSTRACT: Epigallocatechin gallate (EGCG) has been ascribed to several health benefits, but its bitter taste influences the
liking of products with high concentrations of this compound. β-Casein, in particular, and several gelatins are known as strong
binders of EGCG, contrary to β-lactoglobulin. The current study aimed at relating the EGCG-binding characteristics of those
proteins and their food-grade equivalents to their effects on reducing bitter receptor activation by EGCG in vitro and their bitter-
masking potential in vivo. Also in the bitter receptor assay, β-casein showed the strongest effect, with a maximum reduction of
hTAS2R39 activation of about 93%. A similar potency was observed for Na-caseinate. β-Lactoglobulin had little effect on bitter
receptor activation, as expected based on its low binding affinity for EGCG. The bitter-masking potential of Na-caseinate was
confirmed in vivo using a trained sensory panel. β-Lactoglobulin also slightly reduced EGCG bitter perception, which could not
be directly related to its binding capacity. The bitter receptor assay appeared to be a valid tool to evaluate in vitro the efficacy of
food proteins as complexing agents for masking bitterness.
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■ INTRODUCTION
Epigallocatechin gallate (EGCG) is known to be the most
abundant catechin in green tea (ca. 60% of the total catechins)
and has been ascribed to several beneficial health effects (e.g.,
anticarcinogenic and cardioprotective effects).1 With respect to
taste, tea catechins are known to be astringent and bitter.2 The
mechanism of astringency perception is not yet fully defined
but can be partially attributed to the interaction of EGCG with
salivary proteins. Astringency seems sensorially coupled with
bitterness, although, compared to the latter, it has been usually
reported as a secondary attribute in time−intensity experi-
ments.3,4 On the human tongue, bitter compounds are
perceived by bitter taste receptors, referred to as hTAS2Rs,
which are part of the family of G-protein-coupled receptors.5

To date, 21 hTAS2Rs out of the 25 known have identified
agonists.6,7 Among these, hTAS2R39 has been associated with
taste perception of green tea catechins.8 As evaluated in vitro
with hTAS2R39, EGCG has a two times lower EC50 value
(181.6 μM) compared to its nongalloylated equivalent
epigallocatechin (EGC; EC50 = 395.5 μM). This difference
was confirmed in vivo by a higher perceived bitterness for
EGCG.2,8

Effective health benefits against cardiovascular and metabolic
diseases have been associated with a daily intake of green tea
containing 200−300 mg of EGCG.9 Food products with high
concentrations of EGCG may have off-tastes and consequently
low consumer acceptance.10 Various approaches to modulate
bitterness of bioactive compounds in functional foods have

been described, such as the use of sweeteners, blockers for
bitter taste receptors, and complexation with other compounds.
In the latter approach, cyclodextrins are the most commonly
used carriers while other carriers (e.g., proteins) are seldomly
reported.10−13 A typical example of off-taste reduction in food
is addition of milk to tea, which has been linked to the
interaction of tea catechins with milk proteins3 without
impairing their bioavailability.14 Milk proteins have also been
suggested as carriers for bioactive compounds and, in particular,
thermally induced β-lactoglobulin−EGCG complexes.12,15

In our previous work,16 we investigated the potential of food
proteins as carriers for flavonoids. On the basis of affinities and
binding capacities measured, β-casein and gelatins, in particular,
fish gelatin, were found to be the most promising carriers for
EGCG. One necessary condition for the applicability of those
complexes in food is their effective reduction in bitter taste
perception of EGCG. Bitter receptor activation by flavonoids
can be evaluated in vitro by a cell-based receptor assay.8,17 To
our knowledge, the present study is the first report using such a
setup to evaluate the reduction in activation of bitter receptors
by EGCG after forming complexes with proteins. This primary
approach can help to predict the outcome of sensory panels.
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The aim of the present study was to correlate EGCG binding of
pure β-casein, food-grade caseinates, and several gelatins to the
potential of these proteins for reducing bitterness perception of
EGCG. This was first tested in vitro using a cell-based bitter
receptor assay and then in vivo with a trained sensory panel in
order to evaluate the applicability of those complexes in foods.

■ MATERIALS AND METHODS
Materials. Bovine β-casein (≥98% of total protein), bovine β-

lactoglobulin (≥90% of protein), solid fish gelatin (Gelatin F1) from
cold water fish skin, and gelatin type B (Gelatin B1) from bovine skin
(75 bloom) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Protein contents of the two gelatins were estimated to be ≥90%
as detailed in a previous study.16 Food-grade EGCG (≥94%),
Sunphenon 90LB (>80% catechins including ∼50% EGCG), and
food-grade calcium and sodium caseinates (protein content ≥ 90%, N
× 6.38) were kindly provided by DSM Nutritional Products (Basel,
Switzerland), Taiyo GmbH (Filderstadt, Germany), and DMV
International (Veghel, The Netherlands), respectively. Bovine
Vinoferm gelatin powder (≥85% of protein; N × 5.55), Vinoferm
gelatin liquid (20% (w/v) gelatin (supplier information)), and
Vinoferm Isinglass (fish gelatin, 2% (w/v) protein (supplier
information)) were food grade and purchased from Brouwland
(Beverlo, Belgium). Throughout this study, these gelatins are referred
to as gelatin B2, gelatin B3, and gelatin F2, respectively. Food-grade
BioPURE-β-lactoglobulin (≥90% of total protein) was kindly provided
by Davisco Food International (Eden Prairie, MN, USA). Water for in
vitro tests was obtained from a Milli-Q system (Millipore, Billerica,
MA, USA). Water (Spa Reine, Spadel Group, Brussels, Belgium) for in
vivo tests was obtained from a local supermarket. All other chemicals
were of analytical grade and purchased from Merck (Darmstadt,
Germany).
Assessment of Binding of Proteins to EGCG by Ultra-

filtration (UF Assay). Determination of Binding Parameters of
Food-Grade Proteins for EGCG (UF Assay, Method 1). All samples
were prepared in a 50 mM sodium phosphate buffer, pH 7.0. Protein
stock solutions (0.2 mM) were prepared freshly before each
experiment. For both caseinates, an average molecular mass of 23.3
kDa was calculated from the protein composition in bovine milk.18

Gelatins were prepared at a concentration equivalent to 0.2 mM β-
casein (i.e., 4.72 mg/mL). Similarly, a stock solution of EGCG (6
mM) was used to obtain a range of dilutions between 0 and 6 mM.
EGCG−protein mixtures were prepared and the binding affinities of
each protein toward EGCG measured using an ultrafiltration
microtiter plate setup (Ultracel 10, Millipore, Cork, Ireland) as
described previously.16

The protein-bound and free fractions of EGCG at each
concentration tested were calculated, and plots of the bound fraction
versus the concentration of free EGCG were used to determine the
binding parameters. For each binding curve obtained, a linear
regression was used on the initial linear increase (R2 > 0.8) in order
to estimate the binding affinity (K) of the compounds. A maximal
binding capacity (Rmax) was derived from the plateau value or the
highest bound fraction observed at high phenolic compound/protein
molar ratios. Binding parameters were reported as mean ± standard
deviation (SD) of two replicates.
Determination of [EGCG]free with Increasing Concentrations of

Various Proteins (UF Assay, Method 2). An EGCG stock solution
(0.5 mM) and solutions of proteins with concentrations ranging from
0.013 to 0.2 mM (EGCG to protein molar ratios from 2.5 to 40) were
prepared in a similar way as described above. The concentration of free
EGCG remaining in the mixtures after incubation was determined
using an ultrafiltration microtiter plate setup as described previously.16

In Vitro Assessment of hTAS2R39 Activation by Intracellular
Calcium Release. Activation of bitter receptors was investigated by
the release of intracellular Ca2+ using a fluorescent calcium dye.19

Expression of hTAS2R39 in HEK293 cells and the detailed procedure
for monitoring its activation were performed as reported elsewhere.17

All samples were prepared in Tyrode’s buffer (140 mM NaCl, 5 mM
KCl, 10 mM glucose, 1 mM MgCl2, 1 mM CaCl2, and 20 mM Hepes,
pH 7.4). EGCG stock solution (1 mM) was prepared freshly before
each experiment. Similarly, stock solutions of proteins (0.8 mM) were
used to obtain a concentration range from 0.006 to 0.8 mM. Protein−
EGCG complexes were made in a microtiter plate by mixing protein
solutions 1:1 with EGCG solutions. Controls were made by mixing
EGCG with buffer without proteins. The microtiter plate was
incubated at room temperature under constant shaking (300 rpm,
10 min).

Next, the complexes were loaded (ratio 1:1 (v/v)) in a microtiter
plate containing the cells (final concentrations of EGCG of 0.25 mM
and of protein between 0 and 0.2 mM) and evaluated for their
potential to activate bitter receptor hTAS2R39 at 37 °C with a
FlexStation II 384 (Molecular Devices Corp., Sunnyvale, CA, USA) for
90 s as described elsewhere.17 Prior to addition of the complexes to the
cells, the baseline signal was determined in the first 17 s. Then,
fluorescence signals (excitation 485 nm/emission 520 nm) were
measured until 90 s. As negative control, noninduced cells, which do
not express the hTAS2R receptor, were always measured in parallel.
Additionally, a dose−response curve of EGCG was determined in the
same way by measuring concentrations of EGCG up to 1 mM without
proteins. Measurements were performed at least in duplicate on two or
more different days.

Sensory Analysis. Panelists. The panel consisted of 13 persons
(10 males and 3 females), which were part of a larger sensory panel
familiar to bitterness rating and selected within Unilever R&D
(Vlaardingen, The Netherlands) for their ability to taste and rank
bitterness. Panelists could join each session on a voluntary basis and
participated in at least one of the sessions described below. Panelists
were trained to taste bitterness and rate it on a scale from 1 to 10 using
a known reference (Sunphenon 90 LB). Sunphenon 90 LB was
sensorially close to EGCG as it was mostly bitter with a low
astringency (supplier information).2 The ratings reported were relative
to this EGCG-rich reference and not to pure EGCG. No specific
training was conducted to discriminate between astringency and
bitterness.

Sample Preparation. Proteins (10 g/L) and EGCG (1 g/L) stock
solutions were prepared freshly before each experiment. Compounds
were dissolved in water (Spa Reine), known for its neutral pH and low
content in minerals. EGCG was mixed 1:1 with each protein solution
and incubated at room temperature for at least 10 min. Fifteen
milliliters of each sample was poured into a yellow cup. Colored cups
were used to limit the visual perception of the differences between
samples (e.g., slight haze or color) with or without proteins and thus
limit its possible impact on the choice and rating by the panelists.
Additionally, three solutions of Sunphenon 90 LB were prepared: Two
references known to the panelists (0.3 and 0.8 g/L) and one unknown
to the panelists (0.4 or 0.5 g/L). The former were used as a calibration
for the panelists prior to and throughout each session. The latter was
used by the panelists to check the accuracy of their rating at the
beginning of each session.

Selection of Suitable Food-Grade Proteins for Quantitative
Sensory Analysis. A preliminary session was organized to select food-
grade proteins with the highest potential for bitterness reduction.
Volunteers from the panel (n = 8) were allowed to taste a known
sample with only EGCG (0.5 g/L) and rate it against the references.
Then, each protein−EGCG sample was tasted, described individually,
and subsequently discussed with the other panelists. The group rating
and the most recurrent descriptors were used to select the most
suitable proteins for further experiments.

2-Alternative Forced Choice (2-AFC) Test. EGCG complexed with
Na-caseinate and β-lactoglobulin were evaluated in duplicate against a
control EGCG sample without proteins. The experiment was
conducted on two different days with 12 panelists, and 6 of them
were present on both days (n = 36 per sample). Pairs of samples were
all provided at once to each panelist. In between samples, panelists
were instructed to rinse their mouth with water or milk and eat a piece
of cucumber or plain cracker. For each pair, panelists had to indicate
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which sample was the most bitter and rate the two samples on a scale
from 0 to 10 as described above.
Ranking Test. EGCG (1 g/L) was mixed 1:1 with 4 different

concentrations of Na-caseinate (2, 5, 10, and 15 g/L) and prepared as
described above. Panelists were provided with a series of 5 samples in
duplicate (13 panelists, n = 26 per sample) and instructed to rank
them in order of increasing bitterness and rate them on a scale from 0
to 10 as described above. Series included one control containing only
EGCG (0.5 g/L) and no proteins. The instructions given to the
panelists for rinsing their mouth between samples were the same as for
the 2-AFC test.
Data Processing and Statistical Analysis. For hTAS2R39

activation data, SoftMax Pro 5.4 software (Molecular Devices Corp.)
was used to plot fluorescence signals. Data processing for the
activation curve of hTAS2R39 by EGCG was performed as described
previously.17 Similarly, for EGCG−protein complexes, the fluores-
cence values (ΔF/F0) were calculated by subtracting the baseline
fluorescence (F0) prior to loading from the maximum fluorescence (F)
after addition of the compounds, divided by the signals of the baseline
to normalize to background fluorescence.17 Besides the response of
induced cells, also the response of noninduced cells was measured as
negative control for every compound at every concentration on the
same plate. In cases that a nonspecific signal occurred with ΔF/F0 >
0.25, the corresponding concentration of the protein was not
considered for further calculations. Response of noninduced cells
was subtracted from its corresponding response of induced cells at all
valid concentrations. The activation and decrease of receptor
activation were expressed as percentages relative to the maximum
response measured (i.e., EGCG control) and plotted versus the
protein concentration. Data were reported as the mean value of the
replicates, and error bars represented the standard error of the mean
(SEM).
The dose−response curve of hTAS2R39 by EGCG was fitted with

nonlinear regression curves in Graph Pad Prism (version 4 for
Windows, Graph Pad Software, San Diego, CA, USA). The sigmoidal
dose−response curve model with variable slope corresponded to the
following equation

Δ = + −
+ − −
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F
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1 10 H
0

(log(EC ) log ([ EGCG ]))50 (1)

where B is the bottom plateau value, T the top plateau value,
log(EC50) the log([EGCG]) value at which the response is halfway
between B and T, and H the Hill slope or steepness of the curve. Best-
fit parameters for the activation curve of hTAS2R39 by EGCG were as
follows: B = 0.107, T = 1.531, log(EC50) = −3.793, and H = 1.976.
The aforementioned best-fit parameters and dose−response curve

equation were used to predict the receptor activation (ΔF/F0) which
should be observed based on the concentration of free EGCG
measured in the UF assay, method 2. The theoretical receptor
activation was plotted as percentage of reduction of activation versus
protein concentration using the following equation

= − ×

Δ

Δ

⎛

⎝

⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟
( )

( )
%reduction activation 1 100

F
F i

F
F

250

0

0 (2)

where ((ΔF)/(F0))i is the theoretical receptor activation at
[EGCG]free = i (in μM) and ((ΔF)/(F0))250 the theoretical receptor
activation at [EGCG]free = 250 μM. Data were reported as the mean
value of the replicates, and error bars represented the SEM.
Averages and confidence intervals (95%) from the 2-AFC and

ranking tests were calculated. Significance (p < 0.05) for the 2-AFC
test was determined based on a minimum number of correct
judgments for paired difference using a statistical table reported
elsewhere.20 Significance (p < 0.05) for the ranking test was
determined by Kramer’s rank sum test.21

■ RESULTS
Reduction of Activation of Bitter Receptor hTAS2R39

by Complexing EGCG to Proteins. On the basis of a
previous study on common food proteins binding EGCG,16 β-
casein, β-lactoglobulin, gelatin B1, and gelatin F1 were selected
and tested for their potential to reduce the activation of the
bitter receptor hTAS2R39 by EGCG in a cell-based assay. The
test was conducted at a concentration of EGCG of 250 μM,
which was about the EC70 value (EC50 = 161 μM, Figure 1A)

and provided sufficient signal to clearly observe the effect of the
proteins, as illustrated in Figure 1B. The decrease of hTAS2R39
activation by EGCG with the various proteins tested is reported
in Figure 2. Maximum reductions of receptor activation (as
percentages of reduction of activation from control EGCG
without protein) for protein−EGCG complexes are summar-
ized in Table 1.
Among the four tested proteins, β-casein showed the

strongest concentration-dependent reduction of the receptor
activation by EGCG with a decrease of 93.3(±5.3)% at the
highest measurable protein concentration applied (i.e., 50 μM).
β-Lactoglobulin did not show a clear effect on decreasing the
receptor activation, and relatively high variations between
replicates were observed. Gelatin F1 was found to have the
second strongest reduction of the receptor activation by EGCG
(maximum receptor activation decrease measured of
46.0(±2.6)%), whereas its maximum decrease was reached at
a lower protein concentration than with β-casein. Gelatin B1
did not reduce the activation of hTAS2R39 by EGCG by more
than 23.0(±8.0)% in the measurable protein concentration
range, indicating that it had low potential for masking
bitterness. The slight trend of decreasing receptor activation

Figure 1. Dose−response curve of hTAS2R39 stimulated with EGCG
(A), and example of receptor activation by EGCG (250 μM)
complexed with increasing concentrations of β-casein (●) or Na-
caseinate (○) (B).
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with increasing protein concentrations observed for gelatins B1
and F1, contrary to the clear trend observed for β-casein, might
be caused by the turbidity of these samples, affecting the
accuracy of the measurements. In fact, the presence of insoluble
aggregates might have affected the loading volumes on the cells
and interfered with fluorescence readings. The observations
made for gelatins suggest that a larger proportion of EGCG
remained able to interact with the bitter receptor when
applying gelatins compared to β-casein.
Relationship between hTAS2R39 Activation and

Binding Characteristics of EGCG to Analytical-Grade
Proteins. The binding affinity (K) and maximal binding
capacity (Rmax) of the aforementioned proteins for EGCG were
determined in a previous study16 and are summarized in Table
2. β-Casein and gelatin F1 had similar affinities for EGCG, both
about 2 times and 10 times higher than the ones measured with
gelatin B1 and β-lactoglobulin, respectively. Those affinities
were found to be sufficient to have a strong effect on the

reduction of activation of hTAS2R39 (Figure 2A and 2C). The
limited effect of β-lactoglobulin on the reduction of receptor
activation in the bitter receptor assay is thought to be linked to
its low affinity for EGCG. Even though gelatin B1 had an
intermediate affinity for EGCG, it had a limited effect on the
receptor activation by EGCG, suggesting that a minimum
affinity is required for a significant reduction of receptor
activation. Binding affinity seemed to be a more important
factor than Rmax as gelatin B1 had a higher Rmax than β-casein
but only showed a limited effect on decreasing receptor
activation.
A second ultrafiltration method (UF assay, method 2) was

used to mimic the conditions of the bitter receptor assay (i.e.,
constant [EGCG] and variable [protein]). The concentrations
of free EGCG measured in the UF assay, method 2, were used
to predict the percentage of reduction of receptor activation
using eqs 1 and 2 and compared to the experimental data
obtained. β-Casein was used to evaluate the accuracy of this

Figure 2. Comparison of percentages of reduction of hTAS2R39 activation by EGCG by various proteins measured experimentally with the bitter
receptor assay (●) and predicted with data from the UF assay, method 2 (○) at constant concentration of EGCG (250 μM): (A) β-casein, (B) Na-
caseinate, (C) gelatin F1, (D) gelatin B1, (E) analytical-grade β-lactoglobulin, (F) food-grade β-lactoglobulin.
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approach (Figure 2A). Data derived from the UF assay, method
2, and the bitter receptor assay were in good agreement, with
an underestimation of only 10−20% for the theoretical values
compared to the experimental values.
In contrast to β-casein, the theoretical and experimental

values showed clear discrepancies for gelatin F1 (Figure 2C).
As mentioned earlier, interferences due to aggregates could
explain this observation. In the case of gelatin B1 (Figure 2D), a
limited amount of experimental data points could be matched
but similar trends between the theoretical and experimental
values were observed. The theoretical percentages of reduction
of receptor activation calculated for gelatin F1 are two times
lower than those for β-casein, although their previously
reported affinities for EGCG are similar (Table 2).16 This
shows that affinity is not the only parameter for an efficient
reduction of receptor activation, although it might be a good
first indicator. For example, the flexibility of β-casein and its
ability to form micelles which could entrap EGCG might be
advantageous characteristics compared to the more rigid
structure of gelatins.16,22,23 Summarizing, the bitter receptor
assay was in good agreement with the ultrafiltration assay when
applying a protein with a good binding capacity, such as β-
casein. Discrepancies, however, could be observed when using

proteins forming insoluble aggregates, such as gelatins, or
having a low binding capacity, such as β-lactoglobulin.
In the present study, β-casein was confirmed as a promising

carrier for EGCG in food as its previously reported high
binding affinity and capacity for EGCG could be linked to an
effective reduction of bitter receptor activation by EGCG.

Efficiency of Food-Grade Protein Ingredients to
Complex EGCG. Highly purified proteins are not commonly
used in the food industry and are, in most cases, not
commercially available as food ingredients. Hence, the
analytical-grade proteins were replaced by common food
ingredients containing these proteins (e.g., β-casein replaced
by caseinates). These food-grade proteins were evaluated for
their binding potential for EGCG by the UF assay, and their
binding parameters were compared to the ones of their
equivalent analytical-grade proteins as summarized in Table 2.
A higher concentration of proteins as used in the current assay
(i.e., 100 μM) did not seem to influence the binding affinity as
found for β-casein ((45.0 ± 7.2) × 103 M−1 at 25 μM versus
(43.3 ± 2.2) × 103 M−1 at 100 μM). Ca-Caseinate and Na-
caseinate were considered as an acceptable replacement for β-
casein with good potential for further application. The lower
values obtained for the binding parameters of caseinates
compared to β-casein might be related to their more
heterogeneous protein composition, with a ratio αS1:αS2:β:κ
of about 11:3:10:4 on a molar basis.18 In fact, it has been shown
that α-casein had a two times lower binding affinity for EGCG
compared to β-casein.24

Na-Caseinate was tested for its capacity to reduce hTAS2R39
activation by EGCG (Figure 1B). Although only a narrower
range of protein concentration could be measured due to
nonspecific signals, Na-caseinate showed a similar trend in
receptor activation decrease compared to β-casein at protein
concentrations between 1.5 and 6 μM. Theoretical percentages
of reduction of receptor activation were calculated for Na-
caseinate using the UF assay, method 2, and similar to those
obtained for β-casein (Figure 2B), with a maximum reduction
of 70.1(±1.2)% at a protein concentration of 100 μM
(85.3(±0.6)% for β-casein). Theoretical and experimental
values at Na-caseinate concentrations of 6 and 12.5 μM were
in good agreement. Ca-Caseinate showed the same theoretical
potential of reduction of receptor activation compared to Na-
caseinate using the UF assay, method 2, with a maximum
reduction of 72.0(±0.9)% (data not shown). Hence, Na-
caseinate and Ca-caseinate were confirmed as acceptable food-
grade alternatives to analytical-grade β-casein for reducing
hTAS2R39 activation by EGCG.
Gelatin B2 showed similar binding potential compared to the

model protein gelatin B1, whereas gelatins B3 and F2 displayed
lower binding affinities compared to their analytical equivalents.

Table 1. Comparison of the Bitterness Reduction Potential
of Proteins Evaluated in Vitro and in Vivo (Based On
Preliminary Experiment) at an EGCG-to-Protein Molar
Ratio of 5a

protein grade

% reduction of
activation (cell

assay)

% reduction of
activation (UF

assay)d

reduction
of rating
(in vivo)e

β-casein analytical 93.3 (±5.3) 72.8 (±2.9) n.a.
Na-caseinate food 34.3 (±4.1)b 51.9 (±0.9) 3
Ca-caseinate food n.d. 49.2 (±0.5) 3.5
β-
lactoglobulin

analytical c 5.8 (±2.9) n.a.

β-
lactoglobulin

food c 9.0 (±0.5) 1

gelatin B1 analytical 23.0 (±8.0)b 18.3 (±0.8) n.a.
gelatin B2 food n.d. n.d. 2.5
gelatin B3 food n.d. n.d. 1.5
gelatin F1 analytical 46.0 (±2.6)b 30.6 (±6.5) n.a.
gelatin F2 food n.d. n.d. n.a.f

an.a.: not applicable; n.d.: not determined. bPercentage of the highest
measurable protein concentration in the bitter receptor assay. cNo
clear trend in reduction of receptor activation detected. dPercentages
calculated based on concentrations of unbound EGCG in UF assay,
method 2. eReduction of ratings and percentages calculated using a
bitterness score of 7 for the EGCG reference. fStrong sour taste
overruled bitter taste.

Table 2. Binding Characteristics (affinity, K; maximum binding capacity, Rmax) of Analytical-Grade (taken from previously
published data16) and Food-Grade Proteins (current study) with EGCG by UF assay at pH 7.0, 25 °Ca

analytical-grade proteins K (103 M−1) Rmax (mol/mol) Rmax (g/100g) food-grade protein equivalents K (103 M−1) Rmax (mol/mol) Rmax (g/100g)

β-casein 45.0(±7.2) 19.6(±4.9) 38.1(±9.6) Na-caseinate 22.8(±0.5) 12.8(±0.4) 24.7(±0.7)
Ca-caseinate 24.8(±0.5) 12.7(±0.0) 24.7(±0.1)

β-lactoglobulin 4.5(±2.3) 6.6(±3.7) 16.5(±9.2) β-lactoglobulin 3.6(±0.3) 7.5(±0.3) 14.6(±0.5)
gelatin B1 25.4(±4.1) 31.6(±2.1) 57.8(±3.8) gelatin B2 29.2(±0.6) 16.9(±0.4) 32.8(±0.8)

gelatin B3 6.9(±1.1) 9.8(±1.0) 19.1(±2.0)
gelatin F1 53.3(±1.8) 57.5(±1.8) 43.9(±1.4) gelatin F2 7.8(±0.8) 10.8(±0.7) 21.1(±1.3)

an.d.: not detectable; n.a.: not applicable.
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This difference compared to the model proteins could be due
to variations in the characteristics of the gelatin samples (e.g.,
amino acid composition, average molecular mass). Food-grade
and analytical-grade β-lactoglobulins had similar low binding
affinities (Table 2). As shown in Figure 2 and Table 1, the weak
binding properties of both β-lactoglobulins to EGCG also did
not result in a significant effect in reduction of hTAS2R39
activation. This was also shown by the UF assay, method 2,
with a maximum value in reduction of receptor activation below
15% calculated for both proteins (Figure 2E and 2F).
Sensory Analysis of EGCG Complexed with Proteins.

As summarized in Table 3, various food-grade proteins were
compared in a preliminary sensory experiment for their
potential to reduce bitterness of EGCG at a protein to
EGCG mass ratio of 10, which was equivalent to an EGCG to
protein molar ratio of about 5 using the molecular mass of β-
casein. Ca-Caseinate and Na-caseinate had similar effects on the
taste of EGCG with a reduction of EGCG bitterness rating by
3.5 and 3 units, respectively. The relatively transparent
appearance of Na-caseinate was preferred over the white
color of Ca-caseinate in water for further investigation as it
offers fewer limitations for applications (e.g., in clear
beverages). β-Lactoglobulin had the least effect on the
bitterness reduction of EGCG (1 unit). Therefore, it was
selected as a negative control for further experiments. The three
gelatin samples generally had unpleasant off-tastes, especially
gelatin F2. In addition, gelatins B2 and F2 formed visible
aggregates with EGCG at the molar ratio used. Taken together,
gelatins were considered as unsuitable for further sensory tests
and applications as bitter-masking compounds.
In a 2-AFC test, β-lactoglobulin and Na-caseinate signifi-

cantly reduced the bitter taste of EGCG by 1.4 ± 0.4 and 2.3 ±
0.5 units, respectively (Figure 3). The effect of Na-caseinate on
EGCG bitterness perception was in accordance with the
expectations based on the reduction of hTAS2R39 activation by
Na-caseinate (Figure 2B). A significant, although lower, effect
of β-lactoglobulin on bitterness of EGCG was not expected as
only a limited effect was observed in a preliminary sensory
session (Table 3) and also in the in vitro assays (Figure 2D).
In a ranking test with increasing concentrations of Na-

caseinate, it appeared that the lowest bitterness score (∼4) was
already reached at a concentration of 0.25% (w/v) of Na-
caseinate (Figure 4A). This observation concurs with a sensory

study on olive oil phenolics binding Na-caseinate, for which a
minimum bitterness score was reached with 1% (w/v) protein
and did not decrease further with increasing protein
concentration.25 In the current study, 0.25% (w/v) Na-
caseinate resulted in a bitterness reduction of 3 units compared
to the EGCG reference and the reduction of bitterness ratings
reported at lower EGCG to protein molar ratios remained

Table 3. Sensorial Comparison of EGCG (0.5 g/L)
Complexed with Various Food-Grade Proteins (5 g/L)

protein
pH in
watera rating aspect

taste attributes (other
than bitter)

EGCG control 6.3 7 clear
Ca-caseinate 6.9 3.5 turbid (milk-

like)
milky, astringent

Na-caseinate 6.9 4 slightly
turbid

milky, slightly metallic

gelatin B2 6.0 5.5 visible
aggregates

astringent, burned,
strong off-taste

gelatin B3 4.9 4.5 slightly
turbid

off-taste

gelatin F2 2.6 n.a.b visible
aggregates

very sour

β-
lactoglobulin

6.3 6 clear slight off-taste

apH of EGCG−protein complexes after incubation. bn.a.: not
applicable; strong sour taste overruled the bitter taste.

Figure 3. Comparison of perceived bitterness of EGCG, free (plain
bars) or complexed with Na-caseinate or β-lactoglobulin (hatched
bars), in a 2-AFC sensory test. (*) significant difference (p < 0.05).

Figure 4. Dose−response curve for perceived bitterness of EGCG (0.5
g/L) with increasing concentration of Na-caseinate ((*) significant
difference (p < 0.05)) (A), and comparison of the reduction of
bitterness ratings in vivo (◊) (right y axis) with percentages of
reduction of hTAS2R39 activation by EGCG with Na-caseinate
measured experimentally with the bitter receptor assay (●) and
predicted with data from the UF assay (○) (left y axis) (B).
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between 3 and 3.5 units (Figure 4B). As shown in Figure 4B,
the reduction of bitterness ratings measured in vivo at EGCG
to protein molar ratios of 10 and 25 followed the trend of the
theoretical percentages for the reduction of receptor activation
calculated from the UF assay, method 2. At molar ratios lower
than 10, however, a plateau was observed in vivo while in vitro
theoretical values predicted a continuously increasing percent-
age of reduction of hTAS2R39 activation.

■ DISCUSSION
In Vitro Prediction of Bitterness Reduction Compared

to in Vivo Sensory Analysis. According to the in vitro assays
conducted in this study (Figure 2), the efficacy in reducing
bitterness of EGCG of the food-grade proteins tested should be
ranked as follows: Ca-caseinate/Na-caseinate ≥ gelatins > β-
lactoglobulin. This order was in line with our first sensory
experiment (Table 3), confirming the applicability of our in
vitro approach for screening the potential of food proteins for
bitter masking.
A 2-AFC test demonstrated a decrease of perceived

bitterness of EGCG when complexed to Na-caseinate by 2.3
units. The effect of Na-caseinate on the intrinsic bitterness of
EGCG in vitro at the same EGCG to protein molar ratio (i.e.,
5) was calculated to be a decrease of 50% based on the
concentration of free EGCG after binding measured by
ultrafiltration and related to the activation curve of
hTAS2R39 by EGCG. Although our in vivo and in vitro
results match well, it should be noted that the in vitro assay
does not take account of actors other than hTAS2R39 in the
mouth environment, such as other hTAS2Rs being activated by
EGCG (although their response will also be modulated by
complexation of EGCG to protein) and salivary proteins which
might interact with EGCG and disturb the binding equilibrium.
The intrinsic bitterness is calculated under the assumptions that
hTAS2R39 is the main bitter receptor sensing EGCG, that
complexes remain stable in the mouth, and that the slight off-
taste of Na-caseinate does not influence bitterness ratings. In
addition, a stronger effect of β-lactoglobulin on EGCG
bitterness was observed in vivo compared to the in vitro
experiments. This effect is unlikely to have resulted from its
binding to EGCG nor from a direct interaction of β-
lactoglobulin with the hTAS2R39 receptor, as suggested for
another protein.26 An indirect effect due to the interaction of β-
lactoglobulin with the buccal environment could have
interfered with the bitter perception (e.g., interaction with
saliva and buccal cells).27,28

In this study, a maximum reduction in bitterness of EGCG
was achieved at 0.25% (w/v) of Na-caseinate, although our in
vitro assay predicted a continuous decrease in receptor
activation with increasing protein concentrations (Figure 4B).
This concurs with a model proposed by Pripp et al., which
predicted a minimum bitterness reached at 0.5% (w/v) Na-
caseinate for olive oil phenolics, assuming a binding affinity of
105 M−1.25 The bitter receptor assay complemented with
ultrafiltration appears as an appropriate tool to evaluate the
efficacy of a given macromolecule as a bitter-masking
ingredient, although it tends to overestimate its potential
(Figure 4B). Discrepancies between in vitro and in vivo
evaluation of bitterness have already been reported. For
example, higher threshold concentrations and EC50 values for
bitter hop compounds were found in a sensory test compared
to the taste receptor assay, whereas the ranking in order of
potency for the compounds was the same.29

Bitter Receptor Assay as a Tool To Study Bitterness
Masking by Complexing Agents. It has been shown that a
cell-based bitter receptor assay can be a valuable tool to predict
the intrinsic bitterness of food-related components.8,17,29 In the
present study, we report for the first time its potential in
evaluating the modulation of the intrinsic bitterness of bitter
tastants, e.g., EGCG, by combining them with complexing
agents, such as proteins. Despite some limitations related to the
range of protein concentrations that can be used or the
influence of turbidity on the measurement, challenging
hTAS2R39 with a combination of bitter tastant and protein
allowed rapid identification of good candidates for complexing,
such as β-casein. Proteins were ranked for their efficacy for
reducing receptor activation as follows: β-casein > gelatin F1 ≈
Na-caseinate > gelatin B1 > β-lactoglobulin. This ranking was
in good agreement with findings from a complementary
ultrafiltration assay relating the concentration of free EGCG
with increasing protein concentration to hTAS2R39 activation.
Provided that the hTAS2R activated by the bitter compound

of interest is known, the bitter receptor assay seems to be
promising for discovery of bitter-masking agents. It has been
applied in several instances for high-throughput screening for
so-called bitter blockers, i.e., compounds that act antagonisti-
cally on the bitter receptor of interest.30,31 These blockers are
thought to be rather specific in reducing bitterness, although
their suggested promiscuity (i.e., the bitter blocker inhibits
several hTAS2Rs)31 or their potential agonistic behavior on
other bitter receptors might compromise this idea.32 Besides,
some bitter compounds have been described to activate more
than one bitter receptor, which might call for more than one
blocker for a particular bitter tastant.6,17,29 Therefore, it might
be advantageous to use a more generic approach for masking
bitterness, e.g., by applying complexing agents, such as food
proteins, which do not act directly at the receptor. We have
now shown that the cell-based bitter receptor assay can be used
as a tool to study such complexing agents, given that the
protein is able to bind a significant amount of the bitter tastant.
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