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digestion in bread: the effects of polyphenol type
and gluten†
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The inhibitory effect of tea polyphenols on starch digestibility can contribute to the control of the glycae-

mic index of starchy food. In this study, wheat bread and gluten-free bread were co-digested in vitro with

different amounts of tea polyphenols. The kinetics of starch digestion and polyphenol bio-accessibility

during in vitro digestion were monitored. The results showed that co-digestion of bread with tea polyphe-

nols dose-dependently slowed the starch digestion kinetics and this effect is influenced by the types of

polyphenols and the presence of gluten. The presence of gluten lowered the inhibitory efficacy of tannins

on starch digestibility to 7.4% and 47.5% when 25 mg of tannins were co-digested with wheat bread and

gluten-free bread, respectively. In contrast, the presence of gluten had little impact on the inhibitory

efficacy of monomeric polyphenols. This study shows that the release of tea polyphenols in the digestive

environment is a promising strategy for controlling the glycaemic index of starchy food and that mono-

meric and polymeric tea polyphenols differently affect starch digestion according to the presence of

gluten.

1. Introduction

The number of people affected by type 2 diabetes is growing
worldwide.1 The control of the postprandial glucose level is
critical for diabetic patients. This could be achieved by the inhi-
bition of α-amylase and α-glucosidase, the two key digestive
enzymes that convert starch to glucose.2 Some antidiabetic
drugs, such as acarbose, miglitol, and voglibose can substan-
tially inhibit α-amylase and α-glucosidase, but they often cause
side effects.3 However, studies report that the inhibition of
starch digestive enzymes can also be achieved, to certain extent,
by compounds present in our diet, such as polyphenols.4

Among polyphenols, tea polyphenols have received con-
siderable attention because of their health benefits like anti-
inflammatory and anti-oxidant effects as well as management
of diabetes.5 Green tea and black tea are two of the most
popular hot beverages in the world. Green tea is non-fermen-
ted tea in which the most abundant polyphenol is epigallocate-
chin gallate (EGCG).2 Black tea is fermented tea, and its
distinctive polyphenols are theaflavins and thearubigins.6

Theaflavins have benzotropolone structures and therefore give

a red colour to a black tea infusion and thearubigins are poly-
meric polyphenols.7

Previously, the inhibitory effect of tea polyphenols on diges-
tive enzymes has been characterized by determination of the
half inhibition concentration (IC50), kinetics of inhibition, and
fluorescence quenching to further explain the inhibition type
and mechanism.8 Most studies tested the inhibition in a
simple reaction system (a simple mixture of a digestive enzyme
and a substrate), ignoring the influence of the interactions
among polyphenols, digestive enzymes, starch and other food
components on starch digestibility.

In this study, wheat bread and gluten-free bread were
chosen as model starchy foods. Green tea and black tea were
chosen as sources of polyphenols. Wheat bread and gluten-
free bread were co-digested with tea extract to simulate a meal
having bread and tea simultaneously. The kinetics of starch
digestion and polyphenol bio-accessibility during in vitro
digestion were monitored. Then, the influence of gluten on
the inhibitory efficacy of polyphenols on starch digestibility
and bio-accessibility of polyphenols was discussed. To further
explain the different behaviours of monomeric polyphenols
(catechins) and polymeric polyphenols (tannins), polymeric
fractions were separated from black tea extract and were inves-
tigated for their impact on starch digestibility. Finally, the
breakdown of the bread matrix after co-digestion with poly-
meric fractions was investigated.
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2. Materials and methods
2.1 Materials

Green tea, black tea, wheat flour (11.4% moisture, 73% starch,
11% gluten, 1.6% fat and 2.2% fibre), gluten-free flour
(AmiFoods, 12.5% moisture, 86% wheat starch, 0.21% protein,
0.02% fat and 0.05% fibre), and dry yeast were purchased from
the local supermarket.

Polyphenol standards including catechin (C), epicatechin
(EC), epigallocatechin (EGC), gallocatechin (GC), catechin
gallate (CG), epicatechin gallate (ECG), gallocatechin gallate
(GCG), epigallocatechin gallate (EGCG), theaflavins (TF1), thea-
flavin-3-gallate (TF2A), theaflavins-3′-gallate (TF2B), theafla-
vins-3,3′-gallate (TF3), pepsin (4268 units mg−1), porcine pan-
creatin (P7545; 4XUSP specifications; amylase activity 40 units
mg−1), amyloglucosidase (P300 units mL−1), porcine α-amylase
(A4268, 1096 units mg−1), wheat gluten, bovine serum
albumin (BSA), sodium dodecyl sulfate (SDS), triethanolamine
(TEA) and ferric chloride were purchased from Sigma-Aldrich
(St Louis, MO, USA). Trifluoroacetic acid, acetonitrile, metha-
nol and absolute ethanol were of HPLC grade. All other chemi-
cals were of analytical grade.

2.2 Experimental design

In this study, wheat bread and gluten-free bread were co-
digested with different amounts of green tea extract, black tea
extract and polymeric fractions from black tea extract. Starch
digestibility, bio-accessibility of polyphenols, the interactions
of polyphenols with nutrients and the breakdown of the bread
matrix during digestion were investigated.

2.3. Tea extract preparation and separation of the polymeric
fractions

The extract of tea polyphenols was prepared according to a pre-
vious method with some modifications.9 Ten grams of green
tea and black tea samples were extracted with 100 mL of absol-
ute methanol for 30 min using ultrasound equipment
(Sonication, China) at room temperature. The mixture was cen-
trifuged (4000g, 15 min) and the residue was re-extracted
twice. The supernatants were combined and the tea extract
powder was obtained using a freeze dryer (Alpha 2-4 LD plus,
Christ). The green tea extract (GTE) and the black tea extract
(BTE) powder were stored at −20 °C until analysis. The yields
of GTE and BTE were calculated and those values were used
for calculating the corresponding amount of tea cups.

The separation of polymeric fractions from BTE was per-
formed according to a previous method with some modifi-
cations.10 Briefly, 1 g of BTE was dissolved in a 5% aqueous
ethanol solution (ethanol : water = 5 : 95, v/v). Then 100 mL of
ethyl acetate was added to extract the organic fraction. The
organic fraction containing monomeric and oligomeric frac-
tions was discarded. The aqueous fraction containing poly-
meric tannins was collected and concentrated using a rotary
evaporator at 40 °C. Finally, the powder of polymeric fractions
was obtained using a freeze dryer (Alpha 2-4 LD plus, Christ)
and stored at −20 °C.

2.4 Polyphenol characterization

2.4.1 HPLC-DAD. HPLC-DAD was used for analysing the
catechin composition of tea polyphenol extract according to a
previous method with some modifications.11 HPLC analysis
was performed using an HPLC system equipped with a diode
array detector. A Varian Polaris 5 C18-A (4.6 × 150 mm) column
was used for the separation of tea polyphenols. The UV wave-
length was set in the range of 200–400 nm. The UV detecting
channel was set at 290 nm. The gradient elution was com-
posed of solvent A (water, pH = 2.5 adjusted by trifluoroacetic
acid) and solvent B (absolute acetonitrile). The flow rate was
1 mL min−1. The mobile phase composition started from
100% solvent A to 58% solvent A within 20 min and was kept
at 58% solvent A for 5 min. Finally the mobile phase compo-
sition was brought back to its initial conditions in 1 min for
the next run. All the tea catechin and theaflavin standards
were used to make calibrations. The tea polyphenol content in
the TEs (tea extracts) was expressed as mg per gram of TE.

2.4.2 BSA precipitation. The tannin content of TEs (tea
extracts) was measured by the BSA precipitation method.12

Briefly, 0.5 mL of the sample was mixed with 1.5 mL of acetic
acid/NaCl buffer (200 mM acetic acid and 170 mM NaCl, pH =
4.9) containing BSA (1 mg mL−1). The mixture was incubated
at room temperature with slow agitation. After 15 min, the
mixture was centrifuged to pellet the protein–tannin precipi-
tate (13 000g, 5 min). The pellet was washed with acetic acid/
NaCl buffer and then dissolved in a buffer containing 5% TEA
(v/v) and 5% SDS (w/v). For tannin analysis, 875 µL of the dis-
solved sample was mixed with 125 µL of ferric chloride reagent
(10 mm ferric chloride reagent in 10 mm HCl). The mixture
was incubated at room temperature for 10 min. The absor-
bance was measured at 510 nm. The catechin standard was
used for calibration. The tannin content was expressed as mg
catechin equivalents per gram of sample.

2.5 α-Amylase inhibition assay

The inhibition of α-amylase was performed according to a pre-
vious method.9 Two types of α-amylases were used in this
study: porcine pancreatic α-amylase and porcine pancreatin.
The α-amylase activity of these two enzymes are 1096 units
mL−1 and 40 units mg−1, respectively. The two enzymes were
dissolved in phosphate buffer to give an α-amylase activity of
400 U mL−1. Briefly, 400 µL of methanol or TE solution was
mixed with 200 µL of starch and incubated at 25 °C for
10 min, and finally 200 µL of enzyme was added to start the
reaction. The final concentrations of the TEs in the reaction
solution were 0.025, 0.125, 0.25, 1.25, 2.5, 5, 12.5 and 25 mg
mL−1. After incubated at 25 °C for 3 min, 400 µL of 96 mM
dinitrosalicylic acid reagent was added and the mixture was
placed in a boiling water bath for 5 min. After cooling down,
4 mL of water was added before the absorbance was measured
at 540 nm using a microplate reader. Finally the α-amylase
inhibitory effect was expressed as IC50 (mg mL−1), which is
defined as the concentration of TEs in the reaction solution
required to inhibit 50% of the enzyme activity.
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2.6 Bread preparation

Normal wheat bread and gluten-free bread were prepared by
mixing 350 g of wheat flour or gluten-free flour, 220 mL of
water and 7 g of yeast. No additional ingredients were added.
All of the ingredients were added to a baking machine
(Philips, HD 9020) and breads were made using a standard
program (baking temperature: 120 °C and baking time:
15 min). All the bread samples were dried using a freeze dryer
(Alpha 2-4 LD plus, Christ). Then the dried samples were
sieved through 2 sieves (315 and 125 µm) to make sure the par-
ticle size of the obtained samples is in the range of
125–315 µm. The sieved bread samples were stored at −20 °C
for further analysis.

2.7 The hydration properties of bread samples

The hydration properties of bread samples were determined
according to the previous method.13 The water holding
capacity (WHC) is the amount of water retained by the bread
sample. Briefly, 1 g of dried bread sample was mixed with
10 mL of water and kept at room temperature for 24 h. Then
the supernatant was removed gently. The WHC was expressed
as grams of water retained per gram of bread (g g−1). The swell-
ing volume (SV) was calculated by dividing the total swollen
volume by the initial weight of the sample. Briefly, 1 g of dried
bread sample was placed in a graduated cylinder and mixed
with 10 mL of distilled water. After 24 h, the volume of the
swollen sample was measured. The SV was expressed as the
volume of the swollen sample per gram of the initial sample
(mL g−1).

2.8 In vitro digestion

2.8.1 In vitro digestion model. Co-digestion of wheat bread
with different amounts of TEs was performed in this study.
Firstly 2.5 grams of dried wheat bread was hydrated with
2.5 mL of water. Then 5 g of the mixture was mixed with 0, 50,
125, 250, 500, and 1000 mg of TEs and marked as controls, 1,
2.5, 5, 10 and 20% co-digestion. Co-digestion of gluten-free
bread with 5% TEs was carried out, i.e. 5 g of hydrated gluten-
free bread was mixed with 250 mg of TEs. Finally co-digestion
of wheat bread and gluten-free bread with 1, 2.5 and 5% poly-
meric fractions from BTE were performed, i.e., 5 g of hydrated
wheat bread and gluten-free bread were mixed with 50, 125
and 250 mg of polymeric fractions from BTE, respectively.

A standard in vitro simulated process was used in this study
which was modified for the amount of α-amylase.14 Briefly, the
sample was initially treated with simulated gastric fluids and
pepsin. The pH of the mixture was adjusted to 3 and incubated
at 37 °C with agitation for 2 h. Then, simulated intestinal
fluids and pancreatin were added to the mixture to give a final
α-amylase activity of 200 U mL−1 and the corresponding
trypsin activity was 15 U mL−1. Then the pH was adjusted to 7.
The mixture was incubated at 37 °C with agitation for 2 h.
During the intestinal phase, 0.1 mL of the sample was col-
lected at different time points (0, 10, 20, 40, 60, 80, 100, and
120 min). Then 0.4 mL of absolute ethanol was added to stop

the reaction and the mixture was centrifuged at 13 000g for
10 min. Finally, 2 mL of amyloglucosidase (27.16 U mL−1) was
added and incubated at 37 °C for an extra hour to complete
starch digestion.

2.8.2 Determination of the percentage of digested starch.
The GOPOD kit was used for glucose measurement. Digested
starch = released glucose/0.9. The initial amount of total
starch in bread was measured by using the total starch assay
kit. The results were expressed as the percentage of digested
starch (% of digested starch = digested starch/initial amount of
starch). A first-order kinetics model was applied to describe
the kinetics of glucose release from starch digestion.15

Ct � C0 ¼ C1ð1� e�ktÞ ð1Þ
Initial rate ¼ C1 � k ð2Þ

where Ct, C0 and C∞ correspond to the percentage of digested
starch at time t, 0 and infinite time, respectively and k is the
kinetic constant. Parameter estimation was performed using
the solver of Excel software by minimizing the sum of square
values.

2.9 The bio-accessibility of tea polyphenols

The bio-accessibility of tea polyphenols after gastric phase and
intestinal digestion was measured according to a previous
method with some modifications.16 Gastric supernatant and
intestinal supernatant were collected at the time points 0 and
120 min, respectively (see section 2.7). The amount of polyphe-
nols from both supernatants was measured as described in
section 2.3. The bio-accessibility of polyphenols was expressed
as the percentage of polyphenols in the supernatant compared
to the initial amount in TEs.

2.10 The interactions between tea polyphenols and bread
components

The interactions among tea polyphenols, digestive enzymes
and bread nutrients (gluten and starch) were investigated.
Briefly, 250 mg of TEs was mixed with digestive fluids as a
control. Then digestive enzymes (pepsin and pancreatin),
wheat bread, gelatinized starch and gluten were added separ-
ately. All of the chemicals were added the same amount as
described in section 2.7. Gelatinized starch (1.8 g) and gluten
(0.3 g) were added considering the amount present in 5 g of
hydrated bread. After 2 min, the mixture was centrifuged
(4000g, 15 min), and the amount of polyphenols in the super-
natant was measured as described in section 2.3. The results
were expressed as the percentage of polyphenols in the super-
natant compared with the initial amount in TEs.

2.11 The breakdown of wheat bread and gluten-free bread
during digestion

Size distribution was analysed according to a previous
method.13 Intestinal digested wheat bread and gluten-free
bread after co-digestion with different amounts of polymeric
fractions from BTE were collected for size distribution analysis.
The particle size distribution was analysed using the
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Mastersizer 3000 (Malvern Instruments, Worcestershire UK). D
[3, 2] (surface weight mean diameter), D[4, 3] (volume-weight
mean diameter) and D (50) (volume median diameter) values
were obtained.

2.12 Statistical analysis

All analyses were performed in triplicate. Bread preparation
and in vitro digestion experiments were repeated twice. The
results were expressed as mean ± standard deviation (SD).
One-way analysis of variance (ANOVA) followed by Duncan’s
multiple range test was used to compare the mean values of
different groups using the SAS 9.4 software (SAS Institute Inc.,
Cary, NC, USA). Differences were considered significant at
P < 0.05.

3. Results
3.1 Polyphenol composition and α-amylase inhibition

Table 1 shows the polyphenol composition of BTE and GTE.
Four flavan-3-ols (EGC, EC, EGCG, and ECG) and 3 theaflavins
(theaflavin, theaflavin-3-gallate, and theaflavin-3′-gallate) were
detected in BTE. In total, 410 mg g−1 of catechins, 43 mg g−1

of theaflavins and 50 mg g−1 of tannins were found in BTE.
GTE showed a less diverse polyphenol profile. In total, 388 mg
g−1 of flavan-3-ols was quantified, and EGCG was the major
catechin in GTE. No theaflavin or tannins were found in GTE.

The inhibitory effect of TEs on α-amylase was measured as
reported in Table 1 and Fig. S1.† Both TEs showed strong inhi-
bition of α-amylase, as indicated by low IC50 values, i.e., 1.6 and
1.9 mg mL−1 for GTE and BTE, respectively. Both TEs showed
much lower inhibition of α-amylase when pancreatin was used
as the source of α-amylase, as indicated by high IC50 values, i.e.
16.4 and 26.6 mg mL−1 for GTE and BTE, respectively.

3.2 The starch digestibility of wheat bread and gluten-free
bread

3.2.1 The starch digestibility of wheat bread. Fig. 1A and B
shows the starch digestibility curve of wheat bread when co-
digested with TEs. The starch digestibility of wheat bread was
fitted to a first order kinetics model and the kinetic para-
meters are shown in Table 2. A clear dose-dependent inhi-
bition was observed when wheat bread was co-digested with
different amounts of TEs (Fig. 1A and B). As shown in Table 2,
a reduction of 23.3%, 31.4% and 66% was found when wheat
bread was co-digested with 250, 500 and 1000 mg of BTE,
respectively. Similar inhibition was found when wheat bread
was co-digested with GTE compared with the same amount of
BTE. The initial rate of starch digestion was also clearly
reduced by co-digestion of wheat bread with different amounts
of TEs (Table 2). Fig. 1C shows the starch digestibility curve of
wheat bread when co-digested with different amounts of poly-
meric fractions from BTE. As shown in Table 2, a reduction of
1.9%, 5.2% and 7.4% was observed when wheat bread was co-
digested with 50, 125 and 250 mg of polymeric fractions from
BTE, respectively and a clear reduction can also be observed
from the starch digestibility curve, as shown in Fig. 1C.

3.2.2 The starch digestibility of gluten-free bread. Fig. 1D
and E shows the starch digestibility curve of gluten-free bread
co-digested with 250 mg of TEs. Only 48.6% of starch was
digested in gluten-free bread, which is much lower than the
starch digestibility of wheat bread (87%), as shown in Table 2.
GTE caused a similar reduction in the starch digestibility of
wheat bread (22.5%) and gluten-free bread (21.3%). BTE
caused a higher reduction in the starch digestibility of gluten-
free bread (42.5%) than that in the starch digestibility of wheat
bread (23.3%). Fig. 1F shows the starch digestibility curve of
gluten-free bread when co-digested with different amounts of
polymeric fractions from BTE. A clear dose-dependent

Table 1 Polyphenol composition of green tea and black tea extracts and polymeric fractions from BTE and their IC50 values of α-amylase inhibition

Polyphenols GTE (mg g−1) BTE (mg g−1) Polymeric fraction from BTE (mg g−1)

Caffeine 89 ± 1 72 ± 2 nd
Epigallocatechin (EGC) nd 179 ± 8 nd
Epicatechin (EC) 73 ± 2 116 ± 1 nd
Epigallocatechin gallate (EGCG) 276 ± 3 78 ± 1 nd
Epicatechin gallate (ECG) 39 ± 1 37 ± 0 nd
Theaflavin nd 16 ± 0 nd
Theaflavin-3-gallate nd 9 ± 0 nd
Theaflavin-3′-gallate nd 18 ± 0 nd
Tannins nd 50 ± 1 100 ± 1
Total amount of monomeric polyphenols 388 ± 1 453 ± 9 nd
Total amount of polyphenols 388 ± 1 503 ± 10 100 ± 1

Enzyme GTE (mg mL−1) BTE (mg mL−1) Polymeric fraction from BTE (mg mL−1)

IC50 Pancreatin 16.4 ± 0.0 26.6 ± 1.6 nd
α-Amylase 1.6 ± 0.2 1.9 ± 0.3 2.5 ± 0.3

The values were expressed as mean ± standard deviation. BTE, black tea extract; GTE, green tea extract. nd: not detectable. Total amount of
monomeric polyphenols means the sum of all catechins and theflavins. Total amount of polyphenols means the sum of all catechins, theaflavins
and tannins. IC50 values mean the concentration of the extract (mg mL−1) in the final reaction solution required to inhibit 50% of the α-amylase
activity.
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reduction in the starch digestibility was observed. Only 1.1%
of starch in gluten-free bread was digested when co-digested
with 250 mg of polymeric fraction from BTE (Table 2).

3.3 The bio-accessibility of tea polyphenols

3.3.1 The bio-accessibility of tea polyphenols when co-
digested with wheat bread. As shown in Fig. 2 (upper panels),
regarding GTE, EC was the most bio-accessible polyphenol
after gastric digestion (33–39%), followed by EGCG (8–12%)
and ECG (5–9%). After intestinal digestion, more catechins
became bio-accessible from GTE, i.e., 76–87% EC, 34–45%
EGCG and 31–40% ECG. The bio-accessibility of catechins
from BTE was much lower than the bio-accessibility of cate-
chins from GTE. No tannins were released from BTE after
gastric and intestinal digestion.

3.3.2 The bio-accessibility of tea polyphenols when co-
digested with gluten-free bread. As shown in Fig. 2 (lower
panels), after gastric digestion, the bio-accessibility of tea poly-
phenols when co-digested with gluten-free bread (Fig. 2, lower
panels) was higher than the bio-accessibility of tea polyphe-
nols co-digested with wheat bread (Fig. 2, upper panels). E.g.,
EGCG was more bio-accessible when GTE was co-digested with
gluten-free bread (38%) than when the same amount of GTE
was co-digested with wheat bread (10%). The bio-accessibility

of polyphenols from BTE showed a similar trend. For gluten-
free bread and both TEs, no clear increase in the bio-accessi-
bility of tea polyphenols was observed after intestinal digestion
compared with their bio-accessibility after gastric digestion.

3.4 The interactions of tea polyphenols with the bread matrix

Fig. 3 shows the percentage of free tea polyphenols in the
supernatant after mixing with digestive enzymes (pepsin and
pancreatin), wheat bread, wheat starch (the corresponding
amount in wheat bread) and wheat gluten (the corresponding
amount in wheat bread). For both TEs, less than 80% catechin
was available in the supernatant in the control samples.
Regarding BTE, 98% tannins was found in the supernatant in
the control sample. When digestive enzymes and wheat bread
were separately added to the control sample, 87% and 5%
tannins were found in the supernatant, respectively. Catechins
from both TEs showed the same trend as tannins, i.e. substan-
tial amount of polyphenols interacted with the bread matrix.
To investigate the preferential interaction of tea polyphenols,
bread components, starch and gluten were added separately.
Surprisingly, a large amount of tea polyphenols interacted
with gluten considering its lower content in wheat flour (11%)
than starch (73%).

Fig. 1 In vitro starch hydrolysis profiles of wheat bread and gluten-free bread co-digested with different amounts of BTE, GTE and polymeric frac-
tions from BTE. The present data were expressed as mean ± standard deviation (n = 3). The statistical analysis of the data is shown in Table 2. Note:
5 g of hydrated wheat bread and gluten-free bread were mixed with 0, 50, 125, 250, 500, and 1000 mg of GTE (A & D), BTE (B & E) or polymeric frac-
tions from BTE (C & F) and marked as controls, 1, 2.5, 5, 10 and 20% co-digestion.
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3.5 Bread hydration and the breakdown of the bread matrix
during digestion

Gluten-free bread samples showed the lowest water holding
capacity (2.0 g g−1) and swelling volume (2.6 mL g−1). The water

holding capacity and swelling volume of wheat bread were two
times higher than those of gluten-free bread (Table 3).

The size distributions of intestinal digested wheat and
gluten-free bread when co-digested with different amounts of
polymeric fractions from BTE were determined as well (Table 3

Fig. 2 Bio-accessibility of tea polyphenols after gastric and intestinal digestion when co-digested with wheat bread or gluten-free bread. The
results expressed as the percentage of bio-accessible polyphenols at the end of gastric and intestinal digestion compared to the initial amount of
polyphenols in TEs. No tannins were detected after gastric and intestinal digestion. The amounts of EGC and theaflavins from BTE were not shown
because the peak area is too small for accurate calculation. The present data were expressed as mean ± standard deviation (n = 3). EC, epicatechin;
EGCG, epigallocatechin gallate; ECG, epicatechin gallate; and EGC, epigallocatechin.

Fig. 3 Relative percentage of polyphenols in the supernatant upon addition of digestive enzymes and bread components (gluten and starch) com-
pared to the initial content in TEs. The TEs were mixed with digestive fluids as a control. Then the mixture was mixed either with digestive enzyme,
or with bread, or with starch, or with gluten (the amounts of gluten and starch added correspond to their amounts in the bread). The present data
were expressed as mean ± standard deviation (n = 3).The different letters mean significant differences. A: GTE, green tea extract, B: BTE, black tea
extract. EC, epicatechin; EGCG, epigallocatechin gallate; ECG, epicatechin gallate.
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and Fig. S2†). The D50 (volume median diameter) values of
intestinal digested gluten-free samples (16.2 µm) were much
lower than those of intestinal digested wheat bread (41.2 µm).
D[3,2], surface area moment mean and D[4,3], volume moment
mean showed the same trend as D50. A significant increase in
the size distribution of the intestinal digested wheat bread was
observed when co-digested with different amounts of poly-
meric fractions from BTE. E.g., the D50 value of the intestinal
digested wheat bread increased from 41.2 to 96.3 and
200.5 µm when co-digested with 125 and 250 mg of polymeric
fractions from BTE, respectively. In contrast, only a small
increase in the D50 value of the intestinal digested gluten-free
bread was observed when co-digested with 250 mg of poly-
meric fraction from BTE. D[3,2] and D[4,3] showed a similar
trend.

4. Discussion

The inhibitory effect of tea polyphenols on starch digestion
has been widely reported, but most of the studies focused on
the interactions between polyphenols and α-amylase, ignoring
the effect of the food matrix on such interactions.3,17–19 In our
previous study, we reported that the interaction of berry poly-
phenols with starch or gluten affected the efficacy of polyphe-
nols on the inhibition of starch digestion.9 Moreover, we high-
lighted that the interaction of polyphenols with starch may be
an additional mechanism for polyphenol inhibition of starch
digestion.9 In the present study, we investigated in more detail
how the multiple interactions among polyphenols, α-amylase,
other digestive enzymes, starch and gluten influence starch
digestibility using tea polyphenols as model phenolics and
wheat and gluten-free bread as model starchy foods.

Data showed that co-digestion of bread with both black and
green tea polyphenols significantly reduced the kinetics rate
and extent of starch digestion (Fig. 1 and Table 2). An in vitro
study showed that co-digestion with green tea catechins could
slow down starch digestion of steamed and baked bread,
which was in line with our results.16 In the present study, we
observed a trend for the reduction in both k and C∞ when the
amount of co-digested polyphenols from black and green tea
increased (Fig. 1). Since a significant reduction in the C∞ value
may decrease the time needed to achieve C∞ and thus increase
the k values as we observed in a previous study,9 the initial
rates were also calculated and their values confirmed a dose-
dependent decrease of the digestion rate (Table 2).

Monomeric and polymeric polyphenols showed different
inhibition degrees on starch digestibility of wheat bread and
gluten-free bread. It is interesting to notice that GTE caused a
similar reduction in the starch digestibility of both wheat
bread (Fig. 1A) and gluten-free bread (Fig. 1D), but BTE caused
a larger reduction in the starch digestibility of gluten-free
bread (Fig. 1E) than in the starch digestibility of wheat bread
(Fig. 1B). Considering the different polyphenol profiles in BTE
and GTE (Table 1), we proposed that polymeric polyphenols
from BTE are responsible for the different BTE inhibitionT
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efficacies when co-digested with wheat bread and gluten-free
bread. It has been already proposed that polymeric polyphe-
nols may be more effective in reducing the rate and the extent
of starch digestion than monomers. In one study, a sorghum
extract rich in tannins increased the resistant starch content in
normal corn starch by around two times compared to an
extract with monomeric polyphenols.20 To better understand
the role of the polymeric fraction in the inhibition of starch
digestion, the polymeric fraction was separated from BTE for
testing its inhibitory effect on starch digestion. Surprisingly,
the polymeric fraction was more effective than the whole BTE
extract in gluten-free bread but much less effective in wheat
bread (Fig. 1). By comparing the polyphenol composition and
inhibitory efficacy of the whole BTE and polymeric fraction, we
could quantify the relative contribution of the monomeric and
polymeric fractions to the observed inhibition. In wheat bread,
the contribution of the monomeric and polymeric fractions to
the reduction of the starch digestibility caused by 250 mg of
BTE (23.3%) was quantified as 18.1% and 5.2% respectively. In
gluten-free bread, the contribution of the monomeric and
polymeric fractions to the reduction of the starch digestibility
caused by 250 mg of BTE (42.5%) was quantified as 17% and
25.5%, respectively. We concluded that the presence of gluten
had a minor influence on the inhibitory efficacy of monomeric
polyphenols, since the monomeric polyphenols caused a
similar reduction in the starch digestibility of wheat bread
(18.1%) and gluten-free bread (17%) when they were co-
digested with BTE. This is in line with the fact that GTE has
similar inhibitory efficacy in wheat bread (22.5%) and gluten-
free bread (21.3%), as shown in Table 2, since GTE only
contained monomeric polyphenols (Table 1). However, the
presence of gluten clearly reduced the inhibitory efficacy of
polymeric polyphenols, since tannins caused a much larger
reduction in the starch digestibility of gluten-free bread
(25.5%) than that in the starch digestibility of wheat bread
(5.2%) when both bread samples were co-digested with 250 mg
of BTE. We can also conclude that the presence of the gluten
network is key to understand the inhibitory efficacy of poly-
meric polyphenols on starch digestibility of a complex food
matrix like bread.

Regardless of whether polyphenols are monomeric or poly-
meric, their inhibitory effects on starch digestibility of bread
can be explained by multiple mechanisms involving the inter-
actions among tea polyphenols, α-amylase, other digestive
enzymes, starch and gluten. The occurrence of those inter-
actions is confirmed by the bio-accessibility data reported in
Fig. 2 and 3. The first mechanism is a direct inhibition of
α-amylase. We initially hypothesized that this inhibition would
be proportional to the amount of polyphenols that are not
bound components other than α-amylase. One of those com-
ponents is the pancreatic enzymes. Some researchers reported
that polyphenol-rich extracts from green tea and black tea
competitively inhibit pancreatic α-amylase with IC50 values of
0.20 and 0.46 mg mL−1 for GTE and BTE, respectively, and the
inhibition was likely attributed to the galloyl moiety, a
common substituent in tea polyphenols.4 Although a lot of

research has been carried out on α-amylase inhibition,19,21

most studies used isolated pancreatic α-amylase rather than
the whole pancreatin. Pancreatin is a mixture of α-amylase,
trypsin, chymotrypsin, lipase and colipase and is frequently
used for the in vitro digestion study. Therefore, the interaction
between polyphenols and other digestive enzymes is usually
neglected. For better understanding the role of other enzymes
in α-amylase inhibition during in vitro digestion, the IC50

values were calculated for the whole pancreatin and purified
α-amylase. As shown in Table 1 and Fig. S1,† higher IC50

values were calculated for pancreatin for both TEs. This was
likely because the other enzymes from pancreatin could also
interact with polyphenols, thus affecting the polyphenol–
amylase interaction.22 The other components to interact with
polyphenols are represented by the food matrix components.
Previous studies reported that polyphenols have high affinity
for proteins and bond to them via hydrophobic interactions
and hydrogen bonds.23 Similarly to what has been reported in
our previous study with berry polyphenols (mostly anthocya-
nins and procyanidins), we observed here a strong interaction
between tea polyphenols and gluten.9 However, the amount of
polyphenols bound to starch was even higher, confirming that
in a relatively rich source of starch like bread, the contribution
of starch in binding polyphenols may be substantially higher
than that of gluten. However, when the supernatant of the
samples after gastric digestion was tested for α-amylase inhi-
bition, no such inhibition was found, suggesting that the role
of unbound polyphenols in the observed decrease in starch
digestibility is negligible.

The second mechanism for the inhibitory effect of polyphe-
nols on starch digestion may derive from the direct interaction
between tea polyphenols and starch. It was reported that poly-
phenols can interact directly with starch through hydrophobic
forces and hydrogen bonding, thus reducing the available
surface of starch granules to react with enzymes.24 The authors
in particular speculated that the presence of polyphenols
would block the access of amylase to pores and channels that
are typical of cereal starches. This may have happened also in
our bread system. In this case we would expect that the pres-
ence of gluten would reduce the efficacy of inhibition as
Fig. 1D and E seem to suggest. However, it has been reported
that polyphenols that are adsorbed onto starch may exert an
inhibitory activity against α-amylase.25 It is difficult to deter-
mine experimentally but the inhibition of amylase by polyphe-
nols bound to starch can be tested by measuring the inhi-
bition of amylase in the bread matrix. Clearly, the presence of
the gluten matrix may reduce the amount of polyphenols able
to interact with starch and thus able to inhibit starch digestion
whatever the exact mechanism is in place in close proximity to
the glucan chains. Moreover, we cannot exclude that the observed
inhibition is partly caused by an indirect effect on the extent of
gluten digestion, which would make starch granules more acces-
sible to amylase. It is known that polyphenols can reduce the
rate and extent of protein digestion.18,26–28 This seems to be con-
firmed by the particle size distribution data of bread during
digestion, where bigger particles are detected in bread co-
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digested with polyphenols, suggesting that the whole bread is
digested at a slower rate in these systems (Table 3). It is also inter-
esting to notice that the starch digestibility of gluten free bread
(45%) is much lower than that of wheat bread (87%). Opposite
results were reported in other studies in which the presence of
gluten slowed down starch digestion.29 The finding of this study
could be attributed to the much weaker hydration properties of
gluten free bread compared to wheat bread (Table 3), which
might hinder in vitro starch digestion.13,30,31

Although tea polyphenols can inhibit starch digestion, to
achieve a level of inhibition that is physiologically relevant, we
considered how realistically the effective amounts reported in
this study may be achieved in real life through tea consump-
tion (Table 4). To achieve an inhibitory effect from co-digestion
of 100 g of bread and 1 g of TEs, 2 cups of black tea and 2.5
cups of green tea would be needed to be co-digested with
100 g of wheat bread, as shown in Table 4. Higher amounts of
tea polyphenols for co-digestion with bread would be hard to
achieve through realistic tea consumption habits.

5. Conclusion

In this study, the effects of tea polyphenols on starch digestibility
of wheat bread and gluten-free bread were investigated. The
inhibitory effect of tea polyphenols on starch digestibility was
attributed to the multiple interactions among tea polyphenols,
α-amylase, other digestive enzymes, starch and gluten. The use of
a gluten free bread made almost exclusively of wheat starch
allowed us to prove that the presence of gluten had little influ-
ence on the inhibitory efficacy of monomeric polyphenols on
starch digestibility, but clearly reduced the inhibitory efficacy of
polymeric polyphenols on starch digestibility. Future investi-
gation should elucidate the exact mechanism behind the
observed decrease in the starch digestibility in the presence of
polyphenols. Data showed that the presence of tea polyphenols
in the digestive medium is a promising strategy for controlling
the glycaemic index of starchy food products but this strategy
must be adapted to the specific food matrix considered.
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