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The aim of this work was to determine the protective effect of different dietary fibers on (i) the recovery
and bioaccessibility indexes, and (i) the stability of polyphenolic compounds (phenolic acids, flavonoids
and anthocyanins) of maqui berry powder subjected to in vitro gastrointestinal digestion (GID). The
extracts obtained in each phase (oral, gastric and intestinal) of GID were used to analyze the stability of
polyphenolic compounds by HPLC, and the bioaccessibility of these compounds was also determined. At
the end of the GID process, the mixture of maqui berry with the different fibers increased the bioaccessi-
bility index of the phenolic and flavonoid compounds in all cases. The results obtained suggest that the
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anthocyanins and phenolic acids and flavonoid compounds present in maqui are stabilized through
dietary fiber interactions, which might provide sufficient levels for absorption during gastrointestinal
digestion. The gums sodium carboxymethyl cellulose, xanthan gum and guar gum provided the best pro-

rsc.li/food-function tective effect.

Introduction

Some Chilean native berries are underexplored but could prob-
ably be used as food matrices to obtain new powdered pro-
ducts for use as ingredients in the development of functional
foods. For example, after suitable technological treatment,
such powders could be used as natural antioxidative agents
due to their high content of bioactive compounds, mainly
polyphenolic compounds, vitamins and minerals.

One of these Chilean berries is commonly named Chilean
wineberry or “maqui berry” (Aristotelia chilensis (Molina)
Stuntz). It is a wild, edible berry from central and southern
Chile. The berries, which are about 6 mm in diameter, are
extremely rich in bioactive compounds, mainly phenolic acids,
flavonoids, anthocyanins and vitamins." The scientific litera-
ture contains numerous reports that mention the health
benefits related with maqui evaluation in in vitro or animal
models, including the inhibition of inflammation processes,
its anti-diabetic and cardio protective effects, the inhibition of
adipogenesis and the prevention of low-density lipoprotein
oxidation.>™ As mentioned above, the biological effects of
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magqui berry could be attributed to its rich source of bioactive
compounds, mainly anthocyanins, interest in which has
increased after the correlation made between their consump-
tion and a lower risk to develop several chronic diseases.” The
role of anthocyanins as health promoters includes antioxidant,
anti-inflammatory and anti-cancer activities and even protec-
tive effects against various metabolic, degenerative and cardio-
vascular diseases.® However, anthocyanins are very unstable
compounds, being very sensitive to temperature, light and
changes in pH conditions.” Thus, as mentioned Manach et al.®
the bioavailability of these substances has been accepted as
being very low and, consequently, their study is very complex.
To avoid this problem, the consumption of anthocyanin-
rich products along with other food matrices could help to
protect these compounds from the degradation produced by
the pH variations that occur in the different stages of the
digestive process. Therefore, the structure and composition of
the food matrix in which anthocyanins are included are factors
that can either enhance or prevent the release and stability of
these compounds during digestion, affecting their effective-
ness.’ In this way, McDougall et al.'® reported that when rasp-
berries a known source of anthocyanins, are consumed with
other foods such as bread, cereals, ice-cream or cooked meat,
the anthocyanin content is not affected after gastric digestion.
One food component that could protect bioactive com-
pounds during gastric digestion is dietary fiber (DF), which,
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when in solution, can impact the digestion process. The domi-
nant factors involved in the influence of DF on bioactive com-
pounds digestion are: (i) the physical trapping of the bioactive
compounds within structured assemblies, as occurs in fruit
tissue, and (ii) the enhanced viscosity of gastric fluids, which
restricts the peristaltic mixing process that promotes transport
of enzymes to their substrates, bile salts to unmicellized fat,
and soluble bioactive compounds to the gut wall."*

In vitro gastrointestinal digestion (GID) models have been
used to mimic the events occurring during digestion and offer
the opportunity to analyze the effect of physical and chemical
parameters and their role in the bioaccessibility of bioactive
compounds.'® In addition, GID models provide an alternative
to animal and human models for the screening of food ingre-
dients; indeed, in vitro techniques are ethically superior, faster
and less expensive than the corresponding in vivo tech-
niques.”® Thus, the aim of this work was to determine the pro-
tective effect of different dietary fibers on (i) the recovery and
bioaccessibility indexes and (ii) the stability of polyphenolic
compounds (phenolic acids, flavonoids and anthocyanins) of
maqui berry powder subjected to in vitro gastrointestinal
digestion.

Materials and methods
Plant material and dietary fibers

Maqui berry (Aristotelia chilensis (Molina) Stuntz) samples were
provided by South-Am Freeze Dry S.A. The following dietary
fibers were used: high molecular weight 75-85% deacetylated
chitosan (CHF); xanthan gum (XG) from Xanthomonas campestris,
G1253, molecular weight ~2000 kDa and guar gum (GG), all
purchased from Sigma-Aldrich Chemical Co. (Steinheim,
Germany). Long-chain inulin from chicory (IF) (chain length:
2 to 60, mean Degree of polymerisation documented as >10;
Orafti GR) provided by BENEO (Morris Plaines, NJ, USA);
B-glucan (BG) (Glucagel, 75.6% purity from barley) supplied by
PolyCell Technologies LLC, (Crookston, MN, USA); Sodium car-
boxymethyl cellulose (CMC) (Blanose™ 7H4XF) provided by
Ashland Speciality Ingredients, (Covington, USA); Pectin (PF)
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(GENU pectin type LM-106 AS-YA), from citrus peel with
degree of methylation of 18-22% and pK, ~ 4, supplied by CP
Kelco (San Diego, USA) and Cellulose Microcrystalline NF, (CF)
purchased from Fagron, Inc. (St Paul, MN, USA).

Sample preparation

The model systems were composed by 1 g of maqui berry
powder which was mixed in a glass beaker with 4 g of the
different dietary fibers analyzed and 40 mL of distilled water
then, the blend was shaken for 5 min until a homogenized
mixture was obtained. After that, the samples were stored, in
the darkness, at 4 °C overnight. The stability of the system was
visually analyzed, observing if the presence of syneresis or
phase separation occurred. The different samples obtained
were: maqui + chitosan (M-CHF); maqui + xanthan gum
(M-XG); maqui + guar gum (M-GG); maqui + inulin (M-IF);
maqui + f-glucan (M-BG); maqui + sodium carboxymethyl cell-
ulose (M-CMC); maqui + Pectin (M-PF) and maqui + cellulose
(M-CF).

Simulated in vitro gastrointestinal digestion

In vitro gastrointestinal digestion of samples was performed
according to the method described by Gullén et al.'* (Fig. 1).
The samples were subjected to simulated oral, gastric and
intestinal digestion. Instead of withdrawing aliquots from the
reaction vessel at the end of the digestion process, individual
digestions were carried out for each phase of digestion. The
oral phase was simulated by adding 9 mL of water and 1 mL of
100 U mL™! a-amylase diluted in 1 mM CaCl, (adjusted to pH
6.9 with 1 M NaHCO3;) to 2.4 g of sample. The mixture was vor-
texed and incubated at 37 °C for 5 min. For the gastric phase,
the pH was adjusted to 2.0 + 0.05 with HCI (6 M), and 1 mL of
pepsin (10.8 mg mL™" of 0.1 M HCI) was added. The mixture
was incubated for 2 h in a shaking water bath at 37 °C and 70
rpm. After each of these phases, the mixtures obtained were
centrifuged for 12 min at 8000g at 4 °C, yielding the chyme-
soluble fraction (CSF) and the pellet fraction (PF). For the
intestinal phase, the pH was adjusted to 7.0 + 0.05 with NaOH
(6 M), and 2.5 mL pancreatin (8 mg mL™" of 0.5 M NaHCO;)

2.4 g sample + 1 mL 100U/mL
a-amylase + 9 mL H,O
Incubation: 5 min at 37 °C.

IpH 2.0; 1 mL Pepsin
(0.108g/mL)
Incubation: 2h 37 °C.

Recovery index
Total Phenol Content

Total Flavonoid Content

HPLC profile

/2.5 mL Biliar salts (0.05g/mL)
+2.5 mL pancreatin (0.008
g/mL)
1TpH7.0
Incubation: 2h at 37 °C.

Dialysis: Dialysis membrane
(12-14 KDa)
\Incubation: overnight at 37°C

Fig. 1 Graphic representation of the static in vitro gastrointestinal digestion procedure carried out with samples.
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and 2.5 mL bile salt mixture (50 mg mL™" of 0.5 M NaHCO;)
were added. The mixtures were incubated for 2 h in a shaking
water bath at 37 °C and 70 rpm. After the incubation, the
resulting mixtures were transferred to dialysis membranes
with a cut-off weight of 3 kDa and dialyzed overnight against
0.5 M NaHCOj; in a shaking water bath at 37 °C and 70 rpm. At
the end of the incubation, the fractions contained in the mem-
branes were collected as unabsorbed fractions (OUT) and the
dialysates as the absorbed fractions (IN). All the obtained frac-
tions were lyophilized and stored at —20 °C until analysis.

Recovery index and bioaccessibility index

To determine the effect of the different fibers analyzed on the
digestion process of the phenolic and flavonoid compounds
two different indexes were studied: the recovery index and the
bioaccessibility index. For the recovery index, the indications
of Pineda-Vadillo et al.® were used. Thus, for each phenolic
group analyzed, the amount released from the food matrix
into the digestive fluids (soluble fraction) and the proportion
that remained insoluble after the oral, gastric and intestinal
digestions was calculated as follows:

Soluble (%) = (PCs/PCp) x 100 (i)
(i)
where PCg is the phenolic or flavonoid compounds quantity
(in mg) in the Chyme soluble fraction (CSF) at the end of the
corresponding phase of digestion, PCy is the compound quan-
tity (in mg) in the pellet (PF) at the end of the corresponding
phase of digestion and PCp, is the compound quantity (in mg)

that was submitted to digestion. Finally, the total recovery for
each class of polyphenol was calculated as follows:

Insoluble (%) = (PC;/PCp) x 100

Total recovery = Soluble (%) + Insoluble (%). (iii)

The bioaccessibility percentage was calculated following the
indications of Ortega et al."® For phenolic or flavonoids com-
pounds, the bioaccessibility was defined as the percentage of
each group of compounds that was solubilized in IN sample
after intestinal digestion phase. Thus, this index defines the
proportion of the polyphenolic compounds that could become
available for absorption into the systemic circulation:

Bioaccessibility index (%) = (PCs/PCp) x 100

(iv)
where PCg is the total phenol content (mg) in the IN sample
after the intestinal digestion phase and PCy, is the total phenol

content (mg) in the digested sample (IN + OUT) after the intes-
tinal digestion phase.

Total phenol and total flavonoid content

The total phenol content (TPC) of lyophilized samples
obtained during the different phases of in vitro gastrointestinal
digestion was determined using Folin-Ciocalteu’s reagent,®
while the method based on that described by Blasa et al.'” was
used for the total flavonoid content (TFC). Methanolic solu-
tions of lyophilized samples, with concentrations of between
20 and 60 mg mL ™", were used for both analysis. In TPC, gallic
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acid (GA) was the reference standard and the results were
expressed as mg GA equivalents per g sample. In TFC,
different concentrations of rutin were used for calibration. The
results were expressed in mg rutin equivalents (RE) per g of
sample.

Determination of polyphenolic compounds

To determine the polyphenolic profile by High Performance
Liquid Chromatography (HPLC) of the samples obtained in
each phase of in vitro gastrointestinal digestion, the method-
ology described by Genskowsky et al' was followed. The
samples were injected into a Hewlett-Packard HPLC series
1200 instrument equipped with C;g column, Mediterranea
Sea;g, 5 pm particle size (25 x 0.4 cm) (Teknokroma,
Barcelona, Spain). Phenolic compounds were analyzed, in
standard and sample solutions, using a gradient elution at
1 mL min~". The mobile phases were composed of a mixture
of two solvents. Solvent A contained formic acid in water
(1:99, v/v) and solvent B was composed of acetonitrile (100%).
The detection was made by UV absorption at 280, 360 and
520 nm. Polyphenolic compound identification was carried
out by comparing UV absorption spectra and retention times
of each compound with those of pure standards injected in
the same conditions. When standards were unavailable, the
compounds were tentatively identified by comparing their UV/
Vis spectra with previously published data.*'®'® Anthocyanins
were quantified based on the linear curves of authentic stan-
dards. All standards used were supplied by Extrasyntehse
(Extrasyntehse, Genay, France). Delphinidin-3-glucoside cali-
bration was used for the quantification of delphinidin deriva-
tives, while the cyanidin-3-glucoside calibration was used for
cyanidin-derivatives. The estimated concentrations were sub-
sequently multiplied by the respective molecular-weight-cor-
rection factor.>

Statistical assay

Statistical analysis and comparisons among means were
carried out using the statistical package SPSS 19.0 (SPSS Inc.,
Chicago, IL). All experiments were carried out in triplicate and
data are reported as mean + standard deviation. The differ-
ences in mean values between the concentration of bioactive
compounds obtained in the different phases of the in vitro gas-
trointestinal digestion were analyzed by one-way analysis of
variance (ANOVA). Tukey’s post hoc test was applied for com-
parison of means, while differences were considered signifi-
cant at p < 0.05.

Results and discussion
Recovery index and bioaccessibility index

Polyphenolic compounds (phenolic acids, flavonoids and
anthocyanins) are plant food constituents which are associated
to many health benefits. These substances have been demon-
strated to reduce the risk of developing several chronic dis-
eases such as cancer, diabetes and cardiovascular disorders.>!
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Table 1 Total phenolic content (TPC) and total flavonoid content (TFC)
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of maqui berry and maqui berry mixed with different dietary fibers

Magqui M-CMC M-PF M-IF M-XG M-GG M-BG M-CHF M-C
TPC 51.48 +0.36% 39.54 +0.14° 49.72 +0.32°  49.88+0.21° 50.06 +0.18> 49.99 +0.35° 49.78 +0.17° 33.30 £0.449 49.50 % 0.27°
TFC 88.82 +0.47° 53.60+0.41° 82.80 +0.474% 85.90 + 0.68° 88.03 +0.24*> 88.58 +0.21* 85.47 +0.61° 54.67 +£0.39° 84.55 + 0.21°

TPC: Total phenolic content, values expressed as mg GAE per g maqui; TFC: total flavonoid content, values expressed as mg RE per g maqui.
M-CMC: Maqui + sodium carboxymethylcellulose; M-PF: maqui + Pectin; M-IF: maqui + inulin; M-XG: maqui + xanthan gum; M-GG: maqui +
guar gum; M-BG: maqui + f-glucan; M-CHF: maqui + Chitosan and M-CF: maqui + cellulose. Values followed by the same lower case letter within
the same row are not significantly different (p > 0.05) according to Tukey’s Multiple Range Test.

Thus, the presence of polyphenolic compounds in foods,
especially in fruits, could be particularly important for consu-
mers due to their beneficial health properties.>*

Table 1 shows the total phenolic content (TPC) and total
flavonoid content (TFC) of maqui berry and maqui berry
mixed with different dietary fibers. Maqui berry showed the
highest TPC (p < 0.05), while the addition of fibers to maqui
berry lowered these levels (p < 0.05). However, no differences
were found (p > 0.05) between different samples containing
the different fibers, except for M-CMC and M-CHF, which
showed the lowest (p < 0.05) values. As regard TFC, the behav-
ior varied in the mixture of maqui berry with the different
fibers. Thus, M-XG and M-GG showed the highest (p < 0.05)
values with no statistical differences (p > 0.05) with maqui
berry alone. On the other hand the samples M-CHF and
M-CMC again showed the lowest (p < 0.05) TFC values with no
statistical differences between them (p > 0.05). In previous
works, several authors reported the interactions between
different groups of polyphenolic compounds (phenolic acids,
flavonoids and anthocyanins) and components such as poly-

saccharides of dietary fiber,”>** which may have an important

impact on the bioaccessibility and bioavailability of these
compounds.

For this reason the samples were submitted to an in vitro
gastrointestinal digestion process. The total phenolic (TP)
recovery index obtained after each phase (oral, gastric and
intestinal) of in vitro gastrointestinal digestion of maqui berry
fruits and maqui berry mixed with different fibers is shown in
Fig. 2. After oral digestion, the M-IF sample showed the
highest (p < 0.05) recovery index (89.21%) followed by M-CF
and M-GG (68.87 and 69.36%, respectively) with no statistically
differences (p > 0.05) between them. M-CMC, M-XG and
M-CHF had the lowest (p < 0.05) recovery index with no statisti-
cal differences between them (p > 0.05). The total recovery
index of phenolic compounds of maqui berry after the oral
phase was 78.26%; this value was higher than all the maqui
samples mixed with different fibers except M-IF. It is impor-
tant to notice that, in this phase, all samples analyzed showed
a higher recovery index (p < 0.05) in the chyme soluble fraction
than in the pellet fraction. To understand the low recovery of
compounds studied in the digestive media after the oral incu-
bation phase, the composition of the food matrix submitted to
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For each gastrointestinal digestion phase (Oral, Gastric and intestinal), samples with the same upper case letter are not significantly

different (p>0.05) according to Tukey’s Multiple Range Test.

Fig. 2 Recovery index of total phenolic content (TPC) obtained after each phase (oral, gastric and intestinal) of in vitro gastrointestinal digestion of

maqui berry added to different dietary fibers.
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digestion should be considered. Some studies have suggested
that the presence of fibers could interact with bioactive com-
pounds and affect their release into the digestive media due to
their gelation properties.® Gastric phase had a strong effect
on the TP recovery index since the percentage of phenolic com-
pounds recuperated was in all cases higher than 100%, except
in the case of M-GG. Thus, M-PF showed the highest (p < 0.05)
recovery index (183.8%) followed by M-CMC (176.39%). Again,
in all samples analyzed, except M-XG and M-CHF, the recovery
index in this phase was higher than that obtained from maqui
berry (109.25%). It is important to note that in all samples
analyzed, except the M-CMC, the recovery index was higher
(p < 0.05) in the chyme soluble fraction than in the pellet frac-
tion. The phenolic compounds released from the test matrix
after gastric digestion could be due to the bond of these com-
pounds to fiber being broken. This could be attributed to the
acidic pH and enzymatic activity which increases the extracta-
bility of polyphenolic compounds (phenolic acids) from the
food matrix.>®

At the end of intestinal phase, the total phenolic recovery
was very different from that associated with the gastric phase.
M-BG showed the highest (p < 0.05) values followed by
M-CMC, M-IF, M-PF and M-GG with no statistical differences
between them. In all cases, the recovery index of phenolic com-
pounds was higher than that obtained for maqui berry
(22.10%), which indicates the protective effect of dietary fibers
on the stability of phenolic compounds during the different
phases of gastrointestinal digestion.

The total flavonoid (TF) recovery index obtained after each
phase (oral, gastric and intestinal) of in vitro gastrointestinal
digestion of maqui berry fruits mixed with different fibers

Paper

were shown in Fig. 3. After the oral phase, contrasting results
were obtained for the recovery index. On the one hand the
maqui berry and M-CMC, M-PF, M-IF and MGG samples
showed values close to 100% with no statistically significant
differences (p > 0.05) between these samples. On the other
hand the samples M-CF, M-CHF and, particularly, M-XG were
strongly affected (p < 0.05) with recovery index values of 72.96,
65.86 and 38.52%, respectively. In all the samples analyzed
except M-PF, the total flavonoid recovery indexes were higher
(p < 0.05) in the pellet fractions than in the chyme soluble frac-
tions. The gastric phase of digestion also produced a variable
effect on the recovery index. Thus, the TF recovery index for
M-CF and M-XG were greater than the values obtained in the
oral phase. On the other hand, the TF recovery index for
M-CMC was only slightly affected, while the TF recovery index
for M-PF; M-IF, M-GG, M-BG and M-CHF were strongly affected
with values of between 42.01 and 79.09%. These results agree
with those of Pineda-Vadillo et al.® who described how the
recovery of polyphenolic compounds of grape extracts added to
different food matrices decreased after the gastric phase.
Nevertheless, the values obtained for all maqui berry samples
mixed with different fibers were lower than that those
obtained for maqui berry alone (95.10%). It is possible that fla-
vonoid compounds are strongly bound to the fiber matrix and
may not be released by the action of digestive enzymes or by
the effect of pH, leading to a significant decrease in their con-
centrations after gastric digestion.

In the last phase of gastrointestinal digestion, the intestinal
phase, the total flavonoid recovery index of maqui berry was
16.54%. A decrease in the amount of polyphenols after intesti-
nal digestion has been widely reported by the scientific com-
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different (p>0.05) according to Tukey’s Multiple Range Test.

Fig. 3 Recovery index of total flavonoid content (TFC) obtained after each phase (oral, gastric and intestinal) of in vitro gastrointestinal digestion of

maqui berry added to different dietary fibers.
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munity.">***” Losses of polyphenolic compounds during
intestinal phase of digestion were thought to be due to an
increase in pH values as mentioned Sengul et al.*® However, in
the samples in which maqui was mixed with sodium carboxy-
methyl cellulose, inulin or guar gum, the flavonoid recovery
indexes were higher (p < 0.05) than those obtained for the
magqui berry alone, with values of 21.35, 22.16 and 30.47%,
respectively. Thus, the behavior of polyphenolic compounds
(phenolic acids and flavonoids) during in vitro gastrointestinal
digestion depends on the composition of the matrix in which
these compounds are found or added, the resistance and sus-
ceptibility of this matrix to digestive enzymes, and the con-
ditions in the gastrointestinal tract, such as pH.>° Additionally,
other factors such as (i) chemical reactions, especially oxi-
dation and polymerization, may lead to the formation of other
phenolic derivatives (ii) interactions with bile salts, (iii)
changes in molecular structures due to enzymatic action and,
consequently, solubility could produce drastic losses in the
bioactive compounds.***?> Furthermore, the increase in vis-
cosity due to the ability of the soluble dietary fiber to retain
water leads to a reduced diffusion rate of bioactive com-
pounds, which can not be absorbed.**

Bioaccessibility and bioavailability are terms related to the
release and absorption of nutrients, vitamins, bioactive com-
pounds, and other components from food matrices.** In this
respect, bioaccessibility refers to the correct release of several
nutrients and specific bioactive compounds present in the
food matrix due to the different processes that occur during
gastrointestinal digestion. Fig. 4 shows the bioaccessibility
index of the total phenolic content and total flavonoid content
obtained after the intestinal phase of in vitro gastrointestinal
digestion of maqui berry mixed with different dietary fibers.
As regards to total phenolic content, M-BG had the highest
(p < 0.05) bioaccessibility index (86.77%) followed by the
M-CMC and M-IF (bioaccessibility index of 65.66 and 64.60%,

90 - a

80 1 mTPC mTFC

Bioaccessibility index (%)

M-XG M-GG M-BG M-CHF M-CF

Maqui M-CMC M-PF M-IF

M-CMC: magqui+sodium carboxymethylcellulose; M-PF: maqui+Pectin; M-IF: maqui+inulin; M-XG: maqui+xanthan gum; M-GG:
maqui+guar gum; M-BG: maqui+B-glucan; M-CHF: maqui+Chitosan and M-CF: maqui-rcellulose.

TPC: Total Phenolic Content; TFC: Total Flavonoid Content.

For cach assay, samples with the same lower case letter are not significantly different (p>0.05) according to Tukey’s Multiple Range Test

Fig. 4 Bioaccessibility index of total phenolic content (TPC) and total
flavonoid content (TFC) obtained after intestinal phase of in vitro gastro-
intestinal digestion of maqui berry added to different dietary fibers.
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respectively) with no statistical differences (p > 0.05) between
them. The M-CHF showed the lowest (p < 0.05) bioaccessibility
index (31.37%). With reference to the bioaccessibility index of
the total flavonoid content (Fig. 4), M-CHF, M-XG and M-BG
showed the highest values (p < 0.05) with no statistical differ-
ences between them (p > 0.05), while the M-PF and M-GG had
the lowest (p < 0.05) bioaccessibility indexes (20.52 and
18.84% respectively) with no statistical differences (p > 0.05)
between them.

The bioaccessibility index of phenolic and flavonoid com-
pounds present in maqui berry after the last phase of gastro-
intestinal digestion was 76.55 and 13.87%, respectively, values
similar to those reported by Lucas-Gonzalez et al.>> who men-
tioned that the bioaccessibility index of phenolic and flavonoid
compounds of maqui berry were 78.19 and 14.10% respect-
ively. In all cases, the mixture of maqui berry with different
fibers increased the bioaccessibility index of the flavonoid
compounds, which might be explained by a protective effect
afforded by the different fibers to the flavonoid compounds in
the upper phases of gastrointestinal digestion.

On the other hand, the bioaccessibility index of phenolic
compounds was reduced when the maqui berry was mixed
with the different fibers, except in the case of p-glucan. This
phenomenon could be explained by interaction of phenolic
compounds with the fiber matrix during the development of
the gastrointestinal digestion of maqui berry, which influ-
enced their bioaccessibility. These results agree with Sengul
et al.,”® who mentioned that several carbohydrates, such as
starch, gelatinized starch, cellulose or pectin, had adverse
effects on the total phenolic content in the last phase of
gastrointestinal digestion.

Nevertheless, as mentioned by Cummings et al?® the
release of bioactive compounds from the fiber matrix into the
surrounding intestinal fluids is inversely proportional to par-
ticle size and directly proportional to the solute gradient, in
this case all samples had a particle size lower than 40 mesh.
Palafox-Carlos et al.>® mentioned that it is also affected by the
following factors: the physical state of the solute (for example,
whether it is present in solid form or is already dissolved in
water trapped within the particle); the physical structure of the
particle (i.e. whether it is readily deformed, like a sponge, so
that dissolved solids can be squeezed out by peristaltic con-
tractions, or rigid, so that solutes must diffuse out); and the
surface properties of the particle (i.e. surface-tension effects).’”

Stability of polyphenolic compounds during simulated in vitro
gastrointestinal digestion

Table 2 showed the polyphenolic profile of maqui berry and
maqui berry extracts mixed with different fibers. A total of
nineteen polyphenolic compounds were found in maqui berry,
identified as anthocyanins (eight compounds), flavonols (ten
compounds) and ellagitannins (one compound). In maqui
berry samples mixed with different fibers fourteen compounds
were identified, comprising anthocyanins (eight compounds);
flavonols (five compounds), and ellagitannins (one com-
pound). As regards the anthocyanins content, only delphinidin

This journal is © The Royal Society of Chemistry 2018
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Table 4 Polyphenolic profile obtained after gastric phase of in vitro gastrointestinal digestion of maqui berry and maqui berry mixed with different dietary fibers

Compound Maqui M-IF M-PF M-CMC M-XG M-GG M-CHF M-CF M-BG
Delphinidin-3-sambubioside-5-glucoside 2.18 +0.01" n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Delphinidin-3,5-diglucoside 3.87£0.00%  0.60£0.02"  0.58+0.09°  0.49+0.08"  1.05+0.11°!  0.86+0.09°  1.01£012"  1.05:012°¢  1.22:017%
Cyanidin-3-sambubioside-5-glucoside 1.96 + 0.06™  1.46+0.11°®>  n.d. 1.74+0.15°* 078 +0.07°%  0.47+0.07°?  0.77+0.11°"  0.55 + 0.08™ 1.29 + 0.14°°
Cyanidin-3,5-diglucoside 2.79+0.01°  1.75+0.14"®  n.d. 247 +0.27°%  1.21+0.14°¢ n.d. 1.37 +0.14°° 1.37 +0.17°¢ n.d.
Delphinidin-3-sambubioside 4.87 £0.04%  4.58+0.20*  231+017*Y  5.69+0.23%"  4.75+0.18% 2.29 +0.24 2.53 +0.21%¢ 4.72 +0.19"¢ 4.28 +0.13%¢
Delphinidin-3-glucoside 5.26+0.03"°  470+0.13%  0.67+0.09%  7.40+0.03*  5.31+0.12%° 4.25 + 0.21°° 3.15 +0.11%¢ 2.71 +0.14%¢ 4.78 +0.14"°
Cyanidin-3-sambubioside 1.53 +0.01™ 1,00 +0.09”®  0.53 +0.04°  1.63+0.12°*  0.91 + 0.09 0.92 +0.11°° 0.81 + 0.09"¢ 0.44 + 0.07" 1.12 + 0.08P
Cyanidin-3-glucoside 1.89 +0.00°%  0.93 +0.06™  0.16 +0.02%°  1.52+0.19°®  1.03 +0.14 0.93 +0.11° 0.63 + 0.05™ 0.95 +0.11"¢ 1.05 £ 0.21°
Mpyricetin-3-galactoside 0.04 = 0.01™ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Myricetin-3-glucoside 0.11 + 0.00" n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercetin-galloyl-hexoside 0.08 = 0.00" n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercetin-galloyl-hexoside 0.08 + 0.01" n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Rutin 0.22 +0.02"*  n.d 0.10£0.02"  0.17£0.03"™  011+0.02°°  0.06+0.01" 0.14 + 0.03°° n.d. n.d.

Ellagic acid 0.47 +0.04™ 0.35+0.04™  0.49+0.07°*  0.42+0.08"  0.35+0.03" 0.36 + 0.07°° 0.30 + 0.06" 0.50 + 0.02" 0.39 + 0.04"°
Quer-3-glucoside 0.02 + 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quer-3-xyloside 0.08 + 0.01" n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Dimethoxy-quercetin 0.23+0.00M  0.21+0.06°  0.25+0.03"®  0.28+0.09"™  0.24 +0.06™ 0.25 + 0.03™ 0.19 + 0.04%° 0.28 + 0.022 0.27 + 0.02"
Myricetin 0.32 = 0.03 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Quercetin 0.06 + 0.01"¢ 0.07 £0.01"°  0.10+0.02"  0.21+0.03"™  0.10 + 0.04°° 0.18 + 0.04""  n.d. 0.16 + 0.03"™ 0.25 + 0.03"

Values expressed as mg g~ maqui. M-CMC: Maqui + sodium carboxymethylcellulose; M-PF: maqui + Pectin; M-IF: maqui + inulin; M-XG: maqui + xanthan gum; M-GG: maqui + guar gum; M-BG:
maqui + p-glucan; M-CHF: maqui + Chitosan and M-CF: maqui + cellulose. Values followed by the same upper case letter within the same column are not significantly different (p > 0.05) according
to Tukey’s Multiple Range Test. Values followed by the same lower case letter within the same row are not significantly different (p > 0.05) according to Tukey’s Multiple Range Test. n.d.: Non

detected.

Table 5 Polyphenolic profile of the two fractions (IN and OUT) obtained after intestinal phase of in vitro gastrointestinal digestion of maqui berry and maqui berry mixed with different dietary

fibers
Compound Maqui M-IF M-PF M-CMC M-XG M-GG M-CHF M-CF M-BG
Delphinidin-3,5-diglucoside IN n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OUT  5.23 +0.06 n.d. 4.52 +0.03 5.99 + 0.07 5.78 + 0.06 5.63 + 0.06 n.d. n.d. 4.62 +0.02
Total  5.23 + 0.06% — 4.52 +0.03¢ 5.99 + 0.07°° 5.78 + 0.06°F 5.63 + 0.06" — — 4.62 + 0.02°"
Cyanidin-3,5-diglucoside IN n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OUT  3.69 +0.05 n.d. 4.56 + 0.08 5.69 + 0.07 5.52 +0.05 5.63 + 0.02 n.d. n.d. 3.85 +0.07
Total  3.69 = 0.05 — 4.56 + 0.08"F 5.69 + 0.07°F 5.52 + 0.05°F 5.63 + 0.02°F — — 3.85 +0.07°F
Delphinidin-3-sambubioside =~ IN n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OUT  15.23 +0.12 11.85 + 0.12 11.67 + 0.06 19.88 + 0.09 20.15 + 0.07 20.47 +0.05 n.d. n.d. 16.98 + 0.06
Total  15.23+0.12°°  11.85+0.12"”  11.67 £ 0.06%®  19.88+0.09°°  20.15 + 0.07°®  20.47 +0.05°° — — 16.98 + 0.069°
Delphinidin-3-glucoside IN n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OUT  18.24 +0.12 16.23 +0.12 22.36 +0.12 25.39 +0.12 24.89 +0.12 27.66 + 0.12 n.d. 19.89 + 0.12 21.22 +0.12
Total  18.24 +0.12°C  16.23 +0.12°¢ 2236 +0.12®  25.39+0.12°%  24.89+0.12"®  27.66 + 0.12°® — 19.89 +0.129%  21.22 +0.12®
Ellagic acid IN 12.02 + 0.06 n.d. 16.31 + 0.02 15.07 + 0.06 14.15 + 0.06 7.89 +0.11 n.d. n.d. 11.35 + 0.04
OUT  28.21 +0.09 45.23 +0.09 30.28 + 0.07 33.59 + 0.07 31.29 + 0.06 27.69 + 0.09 30.28 + 0.05 32.25 +0.07 27.98 + 0.09
Total ~ 40.23 +1.11% 4523 £0.09°*  46.59 + 0.06™  48.66 + 0.12**  45.44 £ 0.09°*  35.58 +0.08°*  30.28 £ 0.05%*  32.25+0.07™  39.33 + 0.08*
Dimethoxy-quercetin IN 8.86 + 0.03 n.d. 6.69 + 0.02 10.85 + 0.04 8.69 + 0.04 9.35 +0.05 n.d. n.d. 7.54 +0.04
OUT  11.03 +0.04 17.22 +0.05 7.87 +0.07 13.78 + 0.09 14.56 = 0.02 13.21 + 0.04 17.56 + 0.05 15.32 + 0.05 12.09 + 0.03
Total  19.89 +0.05%®  17.22 +0.05°®  14.56 + 0.045C  24.63 +0.07°®  23.25+0.04°° 2256 +0.04°°  17.56 £ 0.05°®  15.32+0.05  19.63 + 0.029¢

Values expressed as pg g~ maqui. M-CMC: Maqui + sodium carboxymethylcellulose; M-PF: maqui + Pectin; M-IF: maqui + inulin; M-XG: maqui + xanthan gum; M-GG: maqui + guar gum; M-BG:
maqui + p-glucan; M-CHF: maqui + Chitosan and M-CF: maqui + cellulose. Values followed by the same upper case letter within the same column are not significantly different (p > 0.05) according
to Tukey’s Multiple Range Test. Values followed by the same lower case letter within the same row are not significantly different (p > 0.05) according to Tukey’s Multiple Range Test. n.d.: Non

detected.
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followed by delphinidin-3-sambubioside. Note that in the IN
samples (serum-available) no anthocyanins were found, which
agrees with the findings of Cebeci and Sahin-Yesilcubuk,*’
who reported that anthocyanins were not detected in the IN
fractions of blueberry and blueberry added to milk or oat. This
could be explained by the instability of anthocyanins at basic
pH values as mentioned by several authors.*"*> The fact that
anthocyanins were not detected in the IN fraction of intestinal
digestion does not imply the complete loss of these com-
pounds. Thus, in the OUT samples (colon-available) the three
gums (CMC, XG and GG) showed the highest values for the
anthocyanins identified, perhaps because the structure formed
by these gums protects the anthocyanins from alkaline pH
values, thus preventing their deterioration. This could be
regarded as being beneficial because these compounds are
transported to the large intestine, where fibrous material is fer-
mented by gut bacteria.”**’

As regard non-anthocyanins (Table 5) only two compounds
were identified (ellagic acid and dimethoxy-quercetin) in all
the samples of maqui or maqui mixed with different fibers.
In both the IN and OUT fractions, dimethoxy-quercetin was
the main (p < 0.05) component followed by ellagic acid.
As occurs with anthocyanins, CMC, XG and GG had the
highest values (p < 0.05) for the non-anthocyanin compounds
identified.

It is important to notice that in all the samples analyzed,
expect M-IF, M-CHF and M-CF, both ellagic acid and
dimethoxy-quercetin compounds were detected in the IN frac-
tion (serum-available) samples. However, the concentrations
were higher (p < 0.05) in the OUT fraction than in the IN frac-
tion. The low concentration of polyphenolic compounds in the
last phase of gastrointestinal digestion may be due to the low
stability of these compounds at basic pH values. For this
reason, Fernandez and Labra®® reported that polyphenolic
compounds are not stable under neural and/or basic pH con-
ditions, whilst Chen et al.** stated that this instability, under
alkaline conditions, may be attributed to the fact that polyphe-
nolic compounds undergo changes, such as oxidation,
polymerization and transformation.

Conclusion

The results obtained in the present study provide further evi-
dence about the in vitro digestion stability of polyphenolic
compounds of maqui berry mixed with different dietary fibers.
The results obtained demonstrate that the stabilization of
anthocyanins and phenolic acids and flavonoid compounds
present in maqui as a result of interaction with different
dietary fibers might help provide sufficient levels for absorp-
tion during gastrointestinal digestion, especially in the early
phases of gastrointestinal digestion. In future work the lyophi-
lized maqui can be used as an ingredient to develop functional
foods. One way to protect the bioactive compounds (polyphe-
nolic compounds) present in its composition would be by
adding it together with dietary fibers and mainly with gums.
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xanthan gum, guar gum and sodium carboxymethyl cellulose
provide the best results in this context.
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