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Abstract

The presence of dietary fiber (DF) in the food matrix of some tropical fruits plays an important role in the release and
absorption of its bioactive compounds, such as phenolic compounds (PCs). The aim of this study was to evaluate the effect
of the DF fractions in mango cv. ‘Ataulfo, papaya cv. ‘Maradol’ and pineapple cv. ‘Esmeralda, on the bioaccessibility of their
PCs and antioxidant capacity (AOXC) under an in vitro digestion model. The highest PCs content and AOXC was found in
mango (274.30 mg GAE/100 g FW), followed by papaya (212 mg GAE//100 g FW), and pineapple (107.63 mg GAE/100 g FW),
respectively. About 50% of the total PCs in all fruits was released at gastric phase, increasing closer to 60% at intestinal phase
in mango and pineapple. However, the highest content of PCs associated to DF was found in mango (2.48 mg GAE/100 g FW)
compared with papaya DF fractions (0.96 GAE/100 g FW) and pineapple (0.52 GAE/100 g FW). The presence of DF in mango,
papaya and pineapple did not represent a major limitation on the bioaccessibility of its PCs according to the in vitro digestion

model used in this study.
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Practical Application: Impact of dietary fiber on the release and absorption of bioactive compounds.

1 Introduction

Currently, consumers are concerned about maintaining a
certain balance between their health and nutrition (Ragaert et al.,
2004). Plenty of studies have shown that plant origin foods
are important sources of bioactive compounds, also known as
phytochemicals (Dembitsky et al., 2011a, b; Gayosso-Garcia
Sancho et al., 2011; Hossain & Rahman, 2011; Nohynek et al.,
2006). Among the most common bioactive compounds occurring
in plant origin foods are phenolic compounds (PCs), carotenoids,
xanthophylls, and chlorophylls, among others (Hossain &
Rahman, 2011). Tropical fruits are considered as a rich source
of antioxidants and bioactive compounds, mostly PCs. However,
asit has been reported in several studies, the common extraction
methods using solvents do not allow the complete extraction
of PCs (Escarpa & Gonzalez, 2001; Kristl et al., 2011). Hence,
there has been a classification of PCs according their ease of
extraction: extractable (EPC) and non extractable (NEPC)
(Bravo, 1998). Tropical fruits are plenty and diverse, and recent
research suggests that an appropriate consumption of them
may confer different health benefits (Das et al., 2012; Leifert &
Abeywardena, 2008; Nohynek et al., 2006). These compounds
can also have antioxidant capacity (AOXC) and protect against
oxidative stress in different body tissues, if they are adequately
released from the food matrix and absorbed in the small intestine
(Palafox-Carlos et al., 2011).

Bioaccessibility and bioavailability are terms involved
with the release and absorption of nutrients, vitamins, PCs,
and other components from food matrices (Porrini & Riso,
2008). Bioaccessibility refers to the proper release of nutrients
or specific bioactive compounds within the food matrix due to
the conditions of the gastrointestinal tract (Saura-Calixto et al.,
2007). Moreover, bioavailability represents the total amount
that is released and absorbed, reaching the bloodstream, where
they are delivered to the different body tissues (Manach et al.,
2005). Therefore, the association or interaction of PCs with other
food matrix components could affect both bioaccessibility and
bioavailability of PCs (Manach et al., 2004). In this context, it’s
important to point out that tropical fruits possess matrices rich in
DE and it has been proven that different molecular interactions
with PCs occurred and bioaccessibility is negatively affected
(Bouayed et al., 2011; Palafox-Carlos et al., 2011). Tropical
fruits contain different types and amounts of DF, therefore these
differences could affect the type of interaction and kinetic release
of PCs from food matrix.

Various studies have shown that the interaction between DF
and PCs could be related to non-covalent bonds as electrostatic
forces and hydrogen bonds as Van der Waals forces (Palafox-
Carlos etal., 2011). This linkage is formed between the available
hydroxyl groups of PCs and the diverse components of DF
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(Nantitanon et al., 2010; Palafox-Carlos et al., 2011; Porrini &
Riso, 2008). Since the AOXC of PCs is attributed to the number
and localization of their hydroxyl groups, their interaction with
DF could not only limit their absorption, but it also prevents
these groups from stabilizing free radicals (Palafox-Carlos et al.,
2011). However, PCs can be covalently bound to complex
polysaccharides in cell walls of food matrices, such as ferulic
acid bound to arabinoxylans in wheat bran (Anson et al., 2009).
These bonds limit the bioaccessibility, and consequently lowering
the antioxidant activity due to the lower hydroxyl groups available
to stabilize radicals. In this context, the objective of this study
was to evaluate the effect of the DF within the food matrix of
different tropical fruits on the bioaccessibility of PCs and its AOXC
under in vitro simulated conditions of the gastrointestinal tract.

2 Materials and methods
2.1 Fruit material

Fruits at commercial ripeness stage were purchased from a
local supermarket in Hermosillo, Sonora, Mexico. Fruits were
selected for their differences in dietary fiber content, the selected
fruits being: pineapple cv. ‘Esmeralda, mango cv. ‘Ataulfo’ and
papaya cv. ‘Maradol’ The pulp of each fruit was lyophilized and
storage for further analysis.

2.2 Extraction and quantification of total phenolic
compounds

Total PCs is given by the sum of extractable (EPCs) and
non-extractable PCs (NEPCs). EPCs were extracted according to
Pérez-Jiménez & Saura-Calixto (2005), with some modifications.
0.5 g of sample was first homogenized with methanol-water
acidified with HCI (50:50 v/v, 1h, constant shaking), and
later with acetone-water (70:30 v/v, 1 h, constant shaking).
After centrifugation (211 g4 °C, 10 min), the supernatants were
collected and the precipitate was washed two more times under
the conditions previously described. The two supernatants were
combined, filtered and made up to a final volume of 50 mL.
EPCs were quantified by the Folin-Ciocalteu method described
for Singleton & Rossi (1965) and results were expressed as mg
of gallic acid equivalents (GAE)/100 g of fresh weight (FW).

The content of NEPCs (strongly associated with the food
matrix) was performed following the modified method described
by Hartzfeld et al. (2002). NEPCs are divided into hydrolyzable
(HT) and condensed tannins (CT). The method for the extraction
of HT and CT consisted in the hydrolysis of the residues obtained
from the EPC. The HT were extracted using a methanol:sulfuric
acid (10:1v/v) solution for 20 h at 85 °C; whereas CT were extracted
using HCI-Butanol for 3 h at 100 °C. The HT were measured by
the Folin-Ciocalteu method and expressed as GAE)/100g of FW;
whereas CT were expressed using a standard curve from carob
pod (Ceratonia siliquay).

2.3 Antioxidant capacity evaluation assays

The AOXC of samples was measured according to the
DPPH (2,2-diphenyl-1-picrylhydrazyl) and TEAC (Trolox
Equivalence Antioxidant Capacity) assays. The DPPH assay was
performed according to Brand-Williams et al. (1995) with some
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modifications. The stock solution was prepared by mixing 2.5 mg
of DPPH radical with 100 mL of methanol. The absorbance of the
solution was adjusted to 0.7 £ 0.02 at 515 nm. The reaction was
done in a Costar 96 microplate by adding 280 pL of the adjusted
radical to 20 pL of sample. The mixture was kept in darkness
for 30 min, followed by reading the absorbance at 515 nm with
a microplate reader Synergy HT (Biotek®, USA). The results
were expressed as mg of Trolox Equivalents (TE)/100g of FW.

The TEAC assay was performed according to the methodology
described by Re et al. (1999). This method is based on the
discoloration of the stock solution of ABTS radical due to its
reduction in the presence of antioxidant compounds. The absorbance
of the stock solution was adjusted to 0.7 £ 0.02 at 762 nm based on
previous the sample addition. The mixture was kept in darkness
for 5 min, followed by absorbance readings at 762 nm using a
microplate reader Synergy HT (Biotek®, USA). The reaction
was conducted in a Costar96 microplate with the addition of
245 uL of the adjusted radical to 5 uL of sample. The results were
expressed as mg of TE/100 g of FW.

2.4 Total dietary fiber content and associated phenolic
compounds

The evaluation of total DF content in the tropical fruit pulps,
as well as the soluble and insoluble fractions, were determined
according to the method described by Mafias & Saura-Calixto
(1995), with some modifications. The modification of this method
is based on the use of dialysis bags replacing the precipitation
with ethanol. After enzymatic hydrolysis of the samples, they
were separated in soluble DF fraction (SDF) and insoluble DF
fraction (IDF). The IDF was quantified gravimetrically before its
hydrolysis with sulfuric acid for Klasson Lignin (KL) determination.
The total IDF was calculated as the sum of the insoluble fraction
(TF) and KL (Ztotal IF= IF+ KL). On the other hand, the SDF
was hydrolyzed with 1 M sulfuric acid (100 °C, 90min), for total
carbohydrate determination by 3,5 dinitrosalicylic acid (DNS)
method (Borel et al., 1952). The total DF was considered to
be the sum of both fractions, and expressed as percentage on
dry basis. The associated phenolic compounds (APC) of either
SDF or IDF were measured by the Folin-Ciocalteu method as
described by Singleton & Rossi (1965). The results of APC were
expressed as mg of gallic acid equivalents (GAE)/100g of fresh
weight (FW).

2.5 In vitro digestion

The simulation of the digestion conditions of the gastrointestinal
tract was done according to Saura-Calixto et al. (2000), with
some modifications. In this method, the sample underwent
three simulated digestion phases: gastric, intestinal and starchy
carbohydrates digestion. The gastric phase conditions were done
simulating the acidic conditions of the stomach. 300 g of sample
with 10 mL of HCI-KCI buffer (pH 1.5) were incubated with
pepsin (Sigma P-700) solution (300 mg/mL) for 1h at 40 °C in
a water bath with constant shaking. After this point, the gastric
phase was concluded and samples of the solution were taken for
turther analysis. The intestinal phase was simulated as previously
described above. After hydrolysis with pepsin, the samples were
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incubated for 6 h at 37 °C in a water bath with constant shaking
by addition of 4.5 mL of Phosphate buffer (pH 7.5) and 1mL
of pancreatin (Sigma P-1750) solution (5mg/mL). Then, 9 mL
of tris-Maleate bufter (0.1 M, pH 6.9) was added. An aliquot of
sample was taken for its subsequent analysis. The digestion phase
of starchy carbohydrates included the steps mentioned above,
followed by the subsequent addition of 9 mL of tris-maleate
buffer (pH 6.9) and pancreatic a-amylase (Sigma A-31176)
(37 °C, 16 h), to hydrolyze the remaining starch that may have
withstood the above conditions. Finally, samples were taken at
this phase for further analysis. All samples collected were stored
at —20 °C until the analysis of total PCs content and AOXC was
conducted.

2.6 Statistical analysis

The analysis of results was performed with a completely
randomized design considering the digestion phases (gastric,
intestinal, and starchy carbohydrate) as factors. The comparison
between the total PCs content and the AOXC of the fruits was
performed using an ANOVA with a 95% confidence through
the statistical package NCSS 2007.

3 Results and discussion
3.1 Total phenolic compounds and antioxidant capacity

Total PCs content and the AOXC of the fruits are shown
in Figure 1. The CT were not detected in the studied fruits.
In the absence of CT, we found that the total PCs could be
considered as the sum of the EPCs and the HT. The results
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Figure 1. EPC content and AOXC of tropical fruits. Data are means of
at least three determinations (n=3) * the standard deviation. Different
letters within the bars sharing the same symbol (*) indicate significant
differences (p< 0.05).

indicated that the fruit with higher content of EPCs was mango
cv. with 144.34 + 1.37 mg GAE/100 g FW, followed by papaya
and pineapple cv. with 93.18 + 8.66 and 56.83 + 0.60 mg
GAE/100 g FW, respectively. Most of the literature about PCs
in these fruits, as well as in many other plant foods, considered
the EPCs as the total phenolics, underestimating the content of
NEPCs (Arranz et al., 2009; Mertz et al., 2009; Palafox-Carlos et al.,
2012a). The NEPCs are represented by HT and CT, or those
PC with higher molecular weight associated to DF or protein
within the food matrix (Arranz et al., 2009). The results obtained
are similar to those reported by Palafox-Carlos et al. (2012b),
Gayosso-Garcia Sancho et al. (2011) and Hossain & Rahman
(2011) for these types of fruits.

The EPCs values found in these fruits were consistent
with the AOXC, with mango pulp having the higher values
(194.69 mg TE/100 g FW in DPPH assay, and 192.53 mg TE/g
FW in TEAC assay). Mango AOXC values were followed by
those found in papaya (140.98 and 197.86 mg TE/100gfw) and
pineapple (40.29 and 62.87 mg TE/100 gfw) DPPH and TEAC
values, respectively. On the other hand, as was mentioned
previously, the TPC content in pulp is considered as the sum of
EPC and NEPC. In this case, just HT as it is shown in Table 1.
These results, demonstrated that the content of HT in fruit pulps
is comparable to the EPC content, reasserting that nearly half
of the content of TPC in these fruits has been underestimated
in other studies (Gayosso-Garcia Sancho et al., 2011; Hossain
& Rahman, 2011; Palafox-Carlos et al., 2012a). Nevertheless,
the TPC remains in the same order, with the higher content of
TPC in mango (274.30 mg GAE/100 g FW), followed by papaya
(212.17 mg GAE/100 g FW) and pineapple (107.63 GAE/100 g FW).

3.2 Dietary fiber content and associated phenolic
compounds

The results of the SDF, IDF, KL and total DF content
in mango, papaya and pineapple are presented in Table 2.
The total DF content did not differ (p>0.05) between mango
and papaya; however, this difference is significant when they
are compared with pineapple. These results show that papaya
fruit has a higher DF content with IDF and SDF values of 7.09%
and 1.8%, respectively. On the other hand, mango and papaya
showed similar percentages of IDF having 2.64% and 2.91%
IDE respectively. These values are similar to those reported by
Quiros-Sauceda (2012), who found that fruits like pineapple and
guava are rich sources of IDE. There were significant differences
(p<0.05) between the SDF contents of the fruits, papaya being
the one with higher SDF content (2.91%), followed by mango
(2.64%) and pineapple (1.82%). These results are similar to those
reported by Ramulu & Rao (2003) who reported similar amounts

Table 1. Total extractable and non-extractable phenolic compounds content of tropical fruits.

Tropical fruit EPC CT TP
Pineapple 56.83 £ 0.60c 50.79 £ 0.65b Nd 107.63 + 1.01c
Mango 144.34 + 1.37a 129.95 + 8.41a Nd 274.30 £ 9.32a
Papaya 93.18 + 8.66b 118.98 £ 3.92a Nd 212.17 + 2.40b

Data are means of at least three determinations (n = 3) + standard deviation. Different letters within the same column indicates significant differences (p< 0.05). Nd = not detected.
The total phenolic content indicates the sum of the total extractable and HT. Values are expressed as mg equivalents of gallic acid/100g fresh weight. EPC = Extractable Phenolic

Compounds; HT = Hydrolyzable Tannins; CT = Condensed Tannins; TP = Total Phenolics.
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of SDF in papaya and mango, but lower values in pineapple
SDE. The presence of KL was not detected in the pulp of these
fruits studied because this DF component is mainly found in the
fruit skin (Femenia et al., 1998). The KL represents the lignin
value obtained gravimetrically based on their solubility in acid
(Quintana et al., 2008).

Recent studies have shown that the addition of DF to PCs
solutions of tropical fruits decreased AOXC (Quir6s-Sauceda et al.,
2014). This reduction ranges from 5 to 21% in AOXC by DPPH
assay with the addition of DF of the fruit, to a reduction of
23-45% with a decrease of DF from wheat bran. This indicates
that the possible interactions between DF and PCs causes
entrapment that does not allow to the hydroxyl groups (present
in PCs) to make contact with free radicals found in the medium.
Additionally, the presence of large amounts of DF in foods and
their possible interactions, prevent its proper absorption in the
small intestine (Pérez-Jiménez et al., 2009). The decrease in the
absorption of bioactive compounds in the small intestine, limit
their biological functions in the body, whereas the antioxidant
environment in colon increases (Kanazawa, 2011; Manach et al.,
2005; Singhet al., 2008).

Table 3 shows the associated PCs values of the total DF and
its fractions (SDF and IDF). According to Saura-Calixto (1998)
the DF in the fruits studied cannot be considered as antioxidant.
For DF to be considered as antioxidant, it must have a phenolic
content associated with DF within a range of 50-70%. An example
of this is the results obtained by Saura-Calixto (1998) in skin
of a red grape variety, which reported a 60% content of PCs
associated with DF fractions. In this context, the PCs content
associated with DF fractions in these fruits showed low values,
ranging from 0.52 to 2.48 mg GAE/100 g FW. Therefore, these
PCs represent values below 1% of total PCs presented in the fruits.
DF fractions of the fruits studied do not meet the requirements to
be considered as antioxidant DF. Thus, the highest APC content
of DF fractions was found in mango, representing 0.90% of TPC,
followed by papaya and pineapple.

A low PC content in DF indicates that the PCs in the food
matrix of these fruits have no direct interaction between them and
DE. The literature suggests that PCs associated with DF, mainly

Table 2. TDF fractions and KL content in tropical fruits.

occurs between high molecular weight PCs, defined as those being
NEPCs (HT and CT) (Bravo, 1998; Pozuelo et al., 2012). In the
case of cereals, fruit or some source considered antioxidant DF,
the content of the NEPCs significantly exceeds (5x) the values
of EPCs (Fogliano et al., 2011). This information indicated that
these tropical fruits do not possess the typical characteristics of
the antioxidant DF, since the PCs or their fractions associated
with DF are less than 10% of the total polyphenols and their
content of EPCs and NEPCs are comparable.

3.3 In vitro digestion

Figure 2 shows the results regarding the content of PCs
during the different phases of an in vitro digestion model. These
results indicated that the release or bioaccessibility of PCs in
these fruits is about 50% of its total PCs during the gastric
digestion; and these are stable in mango and pineapple during
the intestinal digestion phases. On the other hand, although there
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Figure 2. Total phenolic compounds content per fruit in the different
stages of simulated digestion in vitro. Data are means of at least
three determinations (n = 3) + standard deviation. Different letters
are assigned to the values of the means by fruits at each phase with
significant differences (p< 0.05).

Tropical Fruit SDF IDF KL TDF
Pineapple 1.82 £ 0.09¢c 2.35+0.22¢ Nd 3.90 £+ 0.50c
Mango 2.64 +0.04b 3.24 +0.10b Nd 6.07 +0.34b
Papaya 291 +0.11a 4.37 +0.24a Nd 7.09 +0.11a

Data are means + SD of three determinations (n = 3). Different letters within the same column indicated significant differences (p< 0.05). Nd = not detected. Values are expressed as
percentage on dry basis. SDF = Soluble Dietary Fiber; IDF = Insoluble Dietary Fiber; KL = Klasson Lignin; TDF = Total Dietary Fiber.

Table 3. PC content associated with DF fractions of tropical fruits.

Tropical Fruit SDF IDF TDF
Pineapple 0.52 +0.02b Nd 0.52 +0.02¢
Mango 0.96 £ 0.01a 1.51 £ 0.04a 2.48 +£0.039a
Papaya 0.72 £ 0.03b 0.24 £+ 0.02b 0.96 £ 0.031b

Data are means of at least three determinations (n = 3) + standard deviation. Different letters were assigned to the values of means with significant differences (p< 0.05) within the same
column. Nd = not detected. Values are expressed as mg GAE/100g FW. SDF = Soluble Dietary Fiber; IDF = Insoluble Dietary Fiber; TDF = Total Dietary Fiber.
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Table 4. Antioxidant capacity of the phenolic compounds released during the different digestion phases.

Tropical Fruit Phase DPPH TEAC
Gastric 2.25+0.05b 37.15+0.85b
Pineapple Intestinal 1.56 +0.11c 39.98 + 4.07b
a-amylase 3.32+0.01a 86.92 £ 1.93a
Gastric 3.26 +0.12b 44.05 + 4.67¢
Mango Intestinal 2.67 +0.08¢c 36.09 + 1.62b
a-amylase 7.04 +0.23a 35.44 + 5.76a
Gastric 2.13+0.21b 3.71+3.71c
Papaya Intestinal 2.10+0.18b 48.79 + 4.84b
a-amylase 3.64 +0.49a 89.76 + 1.02a

Data are means of at least three determinations (n = 3) + standard deviation. Different letters were assigned to the values of means with significant differences (p <.05) between columns.

Values are expressed as mg of trolox equivalents (TE) per mL of digestive solution.

was up to 50% of the total PCs in papaya fruit released at gastric
conditions, the intestinal conditions with pancreatin digestion
showed a decrease in the PCs concentration, indicating loss of
PCs at these conditions. Recent studies revealed that some types
of PCs can be unstable to physiologic pH conditions, suffering
irreversible structural changes (Friedman & Jiirgens, 2000; Krook
& Hagerman, 2012). These studies explain how simple PCs in
papaya fruit, like caffeic acid, might be unstable to alkaline
conditions above pH 7 (Friedman & Jiirgens, 2000). On the
other hand, a recent study performed by Bouayed et al. (2011),
reveals similar information about the bioaccessibility of PCs
within the food matrix of different apple varieties. They found
that 50% or even more of the PCs in apple varieties were released
in the gastric stage and in some cases showed slight increases,
lower than 10% when arrived to the intestinal phase. However,
their results indicate lack of information about what happened
to the percentage of PCs not released during digestion, such as
if it is degraded or interacting with food matrix components.

To explain the non-released PCs, our study conducted an
additional digestion with pancreatic a-amylase. This digestion
indicates that about 40% of the total PCs are embeded within the
food matrix, in starchy carbohydrates but not in DF fractions.
This information reasserts the results found for the PCs associated
with the different DF fractions (Table 3), where the major PCs
content was associated with the total DF in these fruits was
about 1%. On the other hand, the AOXC was also evaluated
during the different simulated digestion phases (Table 4).
These AOXC values were congruent with the PCs content found
during the different digestion phases. The highest AOXC values
were found in the additional digestion phase with pancreatic
a-amylase, where the highest percentage of total PCs content
was released. However, such associated PCs values, compared
to those found for EPCs, might be explained by the presence
of other bioactive compounds presented in these fruits, such as
vitamins and carotenoids (Gayosso-Garcia Sancho et al., 2011;
Leontowicz et al., 2011).

4 Conclusion

Based on the results found in this study, it is concluded that
the mango cv. ‘Ataulfo, papaya cv. ‘Maradol” and pineapple cv.
‘Esmeralda’ fruits, are an important source of both low (EPCs)
and high molecular weight (HT) PCs. However, the release or
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bioaccessibility of the PCs present in these tropical fruits occurs
gradually during the different digestion phases in this in vitro
digestion model. Despite the various types of DF fractions
present in the tropical fruits studied; this is not a limitation to
the proper releasing of the PCs present in the food matrix. It was
further found that the release of PCs, has a positive correlation
with the release of PCs (bioaccessibility) and AOXC of the
system. Furthermore, it was observed that the effect of trapping
of PCs by DF was low, where less than 1% of the total PCs is
associated with DF fractions. Even so, in the case of papaya, it
was found that in addition to bioavailability and bioaccesibility
of its PCs, instability due to changes in pH is a factor to consider.
Therefore, the exposure of the PCs to different pH conditions
of the gastrointestinal tract represents a limiting factor in the
use of its antioxidant properties.
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