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Abstract

Pulsed electric fields (PEF) are known to influence the chemical and microstructural
factors governing apple phenolic compounds fate upon digestion. However, the effect of PEF on
fruit phenolic compounds bioaccessibility has yet to be determined. This work assessed the
effects of PEF treatment (0 and 24 h after 0.01, 1.8 and 7.3 kJ kg) on the bioaccessible and
non-bioaccessible fractions of apple phenolic compounds. Bioaccessible and non-bioaccessible
5-caffeoylquinic acid increased at 24 h after delivering 0.01 kJ kg (61 and 35%, respectively).
At 1.8 and 7.3 kJ kg1, the overall bioaccessible content decreased, although the percentage of
compounds released (bioaccessibility) increased in some cases. Bioaccessibility of overall
phenolic compounds increased from 14% (untreated) to 27% (24 h after 7.3 kJ kg1). Therefore,
PEF processing could modulate the apple functional value, by either increasing phenolic

contents in the bioaccessible and non-bioaccessible fractions or the phenolic bioaccessibility.

Keywords
Apple, Bioaccessible, Bioaccessibility, Non-bioaccessible, Pulsed Electric Fields,

Phenolic compounds.
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1. Introduction

Apple fruit (Malus pumila Mill.) is one of the most consumed fruits in the world, either
raw or as processed food. In 2013, the world average production of apple and apple products
was 28 g capita® day?, and it reached 50 g capita?® day? in the US and EU (Food and
Agriculture Organization of the United Nations, 2019). Its consumption has been linked to
important health benefits, mainly attributed to their high content in phenolic compounds, most
notably hydroxycinnamic acids and flavan-3-ols (Boyer & Liu, 2004). In particular, apple is a
very important dietary source of 5-caffeoylquinic acid, epicatechin and procyanidins (Bars-
Cortina, Macia, Iglesias, Romero, & Motilva, 2017), whose intake has been correlated with
decreased risk of cardiovascular disease and cancer (Clifford, 2000; Schroeter et al., 2010).

Therefore, the apple functional value is strongly determined by its phenolic content.
However, only a percentage of the apple phenolic content can be biologically active in the body,
as it has to be absorbed through the gastrointestinal tract and reach the bloodstream, which is
known as bioavailability. On the other hand, bioaccessibility is the term used to describe the
percentage of food compounds released from the food matrix during digestion, which is a
required step to their absorption and bioavailability (Rein et al., 2013). Hence, the phenolic
content in the duodenal lumen after ingestion of apple can be divided into two fractions: i)
Bioaccessible content, which is the amount of phenolic compounds readily available for small
intestinal absorption; and ii) Non-bioaccessible content, which is the amount of phenolic
compounds that will continue their journey to the colon. The bioaccessible and non-
bioaccessible phenolic compounds fractions of food can be assessed by using an in vitro
simulated digestion with dialysis of the digested food. Bioaccessible compounds are dialyzable,
while the non-bioaccessible compounds will be retained within the non-dialyzed content
(Minekus et al., 2014). In recent years, non-bioaccessible phenolic compounds have gained
interest due to their two-sided interaction with the colon microbiota, leading to important health
benefits. On one hand, they assist the good preservation of the colonic mucosa and a balanced
bacterial population, which has direct implications on digestion regulation and host health (Mills
et al., 2015). On the other hand, the metabolism of the colon microbiota transforms the non-
bioaccessible phenolic compounds to absorbable forms, thus contributing to their bioavailability

(Selma, Espin, & Toméas-Barberan, 2009).
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Phenolic compounds are known to be poorly absorbed, which limits their biological
efficacy (Rein et al., 2013). Chemical structure, concentration and matrix interactions are three
basic pillars that govern bioaccessibility of phenolic compounds from fruits. It has been shown
that food processing can interact with all these three factors, hence its use has been proposed
to modulate phenolic compounds bioaccessibility (Ribas-Agusti, Martin-Belloso, Soliva-Fortuny,
& Elez-Martinez, 2018a). In particular, low and moderate-intensity pulsed electric fields (PEF)
have been shown to increase phenolic compounds contents in apple fruit (Soliva-Fortuny,
Vendrell-Pacheco, Martin-Belloso, & Elez-Martinez, 2017; Wiktor et al.,, 2015). It has been
stated that PEF at non-lethal conditions induce phenolic compounds accumulation in plant
tissues in response to abiotic stress (Elez-Martinez, Odriozola-Serrano, Oms-Oliu, Soliva-
Fortuny, & Martin-Belloso, 2017).

Furthermore, PEF has known effects on the apple matrix and its capacity to retain
phenolic compounds (Jemai & Vorobiev, 2002; Lohani & Muthukumarappan, 2016). The effects
on fruit tissue structure are derived from changes in the integrity and permeability of cell
membranes, as described by the theory of electroporation (Martin-Belloso & Soliva-Fortuny,
2010). These changes may be reversible or irreversible, depending on the capacity of cells to
rearrange the cell membranes (Gonzalez & Barrett, 2010). According to Angersbach, Heinz, &
Knorr (2000), the field strength of electric pulses must be higher than 0.4-0.8 kV cm- for
significant membrane breakdown of apple cells, although the critical value depends on
membrane thickness and electrical conductivity, among other cell factors. It can be suggested
that phenolic compounds would have a facilitated release from a PEF-treated apple tissue
where the permeability of the cell membranes has been fostered. In this line, higher release of
phenolic compounds bound in apple pomace matrix has been described (Lohani &
Muthukumarappan, 2016). Also, increased bioaccessibility of phenolic compounds has been
found in fruit juices following the application of PEF (Buniowska, M., Carbonell-Capella, J. M.,
Frigola, A., & Esteve, M. J., 2017; Rodriguez-Roque et al., 2015). A work of Jemai & Vorobiev
(2002) indicated that PEF treatment had greater effect than thermal treatment on the structure
and permeability of apple tissue. As occurring under thermal treatment, the PEF-induced

modification of the fruit matrix entail changes in the fruit textural properties (Lebovka,
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Praporscic, & Vorobiev, 2004). Thus, the assessment of textural properties is important when
evaluating the effects of PEF on fruit.

Therefore, PEF arises as a very promising technology to influence phenolic
compounds bioaccessibility from apple. In this line, the use of food processing technologies for
enhancing fruit phenolic compounds bioaccessibility is very relevant to the food industry, which
is in the need for providing food products with high functional value. Though it is known that
PEF can affect the foremost factors controlling phenolic compounds fate upon digestion (i.e.
chemical structure, concentration and matrix interactions) (Barba et al., 2017; Cilla, Bosch,
Barbera, & Alegria, 2018; Ribas-Agusti, Martin-Belloso, Soliva-Fortuny, & Elez-Martinez,
2018a), to the best of our knowledge, no works have been performed to determine the effect of
PEF on phenolic compounds bioaccessibility of a whole fruit.

This work aimed at filling the gap between PEF processing and the fate of apple
phenolic compounds after digestion. To this end, phenolic compounds bioaccessibility and
contents in the bioaccessible and non-bioaccessible fractions were evaluated upon PEF
processing at three specific energies (0.01, 1.8 and 7.3 kJ kg-1). The effects were assessed at 0
and 24 h after treatments, in order to evaluate post-treatment changes. The results will provide
the food industry with relevant information enabling the use PEF technology for enhancing the

nutritional quality of apple products.

2. Materials and Methods

2.1. Reagents

Ultrapure water was obtained with a Milli-Q system (Millipore lbérica, Madrid, Spain).
Sodium chloride, ammonium carbonate, magnesium chloride hexahydrate and methanol (HPLC
grade) were obtained from Scharlab (Sentmenat, Spain). Potassium chloride was obtained from
Panreac (Castellar del Vallés, Spain). Calcium chloride dihydrate was purchased from Merck
(Darmstadt, Germany). Potassium dihydrogen phosphate and sodium hydrogen carbonate were
obtained from VWR (Llinars del Valles, Spain). 5-Caffeoylquinic acid (chlorogenic acid),
coumaric acid, (+)-catechin, (-)-epicatechin, procyanidin B2, quercetin-3-O-rutinoside (rutin),
phloretin-2’-B-D-glucoside (phloridzin), sodium sulfide, formic acid, meta-phosphoric acid,

5
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porcine a-amylase, porcine pepsin, porcine bile extract and porcine pancreatin were purchased

from Sigma-Aldrich (Darmstadt, Germany).

2.2. PEF processing of apples

Locally produced apples, commercially mature cv. ‘Golden Delicious’, were obtained
shortly (one month) after season from a local shop (Lleida, Spain). Before purchasing, they
were stored in cold store (0-4 °C) except for a short period (<48 h) at retail at ambient
temperature (22 °C). After purchasing, they were stored at 6 °C until processing within one
week. Apple samples had uniform weight (203 £ 6 g) and ripeness, as determined by toughness
(10.69 = 0.49 N s), soluble solids content (12.83 + 0.14 °Brix), titratable acidity (0.35 = 0.00 %
malic acid), pH (4.06 + 0.06) and skin color (L* 73.96 + 1.51, a* -14.51 £ 0.94, b* 45.24 + 1.24).

Apples were processed in a PEF batch equipment (Physics International, San
Leandro, CA, USA), equipped with a 0.1 puF capacitor, a TG-70 gas control unit and a PT55
pulse generator (Pacific Atlantic Electronics Inc., El Cerrito, CA, USA) (Fig. 1a). The treatment
chamber, which was isolated by a methacrylate case, had two parallel stainless steel electrodes
(20 x 10 cm) separated by 10 cm, and contained tap water (20 °C, 370 uyS cm?) as a
conductive medium (Fig. 1b). The device delivered monopolar pulses of 4 us width with
exponentially decaying waveform. The specific energy input (Q, kJ kg1) was calculated using
the following equation:

_VzCn

2m

where V is the voltage (V), C is the capacitance (F), n is the number of pulses and m is the
mass of sample (g).

Treatments were applied at three specific energy inputs with the aim of influencing
apple metabolism and/or microstructure, since the effects on either or both may lead to effects
on phenolic compounds bioaccessible contents and bioaccessibility. In this regard, it has been
suggested that 0.01 kJ kg? stimulated apple secondary metabolism, as shown by increased
total phenolic content (as determined by spectrophotometric method) at 24 h after application
(Soliva-Fortuny, Vendrell-Pacheco, Martin-Belloso, & Elez-Martinez, 2017). Therefore, apples

were treated at 0.01 kJ kg (0.4 kV cm-1, 5 pulses). Furthermore, apples were treated at higher
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specific energy inputs in order to induce more important microstructural changes: 1.8 kJ kg
(2.0 kV cm?, 35 pulses) and 7.3 kJ kg (3.0 kV cm, 65 pulses), as suggested by the literature
(Barba et al., 2015).

Sampling consisted of four representative cylinders each apple (2 cm diameter x 2 cm
length, containing peel), from opposite sides in order to overcome the possible heterogeneity of
the response within fruit (Fig. 1c). Each treatment, including control, was replicated twice using
batches of two apples per replica, and every replica was digested and analyzed in duplicate.
Apple cylinders from PEF-treated and untreated apples, just treated and after 24 h at 22 °C,
were used for the determination of flesh toughness and phenolic compounds contents, or they
were digested to assess bioaccessible and non-bioaccessible compounds (Fig. 2). The samples
for the determination of phenolic compounds contents in undigested apple were cut in small
pieces of approximately 5 mms3, quickly frozen in liquid nitrogen and kept at —30 °C for one

month until extraction.

2.3. Toughness

Flesh toughness was determined by penetration into 2 x 2 cm apple flesh cylinders,
using a texture analyzer (TA-XT2, Stable Micro Systems, Godalming, UK) with a cylinder probe
of 4 mm diameter. Tests were performed at a constant rate of 5 mm s to a depth of 10 mm
(Rojas-Gral et al., 2007). Toughness (N s) was determined as area under the force-time curve,

on eight samples (cylinders) obtained from four different apples each treatment.

2.4. Simulated gastrointestinal digestion

Phenolic compounds in the bioaccessible and non-bioaccessible fractions were
evaluated using an in vitro static digestion according to Minekus et al. (2014), who described a
complete and internationally-agreed protocol using electrolyte and enzymatic solutions to
simulate the oral, gastric and duodenal phases of human digestion. The oral phase was initiated
by blending 10 g of sample and 10 mL of simulated salivary fluid (Minekus et al., 2014) with a-
amylase (pH 7) for 2 min in a paddle blender (Masticator, IUL Instruments, Barcelona, Spain). A
gastric phase followed by putting the simulated oral bolus in a glass bottle with 20 mL of

simulated gastric fluid (Minekus et al., 2014) and pepsin (pH 3). After 2 h of incubation at 37 °C

7
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with agitation, the duodenal phase was initiated by inserting a cellulose-membrane dialysis bag
(molecular weight cut-off 12,000 Da, Sigma-Aldrich) containing simulated intestinal fluid
(Minekus et al., 2014). At this stage, the dialysis bag is used to mimic the role of the intestinal
epithelium and separate the compounds that have been released from the undigested product
(bioaccessible fraction) (Minekus et al., 2014). After a transition period of 30 min to reach pH 7,
a solution containing simulated intestinal fluid, bile extract and pancreatin was added to the
chyme and the mixture was left to incubate for further 2 h. At the end of digestion, the dialysis
bags were rinsed with water (10-20 mL) until clean, using rinsing bottle. Their content was
weighed and stored at —40°C until analysis of the bioaccessible fraction within 5 months. The
remaining substance, which contained undialyzed compounds, was centrifuged at 21612 xg for
20 min at 4 °C to remove debris and was stored at —40°C until analysis of the non-bioaccessible
fraction within 5 months. Gastric and intestinal phases were performed in the dark, in absence
of oxygen (bottles were flushed with nitrogen gas), in an orbital incubator (Ovan, Badalona,
Spain) at 37 °C and 120 rpm. Electrolyte concentrations and enzyme activities followed the
indications provided by Minekus et al. (2014). Blank samples (bioaccessible and non-

bioaccessible), consisting in water instead of apple, were made in identical conditions.

2.5 Phenolic contents

2.5.1. Extraction of phenolic compounds

The phenolic compounds contents in undigested apples were estimated from
methanolic extracts (Ribas-Agusti, Caceres, GratacGs-Cubarsi, Sarraga, & Castellari, 2012).
Frozen apple samples were blended (5 g) and mixed with methanol (1:4) and centrifuged
(21,612 xg) for 20 min at 4 °C. The clear supernatant was kept and the residue was further
homogenized with 5 g of methanol, treated with ultrasounds (50-60 kHz) for 5 min, centrifuged
again and the resulting supernatant was mixed with the previous one and kept at -30 °C until
analysis within four months.

The non-bioaccessible fraction of digested apple was a mixture of apple components
dissolved in simulated digestion fluid and tissue debris. Preliminary tests showed that there
were no significant differences (p<0.05) between the phenolic content of the methanolic extracts

(including digestion fluid and tissue debris) and the direct analysis of the digestion fluid (data not

8
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shown). Similarly, the phenolic content of the bioaccessible fraction showed no significant
difference if evaluated by either direct analysis or after methanolic extraction. Therefore, the
analysis of phenolic compounds from the bioaccessible and non-bioaccessible fractions did not

require extraction.

2.5.2. HPLC-DAD-MS? analysis of individual phenolic compounds

Phenolic compounds concentrations in undigested and digested samples were
analyzed according to Ribas-Agusti, Caceres, GratacOos-Cubarsi, Sarraga, & Castellari (2012)
with some modifications. An UPLC-DAD-MS? system (Waters, Milford, MA, USA) was utilized
for identification purposes, using a reversed-phase HSS T3 column (2.1 x 150 mm, 1.8 ym
particle size, Waters). The volume of injection was 10 pL and the column was maintained at 35
°C. The mobile phase, at a flow rate of 0.3 mL mint, was composed of A (ultrapure water-
methanol-formic acid 97.9: 2.0: 0.1 v/v/v) and B (methanol-formic acid 99.9: 0.1 v/v). A linear
gradient of mobile phase was performed: 0—6 min 0-20% B, 6—15 min 20-40% B, 15-18 min
40% B (isocratic) and 18—-19 min 40—-90% B. Electrospray ionization tandem mass spectrometry
experiments were performed in a triple quadrupole system, operating in the negative mode.
Parent molecular ions were obtained in scan mode and daughters mode was used to acquire
fragmentation patterns, with collision energies at 15-25 V. Peaks retention times, DAD spectra
and mass/charge ratios from parent and daughter ions were contrasted for identification with
those obtained from pure standards or, when no available, for tentative identification with
literature data (Sanchez-Rabaneda et al., 2004).

An HPLC-DAD system (Waters) was used for quantification purposes. Peaks
identification from UPLC chromatograms were transferred in basis of their retention times,
relative intensities and DAD spectra. Separation was carried out in a reversed-phase SunFire
column (3 x 150 mm, 3.5 um particle size, Waters) under gradient elution of a mobile phase
composed of A (ultrapure water-methanol-phosphoric acid 94.966: 5.00: 0.034 v/v/v) and B
(methanol-phosphoric acid 99.966: 0.034 v/v). The volume of injection was 40 pL and the
column chamber was set at 35 °C. The mobile phase, at a flow rate of 0.4 mL min-, varied
using the following gradient: 0-5 min 5-30% B, 5-25 min 30-40%, 25—-45 min 40% (isocratic),
45-50 min 90% B. Phenolic compounds were detected at their maximum absorption

9
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wavelength, and quantification was made by using external calibration curve of their pure
standard, or when no available, a standard of a chemically similar compound. Coumaric acid
was used for quantification of coumaroyl derivatives, 5-caffeoylquinic acid for caffeoyl
derivatives, quercetin-3-O-rutinoside for quercetin derivatives and phloretin-2’-3-D-glucoside for
phloretin derivatives. The limits of quantification were determined at the signal-to-noise ratio of

10.

2.6. Bioaccessibility, bioaccessible and non-bioaccessible contents.

Concentration of phenolic compounds in the bioaccessible and non-bioaccessible
fractions was assessed from the dialyzed and non-dialyzed fractions (respectively) of digested
samples. Results were expressed as amount of bioaccessible/non-bioaccessible compound per
amount of sample (fresh weight). Bioaccessibility, i.e., the percentage of dietary phenolic
compounds that are bioaccessible, was calculated as the ratio of bioaccessible compounds to

the compounds from undigested samples (methanolic extracts).

2.7. Statistical analysis

Results showed no homogeneity in their variance according to the Levene’s test, due
to the higher variance of results from PEF-treated apples compared to untreated apples.
Therefore, differences between means of untreated and PEF-treated apples, at 0 h or 24 h after
treatment, were assessed by Welch’s t-test, which does not assume homogeneity of the
variances. Correlation between toughness and phenolic compounds bioaccessibility was
determined by Pearson correlation coefficient. Level of significance was set at a = 0.05. (JMP,

SAS Institute, Cary, NC, USA).

3. Results and discussion

3.1. Apple phenolic contents in the bioaccessible fraction as affected by PEF

PEF had significant influence on the amount of phenolic compounds that was released
from the apple matrix and became bioaccessible during in vitro digestion. Different responses
were found depending on the compound and the treatment specific energy (Table 1).
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Just after treatment, apple fruits subjected to 0.01 kJ kg? had 29% lower 5-
caffeoylquinic bioaccessible content than untreated apple. This decrease could be related to
temporary microstructural changes hampering their release from the matrix during digestion, as
their contents were not affected by the 0.01 kJ kg treatment in undigested apples (Ribas-
Agusti, Martin-Belloso, Soliva-Fortuny, & Elez-Martinez, 2018b). In this sense, Cholet et al.
(2014) described much greater thickness of grape skin immediately after non-lethal PEF
treatment, as consequence of cell wall reorganization. Such changes in fruit tissue might be
compatible with decreased release of phenolic compounds during digestion from their
intracellular compartments. A possible correlation between thickness of apple cell walls and
bioaccessibility of phenolic compounds needs to be further addressed in future studies.

However, 24 h after 0.01 kJ kg treatment, apples had 61% higher bioaccessible 5-
caffeoylquinic acid and 26% higher sum of bioaccessible phenolic compounds than untreated
apple. The increase in these bioaccessible phenolic contents could be due to increased
contents in the undigested apple. In this sense, it has been previously found that 0.01 kJ kg
treatment enhanced the contents of 5-caffeoylquinic acid and procyanidin B2 in undigested
apple at 24 h after treatment (Ribas-Agusti, Martin-Belloso, Soliva-Fortuny, & Elez-Martinez,
2018b). These results are in line with previous works that suggested the use of PEF to stress
plant material and stimulate the biosynthesis of phenolic compounds (Elez-Martinez, Odriozola-
Serrano, Oms-Oliu, Soliva-Fortuny, & Martin-Belloso, 2017). It is unlikely that the higher amount
of phenolic compounds in the bioaccessible fraction at 24 h after 0.01 kJ/kg treatment,
compared to untreated apple, was due to higher extractability of compounds, due to the
following reasons:

i) No increase in the bioaccessible phenolic contents were found at O h after 0.01 kJ
kg? treatment (Table 1). Any modification of the extractability due to electroporation or
membranes breakage would have been detected immediately after treatment.

i) On the contrary, the 0.01 kJ kg treatment leaded to increased bioaccessible 5-
caffeoylquinic and sum of bioaccessible phenolic compounds at 24 h after treatment (Table 1).
This is compatible with an activation of the stress metabolism and an accumulation of phenolic

compounds within 24 h following the application of PEF.
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iii) The lack of texture changes (toughness) at 0 and 24 h after 0.01 kJ kg treatment
(Fig. 3) indicated very limited effect on the cell capacity to retain water (i.e., no turgor loss), and
most probably, on the extractability of vacuolar hydrophilic compounds such as phenolic
compounds.

The present work gives support to the use of PEF technology for enhancing apple
functional value, given the important health benefits attributed to phenolic compounds once they
have been absorbed into the organism (Crozier, Jaganath, & Clifford, 2009).

A different behavior was found following 1.8 and 7.3 kJ kg? treatments, with
bioaccessible contents tending to decrease at higher energy density and time after treatment.
Different effects were found across the families of compounds, which indicates different
susceptibility according to the chemical structure. The highest decrease was found in the family
of hydroxycinnamic acids. The bioaccessible flavan-3-ol and dihydrochalcone contents were
also affected (Table 1). On the contrary, flavonols (quercetin derivatives) were not affected by
any of the PEF treatments, at 0 h or 24 h. The sum of bioaccessible phenolic compounds
decreased by 34% and 44% at 24 h after treatments at 1.8 and 7.3 kJ kg (respectively),
compared to untreated apples. The overall decrease in bioaccessible compounds at 1.8 and 7.3
kJ kg?' can be linked to decreased contents in undigested apple, which was probably
consequence of their degradation due to process-induced oxidative reactions. In this sense,
lower content in total phenolics has been reported after PEF treatment, due to the leakage of
cell contents facilitating the oxidative reactions mediated by polyphenol oxidase (PPO) (Wiktor

et al., 2015).

3.2. Apple phenolic contents in the non-bioaccessible fraction as affected by PEF

The non-bioaccessible fraction of the in vitro digestion represents the dietary phenolic
compounds that are accessible to the colon microbiota metabolism after their passage through
the small intestine. 4-Caffeoylquinic acid, epicatechin and phloretin xyloglucoside contents were
below the limit of quantification in control and PEF-treated samples (1.2, 1.0 and 1.0 mg kg in
the non-bioaccessible fraction, respectively).

The effects of PEF treatments on non-bioaccessible contents are shown in Table 2.
Treatment at 0.01 kJ kg induced a 19% decrease at 0 h and 35% increase after 24 h in the

12
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non-bioaccessible content of 5-caffeoylquinic acid, with respect to untreated apple. It has been
described that non-bioaccessible caffeoylquinic acid modulates the colon microbiota population
and metabolism, which could be beneficial to host health (Mills et al., 2015). No significant
effects on all other individual compounds were found at 0.01 kJ kg1, except for a 17% decrease
in phloretin glucoside at 0 h after treatment.

PEF at 1.8 and 7.3 kJ kg* induced a decrease in the non-bioaccessible contents of 5-
caffeoylquinic acid, p-coumaroylquinic acid and phloretin glucoside (Table 2). Flavonols, on the
other hand, showed high stability against PEF, given that their bioaccessible and non-
bioaccessible contents were not affected by any treatment. Overall non-bioaccessible phenolic

compounds content was not significantly affected at 24 h after treatments (Table 2).

3.3. Bioaccessibility of apple phenolics as affected by PEF and its relationship with apple
toughness

Bioaccessibility, i.e. the release of compounds from the apple matrix during digestion,
was modified upon PEF treatments, showing two different behaviors depending on their specific
energy. One scenario appeared in apples treated at 0.01 kJ kgt. Immediately after treatment (0
h), 0.01 kJ kg induced a decrease in the bioaccessibilities of 5-caffeoylquinic acid (from 14% to
7%) and the sum of phenolic compounds (from 17% to 13%), compared to untreated apples.
However, no significant effects on any compound were observed at 24 h after treatment (Fig. 4).
Effects on bioaccessibility require changes in the food matrix structure or in the molecular
interactions that have an influence on the capacity of a given compound to be extracted during
digestion (Ribas-Agusti, Martin-Belloso, Soliva-Fortuny, & Elez-Martinez, 2018a). The decrease
in the bioaccessibilities of 5-caffeoylquinic acid and the sum of phenolic compounds
immediately after 0.01 kJ kg! treatment might be due to a temporary effect on the apple matrix,
although it disappeared at 24 h after treatment. In fact, the absence of relevant effects on
compounds bioaccessibility indicate limited effects on apple matrix at the specific energy input
of 0.01 kJ kgt at 24 h after treatment.

The maintenance of the tissue toughness at 0 and 24 h after 0.01 kJ kg treatment
(Fig. 3) was also consistent with limited effects on apple matrix, as it denotes that the capacity

of the apple tissue to retain intracellular water was not altered (Lebovka, Praporscic, & Vorobiev,
13
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2004). As mentioned earlier, the increase in the sum of phenolic compounds in the apple
bioaccessible fraction at 0.01 kJ kg' was due to an increase in phenolic compounds in
undigested apple, as the bioaccessibility rate was not affected. In this sense, Toepfl, Heinz, &
Knorr (2006) stated that PEF inducing reversible (non-lethal) pore formation in plant cells could
be used to increase desirable fruit phenolic compounds, due to the induction of stress reactions,
secondary metabolites biosynthesis, and the maintenance of cells viability. Therefore, it is very
likely that 0.01 kJ kg* PEF leaded to non-lethal effects on apple tissue, as it induced phenolic
compounds biosynthesis at 24 h and an apparent preservation of the apple tissue integrity, as
shown by unaltered toughness and bioaccessibility.

A second scenario of effects was found in fruits subjected to 1.8 and 7.3 kJ kg™ (Fig.
4). At 24 h after these treatments, apples showed an important increase in the sum of phenolic
compounds bioaccessibility: from 14% (untreated) to 23% (1.8 kJ kg™) and 27% (7.3 kJ kg™).
Main apple phenolic compounds, 5-caffeoylquinic acid and epicatechin, showed significant
changes at 24 h after 1.8 kJ kg treatment. In the case of epicatechin bioaccessibility, it was
found a very substantial increase, from 12% in untreated apple to 49% in PEF-treated apple.
This could be partially due to higher formation of epicatechin resulting from procyanidins
degradation during digestion of treated apples (Kahle et al., 2011), in the likely event of higher
exposition to the effects of gastric digestion after PEF-induced matrix changes. Apple is a main
dietary source of 5-caffeoylquinic acid and epicatechin. Thus, the bioaccessibility enhancement
of these phenolic compounds by PEF treatment acquires special relevance.

PEF treatment at 1.8 kJ kg also induced significant increase in phloretin glycosides
bioaccessibility and decrease in quercetin glycosides bioaccessibility, with respect to untreated
apples (Fig. 4). 4-Caffeolquinic acid also showed decreased bioaccessibility at 0 h after 7.3 kJ
kg?. Bouayed, DeufRer, Hoffmann, & Bohn (2012) described the isomerization of 5-
caffeoylquinic acid to 4-caffeoylquinic acid during in vitro digestion. The results of the present
work suggest that bioaccessibility of 4-caffeoylquinic acid was dominated by 5-caffeoylquinic
isomerization during digestion, instead of the release of native 4-caffeoylquinic acid from the
apple matrix. This was shown by, on one hand, the higher bioaccessibility of 4-caffeoylquinic
compared to its isomer 5-caffeoylquinic acid, and on the other hand, the decrease in
bioaccessibility at 7.3 kJ kgl. The latter, could be explained by the fact that higher specific
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energy leaded to higher degradation of 5-caffeoylquinic, which was at the expense of the
bioaccessible 4-caffeoylquinic acid formed from 5-caffeoylquinic acid isomerization, even if
matrix changes may prompt higher release of this compound.

Changes in apple tissue integrity at 1.8 and 7.3 kJ kg1 were put in evidence by the
toughness evaluation. Compared to untreated apple, the treatment at 1.8 kJ kg resulted in a
72% decrease of the apple toughness, which further decreased by 79% at 24 h after treatment
(Fig. 3). More severely, treatment at 7.3 kJ kg? caused a decrease of 83%, which was
sustained at 24 h after application. As it has been documented in the literature, significant
membrane breakdown in plant cells has been described under field strengths above 0.4-0.8 kV
cm (Angersbach, Heinz, & Knorr, 2000) and 1-2 kV cm? (Martin-Belloso & Soliva-Fortuny,
2010), which results in a loss of intracellular water, components, tissue turgor and firmness
(Gonzalez & Barrett, 2010; Lebovka, Praporscic, & Vorobiev, 2004). Treatment specific energy
input (kJ kg?) and toughness were robustly correlated (Pearson correlation coefficient=-0.79,
n=32, p<0.0001), showing a clear interdependence between these two variables. Toughness
was also negatively correlated with the bioaccessibility of phloretin xyloglucoside (p=0.0001), 5-
caffeoylquinic acid (p=0.0009) and epicatechin (p=0.0058). These results suggest
microstructural effects consistent with the above mentioned scenario, where the release of 5-
caffeoylquinic acid, epicatechin and phloretin xyloglucoside from the apple matrix during in vitro
digestion was facilitated. On the contrary, the release of p-coumaroylquinic acid, phloretin
glucoside and quercetin derivatives during digestion appeared to be independent from the
matrix integrity.

Very low bioaccessibilities were found for procyanidin B2, procyanidin trimer and
hydroxyphloretin xyloglucoside in untreated and PEF-treated apples, as their bioaccessible
contents were always below the limit of quantification (1.0 mg kg?).

Previous works have shown increased bioaccessibility of phenolic compounds in
thermally-treated food (Ribas-Agusti, Martin-Belloso, Soliva-Fortuny, & Elez-Martinez, 2018a).
However, to the best of our knowledge, this is the first time that effects of PEF on the

bioaccessibility of phenolic compounds from a whole fruit are presented.
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4. Conclusion

The results of the present work contribute to the understanding of PEF effects on fruit
bioactive compounds, showing for the first time, increased contents in bioaccessible phenolic
compounds from PEF-treated fruit. PEF processing leaded to important changes in apple
bioaccessible and non-bioaccessible phenolic compounds, especially on the sum of
bioaccessible compounds. Very different effects were found according to the treatment intensity,
depicting two different scenarios: i) increase in the bioaccessible and non-bioaccessible
contents but no effects on toughness and compounds bioaccessibility (0.01 kJ kg?); and ii)
decrease in the bioaccessible and non-bioaccessible contents but effects on toughness and
increased bioaccessibility (1.8 and 7.3 kJ kg?). Results clearly showed that the extent of the
effects was dependent on the chemical class of phenolic compound. Furthermore, effects
showed to be dynamic over 24 h, hence the importance of assessing PEF effects at a certain
time after processing and on a representative array of chemical compounds. A dual use of PEF
can be proposed for apples processing: on one hand, as a promoter of apple fruit functional
properties by increasing the sum of bioaccessible phenolic compounds and non-bioaccessible
5-caffeoylquinic acid contents (0.01 kJ kg1). On the other hand, as a promoter of apple phenolic
compounds bioaccessibility in food products where apple texture is not to be retained (1.8 and

7.3 kJ kg1). In the latter case, further studies comparing performances are encouraged.
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Figure captions

Figure 1

Scheme of the pulsed electric fields (PEF) experimental set-up and sampling. (a) Circuit
diagram of the PEF device. (b) Treatment chamber. (c) Fruit sampling.

IHigh-voltage source.

2Capacitor (0.1 pF).

3Trigger (pulses generator).

4Treatment chamber.

SStainless steel electrodes.

6Sample.

“Conductive medium (tap water).

8Sample cylinders (peel and flesh).

Figure 2

Scheme of the experimental design.

Figure 3

Effect of pulsed electric fields on apple toughness (relative to untreated apple, 100%) at 0 h
(dashed bars) and 24 h (solid bars) after treatment. Error bars indicate standard deviation.
Different letters indicate significant difference (p<0.05) among treatments and time after

treatment.

Figure 4

Bioaccesibility of phenolic compounds in untreated apples and apples treated by pulsed electric
fields. Dashed bars, 0 h after processing; solid bars, 24 h after processing. (a) Hydroxycinnamic
acids. (b) Flavan-3-ols. (c) Dihydrochalcones. (d) Flavonols. (e) Sum of phenolic compounds.
Error bars indicate standard deviation. 2 Asterisks indicate significant difference with respect to

untreated apple. *P <0.05. **P <0.01. ***P <0.001.

17



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

References

Angersbach, A., Heinz, V., & Knorr, D. (2000). Effects of pulsed electric fields on cell
membranes in real food systems. Innovative Food Science & Emerging Technologies,
1(2), 135-149.

Barba, F. J., Parniakov, O., Pereira, S. A., Wiktor, A., Grimi, N., Boussetta, N., Saraiva, J. A,
Raso, J., Martin-Belloso, O., Witrowa-Rajchert, D., Lebovka, N., & Vorobiev, E. (2015).
Current applications and new opportunities for the use of pulsed electric fields in food
science and industry. Food Research International, 77, 773-798.

Barba, F. J., Mariutti, L. R. B., Bragagnolo, N., Mercadante, A. Z., Barbosa-Céanovas, G. V., &
Orlien, V. (2017). Bioaccessibility of bioactive compounds from fruits and vegetables
after thermal and nonthermal processing. Trends in Food Science & Technology, 67,
195-206.

Bars-Cortina, D., Macia, A., Iglesias, |., Romero, M. P., & Motilva, M. J. (2017). Phytochemical
profiles of new red-fleshed apple varieties compared with traditional and new white-
fleshed varieties. Journal of Agricultural and Food Chemistry, 65(8), 1684-1696.

Bouayed, J., DeuRRer, H., Hoffmann, L., & Bohn, T. (2012). Bioaccessible and dialysable
polyphenols in selected apple varieties following in vitro digestion vs. their native
patterns. Food Chemistry, 131(4), 1466-1472.

Boyer, J., & Liu, R. H. (2004). Apple phytochemicals and their health benefits. Nutrition Journal,
3(1), 5.

Buniowska, M., Carbonell-Capella, J. M., Frigola, A., & Esteve, M. J. (2017). Bioaccessibility of
bioactive compounds after non-thermal processing of an exotic fruit juice blend
sweetened with Stevia rebaudiana. Food Chemistry, 221, 1834-1842.

Cholet, C., Delsart, C., Petrel, M., Gontier, E., Grimi, N., L'Hyvernay, A., Ghidossi, R., Vorobiev,
E., Mietton-Peuchot, M., & Gény, L. (2014). Structural and Biochemical Changes
Induced by Pulsed Electric Field Treatments on Cabernet Sauvignon Grape Berry
Skins: Impact on Cell Wall Total Tannins and Polysaccharides. Journal of Agricultural

and Food Chemistry, 62(13), 2925-2934.

18



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

Cilla, A., Bosch, L., Barbera, R., & Alegria, A. (2018). Effect of processing on the bioaccessibility
of bioactive compounds — A review focusing on carotenoids, minerals, ascorbic acid,
tocopherols and polyphenols. Journal of Food Composition and Analysis, 68, 3-15.

Clifford, M. N. (2000). Chlorogenic acids and other cinnamates. Nature, occurrence, dietary
burden, absorption and metabolism. Journal of the Science of Food and Agriculture,
80(7), 1033-1043.

Crozier, A., Jaganath, I. B., & Clifford, M. N. (2009). Dietary phenolics: chemistry, bioavailability
and effects on health. Natural Product Reports, 26, 965-1096.

Elez-Martinez, P., Odriozola-Serrano, |., Oms-Oliu, G., Soliva-Fortuny, R., & Martin-Belloso, O.
(2017). Effects of pulsed electric fields processing strategies on health-related
compounds of plant-based foods. Food Engineering Reviews, 9(3), 213-225.

Food and Agriculture Organization of the United Nations. FAOSTAT. (2019).
http://www.fao.org/faostat/en/#home/ Accessed 16 January 2019.

Gonzalez, M. E., & Barrett, D. M. (2010). Thermal, high pressure, and electric field processing
effects on plant cell membrane integrity and relevance to fruit and vegetable quality.
Journal of Food Science, 75(7), R121-R130.

Jemai, A. B., & Vorobiev, E. (2002). Effect of moderate electric field pulses on the diffusion
coefficient of soluble substances from apple slices. International Journal of Food
Science & Technology, 37(1), 73-86.

Kahle, K., Kempf, M., Schreier, P., Scheppach, W., Schrenk, D., Kautenburger, T., Hecker, D.,
Huemmer, W., Ackermann, M., & Richling, E. (2011). Intestinal transit and systemic
metabolism of apple polyphenols. European Journal of Nutrition, 50(7), 507-522.

Lebovka, N. I., Praporscic, I., & Vorobiev, E. (2004). Effect of moderate thermal and pulsed
electric field treatments on textural properties of carrots, potatoes and apples.
Innovative Food Science & Emerging Technologies, 5(1), 9-16.

Lohani, U. C., & Muthukumarappan, K. (2016). Application of the pulsed electric field to release
bound phenolics in sorghum flour and apple pomace. Innovative Food Science &
Emerging Technologies, 35, 29-35.

Martin-Belloso, O., & Soliva-Fortuny, R. (2010). Pulsed electric fields processing basics. In H.
Q. Zhang, G. V. Barbosa-Canovas, V. M. Balasubramaniam, C. P. Dunne, D. F. Farkas,

19



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

& J. T. C. Yuan (Eds.), Nonthermal Processing Technologies for Food (pp. 155-175).
Hoboken, NJ: Blackwell Publishing Ltd.

Mills, C. E., Tzounis, X., Oruna-Concha, M.-J., Mottram, D. S., Gibson, G. R., & Spencer, J. P.
E. (2015). In vitro colonic metabolism of coffee and chlorogenic acid results in selective
changes in human faecal microbiota growth. British Journal of Nutrition, 113(8), 1220-
1227.

Minekus, M., Alminger, M., Alvito, P., Ballance, S., Bohn, T., Bourlieu, C., Carriere, F., Boutrou,
R., Corredig, M., Dupont, D., Dufour, C., Egger, L., Golding, M., Karakaya, S., Kirkhus,
B., Le Feunteun, S., Lesmes, U., Macierzanka, A., Mackie, A., Marze, S., McClements,
D. J., Menard, O., Recio, I., Santos, C. N., Singh, R. P., Vegarud, G. E., Wickham, M. S.
J., Weitschies, W., & Brodkorb, A. (2014). A standardised static in vitro digestion method
suitable for food - an international consensus. Food & Function, 5(6), 1113-1124.

Rein, M. J., Renouf, M., Cruz-Hernandez, C., Actis-Goretta, L., Thakkar, S. K., & da Silva Pinto,
M. (2013). Bioavailability of bioactive food compounds: a challenging journey to
bioefficacy. British Journal of Clinical Pharmacology, 75(3), 588-602.

Ribas-Agusti, A., Caceres, R., Gratacés-Cubarsi, M., Sarraga, C., & Castellari, M. (2012). A
validated HPLC-DAD method for routine determination of ten phenolic compounds in
tomato fruits. Food Analytical Methods, 5(5), 1137-1144.

Ribas-Agusti, A., Martin-Belloso, O., Soliva-Fortuny, R., & Elez-Martinez, P. (2018a). Food
processing strategies to enhance phenolic compounds bioaccessibility and
bioavailability in plant-based foods. Critical Reviews in Food Science and Nutrition,
58(15), 2531-2548.

Ribas-Agusti, A., Martin-Belloso, O., Soliva-Fortuny, R., & Elez-Martinez, P. (2018b). Enhancing
hydroxycinnamic acids and flavan-3-ol contents by pulsed electric fields without
affecting  quality  attributes  of  apple. Food Research International,
https://doi.org/10.1016/j.foodres.2018.11.057.

Rodriguez-Roque, M. J., de Ancos, B., Sanchez-Moreno, C., Cano, M. P., Elez-Martinez, P., &
Martin-Belloso, O. (2015). Impact of food matrix and processing on the in vitro
bioaccessibility of vitamin C, phenolic compounds, and hydrophilic antioxidant activity
from fruit juice-based beverages. Journal of Functional Foods, 14, 33-43.

20



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

Rojas-Gral, M. A., Raybaudi-Massilia, R. M., Soliva-Fortuny, R. C., Avena-Bustillos, R. J.,
McHugh, T. H., & Martin-Belloso, O. (2007). Apple puree-alginate edible coating as
carrier of antimicrobial agents to prolong shelf-life of fresh-cut apples. Postharvest
Biology and Technology, 45(2), 254-264.

Sanchez-Rabaneda, F., Jauregui, O., Lamuela-Raventés, R. M., Viladomat, F., Bastida, J., &
Codina, C. (2004). Qualitative analysis of phenolic compounds in apple pomace using
liquid chromatography coupled to mass spectrometry in tandem mode. Rapid
Communications in Mass Spectrometry, 18(5), 553-563.

Saura-Calixto, F. (2011). Dietary fiber as a carrier of dietary antioxidants: An essential
physiological function. Journal of Agricultural and Food Chemistry, 59(1), 43-49.
Schroeter, H., Heiss, C., Spencer, J. P. E., Keen, C. L., Lupton, J. R., & Schmitz, H. H. (2010).
Recommending flavanols and procyanidins for cardiovascular health: Current

knowledge and future needs. Molecular Aspects of Medicine, 31(6), 546-557.

Selma, M. V., Espin, J. C., & Tomas-Barberan, F. A. (2009). Interaction between phenolics and
gut microbiota: Role in human health. Journal of Agricultural and Food Chemistry,
57(15), 6485-6501.

Soliva-Fortuny, R., Vendrell-Pacheco, M., Martin-Belloso, O., & Elez-Martinez, P. (2017). Effect
of pulsed electric fields on the antioxidant potential of apples stored at different
temperatures. Postharvest Biology and Technology, 132, 195-201.

Toepfl, S., Heinz, V., & Knorr, D. (2006). Applications of pulsed electric fields technology for the
food industry. In J. Raso & V. Heinz (Eds.), Pulsed electric fields technology for the food
industry: Fundamentals and applications (pp. 197-221). Boston, MA: Springer US.

Wiktor, A., Sledz, M., Nowacka, M., Rybak, K., Chudoba, T., Lojkowski, W., & Witrowa-Rajchert,
D. (2015). The impact of pulsed electric field treatment on selected bioactive compound
content and color of plant tissue. Innovative Food Science & Emerging Technologies,

30, 69-78.

21



587

588

589

Table 1

Effect of pulsed electric fields (PEF) on phenolic contents (mean + SD)? in the bioaccessible

fraction of apples digested at 0 h and 24 h after treatment.

Time after treatment

PEF
treatment Oh 24 h
Hydroxycinnamic acids
5-Caffeoylquinic acid Untreated 5.09+0.51 4.06 £0.22
(mg kg) 0.01 kJ kg? 3.60+£096 * 6.54+057 *
y 1.8 kJ kgt 354+065 * 1.22+0.30 ¥
7.3 kI kgt 1.63+£0.52 ¥ 0.91+0.11 ¥
4-Caffeoylquinic acid Untreated 1.95+0.17 1.78+0.11
(mg kg) 0.01 kJ kg+? 1.67 +0.32 1.72+0.38
1.8 kJ kgt 1.36+025 * 0.89£0.11  »
7.3 kI kgt 1.06+0.09 ** 0.76+0.07 ***
p-Coumaroylquinic acid Untreated 0.56 £ 0.06 0.46 £ 0.03
(mg kg) 0.01 kJ kg+? 0.39 +0.12 0.52+0.21
1.8 kJ kgt 0.25 +0.07 % 0.09+0.02
7.3 kJ kgt 0.16 £0.04 **  0.04+0.01  *
Flavan-3-ols
Epicatechin Untreated 2.96 £ 0.25 2.73+£0.23
(mg kg?) 0.01 kJ kg? 2.10+0.61 3.13+0.48
1.8 kJ kg* 2.51 +0.45 212+024 *
7.3 kJ kgt 2.02+£0.43 * 1.74 + 0.57
Dihydrochalcones
Phloretin glucoside Untreated 1.24 +0.13 1.15 + 0.07
(mg kg) 0.01 kJ kg+? 1.28 + 0.32 1.30+ 0.46
1.8 kJ kgt 1.00+0.18 1.16 +0.18
7.3 kJ kgt 0.73+£0.18 * 0.66£0.13  **
Phloretin xyloglucoside Untreated 1.22+0.11 1.15+ 0.05
(mg kg?) 0.01 kJ kg+? 1.19+0.20 1.38+0.38
1.8 kJ kgt 0.83+£0.09 * 0.76 £ 0.07  **=
7.3 kJ kgt 0.77+£0.09 *  0.62+0.09 *
Flavonols
Quercetin-3-O-rhamnoside Untreated 0.95+0.02 1.00 £ 0.06
(mg kg?) 0.01 kJ kg? 0.95+0.13 1.15+£0.31
1.8 kJ kgt 1.00 £ 0.30 0.90 + 0.09
7.3 kJ kgt 1.00 £ 0.17 0.88 £0.17
Quercetin-3-O-xyloside Untreated 0.72+0.03 0.76 + 0.03
(mg kg) 0.01 kJ kg+? 0.74 £ 0.06 0.87+0.24
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Quercetin-3-O-galactoside

(mg kg™)

Quercetin-3-O-arabinoside

(mg kg™)

Quercetin-3-O-glucoside

(mg kg™)

Sum of phenolic compounds

(mg kg?)

1.8 kJ kgt
7.3 kI kg

Untreated
0.01 kJ kg?

1.8 kJ kg
7.3 kJ kgt

Untreated
0.01 kJ kg?

1.8 kJ kg
7.3 kJ kgt

Untreated
0.01 kJ kg?
1.8 kJ kgt
7.3 kJ kgt

Untreated
0.01 kJ kg?
1.8 kJ kgt
7.3 kI kgt

0.65+0.13
0.82+0.12

0.71+0.04
0.79+0.13

0.65+0.13
0.92+0.24

0.65+0.01
0.67 +0.04

0.69 £ 0.07
0.70 + 0.06

0.68 +£ 0.00
0.70 £ 0.03
0.67+0.11
0.71+0.05

16.74 + 0.65
14.08 + 2.06
13.17+1.61
10.52 +1.35

*

*k*k

0.74 £ 0.06
0.75+0.13

0.80 + 0.07
1.05+0.46

0.78 + 0.05
0.85+0.23

0.67 £0.02
0.76 £ 0.12

0.65 + 0.04
0.62 + 0.07

0.69+0.01
0.82+0.14
0.67 £ 0.04
0.65 +0.08

15.19 £ 0.62
19.23+2.34
9.99 + 0.95
8.48 +1.41

*

k%

*k*k

a Asterisks indicate significant difference with respect to untreated apple. *P <0.05. **P <0.01.

*»**P <0.001.
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Table 2

Effect of pulsed electric fields (PEF) on phenolic contents (mean

bioaccessible fraction of apples digested at 0 h and 24 h after treatment.

+ SD)2 in the non-

Time after treatment

PEF
treatment Oh 24 h
Hydroxycinnamic acids
5-Caffeoylquinic acid Untreated 2.70+£0.19 2.33+0.23
(mg kg) 0.01 kJ kg? 220+0.31 * 3.15+0.59
1.8 kJ kgt BLQP BLQP
7.3 kJ kgt BLQP BLQP
p-Coumaroylquinic acid Untreated 0.54+0.21 0.48 £ 0.10
(mg kg) 0.01 kJ kg+? 0.32 £ 0.09 0.61 +0.27
1.8 kJ kgt BLQC BLQ¢
7.3 kI kgt BLQ¢ BLQ¢
Dihydrochalcones
Phloretin glucoside Untreated 1.83+£0.09 1.77+£0.18
(mg kg) 0.01 kJ kg? 1.48 +0.22 * 1.66 + 0.28
1.8 kJ kg* 1.47 £ 0.05 ok 220+0.41
7.3 kJ kgt 1.42+0.25 1.40+0.16
Flavonols
Quercetin-3-O-rhamnoside Untreated 3.40 £ 0.40 3.94+0.64
(mg kg) 0.01 kJ kg+? 3.56 £ 0.85 4.88 +2.00
1.8 kJ kgt 3.86+1.42 3.60 £ 0.58
7.3 kJ kgt 3.35+1.22 3.64+1.19
Quercetin-3-O-xyloside Untreated 2.11+0.02 2.51+0.30
(mg kg) 0.01 kJ kg+? 2.14+0.29 3.32+1.18
1.8 kJ kg* 1.94+0.11 2.64 +0.28
7.3 kJ kgt 2.36 £0.77 2.42 £ 0.67
Quercetin-3-O-galactoside Untreated 1.92 + 0.07 2.65+ 0.67
(mg kg?) 0.01 kJ kg+? 2.03+0.12 2.54+0.52
1.8 kJ kg* 1.82+0.24 2.82+0.36
7.3 kJ kgt 2.00 £ 0.53 2.36 £ 0.63
Quercetin-3-O-arabinoside Untreated 1.78£0.19 1.89+£0.14
(mg kg?) 0.01 kJ kg+? 1.83+0.25 2.37 £ 0.69
1.8 kJ kgt 1.64 +0.08 1.92+0.14
7.3 kJ kgt 1.65+0.20 1.79+0.29
Quercetin-3-O-glucoside Untreated 1.70 £ 0.20 1.75+0.12
(mg kg?) 0.01 kJ kg? 1.72+0.14 2.12+0.63
1.8 kJ kg* 1.78+0.28 1.82+0.12
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598

599

7.3 kI kgt 1.75+0.31 1.90 + 0.42

Sum of phenolic compounds Untreated 15.98 £ 0.70 17.33+1.89
(mg kg?) 0.01 kJ kg? 15.29 + 1.50 20.65 + 4.59
1.8 kJ kgt 1252+1.78 * 14,99 + 1.58
7.3 kJ kgt 12.52 £ 2.69 13.51 £ 2.62

& Asterisks indicate significant difference with respect to untreated apple. *P <0.05. **P <0.01.
***P <0.001.PBLQ, below 1.2 mg kg (limit of quantifaction). °BLQ, below 0.1 mg kg (limit of

quantifaction).
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604 Figure 2
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+ PEF 0.01 kJ kg’
+ PEF 1.8 kJ kg’
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_— —_—
Appl t=0h t=24h
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Undigested apple
® Phenoclic compounds
In vitro (g kg)
digestion » Bioaccessibility
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| Bioaccessible fraction phenolic compounds
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Figure 3
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Figure 4
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