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Highlights

. Bioactive compounds of agro-food waste could have anticancer effects.

. Maltodextrin plant extracts increase the bioavailability of bioactive compounds.

. Maltodextrin waste extracts protect the intestinal barrier against oxidative stress.
. The agroindustry by-products could be used for therapeutic purposes.

. Fruit and vegetable wastes could be revalued in food industries.
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1. Introduction

The transformation of raw materials in the agro-food industry generates a significant amount of waste in the
form of shells, skins, stems, seeds, and pulps among others. These discarded materials are costly disposed in landfills
or incinerators causing negative effects on the environment. Nevertheless, agro-food waste products can contain
health-beneficial compounds with a clear potential market, due to their low price, abundant and easy access (Jimenez-
Moreno et al., 2020; Machado et al., 2021; Montenegro-Landivar et al., 2021; Quero et al., 2021; Ruiz Rodriguez et al.,
2021; Tylewicz et al., 2018; Villacis-Chiriboga et al., 2021).

Furthermore, a high daily intake of fruits and vegetables is associated with a reduced risk of illnesses related to
marked pro-oxidant and pro-inflammatory status such as atherosclerosis, diabetes and cancer (Tylewicz et al., 2018).
In the specific case of cancer, the Mediterranean and similar diets, which are characterized by high consumption of
plant-derived foodstuffs, have been related to a decrease in the incidence of colorectal and breast cancer, among
others (Marmol et al., 2018). The chemopreventive effect of fruits and vegetables seems to be mediated by their
content in fiber and phenolic compounds. Fiber reduces exposure time of carcinogens on the gastrointestinal tract,
decreases the total amount of secondary bile salts, which are known to be pro-tumorigenic agents, and its role as
prebiotic enhances the population of bacterial strains producers of butyrate (Marmol et al., 2018). Moreover, phenolic
compounds, a heterogeneous group of phytocompounds, offer great interest due to their beneficial properties for
human health (Ganesan and Xu, 2017; Gascon et al., 2018; Jimenez-Moreno et al., 2019; Jimenez et al., 2016; Khan and
Mukhtar, 2018; Piccolella et al., 2019b; Quero et al., 2021; Quero et al., 2020; Tylewicz et al., 2018). Besides that role in
prevention, plant-derived extracts might display a role on the management of cancer treatment as well. Certain
phytocompounds such as taxifolin (Razak et al., 2018), quercetin (Hashemzaei et al., 2017) and curcumin (Bianchi et
al., 2018) have shown a strong antitumor potential on both in vitro and in vivo cancer models. Given that whole plant
extracts are composed by a complex mixture of potential anti-carcinogenic agents, and considering that each phenolic
compound displays affinity for one or more different cellular targets, an additive or synergistic effect among all of
them has been observed (Lewandowska et al., 2014; Mertens-Talcott et al., 2003; Seeram et al., 2005). Therefore, the use
of whole plant extracts might result on reinforced clinical benefits in comparison to the administration of single
isolated agents (Jimenez et al.,, 2016). Besides, non-edible parts such as bark or peel show similar content in
polyphenols, thus suggesting their potential application also in clinical practice (Marmol et al., 2019), opening the gate
for the valorization of agroindustry residues as source of phenolic compounds (Baci et al., 2019; Grillo et al., 2019;
Jimenez-Moreno et al., 2019; Jimenez-Moreno et al., 2020; Montenegro-Landivar et al., 2021; Piccolella et al., 2019a;
Quero et al., 2021).

Another aspect requiring further technological developments is the loss of biocompounds caused by inadequate
processing in the conventional extraction procedures (maceration, shaking, soxhlet, among others) (Alirezalu et al.,
2020; Araujo et al., 2021; Ruiz Rodriguez et al., 2021; Sumere et al., 2018; Villacis-Chiriboga et al., 2021). Ultrasound
Assisted Extraction (UAE) has been successfully used to obtain thermolabile compounds, such as polyphenols
(Chemat et al., 2011; Montenegro-Landivar et al., 2021). UAE produces the disruption of the membrane wall cells
caused by the compression and rarefaction waves (from 20 kHz to 100 MHz), facilitates the release of extractable
biocompounds, and enhances the heat and mass transfer, becoming a reproducible, selective, productive, and eco-
friendly technology (Jambrak and Herceg, 2014). In addition, the simultaneous dehydration and coating of the
agroindustrial food waste extracts also preserves them from the environmental damage, becoming more thermally
stable as well as facilitating the release of bioactive compounds (Medina-Torres et al., 2013; Souza et al., 2018; Yousefi
et al., 2011). Encapsulation by spray drying is the most common and cheapest technique, which confers mechanical

stability of dehydrated extracts, maintaining quality, and protecting compounds from oxidative processes, compared
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to other drying methods (Desobry et al., 1997; Mahdavi et al., 2014; Popovic et al., 2021). Maltodextrin is habitually
used as wall material for encapsulating biocompounds by spray drying in the food industry, due to their bland

flavour, high solubility in water, colourless solutions, and low viscosity (Ferreira-Santos et al., 2021; Gibbs et al., 1999).

Given the large amount of waste obtained in agri-food companies that are discarded, containing bioactive
compounds with potential therapeutic applications, it seemed interesting to find new ways to their valorization.
Therefore, this study evaluated the potential of bioactive compounds, presented in agroindustrial bagasse (pulp and
skin) extracts of apple, peach, cucumber and red pepper obtained by UAE from agro-food juice company, on the
antiproliferative activity in three cancer cell models: human colorectal adenocarcinoma Caco-2 cell line, human breast
adenocarcinoma MCF-7 cell line and human hepatocellular carcinoma HepG2 cell line. In addition, it was tested the
protective effect of red pepper toward a model of the intestinal barrier (differentiated Caco-2 cells) upon hydrogen
peroxide insult. Furthermore, it is important to take in consideration that the bioactive compounds can undergo
changes when they are exposed to adverse conditions and therefore their encapsulation in maltodextrins by spray

drying to protect them from oxidative processes was also evaluated.

2. Materials and Methods
2.1. Chemicals

Maltodextrin ~ (dextrose  equivalent 14-17 (DE14-17)), Folin-Ciocalteu reagent, 2,2"-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), dimethyl sulfoxide (DMSO, 299.9%), sulforhodamine B sodium
salt, trichlroacetic acid, 2’, 7’-dichlorofluorescin diacetate and all standard markers for HPLC were obtained from
Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were of analytical grade and ultra-pure water was used

throughout the experiments.

2.2. Raw material preparation and characterization

Mediterranean fruits and vegetables wastes (apple, peach, cucumber, and red pepper) were obtained from an
Agro-food Company (Indulleida S.A. Lleida, Spain). The agro-food wastes (AFW) were the bagasse (pulp and skin)
resulting from the juice extraction process of the selected fruits and vegetables. The material used in the present work
was a residual material not marketable which was discarded. In order to enhance their valorisation and reduce their
environmental and economic impact in the agro-food industry, the company was searching new approaches and

applications for those fruit and vegetable wastes

Chemical summative analyses were determined using official protocols (National Renewable Energy Laboratory
(NREL) and AOAC, in accordance to Ferreira-Santos et al. (Ferreira-Santos et al., 2020) and included ethanol and
water extractives (NREL/TP-510-42619), carbohydrates and lignin (NREL/TP-510-42618), fiber, lipids, protein, ash
(NREL/TP-510-42622), moisture and mineral content. The mineral content was determined by inductively coupled
plasma atomic emission spectrometry (Optima 8000 ICP-OES, PerkinElmer, Waltham, MA, USA), after digestion with
HNO:s. Fat content was determined according to the official AOAC method (n® 920.39). Total proteins content
estimated by using the Nx6.25 conversion factor, was performed using a Kjeldahl distillator (Kjeltec 8400 Analyzer,
FOSS, Hilleroed, Denmark) by quantification of Nitrogen after digestion. Moisture was determined gravimetrically
using a moisture analyzer (MAC 50/1/NH, RADWAG, Radom, Poland). Total dietary fiber content was determined by
the AOAC 985.29 gravimetric method using a Megazyme® assay kit (Megazyme Ltd., distributed by José Manuel

Gomes dos Santos, Lisbon, Portugal). All experiments were performed in triplicate.



©CO~NOOOTA~AWNPE

DO UIUIUTUUNUIUIVCIUUDRNDANRNRNDNARNDNWWWWWWWWWWOWNNNNNNNNNNRPPRRRRPRRRR
OARAONPRPOOOVNONRNROMNROOOVYOUNRWNROOONNONRONROOONNOUNRWNROOO~NOUNWNEO

40f19

2.3. Extraction process from Mediterranean fruit and vegetables wastes

In order to recover bioactive extracts from Mediterranean wastes, a portion of 20 g of each waste using 200 g of
extractor (70:30 ethanol:water (w/w) solvent ratio) were placed into a plastic beaker and homogenised at 1600 rpm for
2 min with an Ultra-Turrax T25-Basix mixer (IKA, Staufen, Germany). The UAE treatments were performed to
maximize the antioxidant phenolic content, according to Plazzotta et al. (Plazzotta et al., 2020), using an ultrasonic
processor (Hielscher Ultrasonic Procesor GmbH, mod UP400S, Teltow, Germany), with a Titanium tip H14 at 24 kHz
and nominal amplitude of 125 um for 120 s. Suspensions were centrifuged after cooled to room temperature and the

resulting extracts were stored at -18 °C in darkness until further analysis.

2.4. Encapsulation process for the extracts

The agro-food waste extracts obtained from UAE treatments, were evaporated using a rotary evaporator Biichi
model Rotavapor R-3000 (Biichi Laboratoriums Technik, Switzerland) at final ethanol:water ratio concentration of
20:30 (w/w). The encapsulation process by spray drying was carried out mixing 1 g dw of each AFW-E with 15 g of
maltodextrin and homogenized at 1600 rpm for 5 min with an Ultra-Turrax T25-Basix mixer (IKA, Staufen, Germany).
The Mini Spray Dryer Biichi model B-191 (Biichi Laboratoriums Technik, Switzerland) was used with compressed air
at 6 bar. All samples were atomized at a liquid feed flow rate of 1 mL/h, a constant nozzle rate of 600 L/h and

maximum aspiration rate. Air inlet temperature was set at 140 °C.
2.5. Encapsulated and non-encapsulated AFW characterization

2.5.1. &- Potential

The surface charge at the interface of the agro-food waste extracts encapsulated (AFW-EE) and non-encapsulated
(AFW-E) in the aqueous solution were measured by phase-analysis light scattering (PALS) with a Zetasizer Nano ZS

laser diffractometer (Malvern Instruments Ltd., Worcestershire, UK).

2.5.2. Particle size

The particle size of the AFW-E and AFW-EE were analyzed by Static Light Scattering instrument Master-Sizer
3000 (Malvern Instrument Ltd, US) using bidistilled water as dispersion agent.

2.5.3. Phenolic analyses

The total phenolic content (TPC) was determined spectrophotometrically following the method proposed by
Singleton and Rossi (Singleton and Rossi, 1965), which is based on the chemical reduction of Folin—Ciocalteu reagent,
with some modifications. For all analyses, 5 pL. of AFW-E or AFW-EE were mixed with 15 uL Folin—Ciocalteu reagent,
60 uL of Na2COs (75 g/L). The prepared solution was kept at 15 °C for 5 min. Absorbance was measured at 700 nm by
an UV/vis spectrophotometer (Synergy HT, BioTek Instruments, Inc., Winooski, VT, USA). Gallic acid (0-500 mg/L)
was used for calibration of the standard curve. Results were expressed as milligrams of gallic acid equivalents per 100

g of dry weight (mg GAE/ 100 g dw). All experiments were performed in triplicate.

Identification and quantification analysis of individual phenolic compounds were performed as described
previously Ferreira-Santos ef al. (Ferreira-Santos et al., 2019) using a Shimadzu Nexera X2 UPLC chromatograph
equipped with Diode Array Detector (DAD) (Shimadzu, SPD-M20A, Duisburg, Germany). Separation was performed
on a reversed-phase Aquity UPLC BEH C18 column (2.1 mm x 100 mm, 1.7 um particle size; from Waters) at 40 °C.

The HPLC grade solvents used were water/formic acid (0.1%) and acetonitrile as eluents and the flow rate was 0.4
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mL/min. Phenolic compounds were identified by comparing their UV spectra and retention times with that of
corresponding standards. Quantification was carried out using calibration curves for each compound analyzed using
concentrations’ between 2.5-250 mg/L (2.5, 5, 10, 25, 50, 100, 200 and 250 mg/mL). In all cases, the coefficient of linear
correlation was R? > 0.994. Compounds were quantified and identified at different wavelengths (250-329 nm). All

experiments were performed in triplicate.

2.5.4. Antioxidant potential

The antioxidant potential was measured using two different assays differing their mechanisms of the antioxidant
action (Cilek et al., 2012). The ABTS+ radical scavenging activity was measured spectrophotometrically (Synergy HT,
BioTek Instruments, Inc., Winooski, VT, USA) according to the method proposed by Al-Duais et al. (Al-Duais et al.,
2009). This method measures the ability of antioxidants to scavenge the stable radical cation ABTS** (2,2'-azinobis(3-
ethylbenzothiazoline-6-sulphonic acid)), a blue-green chromophore with maximum absorption at 734 nm. Trolox (0—
0.55 mmol/L) was used for calibration of the standard curve. The results were expressed as millimols of Trolox per 100
grams of dry weight of fraction (mmol Trolox/100 g dw). FRAP assay measures the antioxidant capacity when the
ferric complex (Fe*-TPTZ) is reduced to a blue intense ferric complex (Fe*-TPTZ) using a spectrophotometric
instrument (Tsao et al., 2003) at 593 nm. Ferric sulphate (II) heptahydrate (0—2 mmol/L) was used for calibration of the
standard curve. The results were expressed as millimols of iron sulphate (II) heptahydrate per 100 grams of dry

weight of fraction (mmol Fe?/100 g dw). All experiments were performed in triplicate.
2.5.5. ATR-Fourier Transform Infrared Spectroscopy

Chemical groups and bonding arrangement of constituents present in the AFW were analyzed by Fourier
Transform Infrared Spectroscopy (FTIR) using an ALPHA II-Bruker spectrometer (Ettlingen, Germany) with a
diamond-composite attenuated total reflectance (ATR) cell. The measurements were recorded with a wavenumber

range from 4000 to 400 per cm, with a resolution of 4 per cm and 64 scans per sample.
2.6. Biological assays

2.61. Cell culture

Human colorectal adenocarcinoma Caco-2 cells were kindly provided by Dr. Edith Brot-Laroche (Université
Pierre et Marie Curie-Paris 6 UMR S872, Les Cordeliers, France). Human breast adenocarcinoma MCEF-7 cells were
kindly provided by Dr. Carlos J. Ciudad and Dr. Veronica Noé (Departamento de Bioquimica y Fisiologia, Facultad de
Farmacia, Universidad de Barcelona, Spain). Human hepatocellular carcinoma HepG2 cells were kindly provided by
Dr. Maria Angeles Alava (Departamento de Bioquimica y Biologia Molecular, Universidad de Zaragoza, Spain). All
cell lines were maintained in a humidified atmosphere of 5% COz2 at 37 °C. Cells were grown in Dulbecco’s Modified
Eagles medium (DMEM) (Gibco Invitrogen, Paisley, UK) supplemented with 20% fetal bovine serum, 1% non-
essential amino acids, 1% penicillin (1000 U/mL), 1% streptomycin (1000 pg/mL) and 1% amphotericin (250 U/mL).
Culture medium was replaced every two days and cells were passaged enzymatically with 0.25% trypsin-1 mM EDTA

and sub-cultured on 25 cm? flasks at a density of 2-10* cells/cm?.

Experiments on undifferentiated Caco-2 cells were performed 24 h post-seeding. For assays on differentiated
Caco-2 cells, MCF-7 and HepG2 cells were cultured on 96-wells plates under standard culture conditions for 10 to 15

days, until reaching 80% confluence as confirmed by optic microscopy observance.

2.6.2. Cell proliferation assay and 1Cso calculation


https://www.sciencedirect.com/topics/chemistry/cation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/abts
https://www.sciencedirect.com/topics/chemistry/chromophore
https://www.sciencedirect.com/topics/chemistry/absorption-maxima
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Cells were grown in 96-wells plates at a density of 4000 cells per well and incubated overnight at standard
culture conditions. Then, cells were exposed to a range of concentrations of extracts 250-4000 ug/mL for non-
encapsulated extracts (AFW-E) on undifferentiated Caco-2 and HepG2 cell lines; 2000-6000 pg/mL for MCEF-7 cell line;
500-8000 pg/mL for differentiated Caco-2 cells; 62.5-1000 pg/mL for encapsulated extracts (AFW-EE) on each
cancerous cell line and 500-8000 pg/mL for differentiated Caco-2 cells) for 72 h. Changes in cell proliferation were
analyzed by sulforhodamine B assay (SRB) (Skehan et al., 1990), performed as previously described by Jiménez et al.
(Jimenez et al., 2016), Cells were fixed with 500 g/L trichlroacetic acid (1 h, 4 °C), washed with distilled water and
stained with 4 g/L of sulforhodamine B (20 min, room temperature). The plates were then washed with 20 mL/L acetic
acid to remove unbound dye. Protein-bound dye were extracted with 10 mmol/L Tris base. The results were obtained
by measuring absorbance with SPECTROstar Nano (BMG Labtech, Bad Friedrichshall, Germany). Finally, the ICso
value was calculated under all conditions tested. ICs represents the concentration of compound that halves cell

proliferation or viability. All experiments were performed in triplicate.

2.6.3. Determination of intracellular reactive oxygen species (ROS) levels

The production of ROS was assessed using the dichlorofluorescein (DCF) assay (Ruiz-Leal and George, 2004).
Caco-2 cells were grown in 96-wells plates at a density of 4000 cells per well and, after overnight incubation under
standard culture conditions, were exposed to AWEF-E for 3 h. Thereafter, determination of total intracellular ROS
levels was performed as previously described by Sanchez-de-Diego et al. (Sanchez-de-Diego et al., 2017). Thus, cells
were washed twice with PBS and 100 pL of 20 mM DCFH-DA (dichloro-dihydro-fluoresceindiacetate) were added to
each well. Cell were incubated 1 h at 37 °C and washed twice with PBS; finally, 100 pL of PBS were added. The
formation of the fluorescence oxidized derivative of DCF was monitored at an emission wavelength of 535 nm and an
excitation of 485 nm in FLUOstar Omega (BMG Labtech) multiplate reader. A measure at time “zero” was performed,
cells were then incubated at 37 °C in the multiplate reader, and generation of fluorescence was measured after 20 min.
ROS levels were expressed as a percentage of fluorescence compared to the control. The obtained values of
fluorescence intensity are considered as a reflection of total intracellular ROS content and were normalized with

percentage of cell viability determined by SRB. All experiments were performed in triplicate.
2.7. Statistical analysis

All assays were performed at least three times. Data are presented as mean+SD. Means were compared using
one-way analysis of variance (ANOVA). Significant differences at p<0.05 were compared using a Bonferroni’s
Multiple Comparison Test. The statistical analyses and the graphics were performed using the GraphPad Prism
Version 5.02 software for Windows (GraphPad Software San Diego, CA, USA).

3. Results and Discussion

3.1. Chemical characterization of studied Mediterranean fruit and vegetable wastes

The chemical composition of the Mediterranean agro-food wastes used in this study is summarized in Table 1.
The results show that the major fraction of the fruits and vegetables composition are carbohydrates, representing
around 31.2%, 32.2%, 23.7% and 28.2% for apple, cucumber, red pepper and peach wastes, respectively. The
monomeric composition shows a predominance of the cellulose fraction in all matrices. These fruit and vegetable
wastes are rich in dietary fibre (approximately 20% of total composition in all residues). In this work, the water and
ethanol soluble extracts represent 29.5%, 22%, 20.1% of apple, red pepper and cucumber and a lower amount (approx.

11%) for peach waste, respectively. The lignin content is around 15% except for the cucumber waste that has 10% less



©CO~NOOOTA~AWNPE

U OOV BEAMDIADIMIMDIEADIMDIMOWWWWWWWWWNNDNNNNNNNNRERPRERPERERPRERRER
QOONOUPRWNRPROOO~NOURWNRPRPOOONOUORWNRPOOONOUORAWNRPRPOOO~NOOPMAWNEO

61
62
63
64
65

7 of 19

lignin than the other fruits and vegetables wates studied in this work. Other constituents such a protein represent
15.8%, 10.3%, 8.3% and 6.1% for cucumber, red pepper, peach and apple wastes, respectively. Lipid fraction (fat) is
between 5.3 to 1.4% of total composition of AFW, and the ash content is below 6% for all wastes. The elemental
analysis (inorganic substances) of studied AFW showed that the most relevant minerals, determined by plasma
atomic emission spectrometry, are potassium, calcium, magnesium, phosphorous and sodium (see Table 1). These
results are in accordance with other studies of nutritional compositions of commonly consumed fruits and vegetables
(Septembre-Malaterre et al., 2018). Authors reported that foods of vegetable origin are characterized by low caloric
intake (due to their high water and low fat content) and it is mostly composed of high content of carbohydrates, fibers,

minerals and micronutrients of interest (e.g. polyphenols) (Septembre-Malaterre et al., 2018).

Table 1. Proximal (chemical and nutritional) and elemental (minerals) composition of Mediterranean agro-food wastes (AFW) used

in this study.
AFW Apple Cucumber Red pepper Peach
Proximate composition (g/100 g dry material)
Total extractives* 29.50 +0.40 20.07 +1.02 21.98 +1.31 11.06 £ 0.34
Protein 6.06 £ 0.07 15.84 +0.03 10.32 +0.00 8.28 £0.22
Total carbohydrates** 31.19+2.15 32.24+£0.70 23.69 £ 0.45 28.16 +1.40
Dietary Fibre 25.28 +0.98 2248 +1.12 19.95+1.14 2223+224
Lignin 15.44 +0.32 4.48 £ 0.03 14.35 + 0.00 14.63 + 0.25
Lipids 1.41+0.09 2.44 £ 0.08 5.33 £ 0.08 1.97 + 0.04
Ash 1.61 +0.01 6.53 +£0.01 4.08 +0.07 1.58 £0.10
Moisture 5.00 £ 0.00 5.08 £ 0.00 5.96 +0.01 5.07 +0.01
Elemental composition (mg/100 g dry material)
Potassium 601.1 +22 2348.3 +68.2 1884 £2.8 517 +2.5
Calcium 135+5.0 623 +24 130+ 1.5 211+1.2
Magnesium 44 3+32 235+ 10.4 782+12 33.6+15
Phosphorous 12.3+0.20 35.9+0.02 258 +22.1 53.7+9.3
Sodium 20.6+1.3 69.8+44 253+7.0 20.1+0.8
Zinc 1.3+0.00 2.9+0.03 2.2+0.00 12.3+0.2
Iron 2.6+0.01 5.7 +0.01 3.4+0.01 2.1+0.00

*Ethanol and water extractives; ** Glucose, fructose and sucrose content.
3.2. Phenolic composition and antioxidant activity in fruit and vegetable extracts

Fruits and vegetables include in their composition bioactive compounds that are important for human health,
being polyphenols among them (Ganesan and Xu, 2017; Gascon et al., 2018; Jimenez-Moreno et al., 2019; Jimenez et
al., 2016; Khan and Mukhtar, 2018; Piccolella et al., 2019b; Quero et al., 2021; Quero et al., 2020; Tylewicz et al., 2018).
TPC presented in the different tested bagasses turned out to be variable, given the different origin of the fruits and
vegetables processed in the agro-food industry. The highest concentration was found in red pepper extracts (692.4 +
31 mg GAE/100 g dw) followed by apple (533.2 + 8 mg GAE/100 g dw), cucumber (285.7 + 3 mg GAE/100 g dw) and
peach (256.9 + 2 mg GAE/100 g dw) extracts. Table 2 shows the main phenolic compounds identified in each case and
ten phenolic compounds were identified in the extracts of fruits and vegetables. It is possible to observe that apple
wastes had more variety of phenolic compounds and the most representative were chlorogenic, ellagic and ferulic

acids. In cucumber, red pepper and peach extracts the major compounds were ellagic acid and taxifolin.

After the spray drying encapsulation process, the phenolic compounds presented in the AWF-EE were reduced
(TPC: 564.3 + 11 mg GAE for red pepper, 454.1 + 1 mg GAE for apple, 213.8 + 1 mg GAE for cucumber and 223.0 + 2
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mg GAE for peach, per 100 gram of dry material). The most affected compounds were ferulic acid, which was not
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detected, and taxifolin, which was detected approximately 3 times less in all extracts after encapsulation (Table 2).
Table 2. Identification and quantification of phenolic compounds presented in the encapsulated (AFW-EE) and non-encapsulated
(AFW-E) extracts from Mediterranean fruits and vegetable wastes.
Phenoli d
en(()rrll(iglcloor(r)lg())un s Apple Cucumber Red pepper Peach
Non-encapsulated
Chlorogenic acid 9.37£0.35 4.91+0.08 n.d. n.d.
p-coumaric acid + nd. 9.80 + 0.81 nd. 3.45+0.23
epicatechin
Rosmarinic acid 8.28+0.12 n.d. 7.15+0.03 n.d.
Ellagic acid 16.48 +1.87 37.54 £ 0.07 32.10+2.55 28.26 £ 0.39
Naringenin 8.46 +0.28 n.d. 1.52 +0.04 2.87+0.41
Hesperidin n.d. 1.16 + 0.03 n.d. 3.37£0.00
Resveratrol 3.96+0.25 n.d. n.d. n.d.
Ferulic acid 14.10+0.62 n.d. 3.02+0.12 n.d.
Rutin 4.67 £ 0.65 n.d. 5.88 £0.16 n.d.
Taxifolin 6.57 +3.96 28.01 +0.01 29.61+0.20 444+ 0.46
Encapsulated
Chlorogenic acid 6.57+0.12 2.61 £0.06 n.d. n.d.
p-coumaric acid + nd. 3.12+036 nd. nd.
epicatechin
Rosmarinic acid 6.82+0.03 n.d. 423+0.11 n.d.
Ellagic acid 12.33+2.77 31.86+0.13 29.19+1.05 20.48 +0.39
Naringenin 6.21 £ 0.47 n.d. 1.20+0.18 1.76 £ 0.02
Hesperidin n.d. 0.77 £0.07 n.d. 1.92+0.14
Resveratrol 228 £0.44 n.d. n.d. n.d.
Ferulic acid n.d. n.d. n.d n.d.
Rutin 1.29+0.10 n.d. 3.43+0.06 n.d.
Taxifolin 2.90 £ 0.65 8.21+0.16 10.66 + 0.35 1.62 +0.20

OO0 uIaouoooabhbdbdDdDDDID
ORAWNRPFPOOONOOOUOAWNPFPOOONOOOTAW

n.d.: not detected; AFW-EE: agro-food waste extracts encapsulated; AFW-E: non-encapsulated extracts (acronym from agro-food waste extracts)

FTIR measurements were carried out to identify the presence of major functional groups in the Mediterranean
fruit and vegetable extracts. The ATR-FTIR spectra of apple, cucumber, red pepper and peach extracts, recorded in the
400-4000 cm-! region, are shown in Figure 1. For both fruit and vegetable extracts, prominent absorption bands at
3600-3000 cm! could be assigned to absorption bands of O-H stretching of phenolic and aliphatic structures.
Absorption peaks at 2917 and 2849 cm-! were characteristic of C—-H asymmetric and symmetric vibration, respectively,
and could be attributed to hydrophobic phenolic compounds extracted with ethanol (Ferreira-Santos et al., 2020). In
the spectrum of fruit extracts (with the exception of cucumber extract), medium bands at 1732 cm™ was attributed to
the carbonyl C-O in ester groups (e.g. esterified pectins). The presence of bands at 1605 and 1323 cm were attributed
to aromatic skeletal vibrations and 1233 cm peaks to skeletal vibrations of aromatic rings with C-O stretching. Bands
to 1440 and 1015 cm™ were assigned to pectins, polysaccharides and sugars. Peaks between 864 to 775 cm™' showed the

stretching and bending vibrations of -CH from aromatic rings, related to phenolic compounds. The vibrational bands
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corresponding to the bonds O-H, C-H, C=C ring, C-OH and C—C ring were derived from flavonoids and polyphenols

(Firdaus et al., 2017). These results were in accordance with our results (phenolic composition) and previous research

3 by other authors that showed a presence of pectins, lignin, sugars and high content of phenolic compounds in fruits

and vegetable extracts (Canteri et al., 2019; Simonovska et al., 2016).

The encapsulated extracts were analyzed by ATR-FTIR, but the spectrum was identical to the maltodextrin

spectrum (data not shown).
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Figure 1. ATR-FTIR spectra of Mediterranean fruit and vegetable extracts.

Regarding the antioxidant capacity measured by ABTS and FRAP assays, vegetables showed greater antioxidant

capacity than fruits, the highest value was obtained in red pepper (Table 3). This seemed to corrolate well with its

high content in taxifolin. Also relevant may be the important pigment (namely carotenoids) content in red pepper,

which may account for the significant differences between the two tested vegetables.

Table 3. Antioxidant potential of the extracts from Mediterranean fruits and vegetable wastes encapsulated (AFW-EE) and non-

encapsulated (AFW-E), measured by ABTS* and FRAP assays.

AFW

Antioxidant potential

ABTS+ FRAP
( mg Trolox ] mg Fe'* ]
100 g dry weight 100 g dry weight
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Apple-E 1.73+0.09 2.94 £0.19
Apple-EE 1.14 +0.02 1.38 + 0.05
Cucumber-E 249 +0.13 5.07+0.23
Cucumber-EE 1.63 +0.16 3.55+0.41
Red pepper-E 234+0.14 7.00+£0.51
Red pepper-EE 2.03+0.23 523 +041
Peach-E 1.96 £ 0.12 2.40+0.40
Peach-EE 1.02 £0.36 1.68 £ 0.74

AFW-EE: agro-food waste extracts encapsulated; AFW-E: non-encapsulated extracts (acronym from agro-food waste

extracts)
3.3. Antiproliferative effect of the extracts from Mediterranean fruit and vegetable wastes

Polyphenols are the most abundant antioxidants in the human diet. They can be beneficial for human health
thanks to their antioxidant, immunomodulatory, anticancer and antibacterial actions. Raw fruits and vegetables are a
good source of polyphenols. However, due to their seasonal nature, they are often processed industrially.
Consequently, a significant amount of by-products (peel, pulp, seeds, stones, stem) are produced that contain
valuable bioactive compounds, such as flavonoids, anthocyanins and phenolic acids . (Baci et al., 2019; Grillo et al.,
2019; Jimenez-Moreno et al., 2019; Jimenez-Moreno et al., 2020; Montenegro-Landivar et al., 2021; Piccolella et al.,
2019a; Quero et al., 2021; Quero et al., 2020; Tylewicz et al., 2018). Besides that role in prevention, plant-derived wastes

might display a role on the management of cancer treatment as well

Due to the tumor growth inhibition properties showed by extracts of fruits and vegetables (D'Angelo et al., 2017;
Jimenez-Moreno et al., 2019; Noratto et al., 2014; Quero et al.,, 2021), it seemed interesting to determine if AFW
displayed antiproliferative activity as well. In addition, the extracts encapsulation influence on the anticancer effect
was also evaluated, since the encapsulation enhances the solubility of bioactive compounds, increasing the
antioxidant power, and improves the nutraceutical delivery into cancer cells (Popovic et al., 2021). Thus, both AFW-E
and AFW-EE were tested onto a panel of human cancer cell lines that included colorectal adenocarcinoma Caco-2,
hepatocellular carcinoma HepG2 and breast adenocarcinoma MCF-7. In order to analyze the potential selectivity of
the AFW-E and AFW-EE, all of them were also tested on differentiated Caco-2 cells as a model of the intestinal barrier.
The obtained results were expressed as ICso values and are summarized in Table 4. Cell models were also incubated
with the wall material agent, maltodextrin, to evaluate the effect of the carbohydrate delivery vehicle; since the ICso
values obtained exceeded 8000 pg/mL on each cancer cell line (data not shown); the antiproliferative effect was

considered to be a consequence of the presence of plant extracts rather than to the vehicle itself.

Table 4. ICso0 values of the extracts of Mediterranean fruits and vegetable wastes encapsulated (AFW-EE) and non-encapsulated

(AFW-E) obtained on differentiated and undifferentiated Caco-2, HepG2 and MCE-7 cell lines after 72h incubation.

ICso (ug/mL)

AFW Undifferentiated ) ) Differentiated

Caco-2 cell line HepG2 cell line MCE-7 cell line Caco-2 cell line
Apple-E 856 + 171 6291 + 562 16513 + 3250 9228 + 242
Apple-EE 205 +92 152 +4 2480 + 50 9741 + 1181
Cucumber-E 1169 + 94 1572 + 11 5116 + 38 6446 + 406
Cucumber-EE 574 +142 543 + 60 2455 + 316 5276 + 1046
Red pepper-E 1252 + 164 2791 + 4 5643 + 292 10096 + 2181
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Red pepper-EE 619 + 46 643 £23 3330 + 92 14570 + 922
Peach-E 1034 + 101 4272 +156 9946 + 2059 7408 + 1330
Peach-EE 337 £130 364 + 30 5078 + 472 6750 + 1068

©CoO~NOOOAWNPE

OADRMRADADRNDRARNRNDWWWWWWWWWWNNNNNNNNNNRRPRRPRRPRRRR R
COPVNODURWNROOONNOONRONNFROOCO~NOURWNROOONOUARNWNRO

AFW-EE: agro-food waste extracts encapsulated; AFW-E: non-encapsulated extracts (acronym from agro-food waste extracts)

Undifferentiated Caco-2 and HepG2 cell lines showed a better response to treatment with both AFW-E and AFW-
EE than MCEF-7 cells. This might be explained by the fact that MCE-7 cell line is an estrogen receptor-positive breast
cancer model and some authors have noticed that phytoestrogens contained in plant extracts might boost the growth
of these cancer cell models instead of inhibiting it (Marmol et al., 2017). These results are in agreement with Sun et al.
(Sun and Liu, 2008) regarding to the greater sensitivity to cell death induced by apple phytochemicals on the estrogen
receptor-negative MDA-MB-231 cell line than on MCF-7 cell line.

AFW-EE resulted in a significant increase in the antiproliferative effect versus the AFW-E on each cancer cell line.
According to the data from Table 4, upon encapsulated extracts gained anionic charge, a more negative £ potential,
along with a reduced particle size. An increase in the anionic charge of AFW-EE might enhance their cellular uptake
(Kang and Ko, 2015), which is mediated by phagocytic and/or endocytic mechanisms depending on the type of cancer
cell (Gonzalez-Ballesteros et al., 2019; Xie et al., 2014). On the other hand, the size of AFW-EE is also considered a key
factor on particles uptake since the smaller ones are known to access more efficiently to tumor cells (Gonzalez-
Ballesteros et al., 2019; Kang and Ko, 2015). Furthermore, smaller particles might have a more promising future on
chemotherapy due to the enhanced permeability and retention effect (EPR), according to which these particles are

retained more easily in tumor microenvironment (Ngoune et al., 2016). Taken together, the anionic charge and smaller

size of capsules and controlled release of active agents of our AFW-EE in comparison to those AFW-E extracts might
be the reason of the observed protection of bioactives and the highest antiproliferative effect.

Table 5. £ potential and particle size values of the extracts from Mediterranean fruits and vegetable wastes encapsulated (AFW-EE)
and non-encapsulated (AFW-E).

AFW £ Potential (mV) Particle size (um)

Apple-E -2.20+0.10 20.1+0.6

Apple-EE -15.53 + 3.56 1.4+04

Cucumber-E -2.26+0.73 232+55

Cucumber-EE -23.37 £2.20 24+0.8

Red Pepper-E -0.67 + 0.56 38.7+28

Red-Pepper-EE -33.2+0.99 2.0+0.2

Peach-E -3.45+0.32 54.6 +12.2

Peach-EE -19.85 +0.92 1.9+0.2

OO0 OO O1Iulg 1ol Ul 0101
ORARWNRPFPOOONOOOAWNEE

AFW-EE: agro-food waste extracts encapsulated; AFW-E: non-encapsulated extracts (acronym from agro-food waste extracts)

To determine the Selectivity Index (SI) of the AFW extracts in the different cancer cells tested, the ICso of the
different cancerous cell lines was compared to the ICs0 in non-cancerous cells (differentiated Caco-2) (Table 4) as
previously described by Badisa et al. (Badisa et al., 2009). The results are summarized in Table 6. All AFW displayed
low SI values on MCEF-7 cell line, which might be indicative of poor selectivity, and therefore all extracts could be
discarded as potential anticancer agents in MCEF-7 cells. On the other hand, undifferentiated Caco-2 and HepG2 cells

showed comparable SI values for non-encapsulated extracts, being slightly higher those obtained on undifferentiated
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Caco-2 cells (ranging between 5 and 10 in comparison to 1 to 10 for HepG2 cells). AFW-EE enhanced the SI of each
sample, being the greatest increase for apple extracts (4.4-up fold and 43.46-up fold compared to non-encapsulated
apple extracts on undifferentiated Caco-2 and HepG2 cells, respectively) and the lowest for cucumber encapsulated
extracts (1.67-up fold and 2.37-up fold compared to non-encapsulated cucumber extracts on undifferentiated Caco-2

and HepG2 cells respectively).

Table 6 . Selectivity index (SI) values of the extracts from Mediterranean fruits and vegetable wastes encapsulated (AFW-EE) and

non-encapsulated (AFW-E) obtained on differentiated Caco-2 cells compared to undifferentiated Caco-2 cells.

SI value
AFW Undlfferentle}ted HepG2 cell line MCE-7 cell line
Caco-2 cell line
Apple-E 10.78 1.47 0.56
Apple-EE 47.38 63.88 3.93
Cucumber-E 5.51 4.10 1.26
Cucumber-EE 9.19 9.71 2.15
Red pepper-E 8.06 3.62 1.79
Red pepper-EE 23.52 22.66 4.38
Peach-E 7.16 1.73 0.74
Peach-EE 19.99 18.50 1.33

AFW-EE: agro-food waste extracts encapsulated; AFW-E: non-encapsulated extracts (acronym from agro-food waste extracts)

Some fruit and vegetables-derived extracts have been related to an increase on the trans-epithelial electrical
resistance (TEER) of differentiated Caco-2 cells, which is in turn correlated with the abundance of tight junction
proteins and consequently the whole integrity of the intestinal epithelium model. In this line, Vreeburg et al.
(Vreeburg et al., 2012) found that apple extracts up-regulated the expression of numerous genes involved on the
formation of monolayer Caco-2 tight junctions and enhanced TEER as well. As previously discussed, AFW-EE might
contribute to a more efficient cellular uptake of the AFW-E, so it is not surprising that encapsulated extracts display a

higher protective effect on the intestinal barrier model, thus increasing SI value.

Therefore, bioproducts rich in polyphenols, obtained from the wastes of apple, peach, cucumber and red pepper, had
the potential to be used for therapeutic purposes in colon and liver cancers. In addition, its encapsulation with

maltodextrin demonstrated to protect the bioactive compounds and enhanced their action.
3.4. Protective effect of the red pepper extract on a model intestinal barrier

Chronic oxidative stress on the mucosal barrier is strongly correlated with gastrointestinal tract malignancies
such as inflammatory bowel disease (IBD) or colorectal cancer (Bhattacharyya et al., 2014; Marmol et al., 2018). The
sources of pro-oxidant agents are wide, from drugs and compounds present in food, to intestinal pathogens
(Chalouati et al.,, 2015; Lee and Kang, 2019; Utzeri and Usai, 2017). In this context, dietary intervention with
antioxidant supplementation has been suggested as a novel therapeutic approach to reduce oxidative stress-related
damage of the intestinal barrier (Bertani et al., 2021). Thus, by-products, food waste, or bagasse have bioactive
components, like polyphenols, applicable in the therapy of diseases such as IBD (Machado et al., 2021). In this way,
intake of red raspberries successfully reversed the induction of colitis on a mice model through a reduction in pro-
inflammatory markers along with an increase in the expression of enzymes involved on antioxidant defense (Bibi et

al., 2018). Likewise, food by-products obtained from artichoke and grape stem showed an antioxidant effect on Caco-2



=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

13 0of 19

cells after H20z-insult (Jimenez-Moreno et al., 2019; Quero et al., 2021).From a molecular point-of-view, Catanzaro et
al. (Catanzaro et al., 2015) found that incubation of differentiated Caco-2 cells with Boswellia serrata extracts protected
against H2Oz-induced damage and maintained monolayer integrity by avoiding the disassembly of tight junctions.
Since red pepper contained the highest antioxidant potential (Table 4) and TPC (692.4 + 31 mg GAE/100 g dw), of all
the extracts tested, the protective effect of encapsulated red pepper extract and non-encapsulated on differentiated
Caco-2 cells upon hydrogen peroxide insult was evaluated (Fig. 2). This cell line spontaneously acquires the
phenotypic features of non-cancerous enterocytes after reaching confluence (differentiated cells). Monolayer Caco-2
cells formed tight junctions and presented the cylindrical polarized morphology of enterocytes, expressing functional
microvilli on the apical membrane (Sambuy et al., 2005; van Breemen and Li, 2005; Zeller et al., 2015). Therefore,

differentiated Caco-2 cells have been established as an acceptable in vitro intestinal barrier model.

High intracellular ROS levels were related to the initiation, development, and progression of cancer, since free
radicals lead to malignant transformation and damage lipids, proteins, ans nucleic acids (Sambuy et al., 2005). Thus,
differentiated Caco-2 cells were incubated for 3 h with two non-toxic red pepper concentrations (1000 and 2000
pg/mL), according to the previously obtained ICso value (Table 4), and then exposed to 500 uM H20: for 20 minutes. A
significant reduction of ROS levels induced by encapsulated red pepper extracts was observed comparable to negative
control, whereas no significant changes were noticed for non-encapsulated extracts (Fig. 2.A). These results suggested
that encapsulation with maltodextrin as a wall material agent lead to a more efficient uptake of the antioxidant
phytocompounds found in red pepper extracts on the cells, thus increasing the protective effect of the extracts. Similar
results were observed in Caco-2 cells with pytosterols (Gies et al., 2020) and in prostate cancer cells with curcumin
(Yallapu et al., 2010),. The protective effect of encapsulated red pepper extracts also seemed to be closely related to
concentration, since the lowest one tested did not display a significant reduction in ROS levels in comparison to H20»-
treated cells (data not shown). In addition, the protective effect of encapsulated red pepper extracts resulted in an

amelioration of the deleterious effect induced by hydrogen peroxide on differentiated Caco-2 cells viability (Fig. 2.B).

These results obtained with red-pepper encapsulated extracts suggest that they could have a potential
application in the management of gastrointestinal diseases related to oxidative stress since the antioxidant capacity of
plant extract is strongly correlated with its clinical application in these diseases (Almeer et al., 2018; Kumar et al.,
2019).
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Figure 2. Effect of pre-incubation with encapsulated red pepper extracts and non-encapsulated on differentiated Caco-2 cells under
hydrogen peroxide insult. A) Measurement of ROS levels of differentiated Caco-2 cells pre-incubated for 3 h with two
concentrations (1000 and 2000 pg/mL) of encapsulated red pepper extracts and non-encapsulated and then exposed to 500 uM H20:
for 20 minutes. *p<0.05 vs H20»-treated cells. B) Measurement of cell viability of differentiated Caco-2 cells pre-incubated 3 h with
two concentrations (1000 and 2000 pg/mL) of encapsulated red pepper extracts and non-encapsulated, then exposed to H20: for 20
minutes and incubated overnight at 37°C. *p<0.05 vs H20»-treated cells. AFW-EE: agro-food waste extracts encapsulated; AFW-E: non-

encapsulated extracts (acronym from agro-food waste extracts)

4. Conclusions

The bioactive potential of apple, peach, cucumber and red pepper by-products obtained from agro-food industry
has been evaluated on the treatment of three types of cancer (colon, liver and breast) and on the prevention of
intestinal oxidative stress. The agro-food extracts showed in vitro antioxidant potential and different phenolic profiles
for each studied AFW. On the one hand, both AFW-E and AFW-EE showed antitumor potential toward a panel of
cancer cell lines (Caco-2, MCF-7 and HepG2). Moreover, encapsulation within maltodextrin was found to enhance the
antiproliferative effect of every tested extract without compromising its toxicity to non-cancerous tissue. There does
not seem to be a correlation between TPC in the extracts and their effect on cancer cells, since the action of these
bioactive compounds also depend on the type of polyphenols presented and the synergistic or additive effects
between them. Furthermore, maltodextrin-encapsulated red pepper extracts were found to be able to protect a model
of the intestinal barrier (differentiated Caco-2 cells) against oxidative stress. Taken together, results suggested that
vehiculation of food by-products in maltodextrin might enhance their therapeutic potential since the encapsulation
could help to improve the bioavailability of bioactive compounds by increasing the cellular uptake and it could
suggest a pharmacological formulation. In addition, based on the content of bioactive compounds and the biological
activity of fruit and vegetable by-products, these residues could also be used as natural additives in food and their

encapsulation could be a promising alternative for the use of agro-industrial waste as ingredient in food industry.

Conflicts of Interest: The authors declare no conflicts of interest.



©CO~NOOOTA~AWNPE

DO UIUIUTUUNUIUIVCIUUDRNDANRNRNDNARNDNWWWWWWWWWWOWNNNNNNNNNNRPPRRRRPRRRR
OARAONPRPOOOVNONRNROMNROOOVYOUNRWNROOONNONRONROOONNOUNRWNROOO~NOUNWNEO

150f 19

Funding: This work has been performed within the project SOE1/P1/E0123 Interreg Sudoe REDVALUE, Technological Alliance to
Complete the Forest and Agroindustrial Production Cycle. Authors also thank the Ministry of Economy and Innovation under
Grant (SAF2016-75441-R); Aragon Regional Government (B16-20R, Fondos FEDER "Otra manera de hacer Europa') and CIBERobn
under Grant (CB06/ 03/1012) of the Instituto de Salud Carlos IIl. Author Raquel Ibarz thanks the University of Lleida for the UdL-
Impuls post-doctoral contract. In addition, this study was supported by the Portuguese Foundation for Science and
Technology (FCT) under the scope of the strategic funding of UIDB/04469/2020 unit and BioTecNorte operation (NORTE-01-0145-
FEDER-000004) funded by the European Regional Development Fund under the scope of Norte2020 - Programa Operacional
Regional do Norte. Pedro Santos is recipient of a fellowship supported by a doctoral advanced training (call NORTE-69-2015-15)
funded by the European Social Fund under the scope of Norte2020 - Programa Operacional Regional do Norte.

Acknowledgments: Authors thank Centro de Investigacion Biomédica de Aragén (Spain) for technical assistance

(http://www.iacs.aragon.es).

References

Al-Duais, M., Miiller, L., Béhm, V., Jetschke, G., 2009. Antioxidant capacity and total phenolics of Cyphostemma
digitatum before and after processing: Use of different assays. European Food Research and Technology 228, 813—
821.

Alirezalu, K., Pateiro, M., Yaghoubi, M., Alirezalu, A., Peighambardoust, S.H., Lorenzo, J.M., 2020. Phytochemical
constituents, advanced extraction technologies and techno-functional properties of selected Mediterranean plants
for use in meat products. A comprehensive review. Trends in Food Science & Technology 100, 292-306.

Almeer, R.S., Mahmoud, S.M., Amin, H.K., Abdel Moneim, A.E., 2018. Ziziphus spina-christi fruit extract suppresses
oxidative stress and p38 MAPK expression in ulcerative colitis in rats via induction of Nrf2 and HO-1 expression. Food
Chem Toxicol 115, 49-62.

Araujo, R.G., Rodriguez-Jasso, R.M., Ruiz, H.A., Govea-Salas, M., Pintado, M., Aguilar, C.N., 2021. Recovery of
bioactive components from avocado peels using microwave-assisted extraction. Food Bioprod Process 127, 152-161.
Baci, D., Gallazzi, M., Cascini, C., Tramacere, M., De Stefano, D., Bruno, A., Noonan, D.M., Albini, A., 2019.
Downregulation of Pro-Inflammatory and Pro-Angiogenic Pathways in Prostate Cancer Cells by a Polyphenol-Rich
Extract from Olive Mill Wastewater. Int J Mol Sci 20, 307.

Badisa, R.B., Darling-Reed, S.F., Joseph, P., Cooperwood, J.S., Latinwo, L.M., Goodman, C.B., 2009. Selective cytotoxic
activities of two novel synthetic drugs on human breast carcinoma MCF-7 cells. Anticancer Res 29, 2993-2996.
Bertani, L., Ribaldone, D.G., Bellini, M., Mumolo, M.G., Costa, F., 2021. Inflammatory Bowel Diseases: Is There a Role
for Nutritional Suggestions? Nutrients 13, 1387.

Bhattacharyya, A., Chattopadhyay, R., Mitra, S., Crowe, S.E., 2014. Oxidative stress: an essential factor in the
pathogenesis of gastrointestinal mucosal diseases. Physiol Rev 94, 329-354.

Bianchi, G., Ravera, S., Traverso, C., Amaro, A., Piaggio, F., Emionite, L., Bachetti, T., Pfeffer, U., Raffaghello, L., 2018.
Curcumin induces a fatal energetic impairment in tumor cells in vitro and in vivo by inhibiting ATP-synthase activity.
Carcinogenesis 39, 1141-1150.

Bibi, S., Kang, Y., Du, M., Zhu, M.J.,, 2018. Dietary red raspberries attenuate dextran sulfate sodium-induced acute
colitis. J Nutr Biochem 51, 40-46.

Canteri, M.H.G., Renard, C.M.G.C., Le Bourvellec, C., Bureau, S., 2019. ATR-FTIR spectroscopy to determine cell wall
composition: Application on a large diversity of fruits and vegetables. Carbohydrate Polymers 212, 186-196.
Catanzaro, D., Rancan, S., Orso, G., Dall'Acqua, S., Brun, P., Giron, M.C., Carrara, M., Castagliuolo, |., Ragazzi, E.,
Caparrotta, L., Montopoli, M., 2015. Boswellia serrata Preserves Intestinal Epithelial Barrier from Oxidative and
Inflammatory Damage. PLoS One 10, e0125375.


http://www.iacs.aragon.es/

©CO~NOOOTA~AWNPE

DO UIUIUTUUNUIUIVCIUUDRNDANRNRNDNARNDNWWWWWWWWWWOWNNNNNNNNNNRPPRRRRPRRRR
OARAONPRPOOOVNONRNROMNROOOVYOUNRWNROOONNONRONROOONNOUNRWNROOO~NOUNWNEO

16 of 19

Cilek, B., Luca, A., Hasirci, V., Sahin, S., Summu, G., 2012. Microencapsulation of phenolic compounds extracted from
sour Cherry pomace: effect of formulation, ultrasonication time and core to coating ratio. European Food Research
and Technology 235, 587-596.

Chalouati, H., Boutet, E., Metais, B., Fouche, E., Ben Saad, M.M., Gamet-Payrastre, L., 2015. DNA damage and
oxidative stress induced at low doses by the fungicide hexachlorobenzene in human intestinal Caco-2 cells. Toxicol
Mech Methods 25, 448-458.

Chemat, F., Zill e, H., Khan, M.K., 2011. Applications of ultrasound in food technology: Processing, preservation and
extraction. Ultrason Sonochem 18, 813-835.

D'Angelo, S., Martino, E., llisso, C.P., Bagarolo, M.L., Porcelli, M., Cacciapuoti, G., 2017. Pro-oxidant and pro-
apoptotic activity of polyphenol extract from Annurca apple and its underlying mechanisms in human breast cancer
cells. Int J Oncol 51, 939-948.

Desobry, S.A., Netto, F.M., Labuza, T.P., 1997. Comparison of Spray-drying, Drum-drying and Freeze-drying for
B-Carotene Encapsulation and Preservation. Journal of Food Science 62, 1158-1162.

Ferreira-Santos, P., Genisheva, Z., Botelho, C., Santos, J., Ramos, C., Teixeira, J.A., Rocha, C.M.R., 2020. Unravelling
the Biological Potential of Pinus pinaster Bark Extracts. Antioxidants 9, 334.

Ferreira-Santos, P., Genisheva, Z., Pereira, R.N., Teixeira, J.A., Rocha, C.M.R., 2019. Moderate Electric Fields as a
Potential Tool for Sustainable Recovery of Phenolic Compounds from Pinus pinaster Bark. Acs Sustain Chem Eng 7,
8816-8826.

Ferreira-Santos, P., Ibarz, R., Fernandes, J.M., Pinheiro, A.C., Botelho, C., Rocha, C.M.R., Teixeira, J.A., Martin-Belloso,
0., 2021. Encapsulated Pine Bark Polyphenolic Extract during Gastrointestinal Digestion: Bioaccessibility, Bioactivity
and Oxidative Stress Prevention. Foods 10, 328.

Firdaus, M.L., Fitriani, 1., Wyantuti, S., Hartati, Y.W., Khaydarov, R., Mcalister, J.A., Obata, H., Gamo, T., 2017.
Colorimetric Detection of Mercury(ll) lon in Aqueous Solution Using Silver Nanoparticles. Analytical Sciences 33, 831-
837.

Ganesan, K., Xu, B., 2017. A Critical Review on Polyphenols and Health Benefits of Black Soybeans. Nutrients 9, 455.
Gascon, S., Jimenez-Moreno, N., Jimenez, S., Quero, J., Rodriguez-Yoldi, M.J., Ancin-Azpilicueta, C., 2018.
Nutraceutical composition of three pine bark extracts and their antiproliferative effect on Caco-2 cells. J Funct Foods
48, 420-429.

Gibbs, B.F., Kermasha, S., Alli, I., Mulligan, C.N., 1999. Encapsulation in the food industry: a review. Int J Food Sci Nutr
50, 213-224.

Gies, M., Servent, A., Borel, P., Dhuique-Mayer, C., 2020. Phytosterol vehicles used in a functional product modify
carotenoid/cholesterol bioaccessibility and uptake by Caco-2 cells. J Funct Foods 68, 103920.

Gonzalez-Ballesteros, N., Rodriguez-Arguelles, M.C., Prado-Lopez, S., Lastra, M., Grimaldi, M., Cavazza, A., Nasi, L.,
Salviati, G., Bigi, F., 2019. Macroalgae to nanoparticles: Study of Ulva lactuca L. role in biosynthesis of gold and silver
nanoparticles and of their cytotoxicity on colon cancer cell lines. Mater Sci Eng C Mater Biol Appl 97, 498-509.

Grillo, G., Boffa, L., Binello, A., Mantegna, S., Cravotto, G., Chemat, F., Dizhbite, T., Lauberte, L., Telysheva, G., 2019.
Cocoa bean shell waste valorisation; extraction from lab to pilot-scale cavitational reactors. Food Res Int 115, 200-
208.

Hashemzaei, M., Delarami Far, A., Yari, A., Heravi, R.E., Tabrizian, K., Taghdisi, S.M., Sadegh, S.E., Tsarouhas, K.,
Kouretas, D., Tzanakakis, G., Nikitovic, D., Anisimov, N.Y., Spandidos, D.A., Tsatsakis, A.M., Rezaee, R., 2017.
Anticancer and apoptosisinducing effects of quercetin in vitro and in vivo. Oncol Rep 38, 819-828.

Jambrak, A.R., Herceg, Z., 2014. Application of Ultrasonics in Food Preservation and Processing, in: Bhattacharya, S.
(Ed.), Conventional and Advanced Food Processing Technologies. John Wiley & Sons, Chichester, West Sussex, UK. ,
pp. 515-532.



=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

17 of 19

Jimenez-Moreno, N., Cimminelli, M.J., Volpe, F., Anso, R., Esparza, |., Marmol, |., Rodriguez-Yoldi, M.J., Ancin-
Azpilicueta, C., 2019. Phenolic Composition of Artichoke Waste and its Antioxidant Capacity on Differentiated Caco-2
Cells. Nutrients 11, 1723.

Jimenez-Moreno, N., Esparza, l., Bimbela, F., Gandia, L.M., Ancin-Azpilicueta, C., 2020. Valorization of selected fruit
and vegetable wastes as bioactive compounds: Opportunities and challenges. Crit Rev Env Sci Tec 50, 2061-2108.
Jimenez, S., Gascon, S., Luquin, A., Laguna, M., Ancin-Azpilicueta, C., Rodriguez-Yoldi, M.J.,, 2016. Rosa canina
Extracts Have Antiproliferative and Antioxidant Effects on Caco-2 Human Colon Cancer. PLoS One 11, e0159136.
Kang, J.H., Ko, Y.T., 2015. Lipid-coated gold nanocomposites for enhanced cancer therapy. Int J Nanomedicine 10
Spec Iss, 33-45.

Khan, N., Mukhtar, H., 2018. Tea Polyphenols in Promotion of Human Health. Nutrients 11, 39.

Kumar, V.L.,, Pandey, A., Verma, S., Das, P., 2019. Protection afforded by methanol extract of Calotropis procera latex
in experimental model of colitis is mediated through inhibition of oxidative stress and pro-inflammatory signaling.
Biomed Pharmacother 109, 1602-1609.

Lee, S.I., Kang, K.S., 2019. N-acetylcysteine modulates lipopolysaccharide-induced intestinal dysfunction. Sci Rep 9,
1004.

Lewandowska, U., Gorlach, S., Owczarek, K., Hrabec, E., Szewczyk, K., 2014. Synergistic interactions between
anticancer chemotherapeutics and phenolic compounds and anticancer synergy between polyphenols. Postepy Hig
Med Dosw (Online) 68, 528-540.

Machado, A., Geraldi, M.V., do Nascimento, R.P., Moya, A., Vezza, T., Diez-Echave, P., Galvez, J.J., Cazarin, C.B.B.,
Marostica Junior, M.R., 2021. Polyphenols from food by-products: An alternative or complementary therapy to IBD
conventional treatments. Food Res Int 140, 110018.

Mahdavi, S.A., Jafari, S.M., Ghorbani, M., Assadpoor, E., 2014. Spray-Drying Microencapsulation of Anthocyanins by
Natural Biopolymers: A Review. Drying Technology 32, 509-518

Marmol, 1., Quero, J., Jiménez-Moreno, N., Rodriguez-Yoldi, M.J., Ancin-Azpilicueta, C., 2019. A systematic review of
the potential uses of pine bark in food industry and health care. Trends in Food Science and Technology 88, 558-566.
Marmol, I., Quero, J., Rodriguez-Yoldi, M.J., 2018. Modifiable and non-modifiable risk factors of colorectal cancer in:
Duncan, L.T. (Ed.), Advances in health and disease, 1 ed. Nova Science Publishers, Inc. , New York, pp. 67-117.
Marmol, I., Sanchez-de-Diego, C., Jimenez-Moreno, N., Ancin-Azpilicueta, C., Rodriguez-Yoldi, M.J., 2017. Therapeutic
Applications of Rose Hips from Different Rosa Species. Int J Mol Sci 18, 1137.

Medina-Torres, L., Garcia-Cruz, E.E., Calderas, F., R.F., G.L., Sanchez-Olivares, G., Gallegos-Infante, J.A., Rocha-
Guzman, N.E., Rodriguez-Ramirez, J., 2013. Microencapsulation by spray drying of gallic acid with nopal mucilage
(Opuntia ficus indica). Lwt-Food Sci Technol 50, 642-650.

Mertens-Talcott, S.U., Talcott, S.T., Percival, S.S., 2003. Low concentrations of quercetin and ellagic acid
synergistically influence proliferation, cytotoxicity and apoptosis in MOLT-4 human leukemia cells. J Nutr 133, 2669-
2674.

Montenegro-Landivar, M.F., Tapia-Quirds, P., Vecino, X., Reig, M., Valderrama, C., Granados, M., Cortina, J.L.,
Saurina, J., 2021. Fruit and vegetable processing wastes as natural sources of antioxidant-rich extracts: Evaluation of
advanced extraction technologies by surface response methodology. Journal of Environmental Chemical Engineering
9, 105330.

Ngoune, R., Peters, A., von Elverfeldt, D., Winkler, K., Putz, G., 2016. Accumulating nanoparticles by EPR: A route of
no return. J Control Release 238, 58-70.

Noratto, G., Porter, W., Byrne, D., Cisneros-Zevallos, L., 2014. Polyphenolics from peach (Prunus persica var. Rich
Lady) inhibit tumor growth and metastasis of MDA-MB-435 breast cancer cells in vivo. J Nutr Biochem 25, 796-800.



©CO~NOOOTA~AWNPE

DO UIUIUTUUNUIUIVCIUUDRNDANRNRNDNARNDNWWWWWWWWWWOWNNNNNNNNNNRPPRRRRPRRRR
OARAONPRPOOOVNONRNROMNROOOVYOUNRWNROOONNONRONROOONNOUNRWNROOO~NOUNWNEO

18 of 19

Piccolella, S., Bianco, A., Crescente, G., Santillo, A., Chieffi Baccari, G., Pacifico, S., 2019a. Recovering Cucurbita pepo
cv. 'Lungo Fiorentino' Wastes: UHPLC-HRMS/MS Metabolic Profile, the Basis for Establishing Their Nutra- and
Cosmeceutical Valorisation. Molecules 24, 1479.

Piccolella, S., Crescente, G., Candela, L., Pacifico, S., 2019b. Nutraceutical polyphenols: New analytical challenges and
opportunities. J Pharm Biomed Anal 175, 112774.

Plazzotta, S., lbarz, R., Manzocco, L., Martin-Belloso, O., 2020. Optimizing the antioxidant biocompound recovery
from peach waste extraction assisted by ultrasounds or microwaves. Ultrason Sonochem 63, 104954.

Popovic, B.M., Blagojevic, B., Latkovic, D., Cetojevic-Simin, D., Kucharska, A.Z., Parisi, F., Lazzara, G., 2021. A one step
enhanced extraction and encapsulation system of cornelian cherry (Cornus mas L.) polyphenols and iridoids with
beta-cyclodextrin. Lwt-Food Sci Technol 141.

Quero, J., Jimenez-Moreno, N., Esparza, |., Osada, J., Cerrada, E., Ancin-Azpilicueta, C., Rodriguez-Yoldi, M.J., 2021.
Grape Stem Extracts with Potential Anticancer and Antioxidant Properties. Antioxidants (Basel) 10, 243.

Quero, J., Marmol, 1., Cerrada, E., Rodriguez-Yoldi, M.J., 2020. Insight into the potential application of polyphenol-
rich dietary intervention in degenerative disease management. Food&Function 11, 2805-2825.

Razak, S., Afsar, T., Ullah, A., Almajwal, A., Alkholief, M., Alshamsan, A., Jahan, S., 2018. Taxifolin, a natural flavonoid
interacts with cell cycle regulators causes cell cycle arrest and causes tumor regression by activating Wnt/ beta -
catenin signaling pathway. BMC Cancer 18, 1043.

Ruiz-Leal, M., George, S., 2004. An in vitro procedure for evaluation of early stage oxidative stress in an established
fish cell line applied to investigation of PHAH and pesticide toxicity. Mar Environ Res 58, 631-635.

Ruiz Rodriguez, L.G., Zamora Gasga, V.M., Pescuma, M., Van Nieuwenhove, C., Mozzi, F., Sanchez Burgos, J.A., 2021.
Fruits and fruit by-products as sources of bioactive compounds. Benefits and trends of lactic acid fermentation in the
development of novel fruit-based functional beverages. Food Res Int 140, 109854.

Sambuy, Y., De Angelis, I., Ranaldi, G., Scarino, M.L., Stammati, A., Zucco, F., 2005. The Caco-2 cell line as a model of
the intestinal barrier: influence of cell and culture-related factors on Caco-2 cell functional characteristics. Cell Biol
Toxicol 21, 1-26.

Sanchez-de-Diego, C., Marmol, I., Perez, R., Gascon, S., Rodriguez-Yoldi, M.J., Cerrada, E., 2017. The anticancer effect
related to disturbances in redox balance on Caco-2 cells caused by an alkynyl gold(l) complex. J Inorg Biochem 166,
108-121.

Seeram, N.P., Adams, L.S., Henning, S.M., Niu, Y., Zhang, Y., Nair, M.G., Heber, D., 2005. In vitro antiproliferative,
apoptotic and antioxidant activities of punicalagin, ellagic acid and a total pomegranate tannin extract are enhanced
in combination with other polyphenols as found in pomegranate juice. J Nutr Biochem 16, 360-367.
Septembre-Malaterre, A., Remize, F., Poucheret, P., 2018. Fruits and vegetables, as a source of nutritional
compounds and phytochemicals: Changes in bioactive compounds during lactic fermentation. Food Research
International 104, 86-99.

Simonovska, J., Skerget, M., Knez, Z., Srbinoska, M., Kavrakovski, Z., Grozdanov, A., Rafajlovska, V., 2016.
Physicochemical Characterization and Bioactive Compounds of Stalk from Hot Fruits of Capsicum Annuum L.
Macedonian Journal of Chemistry and Chemical Engineering 35, 199-208.

Singleton, V.L., Rossi, J.A., 1965. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid
reagents. American journal of Enology and Viticulture 16, 144-158.

Skehan, P., Storeng, R., Scudiero, D., Monks, A., McMahon, J., Vistica, D., Warren, J.T., Bokesch, H., Kenney, S., Boyd,
M.R., 1990. New colorimetric cytotoxicity assay for anticancer-drug screening. J Natl Cancer Inst 82, 1107-1112.
Souza, A.R.L., Hidalgo-Chavez, D.W., Pontes, S.M., Gomes, F.S., Cabral, L.M.C., Tonon, R.V., 2018. Microencapsulation
by spray drying of a lycopene-rich tomato concentrate: Characterization and stability. LWT 91, 286-292.



©CO~NOOOTA~AWNPE

DO UIUIUTUUNUIUIVCIUUDRNDANRNRNDNARNDNWWWWWWWWWWOWNNNNNNNNNNRPPRRRRPRRRR
OARAONPRPOOOVNONRNROMNROOOVYOUNRWNROOONNONRONROOONNOUNRWNROOO~NOUNWNEO

19 of 19

Sumere, B.R., de Souza, M.C., Dos Santos, M.P., Bezerra, R.M.N., da Cunha, D.T., Martinez, J., Rostagno, M.A., 2018.
Combining pressurized liquids with ultrasound to improve the extraction of phenolic compounds from pomegranate
peel (Punica granatum L.). Ultrason Sonochem 48, 151-162.

Sun, J., Liu, R.H., 2008. Apple phytochemical extracts inhibit proliferation of estrogen-dependent and estrogen-
independent human breast cancer cells through cell cycle modulation. J Agric Food Chem 56, 11661-11667.

Tsao, R., Yang, R., Young, J.C., 2003. Antioxidant isoflavones in Osage orange, Maclura pomifera (Raf.) Schneid. J
Agric Food Chem 51, 6445-6451.

Tylewicz, U., Nowacka, M., Martin-Garcia, B., Wiktor, A., Gomez Caravaca, A.M., 2018. 5-Target sources of
polyphenols in different food products and their processing by-products, Polyphenols: Properties, Recovery, and
Applications, pp. 135-175.

Utzeri, E., Usai, P., 2017. Role of non-steroidal anti-inflammatory drugs on intestinal permeability and nonalcoholic
fatty liver disease. World J Gastroenterol 23, 3954-3963.

van Breemen, R.B., Li, Y., 2005. Caco-2 cell permeability assays to measure drug absorption. Expert Opin Drug Metab
Toxicol 1, 175-185.

Villacis-Chiriboga, J., Vera, E., Van Camp, J., Ruales, J., Elst, K., 2021. Valorization of byproducts from tropical fruits: A
review, Part 2: Applications, economic, and environmental aspects of biorefinery via supercritical fluid extraction.
Compr Rev Food Sci Food Saf.

Vreeburg, R.A., van Wezel, E.E., Ocana-Calahorro, F., Mes, J.J., 2012. Apple extract induces increased epithelial
resistance and claudin 4 expression in Caco-2 cells. J Sci Food Agric 92, 439-444,

Xie, Y., Qiao, H., Su, Z., Chen, M., Ping, Q., Sun, M., 2014. PEGylated carboxymethyl chitosan/calcium phosphate
hybrid anionic nanoparticles mediated hTERT siRNA delivery for anticancer therapy. Biomaterials 35, 7978-7991.
Yallapu, M.M.,, Jaggi, M., Chauhan, S.C., 2010. beta-Cyclodextrin-curcumin self-assembly enhances curcumin delivery
in prostate cancer cells. Colloids Surf B Biointerfaces 79, 113-125.

Yousefi, S., Emam-Djomeh, Z., Mousavi, S.M., 2011. Effect of carrier type and spray drying on the physicochemical
properties of powdered and reconstituted pomegranate juice (Punica Granatum L.). Journal of Food Science and
Technology 48, 677-684.

Zeller, P., Bricks, T., Vidal, G., Jacques, S., Anton, P.M., Leclerc, E., 2015. Multiparametric temporal analysis of the
Caco-2/TC7 demonstrated functional and differentiated monolayers as early as 14 days of culture. Eur J Pharm Sci
72, 1-11.



Conflict of Interest

The authors declare no conflits of interest



