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Abstract

Edible coatings (EC) applied to fresh-cut fruits are used to increase their shelf-life and to deliver
antioxidant bioactives such as phenolic compounds (PC) that reduce their oxidative damage while
enhance their functional value. However, the combination of different PC may have synergetic, ad-
ditive or antagonic effects on the final antioxidant capacity (AOXC). The aim of this study was to
examine the AOXC of binary combinations of selected PC from mango peel and their bioaccessibil-
ity from 6% alginate-based EC applied to fresh-cut papaya, under simulated gastrointestinal con-
ditions. Among equimolar (0.1 mM) combinations, gallic + protocatechuic acids (AB) were syner-
gic in radical scavenging activity (RSA) as assayed by DPPH (90% RSA) and FRAP (0.39 mg TE/mL)
methods; when assayed in 6% alginate-based EC, their RSA increased (117.85% RSA, 0.88 mg
TE/mL). The application of EC + AB to papaya cubes and further in vitro digestion decreased their
AOXC probably due to interactions between EC and papaya’s matrix. Therefore, further studies are
needed in order to evaluate the effect of combination of phenolic and EC applied in other fruits
matrix on antioxidants bioaccessibility.
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1. Introduction

Nowadays, the search for new technologies for food preservation is very important, particularly to inactivate
microorganisms and enzymes that affect the nutritional value of foodstuffs. Some of these technologies have the
ability to enhance the shelf-life of foods without affecting their quality and safety [1] [2]. Biofilms or edible
coatings (EC) are used to reduce decay, weight loss and browning of fresh-cut fruits, prolonging their shelf-life
[3]; when used as carriers to deliver bioactive compounds (e.g. antioxidants (AOX)) they also improve their
overall quality and protect them against fungal and bacterial spoilage [4]. EC + AOX also rises the functional
value of fresh-cut fruits [4] due to the fact that foods with high antioxidant capacity (AOXC) are suitable for pre-
venting and even treating several non-communicable chronic diseases [5].

Phenolic compounds (PC) are the most abundant AOX in the human diet, and are present in edible vegetables,
fruits and their by-products [6]. Tropical fruits such as mango are a good source of antioxidant compounds in-
cluding phenolic acid and flavonoid compounds. The global production of mangoes exceeds 27 million tons per
year [7], being the variety Ataulfo the most produced in Mexico representing 5% of total mango exportations [8].
This variety stands out among other mango cultivars for its sensorial characteristics and value as functional food
due its higher content of Vitamin C, carotenoids and PC [9]-[11]. The use of its pulp to produce juices or mini-
mally processed products, generates vast quantities of peel and seeds (~32%) which may have nutraceutical po-
tential [12] [13]. Particularly, mango peels are good sources of ascorbate, fructose, insoluble fiber (lignin and
hemicelluloses) and monomeric (e.g. gallic and protocatehuic acids) and polymeric (e.g. f-PGG) PC with anti-
obesigenic, anti-inflammatory, anti-carcinogenic and anti-diabetic potential [11].

However, PC present in mango pulp or peel interact with its food matrix, other complex carbohydrates (like
those present in Gl tract) and with other PC. These interactions can either increase or decrease the AOXC due a
synergic or antagonic effect [14] and its potential delivering within the GI tract. Such interactions have reper-
cussions on the functional value of mangoes for human health, since strong interactions significantly limit their
bioaccesibility. Hence, the application of novel technologies for controlling an efficient delivery of bioactive
compounds might be the next big step toward the functional market consolidation. In a previous work we have
reported that the in vitro molecular interaction of four of the most important phenolic acids present in mango
pulp (chlorogenic, gallic, protocatechuic and vanillic acids) has a synergic effect on the AOXC [15] [16]. How-
ever, there is a lack of reports on the use of these PC as additives in edible coating to preserve fresh-cut fruits
and its potential bioaccesibility. The aim of this study was to examine the AOXC of binary combinations of se-
lected PC from mango peel and their bioaccessibility from 6% alginate-based EC applied to fresh-cut papaya,
under simulated gastrointestinal conditions.

2. Material and Methods

2.1. Materials

Papaya (Carica Papaya L. cv Maradol) and mango (Mangifera indica L. cv. Ataulfo) fruits were purchased at a
local marked in Hermosillo, Sonora, Mexico. Alginate, ACS phenolic standards (gallic, ferulic, syringic, proto-
catechuic and 2-hydroxycinnamic acids), DPPH (2,2-diphenyl-1-picrylhydrazyl), TPTZ (2,4,6-Tris(2-pyridyl)-s-
triazine) and Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic) were purchased form Sigma Aldrich,
Toluca, Mexico. All chemicals were of analytical or HPLC grade.

2.2. Methods

2.2.1. Phenolic Compounds Aqueous Extraction
Mango peel PC was extracted as described by Wong, Leong [17]. Mango peels were grounded using a domestic
blender, and PC were extracted using distilled water. The mixture was refrigerated at —20°C and kept in the dark

until further analysis.
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2.2.2. HPLC-DAD PC Identification

PC profile was done using high-performance liquid chromatography (HPLC; Varian 920-LC) equipped with a
diode array detector (DAD). Prior injection (10 pL), 2 mL of the aqueous extract was hydrolyzed by mixing it
with 1 mL of 6 N HCI during 3 h at 80°C. The hydrolyzate was passed through a filter (0.22 um), transferred to
sealed vials and injected into the HPLC system. The UV detector was set at 280 nm. Each PC was identified by
comparing its retention time and absorption spectra with those obtained with authentic standards under the same
HPLC operating conditions. The mobile phase was composed of 1% formic acid (A) and acetonitrile (B). In-
itially, a pre-run with 90% A and 10% B with a flow rate of 1 mL/min was conducted. Afterwards, the gradient
program was as follows (A:B): a) hold at 90:10 for 1 min; b) 95:5 at 12 min; ¢) 90:10 at 14 min; d) 80:20 at 20
min and hold for 8 min; e) 74:26 at 30 min and hold for 20 min; f) 50:50 at 60.1 min and hold for 1.9 min; g)
90:10 at 70 min and hold for 5 min. The flow rate was 1 mL/min for the first 30 min and 0.75 mL/min for the
last 45 min.

2.2.3. Antioxidant Capacity (AOXC)

The AOXC of individual and combinations of selected mango peel PC (gallic acid, protocatechuic acid, syringic
acid, ferulic acid and 2-hydroxycinnamic acid) in methanol was assayed by two radical scavenging capacity
(RSC) methods. The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was performed according to Brand-Williams
[18] with some modifications. The DPPH radical solution was prepared by dissolving 2.5 mg of DPPH radical in
100 mL of methanol. The absorbance of solution was adjusted to 0.7 + 0.02 at 515 nm. Aliquots of 20 pL of sample
were placed in a microplate and 280 pL of DPPH radical solution was added to each sample. Samples were in-
cubated for 30 min in the dark and the absorbance was measured with a microplate reader (FLUOstar Omega,
BMG LABTECH). Results were expressed as the percentage of remaining RSC. The FRAP assay was carried
out following the method reported by Benzie and Strain [19]. Twenty pL of sample were placed into each mi-
croplate well and mixed with 280 pL of FRAP solution. The samples were incubated at room temperature in the
dark for 30 min and the absorbance was measured at 630 nm. The results were reported as mg of Trolox equiva-
lents per mL of solution (mg TE/mL) using a standard curve of Trolox. Based on AOXC results, the higher syn-
ergic combination was selected and evaluated in the next experiments.

2.2.4. Preparation of Alginate-Based EC

Alginate solutions (6% wi/v) were prepared adding 0.1 M of the synergic PC combination (gallic acid + protoca-
techuic acid; combination AB). The AOXC was then assayed as previously described and compared to the cor-
responding aqueous solution. EC were prepared using the casting method where the alginate solutions with or
without the synergic PC combination were placed into plates and dry overnight at 40°C. The alginate solution
was used as a control in both EC and biofilms in further analysis.

2.2.5. EC on Fresh Cut Papaya
Papaya was cut into pieces of 1 cm®. The EC were applied to the fresh-cut papaya by immersion and dried by air
at room temperature for 5 min. Samples were used for AOXC and in vitro bioaccessibility of PC.

2.2.6. Bioaccessibility of PC

To analyze the effect of alginate on the release of PC under simulated gastrointestinal conditions, the bioaccessi-
bility of PC in fresh cut papaya with EC and biofilms was determined according to the methodology of Saura-
Calixto [20], which mimics the physiological conditions of the digestive tract. Samples (300 mg) with 10 mL of
HCI-KCI buffer (pH 5.0) were incubated with a pepsin solution (300 mg/mL) for 60 min at 40°C in a water bath
with constant shaking, simulating gastric conditions. Then 4.5 mL of phosphate buffer (pH 7.5) were added to
the samples and pH was adjusted to 7.5. Additionally, to simulate intestinal digestion conditions, 1 mL of pan-
creatin solution (5 mg/mL) was added. Samples were incubated at 37°C during 6 h with constant shaking. Final-
ly, the samples were used for AOXC analysis.

2.2.7. Statistical Analysis

All tests were performed in triplicate, one-way ANOVA and the Tukey-Kramer multiple comparison test was used to de-
termine significant differences between groups (p < 0.05), using the commercial software JMP Software, Version 7.0.
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3. Results and Discussions
3.1. Mango Peel PC Profile

Figure 1 shows the phenoalic profile of the aqueous extract from mango peel. The numbered peaks in the chro-
matogram correspond to gallic (1), protocatechuic (2), ferulic (3), syringic (4) and 2-hydroxycinnamic acid (5).
These results are similar to those found by Palafox-Carlos, Yahia [16] in mango pulp, where they asserts that the
main PC found in mango Ataulfo pulp were phenolics acids, especially gallic and protocatechuic acids. Likewise,
Sayago-Ayerdi, Moreno-Hernandez [7] found that Ataulfo peel is rich in hydrolysable tannins, which are poly-
mers of phenolic acids [21]. A research was conducted using standard PC, in order to investigate the synergism
or antagonism of these compounds when combined and added to an alginate EC. The information generated can
provide new knowledge to understand the behavior of single PC and its contribution to the total AOXC. The in-
dividual contribution of these PC has been reported previously by Palafox-Carlos, Yahia [16].

3.2. AOXC of the Identified PC Standards

Table 1 shows the AOXC of individual and combined solutions of PC in methanol. Beker, Nissen [14], sug-
gested that synergism is a phenomenon that can be more evident in certain compounds which, when combined,
can present a more pronounced effect compared to the sum of their individual activity. In this study, most of the
combined solutions presented an antagonic effect when DPPH assay was used, except for the combination of
gallic-protocatechuic acid (AB) which had a synergic effect. These results are similar to those reported by Pala-
fox-Carlos [15] [16], who found an increase in the inhibition percentage of the DPPH radical with the combina-
tion of gallic-protocatechuic acid compared with the theoretical sum of its individual AOXC. Regarding to
FRAP assay, the combinations AB and protocatechuic-ferulic acid (BD) showed a synergic effect, whilst the rest
combinations had mostly an additive effect. These results indicate that the combination AB enhance both, the
transference of electron and hydrogen atoms [DPPH is a method for hydrogen atom transference (HAT), and
FRAP is a specific method for electron transference (SET)] [22]. Among the binary PC combinations studied,
the AB combination was selected for its application in the 6% alginate EC.

3.3. AOXC of PC in Alginate Solution

Alginate molecules are unbranched polysaccharides consisting of 1 — 4 linked S-D-mannuronic acid (M) and its
C-5 epimer a-L-guluronic acid (G) [23]. Falkeborg, Cheong [24] suggested that the antioxidant contribution of
alginate molecules is due to hydrogen abstraction from the carbon-bonded hydrogens in glucuronic acid. Her-
nandez-Marin and Martinez [25], after theoretical studies, have concluded that the antioxidant mechanism of
carbohydrates is mainly by HAT from carbon-bonded hydrogens and lees likely to be SET. However, it was ob-
served that the PC (gallic and protocatechuic acids) added into alginate solutions resulted in a slight increase of
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Figure 1. Identified phenolic compounds on mango cv Ataulfo peel aqueous extract by HPLC-
DAD. (1) Gallic acid, (2) Protocatechuic acid, (3) Syringic acid, (4) Ferulic acid, (5) 2-hydro-

Xycinnamic acid.
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Table 1. Antioxidant capacity of individual and mixtures of phenolic acids representative of those found in mango peel.
Gallic acid (A), protocatechuic acid (B), siringic acid (C), ferulic acid (D), 2-hydroxycinamic acid (E).

DPPH FRAP
Individual
©4mi) R Rl Theo:/eotisilpESum) In-lt-grgisign L Thegnr%-trig:n(lgum) In-lt-grgisign
A 49.26a 0.14a
B 27.26b 0.07b
C 28.90b 0.09b
D 19.61c 0.07b
E 9.819d 0.01c
ComMBRETD 8 REm RE TheosftisaSIAGSum) In-lt-grrz:ggn TS Thetr)nr%-triseﬁn(léum) In-lt-grrz:ggn
AB 90.04a 76.53b Synergic 0.36a 0.22b Synergic
AC 61.47b 78.16a Antagonist 0.24a 0.24a Additive
AD 52.56b 68.87a Antagonist 0.23a 0.22a Additive
AE 48.65b 59.08a Antagonist 0.10b 0.16a Antagonist
BC 45.76b 56.17a Antagonist 0.17a 0.17a Additive
BD 35.47b 46.87a Antagonist 0.18a 0.15b Synergic
BE 25.99b 37.08a Antagonist 0.11a 0.09a Additive
CD 31.34b 48.51a Antagonist 0.18a 0.17a Additive
CE 32.31b 38.72a Antagonist 0.11a 0.11a Additive

Different letters in each column of individual standards indicates significant differences (p < 0.05) between standards for each method; whereas in
combination, different letters indicates differences (p < 0.05) between real and theoretical values for each method.

the AOXC of the protocatechuic acid measured by the DPPH assay (Figure 2(B)), whilst the AOXC by FRAP
assay showed 2 fold increase (Figure 2(D)). These results, according to Peshev and Vergauwen [26], suggest
that the antioxidant mechanism followed by the combination of alginate, gallic and protocathechuic acid are not
entirely by hydrogen donation. As Peshev, Vergauwen [26] described, if double bonds are present in the antioxi-
dant molecules they follow the radical addition mechanism, which is not considered as a possible mechanism for
carbohydrates, but it is for PC [24]. It means that the capacity of the synergic combination to donate electrons is
not restricted, but enhanced by the presence of alginate, following diverse possible antioxidant mechanisms.

3.4. AOXC and Bioaccessibility of PC Added in Alginate Edible Films

Figure 3 shows the results of the AOXC by FRAP method in the EC with 6% alginate and PC. These results in-
dicates that there is an antioxidant synergism related with the transference of electrons, which can be determined
by the FRAP assay in the simulated physiological conditions. Nonetheless, these values are lower than those de-
termined in the pure standards in methanol and standards with alginate under the same method (Figure 2). Such
differences in the AOXC could be due to the low stability of the PC at basic pH. These results agreed with those
reported by Friedman and Jurgens [27], that states that simple PC with low molecular weight such as phenolic
acids are susceptible to oxidation under high pH conditions. Under this condition, PC are oxidized and a chemi-
cal structure change takes place, being irreversible and directly affecting the AOXC in both transference of hy-
drogens (HAT) and electrons (SET) mechanisms.

On the other hand, from the nutritional point of view, some carbohydrates polymers like alginate have gela-
tion properties, which can affect the bioaccessibility of bioactive compounds being trapped within the cross-
linked chains of the polymers. Those cross-linked chains are the result of the carbohydrates gelification proper-
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Figure 2. Comparison of antioxidant activity by FRAP and DPPH methods of
gallic and protocatechuic acids standards in methanol and 6% alginate (A) so-
lutions. Each bar represents the standard solutions with gallic acid (G), proto-
catechuic acid (P), gallic and protocatechuic acid theoretical sum (SUM) and
the real values of gallic-protocatechuic combination (GP). Values are the mean
+ Std error (n = 3). Different letters indicate statistical differences (p < 0.05).
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Figure 3. Antioxidant activity by FRAP assay of 6% Alginate (A) edible films
added with phenolic compounds gallic-protocatechuic synergic combination.
Each bar represents the edible films with gallic acid (G), protocatechuic acid
(P), gallic and protocatechuic acid theoretical sum (SUM) and the real values
of gallic-protocatechuic combination (GP). Values are the mean + Std error (n
= 3). Different letters indicate statistical differences (p < 0.05).

ties, i.e. alginate undergoes the sol-to-gel transition upon lowering pH even in the absence of cations [28].
Therefore, this indicates that PC added to the EC have low bioaccessibility due to the changes mentioned pre-
viously, affecting the rheological properties of alginate. This suggests that during the digestion in the upper ga-
strointestinal tract, the acid conditions enhance the interaction of alginate with PC, decreasing their bioaccessi-
bility in the lower gastrointestinal tract.

3.5. AOXC and Bioaccessibility of PC Added to EC Applied in Papaya

The study of the AOXC in FRAP assay of PC released from the in vitro digestion of fresh-cut papaya with 6%
alginate EC is presented in Figure 4. These results indicated that the AOXC in FRAP assay decreased, com-
pared to theoretical values, which suggests a lower electron transfer. Nonetheless, when the EC mixed with gal-
lic acid was applied to the papaya fruit a strong antagonism was observed, resulting in lower FRAP values than
those found in papaya without EC. This could be due to the chemical-enzymatic conditions involved in the in
vitro digestion [28] [29]. During the study of the bioaccessibility of PC with the in vitro digestion model dif-
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Figure 4. Comparison of antioxidant activity by FRAP assay of fresh cut pa-
paya (FCP) with different 6% Alginate (A) edible coatings. Each bar represents
the edible coatings with gallic acid (G), protocatechuic acid (P), gallic and proto-
catechuic acid theoretical sum (SUM) and the real values of gallic-protoca-
techuic combination (GP). Values are the mean + Std error (n = 3). Different
letters indicate statistical differences (p < 0.05).

ferent digestion phases were emulated. In the gastric phase the environment was acid (pH 1.5) while in the intes-
tinal phase the acid environment decreased (pH 7.5). The AOXC measurement was performed at the intestinal
phase, which has a less protonated environment, as compared to that of standards in methanol solution or in al-
ginate, where the pH was between 6 - 7.

On the other hand, papaya is a fruit rich in soluble dietary fiber, especially pectin [30]. It has been reported
that pectin produces an antioxidant antagonism in AOXC methods due to an interaction between pectin and gal-
lic acid forming hydrogen bonds [31]. In the same way, the alginate chains contain electronegative D-mannuric
and D-guluronic groups, so, the hydrogen atoms present in gallic acid could interact with both the pectin from
papaya and the alginate chains in the EC [32]. As pectin and alginate have similar gelation properties, both mo-
lecules are able to form gel at low pH in presence of hydrophilic molecules. In this case, as gallic and protoca-
techuic acids are hydrophilic molecules, their presence may induce hydrophobic interactions or hydrogen bonds
between pectin and alginate at low pH. These hydrogen bonds reduce the ability of gallic acid molecules to do-
nate either electrons or hydrogen atoms, either due to their inaccessible position within the pectin/alginate
branches or to the changes in the molecules reactivity. This can help us to explain the antagonistic effect found
in the AOXC of the EC with gallic acid. However, this interaction between PC and alginate was not observed in
the absence of papaya fruit, which supports the idea that antagonistic effect is given due to the cross-linked
chains formed between papaya’s pectin and alginate molecules under acid conditions. In the same way, it sug-
gest that the bioaccessibility of the PC added in the alginate EC is decreasing by the interactions of them with
the alginate and dietary fiber present in papaya fruit.

4. Conclusion

According to these results, we concluded that alginate EC kept the antioxidant properties, maintaining the syn-
ergic effect reported for gallic-protocatechuic acids combination. However, the presence of dietary fiber, such as
pectin in the food matrix of the papaya fruit, appears to be a limiting factor in the synergic effect of PC that ne-
gatively affect its bioaccessibility. Further studies using UV-VIS, fluorescence, ITC, and FT-IR techniques can
be performed to elucidate the possible interactions among alginate coatings, edible films and gallic acid.
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