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A B S T R A C T   

Grape juices are rich in bioactive compounds; however, for these compounds to exert their functionality, they 
must be bioaccessible. Thus, the present study evaluated a simulated digestion process on the main bioactive 
compounds of monovarietal grape juices of five Brazilian hybrid cultivars (V. vinifera x V. labrusca). Charac-
terization of the chemical profiles in liquid chromatography (HPLC-DAD-RID), behaviour of phenolics in the 
stages of digestion and bioaccessibility through the INFOGEST protocol plus intestinal barrier passage were 
carried out. Of the 24 polyphenols identified in the grape juice samples, 11 were bioaccessible, with emphasis on 
the class of flavanols. Procyanidin B2 (101–426%), (+)-catechin (169–370%) and gallic acid (61–230%) stood 
out in all juices, showing that these compounds are key to the functionality of these drinks. Particularities were 
observed to differ between juices, demonstrating that factors such as the cultivar should be explored more 
extensively in studies on functional foods. The study also suggests that quality components such as sugars and 
organic acids influence the bioaccessibility of beverages.   

1. Introduction 

Grape juices are food matrices rich in phenolic compounds associ-
ated with consumer health benefits (De Lima Tavares Toscano et al., 
2019; Lima et al., 2022; Toaldo et al., 2016). Recently, beneficial effects 
of polyphenols on the immune system against SARS-CoV-2 infections 
have been reported (Augusti et al., 2021; Yun Yang et al., 2022). Among 
other pharmacological effects of phenolic compounds, the prevention of 
the risk of heart disease, type 2 diabetes mellitus, different types of 
cancer, obesity, gut-microbiota-modulating, Alzheimer, Parkinson and 
neurodegenerative diseases stands out (Moradi et al., 2021; Dwibedi 
et al., 2022; Zhou et al., 2022; Xia et al., 2010). However, for poly-
phenols to exert their bioactivity, they must be bioaccessible. 

The bioaccessibility of polyphenols is often evaluated using in vitro 
digestion systems, due to the difficulty of in vivo evaluation caused by 
significant changes in the structure of these compounds during passage 
through the gastrointestinal tract (Celep et al., 2015). Models of 

gastrointestinal digestion have been studied in order to demonstrate its 
effects on the bioactive compounds of foods and beverages (Barreto 
et al., 2023; Carneiro et al., 2022; Lingua et al., 2018; Minekus et al., 
2014). After simulating the passage of the sample through the stages of 
the mouth, stomach and intestine, the application of dialysis can simu-
late the mobility of compounds through the intestinal barrier (Barreto 
et al., 2023). 

Even so, the use of in vitro digestion simulation techniques has been 
applied as a valuable tool to propose an estimate of the bioaccessibility 
of bioactive compounds, especially those present in grapes and wines 
(Lingua et al., 2018, 2019; Sun et al., 2020). 

Previous studies that established the bioaccessibility of polyphenols 
present in grape juice are scarce, and it is known that the chemical 
composition of the grape juice matrix differs from that of wines, mainly 
due to the high levels of sugars, profile of organic acids and absence of 
ethanol (Coelho et al., 2018), and these factors may influence the bio-
accessibility of phenolic compounds. Some studies have already shown 
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changes in the structures of phenolic compounds during their passage 
through the gastrointestinal tract that caused changes in accessibility 
related to transport through intestinal cells, due to acid-alkaline condi-
tions and enzymatic action (Lingua 2018; Celep et al., 2015; Taglia-
zucchi et al., 2010; Silva Haas, Marmitt, Toaldo Fedrigo, Goettert, & 
Bordignon-Luiz, 2020). Additionally, the composition of the food matrix 
is a determinant of the bioaccessibility of phytochemicals, and thus it is 
important to verify the effect of interactions between its components 
(Mohamedshah et al., 2020). 

The Sub-middle São Francisco Valley (SSFV) is an important region 
of Brazil that has invested in the elaboration of high-quality grape juices 
produced with hybrid cultivars (V. vinifera x V. labrusca) adapted to the 
tropical climate, such as Isabel Precoce, BRS Violeta, BRS Magna, BRS 
Cora and BRS Carmem (Dutra et al., 2021; Lima et al., 2014, 2022). 
Previous works with SSFV grape juice were focused on chemical char-
acterization, and no information was found on the bioaccessibility of the 
phenolic components of these products. 

In this context, we evaluated the effect of the digestion process, using 
a simulated intestinal barrier, on the bioaccessibility of bioactive 
phenolic compounds present in Brazilian grape juices. Additionally, the 
association of the grape cultivar used, composition of sugars and organic 
acids in the matrix and other physicochemical characteristics of the juice 
on bioaccessibility were also studied. 

2. Material and methods 

2.1. Raw material and juice processing 

Five grape cultivars (Isabel Precoce, BRS Cora, BRS Violeta, BRS 
Magna and BRS Carmem) were studied. Grapes were harvested in April 
2021 and kindly provided by companies localized in Petrolina-PE 
(latitude 09◦21′S and longitude 40◦40′W) and Lagoa Grande-PE (lati-
tude 8◦59′ S and longitude 40◦16′W). Isabel Precoce came from the 
company Grand Valle Industrial Ltda; the cultivars BRS Violeta, BRS 
Magna and BRS Carmem from the company Queiroz Galvão Alimentos 
S/A company, Timbaúba Farm and the cultivar BRS Cora from the 
company Asa Indústria e Comércio Ltda. For determine the ideal harvest 
point, during ripeness period and in the day of harvest of the all grape 
cultivars evaluated, a sampling of 200 grapes berries was randomly 
collected from the basal, middle and apical regions of grape bunches of 
the plots groups (4 plots, each plot with 50 berries) and subjected to 
analysis of the soluble solids and titratable acidity. This procedure 
guaranteed that were harvested ripe grapes, with soluble solids among 
16–18◦ Brix, and titratable acidity of 0.6–0.7% (expressed as tartaric 
acid). Monovarietal grape juices were prepared using the hot press 
method as described by Silva et al. (2019). The juices were elaborated in 
three repetitions, where each repetition was equivalent to a batch con-
taining 10kg of grapes. The treatments consisted of the monovarietal 
juices of the five cultivars, totaling 15 process batches. The bottles of 
each process batch were analysed in triplicate, totaling 45 analysed 
samples. 

2.2. Chemicals 

Alpha-amylase, pepsin, pancreatin, bile salts, 12 kDa dialysis bags, 
TPTZ reagent (2,4,6-Tri(2-pyridyl)-s-triazine), Trolox (6-hydroxy-2,5, 
7,8-tetramethylchroman-2-carboxylic acid), 2,2-azino-bis (3-ethyl-
benzothiazoline-6 sulfonic acid) (ABTS•+), 2,2-diphenyl-1-picrylhydra-
zyl (DPPH•) and ferric chloride hexahydrate were obtained from Sigma- 
Aldrich (St. Louis, MO, USA). Ultrapure water was obtained by purifi-
cation in a Marte Científica System (São Paulo, SP, Brazil). Ethyl alcohol, 
potassium persulfate, phosphoric acid, ferrous sulphate, potassium 
monobasic phosphate, potassium chloride, potassium dihydrogen 
phosphate, sodium bicarbonate, sodium chloride, magnesium chloride 
hexahydrate, ammonium chloride, sodium hydroxide, hydrochloric 
acid, calcium chloride, orthophosphoric acid and sulfuric acid were 

purchased from Merck (Darmstadt, Germany). Standards of malic, citric, 
tartaric, succinic and formic acids, glucose and fructose were obtained 
from Vetec chemistry (Rio de Janeiro, RJ, Brazil). HPLC grade methanol 
was obtained from J.T. Baker (Phillipsburg, NJ, USA). Standards for the 
quantification of phenolic compounds, including procyanidin A2, 
(− )-epicatechin gallate, quercetin-3-O-rutinoside (rutin), (− )-epi-
gallocatechin gallate, kaempferol-3-O-glucoside, quercetin-3-β-D- 
glucoside, myricetin, cyanidin-3-O-glucoside, malvidin-3-O-glucoside, 
peonidin-3-O-glucoside, delphinidin-3-O-glucoside, petunidin-3-O- 
glucoside and pelargonidin-3-O-glucoside were from Extrasynthese 
(Genay, France). Caffeic acid, gallic acid, ρ-coumaric acid, chlorogenic 
acid, caftaric acid, syringic acid, hesperidin, procyanidins B1 and B2, 
(+)-catechin, (− )-epicatechin, naringenin, cyanidin-3,5-O-diglucoside, 
malvidin-3,5-O-diglucoside and pelargonidin-3,5-O-diglucoside were 
from Sigma-Aldrich. The isomers trans-resveratrol and cis-resveratrol 
were obtained from Cayman Chemical Company (Michigan, USA). 

2.3. Classical quality parameters 

Classical quality parameters of grape juices were analysed, following 
the methodologies described by the International Organization of 
Grapes and Wine - OIV (OIV–International Organisation of Vine and 
Wine, 2022). Briefly, the pH was measured using a PHS-3B digital 
potentiometer (Tecnal, Brazil). SS (in ◦Brix) were analysed using a HI 
96801 digital refractometer (Hanna, USA), titratable acidity (TA) by 
titrimetry with 0.1 M NaOH solution, colour intensity from the sums of 
absorbances at 420, 520 and 620 nm and hue by the ratio of absorbances 
at 420 and 520 nm, measured in a UV 2000A UV–Visible spectropho-
tometer (Instrutherm, Brazil). 

2.4. Antioxidant capacity 

The antioxidant capacity (AOX) of the samples was evaluated 
through in vitro assays by the DPPH• (Kim et al., 2002), ABTS•+ (Re 
et al., 1999) and FRAP (Rufino et al., 2006) methods. For the FRAP 
method, ferrous sulphate was used for the calibration curve and re-
sponses expressed in mmol Fe2+ per litre of grape juice (mmol Fe2+ L− 1). 
For the DPPH• and ABTS•+ free-radical-scavenging methods, the Trolox 
analytical standard was used to construct the calibration curves and the 
results expressed in Trolox equivalents per litre of juice (mmol TE L− 1). 
Briefly, the DPPH• assay was performed with a solution of DPPH• (1 
mmol L− 1) in absolute ethanol and diluted to an absorbance of 0.900 ±
0.050 (100 μmol L− 1). The absorption of free radicals in the solution was 
measured by the absorbance decay rate at 517 nm, determined at 30 min 
of incubation. The ABTS•+ radical-scavenging assay was performed 
using a solution of 7 mmol ABTS•+ with 140 mmol of potassium per-
sulfate incubated at 27 ◦C without incident light for 16 h. The radical 
was diluted in ethanol to an absorbance of 0.700 ± 0.050 at 734 nm. For 
the AOX analysis, an aliquot of 30 μL of the juice was combined with 
3000 μL of the ABTS•+ radical, and the readings were performed 6 min 
after addition of the sample in a dark environment. In the test with FRAP 
reagent, a solution of acetate (300 mmol; pH 3.6), 10 mmol TPTZ (2,4, 
6-Tri(2-pyridyl)-s-triazine) in 40 mmol HCl and 20 mmol of FeCl3 so-
lution. A mixture of 90 μL of juice, 270 μL of deionized water and 2.7 mL 
of FRAP reagent was prepared and incubated at 37 ◦C in a thermoreactor 
(AAKER model IT2002, Brazil) for 30 min. Absorbance was measured at 
595 nm in a spectrophotometer. All absorbance readings were per-
formed with a spectrophotometer UV–Vis 2000A model (Instrutherm, 
Brazil). 

2.5. Bioactive phenolic compounds, sugars and organic acids 

Phenolic compounds, sugars and organic acids were determined by 
high-performance liquid chromatography (HPLC), using an Agilent 
1260 Infinity LC System liquid chromatograph (Agilent Technologies, 
Santa Clara, USA) coupled to an index and refraction detector (RID) and 
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a diode array detector (DAD). Data were processed using OpenLAB CDS 
ChemStation Edition software (Agilent Technologies, Santa Clara, USA). 

The determination of phenolics was performed on an HPLC-DAD, 
following the methodology described by Padilha et al. (2017) and 
Dutra et al. (2018). The column used was the Eclipse Plus RP-C18 (100 
× 4.6 mm, 3.5 μm) Zorbax, with a C18 precolumn (12.6 × 4.6 mm, 5 μm) 
(Zorbax, USA). The gradient elution were 0–5 min: 5% phase B and 95% 
phase A; 5–14 min: 23% B; 14–30 min: 50% B; 30–33 min 80% B. Phase 
A consisted of phosphoric acid in aqueous solution at 0.52% (pH = 2.0), 
and phase B was methanol acidified with 0.52% orthophosphoric acid 
(H3PO4). The juices were previously diluted (500 μL of juice + 1000 μL 
of phase A) and filtered through a 0.45-μm membrane and 20 μL was 
injected. The quantification of phenolic compounds was performed 
using calibration curves of external standards (R2 > 0.998). 

Sugars and organic acids were determined by HPLC-DAD/RID 
(Coelho et al., 2018). An ion-exchange column (300 × 7.7 mm) with 
8.0 μm internal particles (Hi Plex H, Zorbax) and the precolumn (5 × 3 
mm) (Agilent Technologies, Santa Clara, CA, USA) were used. Column 
oven temperature maintained at 70 ◦C and solvent flow of 0.7 mL min− 1. 
The mobile phase consisted of a 4 mmol L− 1 solution of sulfuric acid 
(H2SO4). Grape juice was previously diluted in ultrapure water (500 μL 
of juice + 1000 μL of ultrapure water), filtered through a 0.45-μm nylon 
membrane (Millex Millipore, Barueri, SP, Brazil) and injected in a vol-
ume of 10 μL. Organic acids were detected on a DAD (210 nm) and 
sugars using an RID. 

2.6. Gastrointestinal digestion simulation and bioaccessibility of phenolic 
compounds 

The evaluation of in vitro gastrointestinal digestion (GI) of grape juice 
was performed according to the INFOGEST protocol (Minekus et al., 
2014), adding the simulation of passage through the intestinal barrier as 
described by Barreto et al. (2023). Briefly, a solution containing 5 mL of 
grape juice, 3.5 mL of simulated salivary fluid (SSF), 25 μL of 0.3 mol L− 1 

CaCl2, 0.5 mL of α-amylase (1500 U mL-1), and 975 μL of ultrapure water 
was prepared to simulate the oral phase. The pH of the oral phase so-
lution was adjusted to 7.0, and the mixture was incubated for 2 min (37 

± 1 ◦C at 90 rpm). Soon after, to mimic the gastric phase, 7.5 mL of 
simulated gastric fluid (SGF) was added, containing 5 μL of CaCl2 0.3 
mol L− 1, 1.6 mL of pepsin (25,000 U mL− 1), 200 μL of HCl to 1 mol L− 1 

and 0.695 μL of ultrapure water; the pH was adjusted to 3.0, and the 
material was incubated (37 ± 1 ◦C for 2 h at 90 rpm). Then, simulation 
of the intestinal phase was performed by mixing 20 mL of gastric chyme 
with 11 mL of simulated intestinal fluid (SIF), containing 1 mL of bile 
salts (25 mg of bile/mL of sample), 5 mL of pancreatin (800 U mL− 1), 40 
μL of 0.3 mol L− 1 CaCl2, 150 μL of 1 mol L− 1 NaOH and 1.31 mL of 
ultrapure water; the pH was adjusted to 7.0 (1 mol L− 1 of NaOH) and the 
solution maintained with shaking (90 rpm for 2 h at 37 ± 1 ◦C). This 
mixture (placed inside a dialysis bag 12 kDa) simulated the passive 
absorption of phenolics through the membrane of the small intestine. 
Filled bags were immersed in 0.1 M NaHCO3 and incubated in the dark 
(90 rpm for 2 h at 37 ◦C). The solution contained inside the bag 
(nondialyzable fraction) was separated and stored, representing the 
material that remained in the gastrointestinal tract. The fraction passing 
through the dialysis membrane (dialysate), was separated, representing 
the fraction available for absorption into the circulatory system 
(potentially bioavailable). The bioaccessibility of phenolic compounds 
was calculated by Eq. (1): 

Bioaccessibility (%)=
Dialyzed fraction

non − dialyzed fraction (whole grape juice)
× 100  

2.7. Statistical analysis 

Data were subjected to one-way analysis of variance (ANOVA) and 

compared using the Tukey test at a 5% probability of error. Multivariate 
analyses were performed using Principal Component Analysis (PCA) and 
Hierarchical Cluster Analysis (HCA) techniques and the software Past 
(Paleontological Statistics) version 4.03 (Hammer et al., 2001) and 
XLStat version 2015 (Addinsoft, Paris, France). 

3. Results and discussion 

3.1. Physical-chemical parameters and antioxidant capacity of juices 

The results obtained for the characterization of monovarietal whole 
grape juices are shown in Supplementary Table S1. The values obtained 
for the basic quality parameters were in accordance with identity and 
quality standards for Brazilian grape juices (Brasil, 2018). Colour in-
tensity varied between cultivars, with higher values for BRS Violeta 
(30.52) and BRS Cora (26.62) juice. 

The average of total sugars quantified by HPLC-RID ranged from 
122.76 to 206.54 g L− 1 in BRS Magna and Isabel Precoce juices, 
respectively. The sum of the total organic acids varied among the five 
cultivars, and Isabel Precoce (6.65 g L− 1) and BRS Violeta (8.22 g L− 1) 
represented the lower and upper limits, respectively of the range of 
values. The main organic acids quantified in the juices were tartaric and 
malic acids. In the present study, the results found were similar to those 
reported in other studies with Brazilian grape juices (Coelho et al., 2018; 
Dutra et al., 2021; Lima et al., 2014). 

A total of 24 phenolics were quantified in the juices by HPLC-DAD. 
The juices that presented the highest quantified total amount of 
phenolic compounds, in descending order, were BRS Magna > BRS 
Violeta > BRS Cora > Isabel Precoce > BRS Carmem. In the juices from 
Isabel Precoce, BRS Cora, BRS Magna and BRS Carmem, the main fla-
vanol quantified was procyanidin B2, with average values ranging from 
13.26 mg L− 1 (BRS Carmem) to 16.72 mg L− 1 (BRS Magna). In the juice 
of cultivar BRS Violeta, flavanols (− )-epigallocatechin gallate and 
(+)-catechin stood out, with values of 11.80 and 9.20 mg L− 1, respec-
tively. From the group of flavonols, myricetin was predominant in all 
evaluated juices, with values ranging from 69.20 mg L− 1 (BRS Carmem) 
to 178.06 mg L− 1 (BRS Violeta). 

Seven anthocyanins were quantified, the major ones in BRS Cora, 
BRS Violeta and BRS Magna juices being petunidin-3-O-glucoside, with 
mean values of 115.50, 254.90 and 128.74 mg L− 1, respectively. For 
Isabel Precoce and BRS Carmem juice, the predominant anthocyanin 
was malvidin-3-5-O-diglucoside. Of the stilbene group, trans-resveratrol 
was the most prevalent compound in grapes (Lorenzo et al., 2019), being 
identified in all juices evaluated at levels from 0.33 to 4.70 mg L− 1 in 
BRS Violeta and Isabel Precoce juices, respectively. 

From the group of flavanones, the presence of naringenin was 
identified, and from the class of phenolic acids, gallic acid (7.5–11.1 mg 
L− 1), syringic acid (4.1–7.7 mg L− 1), caffeic acid (1.1–2.3 mg L− 1) and 
caftaric acid (272–625 mg L− 1). This last phytochemical was also 
highlighted in other works, for example, as the predominant phenolic 
acid in SSFV juices and grapes (Dutra et al., 2018, 2021; Padilha et al., 
2017). 

In the present study, AOX was evaluated by the methods of DPPH•

and ABTS•+ free-radical scavenging and by the reducing power of iron 
(FRAP). In general, all evaluated samples showed high AOX (Table S1), 
with emphasis on the juice of BRS Cora and BRS Violeta cultivars. Values 
for DPPH• ranged from 7.25 mM TE L− 1 (BRS Carmem) to 22.97 mM TE 
L− 1 (BRS Cora). For the ABTS•+ method, values ranged from 15.27 mM 
TE L− 1 (BRS Magna) to 38.35 mM TE L− 1 (BRS Cora). In the FRAP 
method, the values ranged from 26.58 mM Fe2+ L− 1 (BRS Magna) to 
78.95 mM Fe2+ L− 1 (BRS Cora). The results found corroborate those of 
other studies that evaluated the antioxidant capacity of juices from 
viticulture under tropical climate conditions (Lima et al., 2022; Padilha 
et al., 2017). 
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3.2. Bioaccessibility of phenolic compounds 

Grape juices are matrices rich in phenolic compounds; however, to 
exert their physiological effects on consumers, polyphenols need to be 
bioaccessible. In the present study, the behaviour, release into the ma-
trix and stability of phenolic compounds during digestion simulation 
and their bioaccessibility in monovarietal grape juices were evaluated. 
In decreasing order, the juices that presented the highest values of 
bioaccessibility were BRS Carmem > BRS Cora > BRS Magna > Isabel 
Precoce > BRS Violeta. Table 1 presents a summary of the bio-
accessibility of phenolic compounds in all evaluated juices, where 11 
compounds were bioaccessible: 3 flavanols, 4 flavonols, 1 stilbene and 3 
phenolic acids. The results found suggest that bioaccessibility is not al-
ways directly related to the amount of phenolic compounds initially 
present in the juice (Table S1). The release and absorption of phyto-
chemicals by the human body is influenced by several factors, including 
the composition of the food matrix (Ribas-Agustí et al., 2018). According 
to Alqurashi et al. (2017), both potentially bioaccessible compounds and 
those available in the colon exert beneficial effects, influencing the 
health of the digestive and systemic systems. 

Regarding the classes of phenolic compounds, after simulation of 
gastrointestinal digestion of monovarietal juices, the order of bio-
accessibility was flavanols > flavonols > phenolic acids > anthocyanins 
(Fig. 1). The most accessible flavanols for absorption via the intestinal 
barrier were represented by (+)-catechin, (− )-epigallocatechin gallate 
and procyanidin B2. The second most bioaccessible class comprised the 
flavonols, represented by rutin, myricetin, quercetin-3-β-D-glucoside 
and kaempferol-3-O-glucoside. Among the phenolic acids, the most 
bioaccessible compounds were gallic acid and syringic acid. Generally, 
the bioaccessibility of the phenolics depending on their composition, 

glycosylation, molecular weight, and esterification, being associated 
with the interaction of chemical structures of free hydroxyl groups 
(Naeem et al., 2022; Xia et al., 2010). 

According to Lucas-Gonzalez et al. (2016), the bioaccessibility of 
flavanols and flavonols can be influenced by the ability of these com-
pounds to bind to proteins or fibres in the matrix, through covalent 
bonds, hydrophobic interactions or hydrogen bonds, which can increase 
or decrease their solubility. Studies carried out by Augusti et al. (2021) 
reported greater bioavailability of flavanols when compared to flavo-
nols, in addition to the authors reporting multiple beneficial effects of 
these phytochemicals, such as antiviral, antioxidant, immunomodula-
tory and anti-inflammatory actions, also associated with their systemic 
effects against SARS-CoV-2 infections. 

In general, in the monovarietal grape juices subjected to digestion 
simulation, the bioaccessible compounds present at higher levels were 
(+)-catechin (169.1%–265.99%), procyanidin B2 (101.42%–423.13%) 
and gallic acid (61.59%–230.51%), in all cultivars studied. In all juices, 
quercetin-3-β-D-glucoside (12%–283.11%), rutin (10.53%–430.73%) 
and syringic acid (15.29%–111.57%) were also accessible after diges-
tion, in reasonable quantities. Several works that evaluated juices from 
the cultivars in the present study have highlighted procyanidin B2 as one 
of the main phenolics found, and its presence is strongly associated with 
a high antioxidant capacity (Dutra et al., 2018; Lima et al., 2014, 2022; 
Padilha et al., 2017), highlighting this phenolic as an important bio-
accessible compound in the SSFV grape juices. 

Regarding (+)-catechin according to Augusti et al. (2021), during the 
digestion stages, proanthocyanidins could be broken down into 
(+)-catechin monomers. This mechanism of broken may explain by the 
high bioaccessibility of this flavanol in the grape-derived beverages, 
corroborating with the data obtained in this study to the different grape 
cultivars used to produce the juices. In fact occurred a reduction in the 
procyanidin A2 and B1 contents during the digestion simulations, 
possibly associated with an increase in the (+)-catechins concentration. 
The high bioaccessibility of the (+)-catechin was also highlighted in 
Syrah grapes in the research carried out by Lingua et al. (2018). 

Tables 2 and 3 show the influence of the digestion stages in BRS 
Magna and BRS Carmem juices, which were the juices that presented the 
highest initial amounts of phenolic compounds in the matrix and bio-
accessibility, respectively. Supplementary Table S2, S3 and S4 present 
the effects of the digestion simulation on the juices of the other evalu-
ated cultivars. 

For BRS Magna juice (Table 2), the main bioaccessible compounds 
present in all stages of digestion were (+)-catechin (180%), procyanidin 
B2 (174%) and gallic acid (124.6%). The bioaccessibilities of kaemp-
ferol-3-O-glucoside (62.6%), syringic acid (40.7%), (− )-epi-
gallocatechin gallate (32.9%) and quercetin-3-β-D-glucoside (25.9%) 
also stand out. In BRS Carmem juice (Table 3), the main bioaccessible 
compounds were (+)-catechin (214%), procyanidin B2 (315%), rutin 
(431%), gallic acid (230.5%) and syringic acid (111.6%), present in all 
stages of digestion. (− )-Epigallocatechin gallate (67.6%), myricetin, 
quercetin-3-β-D-glucoside and trans-resveratrol, all with 35% availabil-
ity, were also present in all stages of digestion. In BRS Magna and BRS 
Carmem juices, anthocyanins were only accessible until the digestion 
phase in the stomach, as was the case for the other cultivars (Table S2, 
S3 and S4). 

No anthocyanin was detected after any of the digestive process 
simulations, and the behaviour of these compounds during in vitro 
gastrointestinal digestion can be observed in Tables 2 and 3 and sup-
plementary Table S2, S3 and S4. According to Han et al. (2019), the 
bioaccessibility of anthocyanins can be considered low, as these com-
pounds are hydrolysed in the oral cavity due to enzymatic and pH 
conditions, leading to the formation of their corresponding aglycone 
forms. In the stomach, they are relatively stable, due to the pH of the 
medium, with only a small portion being hydrolysed. In the intestine, 
alkaline conditions can also break these compounds down into smaller 
molecules. Trans-resveratrol was present in all stages of the digestive 

Table 1 
Bioaccessibility of phenolic compounds of grape juice from five new Brazilian 
cultivars.  

Bioaccessibility 
(%) 

Isabel 
Precoce 
grape 
juice 

BRS 
Cora 
grape 
juice 

BRS 
Violeta 
grape 
juice 

BRS 
Magna 
grape 
juice 

BRS 
Carmem 
grape 
juice 

Flavanols 
(+)-Catechin 295.99 ±

3.31ab 
370.9 ±
40.2 a 

169.1 ±
10.2 c 

179.97 
± 7.75c 

214.25 ±
46.78bc 

(− )-Epicatechin 
gallate 

7.75 ±
0.20c 

5.24 ±
0.89c 

5.21 ±
0.09c 

32.88 ±
1.58b 

67.59 ±
5.09a 

Procyanidin B2 113.38 ±
15.79bc 

101.42 
± 18.95c 

426.13 
±

133.90a 

173.91 
± 7.85bc 

314.82 ±
0.87ab 

Flavonols 
Quercetin-3-β-D- 

glucoside 
12.00 ±
1.91c 

80.94 ±
14.73b 

283.11 
± 23.23a 

25.88 ±
2.31c 

34.97 ±
1.80c 

Rutin 35.75 ±
5.99b 

50.47 ±
7.36b 

57.56 ±
4.39b 

10.53 ±
2.27b 

430.73 ±
55.69a 

Kaempferol-3-O- 
glucoside 

6.83 ±
2.22c 

26.74 ±
1.84b 

3.00 ±
0.16c 

62.65 ±
11.19a 

6.66 ±
0.32c 

Myricetin – – 0.67 ±
0.08b 

1.61 ±
0.04b 

35.21 ±
0.72a 

Stilbenes 
trans-resveratrol – 85.99 ±

14.44 
– – 35.30 ±

2.21 
Phenolic acids 
Gallic acid 79.49 ±

14.65bc 
61.59 ±
0.95c 

107.09 
±

23.36bc 

124.56 
± 3.24b 

230.51 ±
18.22a 

Syringic acid 20.67 ±
3.61b 

15.29 ±
1.62b 

16.80 ±
2.56b 

40.74 ±
9.57b 

111.57 ±
18.35a 

Caftaric acid 2.17 ±
0.74c 

3.46 ±
1.66bc 

5.18 ±
0.67b 

1.44 ±
0.08c 

10.12 ±
2.04a 

The results are expressed as mean ± standard deviation (n = 3). Means followed 
by the same letters, in lines, do not differ by the Tukey test at a 5% probability of 
error. Phenolic compounds quantified in the juice and absent from this table 
were not bioaccessible in the dialyzed fraction. 
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Fig. 1. Mean percentage values of bioaccessibility of phenolic compounds, grouped by family, of grape juices of new Brazilian cultivars. Average bars followed by the 
same letters do not differ from each other by the Tukey test at a 5% probability of error. 

Table 2 
Phenolic composition of BRS Magna grape juice, behavior in different fractions of in vitro gastrointestinal digestion and bioaccessibility.  

Phenolic compounds(mg L− 1) Grape juice Stomach Nondialysable Dialysable Bioaccessibility (%) 

Flavanols 
(+)-Catechin 2.36 ± 0.06b 2.98 ± 0.08b 4.80 ± 0.52a 4.24 ± 0.06a 179.97 ± 7.75 
(− )-Epicatechin 0.42 ± 0.01 ND 0.80 ± 0.03 ND – 
(− )-Epicatechin gallate 5.48 ± 0.32a 2.86 ± 0.14b 2.50 ± 0.009b ND – 
(− )-Epigallocatechin gallate 2.14 ± 0.01b 7.78 ± 0.08a 1.12 ± 0.26c 0.70 ± 0.03c 32.88 ± 1.58 
Procyanidin A2 3.18 ± 0.08 4.74 ± 0.21 ND ND – 
Procyanidin B1 4.22 ± 0.24a 3.36 ± 0.09b 1.05 ± 0.01c ND – 
Procyanidin B2 16.72 ± 0.52c 22.16 ± 0.56bc 45.40 ± 3.75a 29.12 ± 2.22b 173.91 ± 7.85 
Σ Flavanols 34.52 ± 1.24 43.88 ± 1.16 55.67 ± 4.57 34.06 ± 2.31 – 
Flavonols 
Quercetin-3-β-D-glucoside 15.08 ± 1.66a 5.88 ± 0.03b 1.32 ± 0.22c 3.21 ± 0.01bc 25.88 ± 2.31 
Rutin 7.78 ± 1.48b 12.34 ± 0.04a 0.38 ± 0.005c 0.74 ± 0.006c 10.53 ± 2.27 
Kaempferol-3-O-glucoside 0.66 ± 0.11b 5.94 ± 0.01a 0.14 ± 0.009d 0.40 ± 0.0006c 62.65 ± 11.19 
Myricetin 151.08 ± 13.71a 102.96 ± 0.55b 0.49 ± 0.01c 2.43 ± 0.15c 1.61 ± 0.04 
Σ Flavonols 174.60 ± 16.96 127.12 ± 0.63 2.33 ± 0.24 6.78 ± 0.16 – 
Anthocyanins 
Cyanidin-3,5-O-diglucoside 30.50 ± 1.51 18.52 ± 0.13 ND ND – 
Delphinidin-3-O-glucoside 11.98 ± 1.09 2.40 ± 0.65 ND ND – 
Malvidin-3,5-O-diglucoside ND 84.66 ± 12.06 ND ND – 
Cyanidin-3-O-glucoside 3.84 ± 0.39 ND ND ND – 
Peonidin-3-O-glucoside ND ND ND ND – 
Malvidin-3-O-glucoside ND ND ND ND – 
Petunidin-3-O-glucoside 128.74 ± 7.62 297.36 ± 2.18 ND ND – 
Σ Anthocyanins 175.06 ± 10.61 402.94 ± 15.02 – – – 
Stilbenes      
trans-resveratrol 2.40 ± 0.26 1.20 ± 0.006 ND ND – 
Flavanones 
Naringenin 1.02 ± 0.01 ND ND ND – 
Phenolic acids 
Gallic acid 11.06 ± 0.50a 11.48 ± 0.09a 13.76 ± 0.2a 15.12 ± 3.49a 124.56 ± 3.24 
Syringic acid 6.24 ± 0.65a 7.70 ± 0.47a 2.68 ± 0.55b 2.48 ± 0.32b 40.74 ± 9.57 
Caftaric acid 625.40 ± 21.94a 135.00 ± 2.87b 15.56 ± 1.60c 9.04 ± 0.19c 1.44 ± 0.08 
Chlorogenic acid ND 0.74 ± 0.01 ND ND – 
Caffeic acid 2.26 ± 0.53 ND ND ND – 
Σ Phenolic acids 644.96 ± 23.62 154.92 ± 3.44 32.00 ± 2.36 26.64 ± 4.00 – 
Total Phenolics quantified 1032.56 ± 52.70 730.06 ± 20.25 90.00 ± 7.17 67.48 ± 6.47 – 

The results are expressed as mean ± standard deviation (n = 3). Means followed by the same letters, in lines, do not differ by the Tukey test at a 5% probability of error. 
ND = Not detected. 
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process for BRS Cora (Table S3) and BRS Carmem (Table 3) grape juice, 
with bioaccessibilities of 85.99% and 35.30%, respectively. However, 
the bioaccessibility of this phytochemical seemed to be influenced by the 
cultivar, since in the juices of Isabel Precoce grapes (Table S1), BRS 
Violeta (Table S4) and BRS Magna (Table 2), this compound was not 
detected in the dialyzed fraction. According to Tagliazucchi et al. 
(2010), trans-resveratrol is significantly degraded by digestion in 
simulated intestinal fluid. 

According to Wojtunik-Kulesza et al. (2020), gallic acid has a high 

ability to scavenge free radicals. It is suggested that the high bio-
accessibility of gallic acid identified in the samples is due to grape juice 
being a matrix rich in tannins, as the hydrolysis of gallotannin forms 
gallic acid (Ribéreau-Gayon, Glories, Maujean, & Dubourdieu, 2003). 

In general, the evaluated juices showed high bioaccessibility of their 
phenolic components, which were identified in the dialyzed fraction 11 
of the 24 phytochemicals initially quantified in the matrices. It is 
noteworthy that studies on the bioaccessibility of phenolic compounds 
present in grape juice are scarce, which may suggest possible 

Table 3 
Phenolic composition of BRS Carmem grape juice, behaviour in different fractions of in gastrointestinal digestion and bioaccessibility.  

Phenolic compounds (mg L− 1) Grape juice Stomach Nondialysable Dialysable Bioaccessibility (%) 

Flavanols 
(+)-Catechin 2.66 ± 0.21c 3.78 ± 0.31bc 9.52 ± 1.37a 5.60 ± 0.78b 214.25 ± 46.78 
(− )-Epicatechin 1.64 ± 0.09 ND ND ND – 
(− )-Epicatechin gallate 0.75 ± 0.04c 2.16 ± 0.12b 2.68 ± 0.15a ND – 
(− )-Epigallocatechin gallate 0.96 ± 0.06c 6.42 ± 0.11a 3.08 ± 0.33b 0.64 ± 0.004d 67.59 ± 5.09 
Procyanidin A2 ND 2.52 ± 0.09 ND ND – 
Procyanidin B1 5.30 ± 0.63a 2.52 ± 0.06b 0.98 ± 0.11c ND – 
Procyanidin B2 13.26 ± 0.01c 2.46 ± 0.21d 35.79 ± 2.93b 41.68 ± 0.06a 314.82 ± 0.87 
Σ Flavanols 24.57 ± 1.04 19.86 ± 0.90 52.05 ± 4.89 47.92 ± 0.84 – 
Flavonols 
Quercetin-3-β-D-glucoside 26.84 ± 1.56a 3.78 ± 0.01c 1.31 ± 0.02c 9.36 ± 0.06b 34.97 ± 1.80 
Rutin 1.68 ± 0.06c 3.09 ± 0.11b 0.29 ± 0.02d 7.20 ± 0.65a 430.73 ± 55.69 
kaempferol-3-O-glucoside 4.89 ± 0.27a 3.28 ± 0.06b 3.40 ± 0.16b 0.32 ± 0.002c 6.66 ± 0.32 
Myricetin 69.20 ± 2.64b 214.94 ± 6.74a 28.80 ± 1.30c 24.32 ± 0.26c 35.21 ± 0.72 
Σ Flavonols 102.61 ± 4.53 225.09 ± 6.92 33.80 ± 1.50 41.20 ± 0.97 – 
Anthocyanins 
Cyanidin-3,5-O-diglucoside ND ND ND ND – 
Delphinidin-3-O-glucoside 2.44 ± 0.03 ND ND ND – 
Malvidin-3,5-O-diglucoside 21.24 ± 0.32b 240.04 ± 9.73a 8.48 ± 0.39bc ND – 
Cyanidin-3-O-glucoside 1.92 ± 0.03 ND ND ND – 
Peonidin-3-O-glucoside 3.02 ± 0.01 ND ND ND – 
Malvidin-3-O-glucoside 20.29 ± 0.01a 9.32 ± 0.19b 2.52 ± 0.09c ND – 
Petunidin-3-O-glucoside ND 29.26 ± 1.06 ND ND – 
Σ Anthocyanins 48.91 ± 0.40 278.62 ± 10.98 2.52 ± 0.09 – – 
Stilbenes 
trans-resveratrol 4.48 ± 0.26a 0.47 ± 0.06c 0.80 ± 0.003c 1.57 ± 0.006b 35.30 ± 2.21 
Flavanones 
Naringenin ND 0.98 ± 0.01 ND ND – 
Phenolic acids 
Gallic acid 7.54 ± 0.11b 9.92 ± 0.03b 16.20 ± 0.16a 17.36 ± 0.90a 230.51 ± 18.22 
Syringic acid 4.07 ± 0.09b 9.50 ± 0.24a 8.32 ± 1.17a 4.56 ± 0.84b 111.57 ± 18.35 
Caftaric acid 442.46 ± 0.24a 275.54 ± 8.01b 46.72 ± 0.26c 44.80 ± 9.01c 10.12 ± 2.04 
Caffeic acid 0.98 ± 0.27 ND 7.08 ± 0.03 ND – 
Σ Phenolic acids 455.05 ± 0.71 296.06 ± 8.29 93.36 ± 3.44 66.72 ± 10.75 – 
Total Phenolics quantified 635.62 ± 6.94 821.08 ± 27.16 182.53 ± 9.92 157.41 ± 12.56 – 

The results are expressed as mean ± standard deviation (n = 3). Means followed by the same letters, in lines, do not differ by the Tukey test at a 5% probability of error. 
ND = Not detected. 

Fig. 2. Principal component analysis of grape juice of 
new Brazilian cultivars. Legends: IP = Isabel Precoce 
grape juice; CO = BRS Cora grape juice; VI = BRS 
Violeta grape juice; MA = BRS Magna grape juice; CA 
= BRS Carmem grape juice. Gala = gallic acid; Srya 
= syringic acid; Nar = naringenin; PB1 = procyanidin 
B1; Cate = (+)-catechin; PB2 = procyanidin B2; Epgg 
= (− )-epigallocatechin gallate; Epic = (− )-epi-
catechin; Epicg = (− )-epicatechin gallate; PA2 =
procyanidin A2; Cafta = caftaric acid; Cafea = caffeic 
acid; t-res = trans resveratrol; Myre = myricetin; 
Quer = quercetin-3-β-D-glucoside; Rut = rutin; Kaem 
= kaempferol-3-O-glucoside; Cya-3.5d = cyanidin- 
3.5-O-diglucoside; Del-3g = delphinidin-3-O-gluco-
side; Malv-3.5d = malvidin-3.5-O-diglucoside; Cya- 

3g = cyanidin-3-O-glucoside; Peo-3g = peonidin-3-O-glucoside; Malv-3g = malvidin-3-O-glucoside; Pet-3g = petunidin-3-O-glucoside; B-Gala = bioaccessible gallic 
acid; B-Srya = bioaccessible syringic acid; B-Cate = bioaccessible (+)-catechin; B-PB2 = bioaccessible procyanidin B2; B-Epgg = bioaccessible (− )-epigallocatechin 
gallate; B-Cafta = bioaccessible caftaric acid; B-t-Res = bioaccessible trans resveratrol; B-Myr = bioaccessible myricetin; B-Quer = bioaccessible quercetin-3-β-D- 
glucoside; B-Rut = bioaccessible rutin; B-Kaem = bioaccessible kaempferol-3-O-glucoside; DPPH• = antioxidant capacity by DPPH•; ABTS•+ = antioxidant capacity 
by ABTS•+; FRAP = antioxidant capacity by FRAP; TTA = titratable total acidity; ◦Brix = soluble solids in ◦Brix; ◦Brix/TTA = ratio ◦Brix/TTA; pH = Potential 
Hydrogen; CA = citric acid; TA = tartaric acid; MA = malic acid; SA = succinic acid; Glu = glucose; Frut = fructose.   
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compounds associated with in vivo benefits previously reported for this 
product (Leal et al., 2019). 

3.3. Principal component analysis and hierarchical cluster analysis 

Chemometric analyses using principal component analysis (PCA) 
and hierarchical cluster analysis (HCA) were performed to assess, in an 
integrated manner, similarities and differences between juices of the five 
cultivars with respect to quality parameters, sugar and organic acid 
contents, antioxidant capacity, phenolic profiles and the phenolic 
compounds that showed bioaccessibility. The PCA analysis can be seen 
in Fig. 2. Principal components 1 and 2, PC1 and PC2, respectively, 
explained 84.70% of the variability between samples. 

The PC1 >0 grouped the juices of the BRS Magna and BRS Cora 
cultivars, associating them with the presence of higher concentrations of 
the phytochemicals delphinidin-3-O-glucoside, gallic acid, caffeic acid 
and (+)-epicatechin gallate. Regarding the 11 bioaccessible poly-
phenols, the two juices stood out for the percentage of bioaccessible 
kaempferol-3-O-glucoside, and the BRS Cora juice also had a higher 
percentage of bioaccessible trans-resveratrol. BRS Violeta juice con-
tained higher levels of organic acids (tartaric and succinic acid) and the 
phenolic compounds malvidin-3,5-O-diglucoside, (+)-catechin, 
(− )-epigallocatechin gallate and procyanidin B1 and had a higher bio-
accessibility of procyanidin B2 and quercetin-3-β-D-glucoside. Addi-
tionally, the BRS Violeta juice (PC2 >0) was closer to the BRS Cora juice 
than to the other juices, because both possessed outstanding AOX ac-
cording to the ABTS•+, FRAP and DPPH• tests. In turn, the juices of the 
Isabel Precoce and BRS Carmem cultivars were in the opposite position 
with regard to PC1 >0, which may be related to the higher ratio value 
and content of the phenolic compounds malvidin-3-O-glucoside, peo-
nidin-3-O-glucoside, (+)-epicatechin, quercetin-3-β-D-glucoside and 
trans-resveratrol. The cultivar BRS Carmem also featured the largest 
bioaccessible fraction of most phenolic compounds identified as bio-
accessible, including rutin, gallic acid, syringic acid, (− )-epicatechin 
gallate, myricetin and caftaric acid. The highest amount of bioaccessible 
compounds, associated with the BRS Carmem cultivar, showed a posi-
tive correlation with the highest levels of fructose, glucose, Brix degree, 
lower acidity and organic acids (PC1 <0). 

Thus, the results show that each grape cultivar evaluated is a com-
plex and unique matrix, corroborating with other works (Lima et al., 
2014; Padilha et al., 2017). The release and absorption of phenolic 
compounds could had be influenced by different chemical composition 
of these matrixes, suggested a direct relationship between the 

bioaccessibility of phytochemicals compounds with a higher content of 
sugars and lower of organic acids. So, possibly, a more advanced stage of 
grape maturation at harvest can be associated with a greater bio-
accessibility of phenolics of the juice. The results found in the research 
also corroborated with the findings of Seraglio et al. (2018) that studied 
the bioaccessibility of the “juçara” fruit. 

In addition to PCA, hierarchical cluster analysis (HCA) was per-
formed, and the results obtained are shown in Fig. 3. The grape juices of 
the five grape cultivars were grouped into two groups, with high simi-
larities between the samples. Cluster 1 consisted of the juice of cultivar 
BRS Carmem and Isabel Precoce. The juices of these cultivars differed in 
terms of the total percentage of phenolic compounds that were bio-
accessible and were similar to the amount of sugars (Fig. 1). Cluster 2 
consisted of BRS Violeta juices and a subgroup with BRS Cora and BRS 
Magna cultivar juices; these juices were the ones with the highest 
amounts of phenolic compounds (Supplementary Table S1). In short, the 
clustering analysis strengthens the results presented in the PCA 
regarding the clustering of samples and the correlation of matrix 
composition with bioaccessibility. 

4. Conclusions 

Grape juices made with Brazilian hybrid grapes showed a high 
content of bioaccessible phenolic compounds. Of the 24 phenolic com-
pounds initially identified and quantified in the juices, 11 were bio-
accessibles. BRS Carmem grape juice stood out, with the highest content 
of bioaccessible phenolics, demonstrating that factors such as the 
cultivar should be better explored in studies with functional foods. The 
most bioaccessible phenolic compounds were (+)-catechin, procyanidin 
B2, and gallic acid, all with accessibility greater than 100%, highlighting 
the class of flavanols. This research also suggests that the bioaccessibility 
of phenolic compounds is related with the contents of sugars and organic 
acids of the matrix. Evidencing that factors such as the choice of the 
cultivar and degree of ripeness of the grape must be considered to the 
juice processing industry. Finally, Brazilian grape juice produced from 
all cultivars evaluated, can be characterized as a functional beverage 
with appreciable content of bioaccessible phytochemicals, especially 
flavanols. 
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Fig. 3. Dendrogram showing clustering of grape juices based on bioaccessible phenolic compounds, chemical profile and antioxidant capacity. Legends: IP = Isabel 
Precoce grape juice; CO = BRS Cora grape juice; VI = BRS Violeta grape juice; MA = BRS Magna grape juice; CA = BRS Carmem grape juice. 
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