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Abstract

Grape pomace is a major by-product worldwide, well-known for its bioactive compounds, such 

as fibers and phenolic compounds that are popular for their impact upon human health, 

including gastrointestinal health. The objective of this work was to evaluate the chemical 

composition and biological activities of an enzymatic grape pomace extract, and to investigate 

how the gastrointestinal digestion modulates these properties. Grape pomace extract was 

previously produced using an enzymatic cocktail with xylanase activity and was then exposed to 

simulated conditions of gastrointestinal digestion, characterised for its chemical composition 

and screened for antimicrobial, prebiotic and antioxidant activities. The safety of this ingredient 

after gastrointestinal digestion was also assessed. Grape pomace extract presented high content 

of dietary fibre and other carbohydrates, including xylooligosaccharides, besides minerals and 

phenolic compounds. In vitro simulated gastrointestinal digestion allowed to conclude that 

xylobiose was resistant to gastric conditions, unlike phenolic compounds. The use of 2% (w/v) 

of this ingredient proved to be a potential carbon source that could be fermented by Lactobacilli 

and Bifidobacteria spp, even after digestion. The extract also exhibited strong antioxidant and 

antimicrobial activity against Staphylococcus aureus, Escherichia coli and Pseudomonas 

aeruginosa, however, after gastrointestinal digestion, the antioxidant capacity decreased, and 

the antimicrobial capacity was strongly reduced or lost. Furthermore, the extract safety was also 

guaranteed on Caco-2 intestinal cells. This novel and green grape pomace extract proved to be 

composed by relevant bioactive molecules, including xylooligosaccharides, polyphenols, organic 

acids and minerals, which provided different biological properties, with potential application in 

food industry to be used as an ingredient in the development of new functional foods. 
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1. Introduction

Circular Economy has been receiving increasing attention over the last decade, as it brings 

together both agroindustrial sustainability and social-economic concerns, throughout the 

looking for innovative solutions for waste disposal, taking advantage of renewable resources, 

while improving both anthropological and environmental health.1-3 Agriculture and food 

processing industries produce the most significant and promising by-products, which, despite all 

their biological potential for food, cosmetic or nutraceutical applications, are being used as plant 

fertilizers or animal feed, or simply incinerated.4

Grapes are one of the most cultivated fruit crops worldwide, with ca. 67 million tons produced 

annually, from which more than 70% is intended to wine industry, which generates up to 20% 

of wasted biomass in the form of grape skin, seeds, stems and residual pulp, known as grape 

pomace (GP).5-7 GP is a lignocellulosic biomass, rich in neutral polysaccharides and bioactive 

compounds that has been exhaustively studied for the extraction of its bioactive phenolic 

compounds, but slight studied concerning the potential of its dietary fiber and polysaccharides.8-

14

In 1998, Saura-Calixto introduced the concept of antioxidant dietary fibre, a natural compound 

rich in both dietary fibre and polyphenols, which has been reported as beneficial for human 

health, as it stimulates colonic fermentation and regulates the blood glucose and insulin 

response, obesity and cardiovascular diseases.16,17 Among other molecules found in GP, 

oligosaccharides from the hemicellulose fraction are recognized for their prebiotic activity due 

to their resistance to gastric acidity and to mammalian enzymatic hydrolysis, and their capacity 

to selectively stimulate the gut microbiota growth. This property, in combination with other 

reported bioactivities, makes GP a promising by-product that can be converted into a high added 

value ingredient with potential food application.17,18
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Another bioactivity reported for GP and other alcohol-free winery products is its antimicrobial 

capacity, especially against the microorganisms related to food spoilage and intestinal 

infections, including Staphylococcus aureus, Escherichia coli, Salmonella infantis and Candida 

albicans.4 The antimicrobial activity of grapes, grape byproducts and wine is usually associated 

to the presence of phenolic compounds such as resveratrol and anthocyanins, or even to 

phytoalexins produced by the grapevine under stress conditions including fungal attack or high 

UV exposure.4

In order to assure the feasibility of the by-product valorization process, it is necessary an 

environment friendly method to obtain fibre-rich extracts with potential bioactive properties. In 

this sense, enzymatic hydrolysis is one of the mildest processes to achieve a final extract with 

the desired chemical and biological characteristics.19,20 

Using such methods, it has previously been developed a novel enzymatic grape pomace extract, 

which composition rich in fibres and xylooligosaccharides indicates a potential biological activity, 

although it was not further studied for its chemical composition that could grant these 

properties. 21

So, the objective of this work was to perform an extensive chemical characterisation of an 

enzymatic GP extract and evaluate a group of important bioactive properties, including 

antioxidant, antimicrobial, and prebiotic activities, trying to relate chemical properties to its 

biological activity. Furthermore, evaluation of these bioactive properties upon in-vitro 

gastrointestinal digestion was also performed to understand the stability and bioaccessibility of 

the main bioactive compounds present in this multifunctional extract. 

2. Material and Methods

2.1. Raw Material
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Syrah grape pomace (Vitis vinifera L. cv. Syrah) from red sparkling production was provided by 

Ouro Verde Winery (Miolo Wine Group), located at Vale do São Francisco, Bahia, Brazil. The 

pomace was oven-dried at 45 ºC for 24 h, milled and sieved to obtain a powder. 21

2.2. GP extract production 

GP extract was obtained by enzymatic extraction using the enzymes cocktail produced at our lab 

by solid state fermentation as previously described.21 Briefly, the enzymatic cocktail, with final 

xylanase activity of 100 IU/g, was added to 50 g of grape pomace in sodium acetate buffer 0.2 

M at a solid: liquid ratio of 1:18, pH was adjusted to 5.0, and the mixture was incubated at 40 °C 

with shaking at 200 rpm for 4 hours. The reaction was stopped by heating the test tubes to 100 

°C for 5 min, and the supernatant was vacuum-filtered using Whatman No. 1 filter paper. The 

soluble fraction (GP extract) was then freeze-dried (Telstar LyoQuest, Spain). 

GP extract was characterized for moisture content, ashes, total dietary fibre and total protein 

using AOAC methods22-24, and for its bioactive properties (antioxidant, antimicrobial, and 

prebiotic activities), as described later.

2.3. In vitro simulation of gastrointestinal digestion

Simulation of the effect of digestive tract upon GP extract was performed following the method 

described by Madureira et al. with slight modifications, by dissolving 900 mg of the lyophilized 

GP extract into 20 mL of ultra-pure water. 25

Mouth Digestion: The pH was adjusted to 6.9, using HCl 1 M. Artificial saliva was simulated by 

using α-amylase (Sigma-Aldrich Chemistry, St. Louis, Missouri, USA) at 100 U/mL, and added at 

a rate of 0.6 mL/ min of digestion. Incubation was made during 2 min at 37 ˚C and 200 rpm. 

Stomach Digestion: The pH was adjusted to 2.0 using HCl 1 M. Gastric juice was simulated by 

dissolving pepsin (Sigma-Aldrich Chemistry, St. Louis, Missouri, USA) 25 mg/mL, and added at a 

ratio of 0.05 mL/mL of sample. Incubation lasted 120 min (long digestion), at 37 ˚C and 130 rpm. 

Page 5 of 39 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 D

re
xe

l U
ni

ve
rs

ity
 o

n 
3/

18
/2

01
9 

1:
50

:5
8 

PM
. 

View Article Online
DOI: 10.1039/C8FO02534G

http://dx.doi.org/10.1039/c8fo02534g


6

Gut digestion: Simulation of gut conditions was performed by initial adjustment of pH to 6.0 

using NaHCO3 1 M. The intestinal juice was simulated by dissolving 2 g/L of pancreatin (Sigma-

Aldrich Chemistry, St. Louis, Missouri, USA) and 12 g/L bile salts (Oxoid™, Hampshire, UK). This 

solution was then added at a concentration of 0.25 mL/mL of sample. All samples were 

incubated during  1 h, at 37 ˚C and 45 rpm.  

After gut digestion, enzymes were removed using 3 kDa cut-off filters and the sample was 

freeze-dried. This digested GP extract (DGP) was characterised for its bioactive properties 

(antioxidant, antimicrobial, and prebiotic activities).

All assays were performed in triplicate. After each stage the monosaccharide and 

oligosaccharide profiles were assessed by HPLC-RI (as described in section 2.3).

2.4. Carbohydrates and organic acids composition

Identification and quantification of carbohydrates and organic acids were performed by High-

performance liquid chromatography – HPLC, coupled to refractive index (RI) and diode array 

(DAD) detectors. Before HPLC analysis, lyophilized samples were re-suspended in ultra-pure 

water and re-filtered with Millipore Millex syringe filter of 0.22 µm.

2.4.1. Identification and quantification of monosaccharides

Monosaccharides were analyzed by HPLC-RI, using a Beckman Coulter System Gold HPLC with 

RI detector (Knauer, Berlin, Germany). Identification and quantification were performed with an 

Aminex HPX-87P (Bio-rad, Berkeley, USA) column, using ultrapure water as mobile phase and an 

isocratic flow rate of 0.5 mL/ min.26 All compounds were identified and quantified by comparison 

to the retention times of pure standards (xylose, fructose, mannose, and glucose) (Sigma 

Aldrich, St. Louis, USA), and using a calibration curve in the range of concentrations of 0.2 - 2.0 

mg/mL. 
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2.4.2. Quantification of xylooligosaccharides and identification of polysaccharides

Oligosaccharides and polysaccharides were also analyzed by HPLC-RI, using a Waters 

Ultrahydrogel 120 (7.8 x 300 mm) and a Ultrahydrogel 250 (7.8 x 300 mm) columns, with 

ultrapure water as mobile phase, and an isocratic flow rate of 0.5 mL/ min.27 

Xylooligosaccharides were identified by comparison to the retention times of pure standards: 

xylobiose (Sigma, St. Louis, USA), xylotriose, xylotetraose, and xylopentose (Megazymes, 

Wicklow, Ireland), using a calibration curve in the range of concentrations of 0.1 – 2 mg/ mL.

High molecular weight polysaccharides were identified by comparison to the retention times of 

Shodex (Showa Denko K. K., Tokyo, Japan) Pullulan P-82 standards, ranging from P-5 (5.9 kDa) 

to P-800 (708 kDa).

2.4.3. Identification of organic acids

Organic acids were analyzed in a Beckman Coulter System Gold HPLC equipped with a DAD 

detector (System Gold 168 Detector, Beckman Coulter) at wavelength of 220 nm, using an 

Aminex HPX-87H (Bio-rad, Berkeley, USA) column with sulfuric acid 13 mM as mobile phase and 

an isocratic flow rate was 0.5 mL/ min.26 All organic acids were identified by comparison to the 

retention times of pure standards: citric, tartaric, malic, succinic, lactic, formic and acetic acids 

(Sigma-Aldrich, St. Louis, USA), using a calibration curve in the range of concentrations of 0.1 – 

2 mg/ mL.

2.5. Mineral Analysis

The digestion of GP and DGP extracts for mineral analysis was performed following the method 

described by Roriz et al., with slight modifications. 28 Briefly, 250 mg of samples were mixed in a 

Teflon vessel with 6 mL of HNO3 65% and 1 mL of H2O2 30% and heated in a microwave system 

(Berghof, Eningen, Germany). Digestion procedure was conducted in five steps: 130 °C for 5 min; 

170 °C for 10 min; 200 °C for 15 min; 100 °C for 2 min; and 100 °C for 2 min. After microwave 
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digestion, samples were cooled down to room temperature and diluted to a final volume of 50 

mL.

Microwave-digested samples were then analysed through Inductively Coupled Plasma Atomic 

Emission Spectrometry (Perkin Elmer, Massachusetts, USA) and quantify through internal 

standard calibration. All analysis were performed in triplicate. 

2.6. Determination of Phenolic Compounds

2.6.1. Total Phenolics

Concentration of total phenolic compounds (TPC) was determined colorimetrically by Folin–

Ciocalteu method.29 GP and DGP extracts were dissolved in ultra-pure water, at concentration 

of 200 mg/ mL. Quantification was done at 750 nm (UV mini 1240, Shimadzu, Tokyo, Japan) with 

gallic acid as standard in the range of 0.015–1.00 mg/ mL.

2.6.2. Identification and quantification

Qualitative and quantitative profiles of polyphenols were carried out by HPLC-DAD, according 

to the method described by Oliveira et al. Analysis was conducted on a Waters Liquid 

Chromatograph (Waters Alliance, Mildford MA, USA), using a C18 guard column (Symmetry® 

C18) and an Alltech adsorbosil C18 reversed-phase packing column (250 x 4.6 mm i.d. 5 μm 

particle size and 125 Å pore size. Mobile phase: Solvent A: acetonitrile 100% with 0.2% TFA; 

Solvent B: acetonitrile/ water 5:95 (v/) with 0.2% TFA; flow rate = 1 mL/ min. For HPLC analysis, 

GP and DGP extracts were diluted in ultra-pure water at final concentration of 200 mg/ mL and 

filtered using 0.45 µm syringe filters. 30

All compounds were identified and quantified by external calibration curve by comparison to 

pure standards (in the range of concentrations of 1.6 - 105 µg/mL): caffeic acid, (+) cathechin, p-

coumaric acid, rutin, syringic acid, vanillic acid, cyanidin-3-galactosidase, cyanidin–3-glucoside, 
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peonidin-3-o-glucoside, and delphinidin-3-glucoside (Sigma Aldrich, St. Louis, USA); luteolin-7-

o-glucoside and neochlorogenic acid (Extrasynthese, France).

2.7. Antioxidant capacity

2.7.1. ABTS Radical Scavenging Activity

The free radical-scavenging activity was measured using the ABTS+ radical cation decolorization 

assay.31 Briefly, ABTS+ solution was produced by reacting ABTS (7 mmol/L ) filtered using a 0.45 

μm filter (Macherey-Nagel, Düren, Germany) with potassium persulfate (2.45 mmol/L) in the 

ratio 1: 1 (v/v). The ABTS+ solution was diluted with redistilled water to an absorbance of 0.700 

± 0.02 at 734 nm (Shimadzu 1240 UV–visible spectrophotometer). After addition of 1.0 ml of 

diluted ABTS+ solution to 10 μL of GP and DGP extracts (dissolved in ultra-pure water at 200 

mg/mL), the absorbance reading was done exactly 6 min after initial mixing. Ascorbic acid was 

used as a standard to prepare a calibration curve in the range of 0.02–0.50 mg/mL.

2.7.2. Oxygen Radical Absorbance Capacity (ORAC)

ORAC assay was performed according to the method described by Contreras et al.32 Briefly, the 

reaction was carried out at 40 ºC in 75 mM phosphate buffer saline (PBS, pH 7.4) and the final 

assay mixture (200 µL) contained 120 µL of fluorescein (70 Nm), 60 µL of AAPH (14 mM) and 20 

µL of antioxidant [Trolox (6.25–200 μM) or sample (GP and DGP extracts (200 mg/ mL) also 

diluted (1:500 – 1:3200) in PBS]. The fluorescence was recorded during 137 min (104 cycles). A 

FLUOstar OPTIMA plate reader (BMG Labtech, Offnburg, Germany) with 485 nm excitation and 

520 nm emission filters was used. The equipment was controlled by the FLUOstar Control 

software version 1.32 R2 for fluorescence measurement. Black polystyrene 96-well microplates 

(Nunc, Denmark) were used. AAPH and Trolox solutions were prepared daily and fluorescein was 

diluted from a stock solution (1.17 mM) in 75 MM PBS (pH 7.4). All reaction mixtures were 

prepared in duplicate and three independent runs were performed for each sample. The final 
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ORAC values were expressed as μmol of Trolox equivalent per gram of GP extract (μmol TE/ g of 

GP extract).

2.8. Antimicrobial activity 

Antimicrobial activity was determined against two Gram-positive bacteria - Methicillin-

Susceptible Staphylococcus aureus (MSSA) ATCC 25923, Methicillin-Resistant Staphylococcus 

aureus (MRSA) CCUG 60578, and two Gram-negative - Escherichia coli ATCC 25922 and 

Pseudomonas aeruginosa ATCC 10145.

2.8.1. Determination of Minimal Inhibitory Concentrations (MICs)

MICs were determined using a microdilution assay, following the standards for antimicrobial 

susceptibility testing provided by the Clinical and Laboratory Standards Institute (CLSI).33 Inocula 

were prepared by suspending each bacterial colony, previously grown in nutrient agar media for 

24 h, in calcium-adjusted Muller-Hinton Broth (MHB) in order to achieve a turbidity equivalent 

to a 0.5 McFarland standard (1×108 CFU/mL). Inocula were then diluted in the same medium to 

reach a bacterial concentration of 106 CFU/mL in each well of a 96-well microplate. The MIC was 

determined by observing the lowest concentration of extract that completely inhibited bacterial 

growth. Sterile MHB was used as negative control. All assays were done in triplicate.

2.8.2. Growth inhibition curves

For determination of growth inhibition curves, inocula were prepared by suspending each 

bacterial colony into MHB, with a final concentration of ca. 108 CFU/ mL. Twenty microliters of 

each inocula were transferred to a 96-well microplate and every well was fulfilled (to final 

volume of 200 µL) with 2% (w/v) of GP and DGP extracts diluted in MHB. Microplate was 

incubated in a microplate reader (Multiskan GO, Thermo Scientific) at 37 °C for 24 h, with 

absorbance measurements at 620 nm registered every hour. Three controls were also 
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performed: the first one containing inoculum and Mueller-Hinton broth (positive control), the 

second one containing the solubilized extracts (negative control) and the third one containing 

only MHB. All assays were done in triplicate.

2.9 Prebiotic potential

The GP extract before and after GIT passage was tested for potential of prebiotic activity using 

two different in vitro methods using pure probiotic, the first one through the evaluation of 

growth curves using microplate assay and the other through in vitro fermentation assay to assess 

the metabolic activity using.

2.9.1. Growth curves via microplate assay

Potential prebiotic effect of GP extract was determined for Bifidobacterium animalis Bo (CSK, 

Ede, Netherlands), Bifidobacterium longum BG3 (Cell Biotech, Hellerup, Denmark), 

Bifidobacterium animalis spp. lactis Bb12, Lactobacillus casei 01 (Chr. Hansen, Hørsholm, 

Denmark), and Lactobacillus rhamnosus R11 (Lallemand, Montreal, Canada). Strains were stored 

at −80 °C in de Man–Rogosa–Sharpe (MRS) broth (Biokar Diagnostics, Beauvais, France) with 

30% (v/v) glycerol.

L. casei 01 and L. rhamnosus R11 inocula were prepared by suspending each bacterial colony 

into De Man, Rogosa and Sharpe (MRS) broth, achieving a turbidity equivalent to 0.5 McFarland 

standard, and then diluting to reach the recommended concentration of probiotic bacteria in 

wells, 5 x 105 CFU/mL. Twenty microliters of each inocula were transferred to a 96-well 

microplate and every well was fulfilled (to the final volume of 200 µL) with the GP extract diluted 

in basal MRS broth without glucose, at concentrations of 1 and 2% (w/v). Microplate was 

incubated (Multiskan GO, Thermo Scientific) at 37 °C for 24 h with agitation.

B. animalis Bo, B. longum BG3 and B. lactis BB12 inocula were prepared under anaerobic 

atmosphere, by suspending each bacterial colony into De Man, Rugosa and Sharpe (MRS) broth 
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supplemented with 0.05% (v/v) L-cysteine-HCl, achieving a final turbidity equivalent to 0.5 

McFarland standard (1x108 CFU/ mL), and then diluted to reach the recommended 

concentration of probiotic bacteria in wells, 5 x 105 CFU/ mL. Twenty microliters of each inocula 

were transferred to a 96-well microplate and every well was fulfilled (to final volume of 200 µL) 

with the GP extract, diluted in basal MRS broth without glucose at concentrations of 1 and 2% 

(w/v). Microplate was sealed with paraffin and incubated at 37 °C for 48 h with agitation, with 

absorbance measurements at 620 nm registered every hour.

Three controls were also performed: the first one containing inoculum and MRS broth (positive 

control), the second one containing the solubilized extracts in MRS broth without glucose 

(negative control) and the third one containing only MRS broth.

2.9.2 In vitro fermentation assay

In vitro fermentation of DGP extract was assessed using only two of the previous strains 

Bifidobacterium animalis spp. lactis BB12 and Lactobacillus casei 01. Before the assays, all strains 

were grown in MRS broth at 37 °C for 16 h. Anaerobic conditions were used for B. animalis Bb12, 

whereas aerobic atmosphere was used for L. casei 01.

Fermentation assays were carried out with ca. 106 CFU/ mL for each strain, in sterilized media 

(121 °C  and 15 min) containing MRS-medium without glucose supplemented with 2% (w/v) of 

DGP extract, 2% (w/v) fructooligosaccharides (FOS, used as reference) and MRS medium without 

carbon source (negative control) at 37 °C for 48 h. All experiments were carried out in duplicate. 

Samples of the fermentation broths were withdrawn at 0, 4, 8, 24 and 48 h for metabolites 

analysis, throughout determination of the pH values and organic acids in the culture media. The 

pH was evaluated using a digital potentiometer (Crison Instruments, Spain), and organic acids 

were quantified by HPLC as described in section 2.3.3. Viable cells were quantified by plating on 

MRS agar (supplemented with cysteine hydrochloride in the case of Bifidobacterium) and 
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incubation at 37 °C for 48 h (anaerobic and aerobic conditions were used for Bifidobacterium 

and Lactobacilli strains, respectively).

2.10 Evaluation of cytotoxicity

Cytotoxicity of GP and DGP extracts was assessed in Caco-2 cells through XTT assay. For the 

assays the 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide sodium 

salt (XTT) solution was prepared as follows. Briefly, a 10 mM of Phenazine Methosulfate (PMS) 

solution (Sigma-Aldrich, St. Louis, USA) was prepared in PBS (0.01 M; pH 7.4) and a 1 mg/mL XTT 

solution was prepared in DMEM, previously warmed to 37 °C. Both solutions were sterilized 

using a 0.22 µm membrane filter (Millipore, Billerica, USA), mixed (2.5 µL of PMS per mL of XTT 

solution) and aliquots of XTT working solution were frozen until usage.

 

2.10.1. Cell line growth conditions

Human intestinal cell line (Caco-2) was obtained from Cell Line Services (Appenheim, Denmark). 

The cells were cultured at 37 °C in a humidified atmosphere of 95% air and 5% CO2, as 

monolayers using Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose, L-

glutamine without pyruvate (Lonza, Verviers, Belgium) containing 10% (v/v) fetal bovine serum 

(FBS, Biowest, Nuaillé, France) and 1% (v/v) Penicillin-Streptomycin-Fungizone (Lonza, Verviers, 

Belgium).

2.10.2. XTT assay

GP and DGP extracts biocompatibility was assessed upon the Caco-2 cell line using the XTT 

colorimetric assay. Briefly Caco-2 cells were seeded at 1 x 105 in the wells of a 96 well microplate 

and allowed to adhere. After 24 h, the media was removed and the cells were washed with PBS. 

Then, this media was added with GP or DGP extracts at two different concentrations (10 and 20 

mg/mL). After 24h, 25 µL of XTT working solution were added to each well and the cells were 
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incubated, in the dark, for 2 h. The optical density (OD) at 485 nm was then measured using a 

microplate reader (FLUOstar, OPTIMA, BMG Labtech, Ortenberg, Germany). All assays were 

performed in quintuplicate.

2.11 Statistics

Statistical analysis was performed with IBM SPSS statistic program v 23.0 (Illinois, USA), 

using t-student test for independent samples and analysis of variance (ANOVA) with Tukey post 

hoc test. Differences were considered to be significant at a level of p < 0.05. 

3. Results and Discussion

3.1 Extract characterization

The nutritional composition of GP enzymatic extract is shown in Table 1. It is possible to observe 

that GP extract is rich in soluble fibre, other carbohydrates and also in minerals. Glucose and 

fructose are the simple sugars present in the GP extract, at similar concentrations (p > 0.05), 

with 14.90 ± 0.73 g/ 100 g of glucose and 11.91 ± 0.43 g/100 g of fructose.  The GP extract also 

presented a high concentration of XOS, especially xylobiose at concentration of 5.57 ± 0.02 g/ 

100 g. Xylotriose and xylotetraose were also present but at concentrations that could not be 

quantified by HPLC –RI (< 0.1 mg/ mL). The amount of extracted xylobiose is in accordance with 

the results obtained by Kiran and co-workers, who produced XOS from cotton stalk, rice hull, 

wheat straw, corn cob and sunflower stalks mixture, and obtained yields of 6.94 and 7.22 g/ 100 

g xylan.34 The presence of other polysaccharides with molecular weights between 5 - 10 kDa and 

near 100 kDa was also identify through HPLC-RI.

Some organic acids were also found in the GP extract, being the acetic acid the most significant 

one, with a concentration of 2.24 ± 0.13 g/100 g of extract. Citric, tartaric, malic, and succinic 

acids are also present in the extract at concentrations of 1.95 ± 0.08, 0.34 ± 0.04, 0.30 ± 0.01 
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and 1.90 ± 0.11 g/100g, respectively. While all these acids are characteristic of grape pomace 

composition, acetic acid is present at higher quantity due to the enzymatic hydrolysis, as it was 

used for the acetate buffer preparation. The concentration of ashes present in GP extract was 

also high and can be explained by the amount of salts used to prepare the buffers (sodium 

citrate) for the enzymatic extraction, which are present at a concentration of 8.15 ± 0.03 g/ 100 

g of dry buffer. Nevertheless, this result indicates that almost all the minerals present in the 

grape pomace flour (38 g/ kg flour ) were recovered. 21

3.2. Digestion of carbohydrates

In vitro gastrointestinal digestion (GID) models based on human physiology are important tools 

in assessment of polysaccharides during gastric and intestinal digestion, particularly because of 

their simplicity, low cost and bio-accessibility of nutrients.35 The carbohydrate functions that 

affect bioavailability and health are determined by the chemical composition and the food 

matrix where are incorporated, and both of these aspects must be taken into account. As it is 

difficult to measure directly the biological function associated with different carbohydrate 

properties, in vitro methods provide rapid and reproducible measures.36

The GID of GP extract was monitored through HPLC-RI quantification of glucose, fructose and 

xylobiose along the digestion. Results are presented in Figure 1 and indicate the mass (mg) of 

each sugar present in the initial extract and how they varied along the GI digestion. 

Initial amount of glucose was ca. 124 mg and no significant losses were observed during the 

mouth or stomach digestions (p > 0.05). The major increase was observed after the simulation 

of intestinal digestion, when the final mass of glucose was 155.01 mg, probably due to the use 

of pancreatin enzyme, mainly composed by amylases and proteases that could release some 

glucose monomers from polysaccharides with higher molecular weights.
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As expected, xylobiose did not show any losses during upper gastrointestinal digestion and the 

initial amount of ca. 50 mg maintained until gut digestion. This result confirms its potential to 

be used as prebiotic, including the microbiota fermentation, as described in sections 3.7 and 3.8.

Furthermore, it is possible to observe from HPLC-RI chromatogram that the peak with retention 

time (RT) of 21.42 min, corresponding to the polysaccharide present in the range of 5-10 kDa, 

was hydrolyzed during the in vitro GID, especially during gastric digestion (RT=26.39 min), 

achieving a molecular weight (MW) around 800 Da after gut (retention time 26.47 min). We can 

also observe that the peak for the substances present in the gut compartment, such as bile salts 

and pancreatin, appeared very late in HPLC-RI chromatogram, indicating that it did not contain 

high molecular weight polymers and thus, compounds used to simulate gut digestion did not 

affect determination of xylobiose nor the MW of GP extract polysaccharide.35 Starch was 

reported to be degraded by gastric and intestinal media to oligosaccharides, and could be 

digested by amylase in small intestine to sugars that can be absorbed by the intestine.37 

3.3. Minerals

Owing to the high concentration of ashes in GP extract, ICP-OEP analysis was performed in order 

to understand what elements were present. As expected, sodium (Na) was the element present 

in the highest concentration (9.97 ± 0.46 g/100g), followed by potassium (K) (1.59 ± 0.33 g/100 

g), as presented in Figure 2. Phosphorous (P), Boron (B), Magnesium (Mg) and Calcium (Ca) are 

also present at very low concentrations: 5.87 ± 0.42, 0.035 ± 0.02, 0.31 ± 0.27 and 1.58 ± 0.84 

mg/ g sample, respectively.

During in vitro GID, part of Na and K present in GP extract were loss and the concentrations that 

reached gut were 7.72 ± 0.73 (Na) and 0.82 ± 0.072 (K) g/ 100 g sample, significantly lower than 

the concentrations present in the initial extract (p < 0.05). Part of Mg was also absorbed, as the 

concentration that reached the gut was only 0.13 mg/ g sample. 
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The colon contributes to electrolyte homeostasis by conserving sodium, chloride, and 

potassium. While sodium and chloride can be absorbed against large concentration gradients, 

potassium absorption requires a favorable concentration gradient.38

3.4. Phenolic Compounds

Total phenolic compounds (TPC) were present in the GP extract at concentration of 239.01 ± 

4.44 mg GAE/ g extract. The concentration of phenolic compounds in GP extract is similar to the 

reported by Ky and Teissedre, who recovered ca. 195.66 to 215.84 mg GAE/ g from grape seed.39 

Higher yields of phenolic recovery are usually achieved with the use of organic solvents, such as 

ethanol or acetone, which were not applied in our extracts. 

After GID, the concentration of TPC was significantly reduced to 13.59 ± 0.23 mg GAE/ g sample 

(p < 0.05). A drastically reduction of phenolic compounds was observed after in vitro GID, with 

only 5.69% of initial TPC reaching the gut. These results are in accordance with the literature 

that estimates that 90% of polyphenols are digested before reaching the intestine.40,41 This high 

reduction of TPC can be attributed to degradation of anthocyanins, the major phenolic 

compound present in the grape pomace extract, by the acidic gastric conditions.

These results were confirmed by HPLC-DAD analysis (Table 2) of both extracts, where it is 

possible to observe the total anthocyanins degradation, as well as most of polyphenols identified 

in GP extract, including (+)catechin, rutin, neochlorogenic acid and luteolin. These results are in 

accordance with other authors that concluded that intestinal digestion induce substancial losses 

in polyphenol families. Lingua and co-workers observed that only 6% of total phenolics were 

available in the dialysable fraction of red grapes extract, representing the potential colon 

available compounds; Sanz- Buenhombre and colleagues recovered part of the vanillic acid   

after the digestion but verified that (+) catechin was completely degraded. 42,43 It is also possible 

to observe that syringic and vanillic acids were not detected in GP extract but were the most 

abundant compounds in the DGP extract, suggesting that these compounds were initially bound 
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to other molecules, such as fibres that link with the phenolics through hydrogen bonds, 

hydrophobic interactions or covalent methyl-esterification, protecting them during the 

digestion. 

The poor biaccessibility of phenols are in accordance with the results obtained by Van de Velde, 

who simulated the digestion of polyphenols present in blackberries and concluded that less than 

98% of total anthocyanins were not available for absorption in the gut.41 These losses are still 

not completely understood but are probably due to pH changes along gastrointestinal tract 

interaction with the digestive enzymes and other chemical reactions that occur during  digestion 

such as interaction with other dietary compounds, or changes in solubility. 42, 44

3.5. Antioxidant capacity

Antioxidant capacity is the most studied bioactivity described for GP extracts, and it is related to 

the presence of phenolic compounds as well as the high content of antioxidant dietary fiber.14,15 

However, the different methods, the different antioxidant standards used and the different 

references to the basic-unit of sample make it difficult to establish comparisons.13 Hereupon, 

antioxidant capacity of GP and DGP extracts was assessed through ABTS and ORAC methods.  

The ABTS radical scavenging activity of GP extract was 33.98 ± 0.464 mg AA eq/ g extract. 

Although it is more common to find ABTS activity expressed as Trolox Equivalent (TE), ascorbic 

acid (AA) is more hydrophilic and therefore, a more suitable reference to compare our water-

soluble extract. Our GP extract radical scavenging activity was 7-fold higher than the results 

obtained by Oliveira et al. for strawberry preparations, and within the range activity reported 

by Kwak et al. for different Rosa multiflora extracts, which ranged from 9.8 ± 3.2 to 84.8 ± 8.6 

µg AA Eq/ mL.46,47 As expected, antioxidant capacity was lower (p < 0.05) for the digested extract, 

16.77 ± 0.15 mg AA eq/ g extract, due to the high loss of phenolic compounds during GID, 

including all the anthocyanins, as discussed above. 
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Antioxidant activity determined by ORAC assay was 3500 ± 0.058 µmol TE/ g extract and it is in 

agreement with the results obtained by Dudonné et al. for different aqueous plant extracts, such 

as Cistus ladaniferus (leaf) – 1410 ± 53 µmol TE/ g, Eucalyptus globulus (leaf) – 2846 ± 134 µmol 

TE/ g, Jasminium grandiflorum (flower) – 2330 ± 64 µmol TE/ g or Vanilla planifolia – 1593 ± 12 

µmol TE/ g.48 After GID, the oxygen radical absorbance capacity of GP extract was reduced to 

385.80 ± 0.150 µmol TE/ g (p < 0.05), confirming the results obtained by ABTS method that GID 

reduces the antioxidant capacity.

Overall, this loss of antioxidant activity confirms the poor bioaccessibility of phenolic compounds 

described before, as these compounds largely contribute to the antioxidant bioactivity.

3.6. Antimicrobial activity

The Minimal Inhibitory Concentrations (MIC) of the GP extract were 14 mg/ mL for Gram-

negative bacteria (E. coli and P. aeruginosa) and 16 mg/ mL for Gram-positive (MSSA and MRSA), 

enlightening that all microorganisms were susceptible to GP extract. 

Growth inhibition curves were performed upon MSSA, MRSA, Escherichia coli and Pseudomonas 

aeruginosa. These microorganisms were selected as representative of Gram positive and Gram-

negative bacteria and using a marker of multiresistant bacteria such as MRSA. Growth inhibition 

curves for selected microorganisms, in the presence of GP and DGP extracts at concentration of 

2% (w/v), as measured by turbidity at 660 nm, are presented in Figure 3. Corroborating the MIC 

determined (1.4-1.6 %) before, from Figure 3, the 2% GP inhibited completely the growth of all 

strains tested.

It is also possible to observe that the antimicrobial potential of the GP extract was affected by 

the digestion process. DGP extract did not affect the growth of Gram-negative bacteria (losing 

the antimicrobial activity) and although it still exhibits some reduction of the Gram-positive 

bacteria growth, is the reduction observed is much lower than with the GP extract before 

digestion.
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The antimicrobial activity of the GP extract may be attributed to the presence of several 

components, including minerals such as sodium and potassium, anthocyanins and some 

phenolic acids, organic acids such as acetic, citric and tartaric acids; besides the presence of XOS 

with a well-known antimicrobial activity.49-51 In fact, it is well-known that natural extracts display 

higher antimicrobial activity than selected compounds. Bassole et al. attributed antibacterial 

activity of fruit extracts to an overall synergy between bioactive compounds with antimicrobial 

properties and other minor components.52 In fact, the loss of antimicrobial activity after GID of 

GP extract could be explained by this hypothesis, as the reduction on the antimicrobial potential 

could be related to the loss of part of these components, including the total degradation of 

anthocyanins (Table 2) and other phenolic compounds, the loss of ca. 30% of sodium and 50% 

of potassium, and the absorption of part of the organic acids during the digestion. 

The results observed in the present work are in agreement with the literature: Xu et al. evaluated 

the antimicrobial activity of four different GP extracts on S. aureus and E. coli, and verified an 

inhibition of S. aureus (MICs ranging 40.6 to 250 mg/ ml); Jayaprakasha and co-workers obtained 

a grape seed extract with antimicrobial activity against MSSA, E. coli and P. aeruginosa and also 

found to be the most effective antibacterial fraction against Gram-positive bacteria when 

compared to Gram-negative bacteria; Oliveira and co-workers obtained Merlot CO2 supercritical 

extracts with high activity on S. aureus, Bacillus cereus, E. coli and P. aeruginosa.4,53,54  

Once again, it was confirmed the high susceptibility of the bioactive compounds present in GP 

extract to GIT and their loss of bioaccessibility, suggesting the need of an encapsulation system 

able to protect these compounds along the gastrointestinal tract.

3.7. Prebiotic effect

The prebiotic activity of GP extract was studied on 5 strains in basal MRS medium without 

glucose, at concentrations of 1 and 2% (w/v). Figure 4 present the growth of evaluated 
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Bifidobacteria and Lactobacillus strains, respectively, as measured by turbidity at 660 nm. 

Frutooligosaccharides (FOS) at the same concentrations were also used as control. 

All the probiotic microorganisms grew in the presence of GP extract, increasing their growth (OD 

at 660 nm) along the first 10 h of fermentation for Bifidobacteria and 18 h for Lactobacilli. The 

use of 2% (w/v) of GP extract promoted higher growth up of assayed microorganisms than 1% 

(w/v) of GP extract, as expected. FOS proved to be the best carbon source, at 2% (w/v) for 

Bifidobacteria and at 1% for Lactobacilli (Figure 4). There were not significant differences on the 

maximum growth of all probiotic strains used when the MRS was supplemented with 1% (w/v) 

of FOS or with 2% (w/v) of GP extract, except for L. rhamnosus that presented a lower growth. 

On the other hand, GP extract allowed Bifidobacterium spp. to achieve the maximum OD faster, 

between 9 and 11 hours compared to the 16 – 20 hours in the presence of FOS.

The results obtained for the L. casei 01 are somehow different from the results obtained by 

Gullón et al., who achieved a faster growth of this microorganism in the presence of FOS than 

with XOS derived from Eucalyptus globulus wood, rice husks, wheat bran and from barley 

wastes.55

Results indicate that GP extract can stimulate a fast growth of different probiotic strains, 

possibly due to the presence of glucose and XOS. These results are in accordance with the well-

established prebiotic activity described for XOS including the selective stimulation of gut 

microbiota growth as the GP extract also presented antimicrobial activity against some 

pathogens, as described above.56,57 These beneficial properties of XOS are related to the 

improvement of gastrointestinal functions as well as increase or change in the composition of 

short chain fatty acids, increased faecal weight and mineral absorption, immune stimulation, 

and decreased colonic pH values.56

3.8 In vitro fermentation of GP extract
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In order to evaluate the effectiveness of DGP extract as a fermentable carbohydrate source for 

probiotic bacteria, in vitro fermentation assays were carried out using a Lactobacilli (L. casei 01) 

and a Bifidobacteria strain (B. animalis Bb12). Table 3 shows the number of viable cells 

(expressed as log CFU/mL) for both strains, as well as the pH value evolution in the culture 

media. FOS were used as positive control once they are already a well-known prebiotic; a 

negative control (without carbon source) was also used.

The number of viable cells of Bifidobacterium Bb12 reached 7.93 log CFU/ mL with FOS, and 8.14 

log CFU/ mL with the GP extract, after 48 hours of fermentation, allowing to conclude that both 

carbon sources stimulated the growth of this probiotic strain. As expected, without carbon 

source there was not any cell growth, confirming that the Bb12 growth was stimulated by the 

fermentable carbon sources, and significantly improved by the use of DGP (p < 0.05).

Regarding Lactobacillus casei 01, the number of viable cells grew until 24 hours (7.54 and 7.95 

log CFU/ mL for FOS and GP extract, respectively) and stabilized between 24 and 48 hours (7.54 

and 7.93 log CFU/ mL for FOS and GP extract, respectively). These results for La01 are somehow 

expected, as it is generally known that Lactobacilli spp. usually reach the maximum growth after 

ca. 24 hours. 

With the pH values evolution along the fermentation process, a similar behavior was observed 

i.e., media with carbon source in its composition suffered a decrease of pH values, while the 

negative control was slightly affected by changes in pH values. For the media fermented by Bb12, 

pH reduction was more pronounced in the presence of FOS than with GP extract (4.93 and 5.21, 

respectively), while for the media fermented by La01, a reverse effect was observed: the pH 

value after 48 hours was lower with GP extract (5.30) than with FOS (5.85).

HPLC-DAD analysis of short-chain fatty acids (SCFA) in cell-free supernatants confirmed the 

production of acetic, butyric, formic, and propionic acids during fermentation. Table 4 shows 

the concentrations of these organic acids along the 48 hours of fermentation. An overview of 

this table allows to observe that acetic acid was the SCFA produced in the highest quantity, 
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followed by propionic acid, while butyric acid presented the lowest concentrations in all the 

assays. It is known that the production of acetic acid by Bifidobacteria spp. is higher than the 

production by Lactobacilli spp., which is observed in the fermentation with FOS; when using GP 

extract, this difference was only observed after 24 hours.55 Furthermore, the presence of acetic 

acid in higher quantity could be due to the fact that this organic acid was used for the production 

of the extract.21 

Regarding the Bifidobacterium strain fermentation, the production of acetic and formic acids 

was significantly higher (p < 0.05) when the GP extract was used as carbon source, while the 

propionic acid was higher when using FOS, after 24 hours. The production of butyric acid during 

fermentation with Bb12 was not affected by the carbon sources, as it was not found significant 

differences in the concentration of this SCFA.  

Regarding the fermentation with the Lactobacillus strain, the same behavior in the production 

of acetic and propionic acids was found, i.e, the use of GP extract improved the production of 

these SCFA comparing to FOS.  On the other hand, the production of butyric acid was improved 

by the use of GP extract (p < 0.05) and the production of formic acid did not present significant 

differences (p > 0.05) after 4 hours of incubation.

Selective fermentations of prebiotic carbohydrates by Bifidobacteria and Lactobacilli depend on 

different factors, including the strain and substrate.59 GP and its extract contain significant 

amounts of carbohydrates (approximately 50 g/ 100g) and showed that it can act as a 

fermentable source of polysaccharides, as they can promote the growth of both Bb12 and La01 

and produce organic acids.

3.9 Cytotoxicity

Toxicity of GP extract before and after digestion was evaluated through XTT cell proliferation 

assay upon Caco-2 intestinal cells, using extracts concentrations of 1 and 2% (w/v), as these were 
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the concentrations that showed potential bioactivities. Figure 5 presents the metabolism 

inhibition of Caco-2 cells in the presence of GP and DGP extracts.

The XTT cell proliferation assay is an effective method to measure cell growth and drug 

sensitivity in tumor cell lines.60 GP extract at concentration of 2% promoted Caco-2 cells 

metabolism by 37.05 ± 2.56% and by 20.91 ± 2.27%, respectively. After the digestion of GP 

extract, it is possible to observe a slightly, but not significant (p > 0.05), inhibition of metabolism: 

5.75 ± 2.81% and 9.43 ± 1.90% for DGP extract at concentrations of 2 and 1%, respectively.

It is possible to conclude that GP extract is safe to be used as food ingredient, at concentrations 

up to 2% (w/v). It is also important to correlate the Caco-2 cells viability with the antimicrobial 

and prebiotic activities, once 2% (w/v) of GP extract was enough to proliferate probiotic strains 

and inhibit some pathogenic bacteria growth. 

4. Conclusions

This paper described the potential bioactive properties of a grape pomace extract produced 

through a novel eco-friendly method. Freeze-dried GP extract presented high content of total 

dietary fibre, other carbohydrates such as xylobiose, minerals and phenolic compounds. In vitro 

digestion simulation of GP extract allowed to conclude that xylobiose was resistant to 

gastrointestinal conditions, and that this extract has a prebiotic potential, at concentration of 

2% (w/v), establishing a potential carbon source that can be fermented by Lactobacillus and 

Bifidbacterium spp. Grape pomace extract proved to have antimicrobial activity against 

pathogenic bacteria, with large spectrum being active against Gram-negative and Gram-positive 

strains, although this effect was lost after the gastrointestinal digestion. Similar impact of 

gastrointestinal digestion occurred to polyphenols and consequently to the antioxidant capacity, 

which strongly decreased after digestion. 

The reduction on the antimicrobial and antioxidant capacities of the GP extract after the GID 

process suggests the need for an alternative system to protect it from the harsh gastrointestinal 
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conditions, such as an encapsulation system, to guarantee its ability to act on the intestinal 

environment. These results allow to conclude that a multifunctional extract with different 

bioactive properties could be obtained from GP presenting relevant potential for food 

applications as ingredient in the development of new functional foods.
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Table 1 – Nutritional composition of grape pomace enzymatic extract.

Concentration
(g/100g)

Energy 929.7 kJ/ 222.2 
kcal

Moisture 15.13 ± 0.30

Ashes 11.65 ± 0.38*

Protein 3.28 ± 0.03

Fat 6.73 ± 0.06

Fibre 26.08 ± 1.59

Carbohydrates 37.13 ± 1.74

*Buffer composition includes mineral concentration of 8.15 ± 0.03 g/ 100g
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Table 2 – Major phenolic compounds found in GP and DGP extracts (mg/ g sample)

RT (min) λmax (nm) Phenolic Compound GP extract DGP 
extract

Non-anthocyanin phenolic compounds

11.97 324.8 Neochlorogenic acid 0.30 ± 0.00 -

16.84 279.5 (+) catechin 0.19 ± 0.00 -

17.23 292.6 Vanillic acid - 4.54 ± 0.02

25.55 354.7 Luteolin-7-O-glucoside 0.54 ± 0.01 -

26.29 353.5 Rutin 2.33 ± 0.01 -

26.37 308.9 p-coumaric acid 63.28 ± 0.14 1.47 ± 0.01

Anthocyanin phenolic compounds

18.01 526.7 Delphinidin-3-O-glucoside 16.45 ± 0.08 -

20.17 518 Peonidin-3-O-glucoside 22.75 ± 0.10 -

20.95 528 Petunidin-3-O-glucoside 58.26 ± 0.12 -

23.77 529 Malvidin-3-O-glucoside 72.12 ± 0.16 -

Calibration curves: (+) catechin: y = 5.1 x 106x + 1300000; luteolin-7-O-glucoside: 3 x 107x - 5265; neochlorogenic acid: 
y = 107x  - 57816; p-coumaric acid: y = 118195x + 107066; rutin: y = 2 x 107x + 17141; syringic acid: y = 25655x - 9450.4; 
vanillic acid: y = 24452x + 7334.3; malvidin-3-O-glucoside: y = 159352.2x + 65858.2; delphinidin-3-O-glucoside: y = 
190243.97x + 137988; peonidin-3-O-glucoside: y = 202706x + 259796; Petunidin-3-O-glucoside: y = 198294.5x + 
69479.56
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Table 3 – Viable cell count (log CFU/ mL) of Bifidobacterium animalis Bb12 and Lactobacillus 

casei 01 and pH values throughout incubation time (48 hours).

Viable cell count (Log CFU/ mL) pH valuesCarbon 
source

Incubation 
time (h) Bb12 La01 Bb12 La01

FOS

0
4
8

24
48

7.25 ± 0.03
7.21 ± 0.04 Aa
7.31 ± 0.02 Aa

7.50 ± 0.07 ABa
7.93 ± 0.05 Aa

7.29 ± 0.01
7.22 ± 0.06 Aa

7.38 ± 0.16 Bab
7.54 ± 0.03 Bab
7.54 ± 0.03 Bb

7.09 ± 0.01
6.37 ± 0.01 Aa
5.95 ± 0.02 Aa
5.34 ± 0.01 Aa
4.93 ± 0.00 Aa

6.79 ± 0.02
6.43 ± 0.01 Aa
6.12 ± 0.02 Aa
6.09 ± 0.00 Bb
5.85 ± 0.00 Bb

DGP
4
8

24
48

7.32 ± 0.04 Bb
7.45 ± 0.02 BCb
7.59 ± 0.09 Bb
8.14 ± 0.01 Ca

7.41 ± 0.03 Cc
7.59 ± 0.05 Dc
7.95 ± 0.03 Cc
7.93 ± 0.04 Ac

6.99 ± 0.03 Bb
6.60 ± 0.02 Bb
5.46 ± 0.01 Ca
5.21 ± 0.00 Cc

6.85 ± 0.06 Cb
5.64 ± 0.03 Cb
5.34 ± 0.01 Aa
5.30 ± 0.03 Cc

Negative 
control

4
8

24
48

7.05 ± 0.01E
7.04 ± 0.01E
7.04 ± 0.01E
7.02 ± 0.01E

7.20 ± 0.00A
7.19 ± 0.01A
7.16 ± 0.01F
7.13 ± 0.01F

7.01 ± 0.03D
6.95 ± 0.00E
6.89 ± 0.00E
6.88 ± 0.02E

6.85 ± 0.03C
6.79 ± 0.01E
6.76 ± 0.01E
6.63 ± 0.01B

Values are expressed as mean ± standard deviation (SD) of three replicates. 

Different capital letters mean significant differences between microorganisms and different lower letters means 

significant differences between carbon sources (p < 0.05).
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Table 4 – Organic acids concentration (mg/ mL) along the fermentation using FOS and DGP 

extract as carbon sources

FOS DGP extractIncubation 

time Bb12 La01 Bb12 La01

4h
8h

24h
48h

4h
8h

24h
48h

4h
8h

24h
48h

4h
8h

24h
48h

Acetic acid
1.221 ± 0.014Aa
1.052 ± 0.023Aa
1.509 ± 0.009Aa
1.697 ± 0.012Aa

Butyric acid
0.114 ± 0.002Aa
0.092 ± 0.002Aa
0.092 ± 0.001Aa
0.129 ± 0.005Aa

Formic acid
0.140 ± 0.003Aa
0.131 ± 0.003Aa
0.309 ± 0.007Aa
0.425 ± 0.004Aa
Propionic acid

0.670 ± 0.002Aa
0.473 ± 0.006Aa
0.735 ± 0.001Aa
0.791 ± 0.001Aa

Acetic acid
1.369 ± 0.013Bb
1.051 ± 0.008Aa
1.209 ± 0.017Bb
1.137 ± 0.014Bb

Butyric acid
0.111 ± 0.001Aa
0.142 ± 0.002Bb
0.157 ± 0.002Bb
0.147 ± 0.002Bb

Formic acid
0.184 ± 0.004Bb
0.183 ± 0.004Bb
0.323 ± 0.003Ba
0.291 ± 0.007Bb
Propionic acid

0.514 ± 0.006Bb
0.455 ± 0.003Ba
0.558 ± 0.006Bb
0.487 ± 0.005Bb

Acetic acid
2.770 ± 0.021Cc
2.388 ± 0.012Bb
2.583 ± 0.024Ca
2.683 ± 0.023Cc

Butyric acid
0.104 ± 0.005Aa
0.092 ± 0.001Aa
0.106 ± 0.002Aa
0.134 ± 0.002Ac

Formic acid
0.294 ± 0.007Cc
0.168 ± 0.006Cc
0.417 ± 0.005Cb
0.683 ± 0.007Cc
Propionic acid

0.751 ± 0.009Cc
0.511 ± 0.005Cb
0.515 ± 0.002Cc
0.601 ± 0.006Cc

Acetic acid
2.471 ± 0.024Bd
2.406 ± 0.032Cb
2.845 ± 0.027Dd
2.699 ± 0.021cD

Butyric acid
0.122 ± 0.008Aa
0.186 ± 0.009Cb
0.211 ± 0.012Cc
0.199 ± 0.011Cd

Formic acid
0.367 ± 0.009Dd
0.181 ± 0.001Bd
0.300 ± 0.002Bc
0.271 ± 0.007Bc
Propionic acid

0.616 ± 0.011Dd
0.693 ± 0.012Dd
0.689 ± 0.007Dd
0.788 ± 0.009Dd

Different capital letters mean significant differences between microorganisms and different lower letters means 

significant differences between carbon sources (p < 0.05). Calibration curves for SCFA - Acetic acid: y = 6 x 106 x + 

422485; Butyric acid: y = 2 x 106 x + 39013; Formic acid: y = 3732772.01 x - 30925.37; Propionic acid: y = 2 x 106 x + 

106.

Page 34 of 39Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 D

re
xe

l U
ni

ve
rs

ity
 o

n 
3/

18
/2

01
9 

1:
50

:5
8 

PM
. 

View Article Online
DOI: 10.1039/C8FO02534G

http://dx.doi.org/10.1039/c8fo02534g


35

Figure 1 – Quantification of monosaccharides and oligosaccharides from GP extract during gastrointestinal digestion 

simulation, expressed in mg.
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Figure 2 – Sodium and potassium concentrations (mg/ g samples) present in GP extract before and after digestion
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Figure 3 – Growth inhibition curves of (A) MSSA, (B) MRSA, (C) E. coli and (D) P. aeruginosa with a 

concentration of 2% GP and GID.

A B

DC
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Figure 4 – Growth curves of (A) Bifidobacterium animalis Bo, (B) Bifidobacterium longum BG3, (C) 

Bifidobacterium animalis spp. lactis Bb12, (D) Lactobacillus casei 01, and (E) Lactobacillus rhamnosus R11

D E

A B

C

A B
A

C
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Figure 5 – Metabolism of Caco-2 intestinal cells upon the presence of GP extract at concentrations of 1 

and 2% (w/v)
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