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ABSTRACT 

The extraction of oligosaccharides from cranberry pomace, the fibrous by-product of juice 

production, was explored. The effects of two power settings (84.9 and 242.4 W/g) and alkali 

concentrations (0.25 and 0.5 M potassium hydroxide) on microwave-assisted extraction were 

tested. Highest yield of oligosaccharides (average 21.5%) was obtained at higher alkalinity. The 

extracts were enriched in pectic oligosaccharides with degree of polymerization between 7 and 10. 

Enzymatic hydrolysis was tested with a commercial endo-galactanase and four multi-enzymatic 

catalysts with varied levels of polysaccharide-degrading activities. Depol™ 740L and Pectinex® 

Ultra SPL had the highest yields (average 39.8%). All multi-enzymatic biocatalysts led to yields 

equal or higher than the microwave-assisted approach, while the yield obtained by endo-

galactanase was lower. All extracts were enriched in glucose and with less galactose than the ones 

obtained by microwave approach. Most of the oligosaccharides generated by multi-enzymatic 

biocatalysts had a degree of polymerization between 2 and 5. 

Cell wall polysaccharides from Stevens variety cranberries were extracted with a sequence of four 

aqueous solvents. Hot buffer extracted mainly pectic polysaccharides. Chelating agents extracted 

mainly homogalacturonan-rich polysaccharides and oligosaccharides. This extract had the highest 

yield (11% w/w of starting material). The main neutral structures in these two extracts were pectic 

arabinan and type II arabinogalactan. Pectic polysaccharides extracted with diluted alkali had the 

highest abundance of neutral branches and were associated with less hemicelluloses than the 

previous two. Their pectic neutral branches were characterized by the presence of more galactan. 

Concentrated alkali extract contained prevalently hemicellulose. 

Pectic polysaccharide were isolated from chelating agents and diluted alkali extracts by anion 

exchange and gel filtration chromatography. A series of pectin-degrading enzymatic activities was 

used as a tool to obtain information on their structure. Different levels and distributions of methyl 

esterification in homogalacturonan were determined by comparing the galacturonic acid released 

by pectin lyase and endo-polygalacturonase. Debranching enzymes active on 1,5-linked arabinose 

and 1,4-linked galactose revealed important characteristic features, including the presence of 

pectic galactan and branched type I arabinogalactan, with a short backbone and abundant arabinan 

branches. The presence of galactoarabinan was also proposed.  
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The enzymatic esterification with ferulic acid of polysaccharides from chelating agents and diluted 

alkali extracts was investigated. Humicola insolens feruloyl esterase was immobilized on 

iminodiacetic acid-copper modified epoxy-polyacrylic supports. Specific esterification activity 

was assessed on raffinose in surfactantless microemulsions of water in n-hexane/butanone with 

different water contents. Immobilized enzyme was found to be most active in n-

hexane:butanone:water mixture of 51:46:3 (v:v:v), while free enzyme showed lower specific 

activity with a maximum at 6% water. These conditions were used for the esterification of 

cranberry polysaccharides. Higher feruloylation (22.1 – 26.6% consumption of ferulic acid) of 

chelating agents-extracted polysaccharides was achieved with immobilized enzyme than with free 

enzyme, while immobilization didn’t impact the esterification of diluted alkali-extracted 

polysaccharides. 

The fermentability in anaerobic environment of the prebiotic polysaccharide inulin and of 

cranberry polysaccharides in native and feruloylated forms by two strains of the beneficial gut 

bacteria Lactobacillus brevis and Bifidobacterium longum was compared. All polysaccharides 

promoted the generation of abundant propionic acid, followed by acetic acid. Feruloylation 

negatively impacted bacterial growth, the effect being more marked on diluted alkali-based 

polysaccharides and for L. brevis. 



V 

 

RÉSUMÉ 

L'extraction d'oligosaccharides à partir du marc de canneberge, un sous-produit de la production 

du jus de canneberge, a été explorée. Les effets de deux niveaux de puissance de micro-onde (84,9 

et 242,4 W/g) et concentrations alcalines (hydroxyde de potassium 0,25 et 0,5 M) sur l'extraction 

assistée par micro-onde ont été testés. Le rendement en oligosaccharides le plus élevé (21,5% en 

moyenne) était obtenu avec l’alcalinité la plus élevée. Les extraits étaient enrichis 

d’oligosaccharides pectiques avec degré de polymérisation entre 7 et 10. L'hydrolyse enzymatique 

a été investiguée en utilisant endo-galactanase et quatre catalyseurs multienzymatiques avec des 

niveaux variés d'activités dégradant les polysaccharides. Depol™ 740L et Pectinex® Ultra SPL 

ont conduit aux rendements les plus élevés (39,8 % en moyenne). En comparaison avec 

l’extraction alcaline assistée par micro-onde, les biocatalyseurs multienzymatiques ont conduit à 

des rendements égaux ou supérieurs. Les extraits, enrichies en glucose, contenaient 

oligosaccharides avec degré de polymérisation entre 2 et 5. 

Les polysaccharides de la paroi cellulaire des canneberges de la variété Stevens ont été extraits en 

utilisant une méthode séquentielle basée sur l’utilisation de quatre solvants aqueux. L’extrait 

obtenu en utilisant le tampon chaud contenait principalement des polysaccharides pectiques. Les 

agents chélateurs ont extrait des polysaccharides et des oligosaccharides riches en 

homogalacturonane. Cet extrait avait le plus haut rendement (11% p/p de matière de départ). Les 

principales structures neutres présents dans ces deux extraits étaient l’arabinane pectique et 

l’arabinogalactane de type II. La solution alcaline diluée a permis d’extraire des polysaccharides 

pectiques ayant la plus grande abondance en branches neutres, et associés à moins d'hémicelluloses 

que les deux extraits précédents. Les branches neutres pectiques étaient caractérisées par la 

présence de plus de galactane. L’extrait obtenu par la solution alcaline concentrée contenait 

principalement de l’hémicellulose. 

Des polysaccharides pectiques ont été isolées des extraits, obtenus par un agent chélatant et par la 

solution alcaline diluée, par la chromatographie à échange d'anions suivie de celle à filtration sur 

gel. Les fractions récupérées ont été soumises à une série d'activités enzymatiques dégradant les 

polysaccharides, permettant d’obtenir des informations sur leur structure. Le niveau et la 

distribution du groupe d’ester méthylique d'homogalacturonane étaient déterminés en comparant 

l'acide galacturonique libérée par la pectine lyase et par l'endo-polygalacturonase.  
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Des enzymes agissant sur les branches, en particulier l’arabinose lié en 1,5 et le galactose lié en 

1,4, révélaient la présence du galactane pectique et d’arabinogalactane de type I ayant une courte 

chaîne principale et des ramifications abondantes d'arabinane. La présence du galactoarabinane a 

également été proposée. 

L'estérification enzymatique avec l'acide férulique des polysaccharides présents dans les extraits 

d’agents chélatants et d’alcali dilué, a été investiguée. La feruloyl estérase de Humicola insolens 

a été immobilisée sur des supports époxy-polyacryliques modifiés par acide iminodiacétique et 

cuivre. L’activité d'estérification spécifique a été évaluée dans des microémulsions composées de 

différentes teneurs d’eau en n-hexane/butanone. L'enzyme immobilisée a montré l’activité la plus 

élevée dans le mélange 51:46:3 (v:v:v) de n-hexane/butanone/eau. L'enzyme libre avait une 

activité spécifique plus faible, et l’activité maximale a été obtenue en présence de 6% d'eau. Ces 

conditions ont été utilisées pour l'estérification des polysaccharides. Une féruloylation plus élevée 

(22,1-26,6% de consommation d'acide férulique) des polysaccharides présents dans l’extrait 

d’agents chélateurs a été obtenue avec l’enzyme immobilisée, tandis que l'immobilisation n'a pas 

eu d'incidence sur l'estérification des polysaccharides présents dans l’extrait d’alcali dilué. 

Les fermentabilités du prébiotique inuline et des polysaccharides de canneberge sous formes 

natives et feruloylées en milieu anaérobique par deux souches de bactéries intestinales bénéfiques 

Lactobacillus brevis et Bifidobacterium longum ont été comparées. Tous les polysaccharides ont 

favorisé la génération d'acide propionique abondant, suivi par l'acide acétique. La féruloylation a 

eu un impact négatif sur la croissance bactérienne, l'effet étant plus marqué sur les polysaccharides 

alcalins dilués et sur L. brevis.  
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CHAPTER I. GENERAL INTRODUCTION 
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Cranberry (Vaccinium macrocarpon) is a perennial bog shrub native to North America that 

produces ovoidal berries about 2 cm long, with red or pink waxy cuticle, white pulp and a sour 

and bitter taste. Cranberries are cultivated mainly in eastern United States, eastern Canada and 

Chile. Due to their strong flavour, only about 5% of the fruits is used as fresh produce, while the 

rest is processed mostly into juice, but also dry raisin-like products, sauces and jams (Neto & 

Vinson, 2011). While the consumption of cranberry-based products holds cultural relevance in the 

United States and Canada, global interest and production of cranberry juice and extracts has greatly 

increased in the past decades because of the popularization of their health-promoting properties: 

cranberry has in fact been historically used for prevention and treatment of urinary tract infections 

by Native Americans (Locke, 2018), a use that has survived as home remedy in American society 

in the form of juice consumption and is now spreading worldwide. As cranberry juice production 

increases, the importance of finding applications for the solid by-product of this process, cranberry 

pomace, becomes more relevant. 

Fruit pomaces are constituted of fibrous materials from fruit peduncle, seeds, exocarp, cuticle and 

parts of the pulp and are rich in cell wall macromolecules (cellulose, hemicelluloses and pectic 

polysaccharides, lignin and structural proteins), carotenoids and polyphenols. While lignin and 

cellulose are the two most abundant biological polymers and their extraction is easier from other 

biomasses such as wood pulp, fruit pomaces are cost-effective starting materials for the extraction 

of pectic polysaccharides (apple, orange), phenolic compounds (apple, berries) and carotenoids 

(tomato). Carotenoids and polyphenols are employed as natural colorants and food preservatives 

because of their strong antioxidant properties (Giusti & Wallace, 2009; Kumar & Sinha, 2004). 

Pectic polysaccharides and less commonly hemicelluloses are used as gelling agents and emulsion 

stabilizers in beverages (Abid et al., 2017; Dickinson, 2009), as well as to improve the texture and 

increase the fiber content of solid foods. Furthermore, pectic polysaccharides have been found to 

possess in vitro prebiotic activity (Tingirikari, 2019), and the oligosaccharides that can be obtained 

from hemicelluloses and pectic polysaccharides also possess health-promoting properties, such as 

anti-inflammatory (H. Tan et al., 2018), prebiotic (Moon et al., 2015; Rabelo et al., 2006; Vigsnæs 

et al., 2011), antimicrobial (P. Li et al., 2016) and anti-biofilm effects (Sun et al., 2015). 

Feruloylated oligosaccharides are water soluble esters of ferulic acid, an abundant cell wall 

phenolic acid.  
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These oligosaccharides, obtained from the hydrolysis of naturally occurring feruloylated 

polysaccharides such as cereals’ arabinoxylan (Rudjito et al., 2019) and the pectin of beet and 

other Caryophyllales (Ralet et al., 1994; Sato et al., 2013), have shown anti-inflammatory effects 

(Fang et al., 2012) and improved antioxidant properties (Ohta et al., 1994). A different prebiotic 

activity compared to similar non-feruloylated compounds was found for wheat-derived 

feruloylated oligosaccharides (Gong et al., 2019), while the beet-derived ones appeared to have 

activity analogous to the non-feruloylated (Holck, Lorentzen, et al., 2011). The generation of 

feruloylated mono, di and oligosaccharides through enzymatic activity has been achieved by 

employing feruloyl esterase (EC 3.1.1.73) (Tamayo-Cabezas & Karboune, 2019), and this 

approach could be extended to polysaccharides, with the potential of modulating their functional 

properties. 

While some cranberry pomace is currently commercialized by fruit processors and nutraceuticals 

companies as functional ingredient (source of fiber and antioxidants) for pet and human nutrition, 

most of it cannot be directly utilized because its strong color, taste and fibrous consistency make 

it difficult to integrate in food formulations, and its low pH and protein content make it unsuitable 

as livestock feed and detrimental to the soil quality if disposed in landfills (Vattem & Shetty, 2002). 

Therefore, cranberry pomace is instead utilized as a source of phenolic compounds to be used as 

antioxidants (Ablett, 2012), colorants (European Food Safety Authority number E163, permitted 

by Health Canada), and for their health-promoting properties (Clydesdale et al., 1979; Harrison et 

al., 2013; White et al., 2010a; Woo et al., 1980). Cranberries are in fact rich in type-A 

proanthocyanidins, that possess in vitro and in vivo anti-biofilm effect on pathogenic bacteria 

(Burger et al., 2002; Howell et al., 2005; Tufenkji et al., 2010). 

While cranberry phenolic compounds have been extensively characterized, limited studies have 

been conducted on the cell wall polysaccharides, despite their abundance in pomace (Holmes & 

Rha, 1978; Park & Zhao, 2006), and their isolation remains scarcely investigated. Among the cell 

wall polysaccharides, pectic polysaccharides are the most structurally complex, as they feature 

both linear and branched “hairy” regions, with a variety of glycosidic residues and linkages 

(Bonnin et al., 2014). Linear regions are polymers of partly esterified galacturonic acid, either 

without decoration (homogalacturonan) or decorated with monomers of xylose (xylogalacturonan).  
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Hairy regions can be classified as either rhamnogalacturonan type I or II. The first is composed by 

a backbone of galacturonic acid and rhamnose residues, branched with diverse neutral sugar 

polymers including arabinose (arabinans), galactose (galactans) or mixed (arabinogalactans) 

(Khodaei & Karboune, 2013). The second, rarer, consists of a very conserved sequence of four 

short branches containing rhamnose, apiose, galactose, arabinose and other uncommon glycosyl 

residues, with a poly-galacturonic acid backbone (Bar-Peled et al., 2012). Different species and 

tissues contain pectic polysaccharides with different degrees of esterification, abundance and 

branching of hairy regions. A better understanding of the amount, extractability, structural 

properties and characteristics of cranberry cell wall polysaccharides would facilitate the design of 

processes for further valorizing cranberry pomace and reducing the waste associated with fruit 

processing by using it as source of functional polysaccharides and polysaccharide-derived 

ingredients. 

The main objective of this research work was the investigation of selected approaches for the 

isolation of pectic polysaccharides and oligosaccharides from cranberry pomace, their structural 

characterization and the assessment of the possibility of modifying them by esterification with 

ferulic acid to modulate their properties as functional food ingredients. It is divided into the 

following specific objectives: 

1) Characterization of cranberry pomace and evaluation of selected extraction techniques for 

the isolation of pectic polysaccharides and oligosaccharides from cranberry cell wall. 

2) Quantification and characterization of the structural features of cell wall polysaccharides 

extracted from cranberry pomace by sequential extraction approach. 

3) Analysis of glycosidic linkage in purified pectic polysaccharide fractions by enzymatic 

fragmentation. 

4) Investigation of the applicability of feruloyl esterase, free or immobilized, for the 

esterification of polysaccharide extracts with ferulic acid 

5) Evaluation of the fermentability of native and feruloylated cranberry polysaccharides by 

strains of beneficial gut bacteria. 
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2.1. Introduction 

Plant cell wall is an abundant and complex material, exhibiting great variability depending on the 

source. Several compounds can be extracted from it, and the ability to convert it into value-added 

chemicals is key for reducing waste in several industrial processes, from paper production to fruit 

juice. This literature review will cover the general properties of the cell wall polysaccharides, with 

focus on the information available about the fruit cell wall in cranberry (Vaccinium macrocarpon) 

and other plants of its family. Methods for the extraction of polysaccharides and the synthesis of 

oligosaccharides will then be presented, with the main applications as functional food ingredients 

of these compounds and selected methods for their analysis. Modification of polysaccharides to 

modulate their properties will also be discussed. 

2.2. Polysaccharides in the plant cell wall structures 

Seed plants possess an extracellular matrix composed of three structures: middle lamella, primary 

cell wall, and secondary cell wall (Evert, 2006). 

The middle lamella is the most peripheral element and is synthesized immediately upon mitosis. 

It consists of a single layer of adhesive pectic polysaccharides (linear and branched polymers of 

galacturonic acid) that gives continuity to the extracellular matrix by joining the primary cell walls 

of adjacent cells (Zamil & Geitmann, 2017). 

The primary cell wall is composed of water, polymers (containing about 70% water and 30% of 

solids (Monro et al., 1976)) and minerals. The polymers are in turn composed of about 90% 

carbohydrates: cellulose microfibrils, hemicelluloses (also called cross-linking glycans) and pectic 

polysaccharides; the rest are structural glycoproteins. The dry weight content of structural 

glycoproteins and minerals in the primary cell wall was reported to be in the range of 2 to 10% 

and 1 to 5%, respectively (Rose, 2003). 

Polymers are interconnected, forming a network: cellulose microfibrils form hydrogen bonds with 

hemicelluloses, pectic polysaccharides and glycoproteins; hemicelluloses and pectic 

polysaccharides are connected by covalent bonds to each other, and some glycoproteins are 

covalently bound to pectin (Fry, 2010; Zykwinska et al., 2005).  
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Enzymes with polysaccharide modifying activity, such as pectin methylesterase, are also present 

in the primary cell wall and play a role during plant tissue growth and differentiation (Buchanan 

et al., 2015). In most plants the primary wall consists of hemicelluloses -mainly composed of 

xyloglucans and glucomannans- and cellulose in similar amounts, as well as 20-35% of pectic 

polysaccharides. In cereals (Poaceae) the content of pectic polysaccharides is lower (<10%) and 

the preponderant hemicelluloses are arabinoxylans, while the xyloglucans are lesser and have a 

lower xylose content (Fry, 2010). Cereals also contain non-cellulose β-glucans in their primary 

wall (Burton & Fincher, 2009). 

The secondary cell wall is developed by some cells of the vegetal organism upon reaching their 

final dimensions. Akin to the primary cell wall, this structure is mainly composed of cellulose 

microfibrils and hemicelluloses, most notably xylans. However, the content of pectic substances 

is very limited or null and there are no structural proteins or enzymes. Instead lignin, a complex 

phenolic alcohol polymer, is generally formed in the spaces between the cellulose fibers, making 

the secondary cell wall a rigid and almost impermeable structure (Meents et al., 2018). 

2.3. Pectic polysaccharides 

Pectic polysaccharides are macromolecules characterized by the presence of linear regions rich in 

galacturonic acid residues and ‘hairy’ regions with branches composed of neutral sugars (Coenen 

et al., 2007; Holck, Hjernø, et al., 2011). The various regions are covalently bound together 

(Bonnin et al., 2014) by glycosidic linkages. In seed plants, three main regions have been 

identified: homogalacturonan (HG) and two rhamnogalacturonans, type I (RGI) and type II (RGII). 

In certain plants, such as apples, soybean and potatoes, substituted HG has been described; the 

main example of this fourth type of structure is xylogalacturonan (XGA) (Schols et al., 1995; Joris 

Zandleven et al., 2007). Pectic polysaccharides are mostly composed by HG and RGI (both ~40% 

of pectic polysaccharides dry weight), followed by RGII (<15%) (Schindler, 1998).  

Pectic polysaccharides can be distinguished according to solubility (Sucharipa, 1924): protopectin 

is tightly integrated in the network with the other polysaccharides, making it insoluble in water. 

During fruit ripening, enzymes hydrolyze the covalent bonds in the network, liberating pectin 

(Paniagua et al., 2014). Treatment with acids and heat also causes this separation.  
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Pectin is the portion of pectic polysaccharides that is not covalently bound to hemicelluloses and 

is therefore water soluble. Pectin displays colloidal properties when mixed to water, contributing 

to the cell wall viscosity. The carboxylic acid of galacturonic acid contained in pectin can be 

esterified with methyl groups, and higher degree of methyl esterification corresponds with a higher 

jelling power (Yen & Lin, 1998). Pectin with an extremely low degree of methyl esterification 

(<5%), sometimes referred to as pectic acid, is stabilized in the cell wall by multiple ionic bonds 

with polyvalent metal ions (Arzani et al., 2011; Mravec et al., 2017) and can be extracted with 

chelating agents. Pectic acid is water soluble as pectate polyanion, while not soluble in more acidic 

solutions (Khan et al., 2015). During fruit ripening, the endogenous pectin esterase enzyme 

catalyzes the removal of methyl esters from pectins, increasing the amount of pectic acid. 

2.3.1. Homogalacturonan 

HG is a linear polymer of α-(1,4)-D-galacturonic acid residues. A common modification of the 

residues is the formation of methylesters at the carboxylic group. Less frequent modifications are 

the formation of acetylesters at C2 and C3 (Grasdalen et al., 1988). Table 2.1 shows the degrees 

of methyl esterification and acetylation of pectic substances in fractions of commercial pectin 

sources and in berries. As it is apparent from sugar beet and apple-derived materials, even pectic 

polysaccharides from the same source can display extremely different values. This depends from 

the presence in different parts of the plant and growth stages of different levels of esterification, 

as well as from the experimental conditions and analytical method applied. 

2.3.2. Xylogalacturonan 

XGA consists of a backbone of α-(1,4)-D-galacturonic acid, branched at C3 and C2 with 

monomeric (Kikuchi et al., 1996) and dimeric (J. Zandleven et al., 2006) β-D-xylose. While 

generally considered as linked to HG by glycosidic bond between galacturonic acid residues 

(Bonnin et al., 2014), it has been shown to also occasionally occur as a branch of RGI (Oechslin 

et al., 2003; Schols et al., 1995).
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Table 2.1 Degrees of esterification of different plant materials. 

Source Material formulation Analytical method DM (%) DA (%) References 

Sugar beet Dried flakes NMR 29.1 18.0 Müller-Maatsch et al. (2014) 

Sugar beet Fresh pulp HPLC 52.0 34.0 Renard and Thibault (1993) 

Apple Press cake NMR 40.0 5.6 Müller-Maatsch et al. (2014) 

Apple Fresh pulp HPLC 63.0 14.0 Renard and Thibault (1993) 

Orange Commercial pectin extract HPLC 72.0 <1.0 Axelos et al. (1989) 

Grape Pomace NMR 5.0 1.0 Müller-Maatsch et al. (2014) 

Black currant Fresh pulp HPLC 91.0 8.0 Hilz et al. (2005) 

Bilberry Fresh pulp HPLC 87.0 2.0 Hilz et al. (2005) 

DM: degree of methyl esterification;  DA: degree of acetylation; NMR: Nuclear magnetic resonance; HPLC-RI: High performance liquid chromatography-refractive index detector.
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2.3.3. Rhamnogalacturonan type I 

RGI is a family of pectic polysaccharides that contain a backbone of the repeating disaccharide [α- 

L-rhamnose-(1,4)-α-D-galacturonic acid-(1,2)] (Bonnin et al., 2014). The galacturonic acid 

residues display the same acetylations found in HG (Figure 2.1 A). The backbone is branched at 

the C4 of rhamnose residues, with monomers and polymeric side chains of L-arabinose and D-

galactose (Prade et al., 1999). Several types of side chains have been identified, the most common 

being galactan, arabinan, and two types of arabinogalactan. Galactan is a relatively linear polymer 

of β-(1,4)-D-galactose (Figure 2.1 B). Arabinan has a backbone of α-(1,5)-L-arabinose, branched 

at C2 or C3 with α-L-arabinose monomers and dimers (Figure 2.1 C). Arabinogalactan type I has 

a backbone of β-(1,4)-D-galactose, branched at C3 with α-L-arabinose or arabinan (Figure 2.1 D), 

while arabinogalactan type II has a backbone of β-(1,3)-D-galactose, branched at C6 with polymers 

of β-(1,6)-D-galactose, in turn branched at C3 by L-arabinose (Figure 2.1 E). Some cell wall 

glycoproteins possess arabinogalactan type II as their carbohydrate moiety, and are linked to the 

pectic polysaccharides by the glycosidic bond between this side chain and RGI (L. Tan et al., 2013). 

Several other structures, such as XGA (Schols et al., 1995) and arabinan with galactose-containing 

branches (Yapo, 2011; Yu et al., 2015) have been described as possible side chains in some plant 

materials, giving great complexity and variability to these polysaccharides. 

The number, the length and the branching of these side chains greatly vary among the different 

cell types and during the plant development (Mohnen, 2008; Peña & Carpita, 2004). Experiments 

on the development of plants genetically modified to express RGI degrading enzymes showed that 

altering backbone and arabinans causes severe morphological changes (Oomen et al., 2003), but 

the exact biological roles of RGI remain unclear. 

The amount of galactan seems to be positively correlated to tissue firmness, suggesting a possible 

effect on cell wall porosity, as suggested by a study comparing the mobility of RGI galactan and 

arabinan branches in two apple varieties with different firmness (Ng et al., 2014). Galactan 

branches were more abundant and/or possessing greater structural mobility in the fruits from the 

firmer variety. In both varieties, arabinan side chains had higher mobility than galactan. These 

findings show that the effect of RGI structure on cell wall firmness is not simply due to its physical 

properties, but more likely involves its integration with the rest of the cell wall matrix. 
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Figure 2.1 Common rhamnogalacturonan type I structures. A) Backbone of RGI; B) Galactan sidechain; C) Arabinan sidechain; D) 

Arabinogalactan type I sidechain; E) Arabinogalactan type II sidechain.
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2.3.4. Rhamnogalacturonan type II 

RGII consists of backbones of 8-10 α-(1,4)-D-GalA residues, branched with four side chains whose 

structures are strongly conserved across the plant kingdom (Ridley et al., 2001). The side chains 

include 12 different monosaccharide residues with 20 types of linkage. Six of these sugars are 

rarely found anywhere else in the cell wall. Like RGI, RGII is covalently bound to the other regions 

of the pectic polysaccharides, from which it can be enzymatically released as a free water-soluble 

form. It has been demonstrated that, in the cell wall, RGII exists as a dimeric ester, formed by the 

reaction of two apiose residues with a boron atom. Some evidence indicates that these structures 

may play a role in the structural stability of the cell wall (Funakawa & Miwa, 2015; Kobayashi et 

al., 1996). 

2.4. Cellulose 

Cellulose is a polysaccharide consisting of a linear chain of 100 to more than 15,000 β-(1,4)-D-

glucose units (Zhang & Lynd, 2004). Because of their structure, cellulose molecules can form 

several intermolecular hydrogen bonds with the adjacent polysaccharides, including the RGI 

branches of pectic polysaccharides (Zykwinska et al., 2005), hemicelluloses and other cellulose 

molecules. Therefore, biosynthesized cellulose self-assembles into microfibrils (Heredia et al., 

1995), which are crucial for the cell wall rigidity and the integrity of the plant cell. Plants in the 

family Poaceae (cereals) contain, along with cellulose, other linear and unsubstituted polymers of 

D-glucose, which contain not only the β-(1,4), but also the β-(1,3) linkage. The irregular 

distribution of the two linkage types confers them an amorphous structure, which is water soluble 

and gel-like (Burton & Fincher, 2009).  
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2.5. Hemicelluloses 

Hemicelluloses are a diverse group of polysaccharides characterized by β-(1,4) linked backbones, 

but shorter and without the crystalline characteristics of cellulose. In the cell wall, these polymers 

are associated with cellulose and are at least in part covalently bound to RGI (Brett et al., 2005; 

Popper & Fry, 2008). The depolymerization and the solubilization of hemicelluloses are connected 

to the fruit ripening process (Cutillas-Iturralde et al., 1994; Lahaye et al., 2012). 

The most abundant hemicelluloses in dicotyledons are the xyloglucans (Figure 2.2 A), 

characterized by a backbone of D-glucose residues and branches of α-(1,6)-D-xylose  (Levy & 

Staehelin, 1992), followed by the heteromannans and heteroxylans. Heteromannans include 

glucomannans, with a backbone of D-mannose and D-glucose and short branches (e.g. β-L-

arabinose, α-D-galactose, β-D-galactose-(1,2)-α- D-galactose) linked to the C6 of the mannose 

residues (Schröder et al., 2001; Sims et al., 1997) (Figure 2.2 B) and galactomannans, backbones 

of D-mannose with branches of α-(1,6)-D-galactose (Figure 2.2 C). Heteroxylans have a backbone 

of D-xylose, D-glucuronic acid and other residues, branched with β-(1,2)-D-glucuronic acid and α-

(1→3)-L-arabinose (Figure 2.2 F). The cell wall of cereals is characterized by the abundance of a 

different class of hemicelluloses, the xylans, among which are glucuronoxylans and arabinoxylans. 

The first possess a backbone of D-xylose with branches of β-(1→2)-D-glucuronic acid, which is 

partly methylated on C4 (Rosell & Svensson, 1975) (Figure 2.2 D). Arabinoxylans have the same 

xylose backbone, but present branches of α-(1→3)-L-arabinose (Figure 2.2 E). 

2.6. Cell wall composition of berries of the family Ericaceae 

Berries are fruits that are characterized by their entirely soft pulp. This is due to the fact that the 

few lignified cells that are present do not form a shell in the endocarp around the seeds, but are 

instead scattered (Blaker & Olmstead, 2014). In the ripe fruit, the vascular tissue contains very low 

amounts of lignin, while the remaining tissues are composed only of primary cell walls, without 

lignin. The single-layer epidermal tissue secretes a thin waxy membrane, the cuticle, on the surface 

of the berry (Rosenquist & Morrison, 1988). 

The family Ericaceae comprises of many shrubs and small trees of economic relevance, such as 

the ornamental azalea and rhododendron as well as the edible berries of the genus Vaccinium: 

blueberry, cranberry, bilberry, lingonberry and huckleberry.
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Figure 2.2 Hemicellulose structures. A) Xyloglucan; B) Glucomannan; C) Galactomannan; D) Glucuronoxylan; E) Arabinoxylan; F) 

Heteroxylan.
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Most of the studies concerning cell wall composition of the fruits of Ericaceae were performed on 

blueberries, which are the most widespread cultivated species and on bilberries, which are rarely 

cultivated but are important fruits in Scandinavian cultures. Five blueberry cultivars from two 

species, Vaccinium virgatum (rabbiteye blueberry) and V. corymbosum (highbush blueberry), were 

analyzed to determine their cell wall composition (J. L. Silva et al., 2005); an average of 0.548 g 

of galacturonic acid, indicative of the presence of pectic polysaccharides, per 100 g of fresh fruits 

was reported. 65% of the pectic polysaccharides were alkali soluble polysaccharides (protopectin), 

35% were oxalate soluble (pectic acids) and 4% were water-soluble (pectin). Although both 

species contained equal amount of total pectic polysaccharides, V. virgatum contained more 

protopectin and less pectin than V. corymbosum. Moreover, V. virgatum had a higher fiber content 

than V. corymbosum (17.94% versus 9.66% of dry weight, measured with neutral detergent 

technique), and its fibers had a 37:35:29 lignin: cellulose: hemicellulose ratio, while in the second 

species the ratio was 49:34:17. 

A study on the relation between blueberry ripening and cell wall modifications showed that the 

main change is the solubilization of pectins from protopectin, which happened in the first stage of 

ripening (Vicente et al., 2007). Hemicelluloses were also gradually depolymerized. The fruit’s cell 

wall was found to be rich in xylose and arabinose (50.5% and 30.75% of the non-glucose neutral 

sugars at ripeness), which leads the authors to hypothesize an unusually high presence of xylans. 

The cell wall polysaccharides of V. myrtillus fruits (bilberries) have been characterized as well 

(Hilz et al., 2005). The dry weight of whole berries was 12.4%, and their alcohol insoluble solids 

(AIS) content was 3.8%. AIS, which contained the cell wall polymers, were sequentially extracted 

without breaking the seeds, and the sugar composition of the fractions was analyzed. Half of the 

total galacturonic acid was recovered in the first two fractions (extractions with hot buffer and 

chelating agents) together with arabinose, galactose and, to a lesser extent, glucose, glucuronic 

acid, xylose and rhamnose. In these fractions the molar ratio of arabinose to galactose was close 

to 1, and their ratio with galacturonic acid was about 0.12:1. The degree of acetylation for fraction 

1 and 2 was 2 and 3%, respectively, whereas the degree of methyl esterification was 87% for 

fraction 1 and 77% for fraction 2.  
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Another 15% of galacturonic acid was extracted in fraction 3 (diluted alkali extraction) together 

with a relatively high concentration of the sugars associated to RGI. In this case, the molar ratio 

of arabinose and galactose to uronic residues was 0.29, and the two neutral sugars were equimolar. 

The last extracted fraction (concentrated alkali extraction) contained hemicellulose. In this fraction, 

the content of glucose was found to be much higher than that of xylose. In addition, this fraction 

contained lower amounts of all the characterized sugars. In a later study (Hilz et al., 2007), the 

structure of bilberry xyloglucans was established, identifying the presence of β-xylose branches. 

In the residual fraction, which contained the whole seeds, glucose, xylose and galacturonic acid 

were the major sugars. The majority of total glucose and xylose was found there, due to the poor 

extractability of hemicellulose from the lignified seeds. RGII was quantified in the pectic fractions 

of bilberry, and was estimated to represent 2% w/w of the total polysaccharides contained in AIS 

(Hilz et al., 2006). 

2.7. Cell wall composition of cranberry (Vaccinium macrocarpon) fruit 

A very limited number of studies on the cell wall composition of cranberry fruit is found in the 

literature. Total solids from pressed cranberry puree were characterized in an outdated study 

(Holmes & Rha, 1978). The authors found that upon the subjection of the puree to four 

centrifugations in water all the cell wall components, excluding cellulose, were partially removed 

from the solids with every wash. An unspecified majority of the undetermined total solids (26.2% 

w/w of total dry weight) was reportedly composed of hemicelluloses; the composition of the 

remaining 73.8% was 18.1% cellulose, 15.8% pectin, 2.17% crude proteins, 2.90% crude fat, 

1.33% ash, 0.15% starch and 24.5% of neutral sugars, organic acids and anthocyanins.  

The soluble and insoluble fractions of dietary fiber of canned cranberry sauce have also been 

analyzed (Marlett & Vollendorf, 1994). In the soluble fiber, uronic acids represented 71.4% of the 

dry weight, and the remaining 28.6% of neutral sugars was divided as follows: arabinose 30%, 

glucose 28%, galactose and rhamnose 21%, xylose 11% and mannose 10%. The dry weight 

percentage of insoluble fiber components was 60% neutral sugars, 5% uronic acids and 35% lignin. 

The major neutral sugar was glucose (64%), but the presence of small amounts of the other sugars 

was also detected.  
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More recently, cranberry pomace obtained from the processing of commercial cranberry juice was 

characterized by proximate analysis (Park & Zhao, 2006; White et al., 2010b). In the first study, 

dried pomace had a composition of 85.8% carbohydrates, 8.2% crude protein, 1.2% crude fat and 

0.8% ash. In the second study, the composition of dried pomace was 83% carbohydrates (74.6% 

dietary fiber, 8.4% non-fiber), 2.3% crude protein, 12.6% crude fat and 1.2% ash. The differences 

in values between the two studies can be attributed to a great variability of the material. In fact, 

the composition of fruits from the Ericaceae family has been shown to be highly dependent on 

several factors, including cultivar and ripeness (Silva et al., 2005; Vicente et al., 2007), which are 

hard to assess for industrially produced pomace. 

One work conducted by Stückrath et al., (1998) on three different cultivars of the species (Stevens, 

Ben Lear and Pilgrim) provided a more focused study of cranberry’s pectic polysaccharides. 54-

67% of the pectic polysaccharides were found to be in the protopectin form, while only 10-18% 

were in the high-methoxy pectin form. The degree of methyl esterification was found to be 45-

67% for protopectin and 28-44% for pectin. The degree in total extracted pectin spanned between 

47.7 and 57.5%, depending on the cultivar. 

2.8. Polysaccharide-based functional ingredients 

Several polysaccharides, often in the form of polysaccharide-rich extracts, are added to foods as 

functional ingredients, meaning that their inclusion provides physicochemical or biological 

properties to the product. Starches are mixtures of amylose and amylopectin; they are widely used 

in the food industry for their physical properties. Natural starches from different sources and 

modified starches (e.g. lipophilic starch, de-branched starch) have in fact different texture forming, 

gelling, water retaining and emulsifying qualities (Taggart, 2004). Dietary fiber refers to all the 

organic compounds found in food that are resistant to stomach acidity and digestive enzymes. Most 

of the dietary fiber functional ingredients are polysaccharides. Some are derived from the plant 

cell wall material like modified celluloses, which have several applications such as stabilizers for 

oil in water emulsions (Kolanowski et al., 2004), and arabinoxylans, which may be added to the 

dough to reduce bread staling (Gray & BeMiller, 2003). Others, such as inulin, exudate gums and 

resistant starch are not part of the cell wall. Fructans are lightly sweet but not completely digestible.  
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Therefore they are used as low-calorie sweeteners in certain products, such as low-calorie 

chocolates (Rapaille et al., 1995). Guar gum and inulin are used to partly replace fats in bakery, 

meat and cheese products (Brummel & Lee, 1990). The organoleptic features are not altered by 

these substitutions. 

Fibers of other origins are also mainly composed of polysaccharides: chitin (from fungi and 

crustaceans), alginates (from algae) and xanthan (from Xanthomonas bacteria) (Imeson, 1992). 

Agar and carrageen extracted from algae are employed as jellifying ingredients in puddings, while 

xanthan is commonly used to stabilize the emulsion of industrially produced yoghurt and ice cream. 

Polydextrose is a synthetic polysaccharide functional ingredient, used to increase the viscosity of 

beverages (Auerbach et al., 2012). 

2.8.1. Technological properties of pectic polysaccharides 

Pectic polysaccharides extracts are widely used to increase the viscosity of beverages. Fruit-

derived pectin (from apple and Citrus sp.) is commonly added as a stabilizer in jams (Grigelmo-

Miguel & Martı́n-Belloso, 1999). Soy soluble polysaccharide fraction is a low-viscosity emulsifier 

for acidic beverage emulsions (Yin et al., 2012). Most extracts rich in pectic substances have 

gelling properties. The gelling mechanism of pectic polysaccharides depends on their degrees of 

esterification; if the degree of acetyl esterification is low, the extracts are able to gel in the presence 

of high concentration of sucrose (fractions with more than 50% degree of methyl esterification) or 

calcium ions (fractions with lesser degrees). Extracts containing pectic substances from cranberry 

juice are highly viscous and, at low pH, are able to gel at lower sucrose concentrations (38-41%) 

that pectins from apple and Citrus sp. (Baker & Kneeland, 1936). However, sugar beet pectic 

polysaccharides have many clustered acetyl esterified galacturonic acid residues in their sequence, 

and therefore do not gel (Harris & Smith, 2006). Nevertheless, they are still used as emulsion 

stabilizers and to improve the texture of minced meat products. Pectins can also be chemically 

modified to change their gelling properties; for example, gels made with amidated pectin 

reversibly dissolve when heated (Vithanage et al., 2010).  

2.8.2. Biological properties 

The main biological property of non-starch polysaccharides is their total or partial indigestibility. 

Starch itself can, in several cases, partially resist digestion (resistant starch) (Sajilata et al., 2006).  
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For this reason, in the past they were considered an irrelevant or even negative component of foods, 

since their presence reduces the absorption of other nutrients in the intestine. Since the 1950’s, the 

beneficial effects of a regular intake of dietary fiber have been growingly understood (Brownlee, 

2011). It is now known that fiber has positive effects on the gastrointestinal motility and on the 

population of gut microorganisms (microbiota), which ferment the polysaccharides (Tester & Al-

Ghazzewi, 2013), and pectic polysaccharides have shown to selectively promote the growth of 

beneficial gut bacteria (Tingirikari, 2019). In turn, the presence of a healthy microbiota is required 

for a correct morphology of the intestinal mucosa and the development of gut’s immune system 

(Macpherson & Harris, 2004), two aspects that are compromised in inflammatory bowel disease. 

The positive correlation between dietary fiber consumption and reduced risk of other diseases -

such as type II diabetes, obesity and cardiovascular diseases- which is likely to be microbiota-

mediated, is suggested by some population studies (Hu et al., 2001; Ou et al., 2013; Pietinen et al., 

1996). For these reasons, the fiber content of several food products is deliberately increased with 

polysaccharides. While in cereal products the added fiber is composed of resistant starch and β-

glucans (Yokoyama et al., 1997), dairy products are often enriched with pectic substances, inulin, 

guar gum and carboxymethyl-cellulose. The degree of methyl esterification of the pectic 

polysaccharides may also play a role in their in vivo fermentation by gut bacteria, as shown by in 

vitro studies on isolated bacterial strains (Olano-Martin et al., 2002), in which lower esterification 

corresponded to higher fermentation. 

2.9. Oligosaccharides 

Oligosaccharides (OS) are oligomers of 3-20 glycosyl residues. Their abundance in vivo is much 

lower than the other carbohydrates, as they mostly exist transitorily as intermediates of 

polysaccharide synthesis or catabolism. Because of this, most commercial OS are obtained by 

partial digestion of polysaccharides (xylans, starch, mannans) or glycoproteins with acids or 

enzymes. Such is the case for xylo-OS (XOS), isomalto-OS (IMOS), malto-OS, cyclodextrins, 

gentio-OS and mannan-OS (MOS). Galacto-OS (GOS), lactosucrose and glycosyl-sucrose are 

instead synthetized from disaccharides (lactose or sucrose) by adding glucidic residues to them, 

using enzymatic activities and chemical condensation (Tanaka et al., 1993). Fructo-OS (FOS) are 

obtained either by hydrolyzing fructans or by elongating sucrose; these two methods result in 

slightly different products.  
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Soybean OS, raffinose and stachyose are the only OS functional ingredients directly produced by 

purification of a plant extract (Crittenden & Playne, 1996). Industry produces these OS as mixtures 

with variable degree of polymerization. Depending on the degree of purification, residual 

monosaccharides and polysaccharides may be also present (S. Kim et al., 2003). Table 2.2 

illustrates the source, structure and degree of polymerization of selected OS industrially extracted 

from plants or produced from plant polysaccharides. Raffinose and stachyose are reported as 

separate products, but mixtures of the two are also sold as “soybean OS” (Crittenden & Playne, 

1996). 

2.9.1. Pectic oligosaccharides 

Current research is aiming at the conversion of pectic polysaccharides into pectic oligosaccharides 

(POS) that can be obtained by chemical or enzymatic hydrolysis of pectin-rich products, such as 

sugar beet (Holck, Hjernø, et al., 2011) and wastes obtained by the processing of olives (Lama-

Muñoz et al., 2012), pumpkins (Du et al., 2011), oranges (Martínez Sabajanes et al., 2012) and 

haws (S. Li et al., 2013). Given the complexity of the starting material, the result of chemical 

processes is always a mixture of different OS with various degrees of polymerization. For example, 

while HG is solely converted to oligogalacturonides, RGI yields galacto-OS, arabino-OS and a 

variety of OS with heterogeneous glycosyl residues (Holck et al., 2014). Treatment of cranberry 

hull with a commercial mixture of pectin-degrading enzymes was found to release both pectic 

arabino-OS and xyloglucan fragments (Sun et al., 2015). The structure of these mixtures is 

generally characterized only in terms of degree of polymerization, percentage of acid and neutral 

residues. However, better-defined OS can be obtained by hydrolysis catalyzed by pure enzymatic 

activities (Holck, Hjernø, et al., 2011). The degree of esterification of the OS can be controlled by 

subjecting the pectic polysaccharides to a demethylation pre-treatment (Combo et al., 2013). 

2.9.2. Technological properties 

Several OS are used as functional ingredients. Their intermediate molecular weight makes them 

better viscosity-increasing ingredients than sucrose and better sweeteners than polysaccharides 

(the sweetness ranging from 0.3 to 0.6 times that of sucrose). The inclusion of IMOS in food 

products results in a higher retention of water, with moisturizing effects and simultaneously 

reducing the moisture available to spoiling microorganisms (Nakakuki, 2003). 
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Table 2.2 Selection of oligosaccharides used as functional ingredients, their structure, source and degree of polymerization (DP) 

(Crittenden & Playne, 1996; Greffe et al., 2005; Patel & Goyal, 2011; Tanaka et al., 1993). 

Source Oligosaccharide Structure DP 

Cereal xylans XOS [β-(1→4)-D-Xyl]n 2-9 

Xyloglucans Xyloglucan-OS  [β-(1→4)-D-Glc]n
 a 7-9 

Starches IMOS  [α-(1→6;1→4)-D-Glc]n
 b 2-5 

Malto-OS [α-(1→4)-D-Glc]n 2-7 

Cyclodextrins [-α-(1→4)-D-Glc]n (cyclical) 6-12 

Gentio-OS [β-(1→6)-D-Glc]n 2-5 

Chicory root fructans FOS [β-(1→2)-D-Fru]n ; α-D-Glc-(1→2)-[β-D-Fru-(1→2)]n 2-10 

Sugar beet arabinan Arabino-OS [α-(1→5)-L-Ara]n 3-8 

Soybean Raffinose α-D-Gal-(1→6)-α-D-Glc-(1→2)-β-D-Fru 3 

Stachyose α-D-Gal-(1→6)-α-D-Gal-(1→6)-α-D-Glc-(1→2)-β-D-Fru 4 

a Xyloglucan-OS have α-(1→6)-D-Xyl and β-D-Gal-(1→2)-α-D-Xyl side chains (Fry et al., 1993); 

b IMOS have a branched structure featuring an α-(1→6) backbone.
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OS find also application as cryoprotectants (Auh et al., 1999) and in controlling the heat-induced 

modification of proteins and starch (Zhu et al., 2019). Cyclodextrins, thanks to their ring structure, 

are useful for chelating foul smelling and tasting components and to stabilize reactive compounds, 

such as vitamins and minerals in food formulations (Nakakuki, 2003). While POS are not currently 

used to confer technological properties to food, they exhibit viscosity properties similar to the other 

OS. However, due to their completely different composition, they likely possess unique sweetness 

profiles. Oligogalacturonides and RGI backbone fragments, being polyanionic, could be used to 

form biocompatible films by directed self-assembly with positively charged molecules (Combo et 

al., 2013). 

2.9.3. Biological properties 

Sucrose-derived OS are not fermentable by mouth microorganisms, making them non-cariogenic 

sweeteners. In particular, glycosyl-sucrose and the related maltooligosyl-sucroses (degree of 

polymerization 4-11) reduce the cariogenicity of sucrose by inhibiting specific Streptococcus 

mutans enzymes (Saehu et al., 2013). Like polysaccharides, most of the OS are non-digestible by 

humans, but fermented by microorganisms in the large intestine. The main difference is that most 

polysaccharides indiscriminately favor the growth of beneficial (Bifidobacterium and 

Lactobacillus ssp.), commensal and potentially pathogenic (e.g. Proteobacteria) microorganisms, 

while some OS selectively increase the number of beneficial microbes (prebiotic effect). Among 

these are XOS (Aachary & Prapulla, 2011), GOS (Smiricky-Tjardes et al., 2003), FOS (Howard 

et al., 1995) and IMOS (Kohmoto et al., 1991). Studies have associated inflammatory bowel 

disease to variations in the gut microbiota (Gruber & Haller, 2015). Alterations of the microbiota 

are also related to the occurrence of irritable bowel syndrome, metabolic (including 

cardiovascular) diseases (Burcelin et al., 2015) and colon cancer (Ou et al., 2013), though their 

causal relationship is still unclear. POS are known to possess not only prebiotic properties (Chen 

et al., 2013; Du et al., 2011; Gómez et al., 2014; Olano-Martin et al., 2002) but also antibacterial 

activity against Escherichia coli K-12 (S. Li et al., 2013). POS from orange albedo were shown to 

reduce, in vitro, the invasion of Campylobacter jejuni in the Caco-2 epithelium (Ganan et al., 2010).  
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A phenolic-free, OS-rich extract of cranberry, containing arabino-OS and xyloglucan-derived OS, 

was found to have an anti-biofilm effect on the E. coli strains CFT073 (uropathogenic) and 

MG1655 (non pathogenic) in vitro (Sun et al., 2015). 

2.10. Isolation of polysaccharides from plant cell wall 

In industrial settings, pectic polysaccharides are commonly recovered from plant material using 

hot acid extraction (Liu et al., 2010). At laboratory scale, the method has been successfully 

enhanced with the application of microwaves and ultrasounds. Alternative methods have been 

developed, such as employing enzymes (Matora et al., 1995), compressed hot water (Muñoz-

Almagro et al., 2019; Wang & Lü, 2014), alkali (Ji et al., 2018; Zykwinska et al., 2006), or simply 

by fine wet grinding and sedimentation (Fujio & Furuta, 1989). Hemicelluloses are extractable by 

alkali from plant sources in which they are abundant such as sugarcane (Jayapal et al., 2013). For 

analytical and research purposes, it is often a necessity to separate the plant cell wall in several 

fractions, each containing polysaccharides with specific, non-overlapping properties. A frequently 

used approach to achieve this is the sequential extraction with different aqueous solvents. 

2.10.1. Sequential extraction 

Several alternative designs of sequential extraction of polysaccharides exist. In all cases, the 

sequence of solvents and conditions applied to the plant material is increasingly harsh, as to first 

recover the least strongly interconnected polymers, and progressively the ones that are more 

integrated in the cell wall matrix. Often, the initial dry plant material is pre-treated by suspending 

it in 70% ethanol and removing the supernatant, that contains the smaller compounds from cell 

wall. The precipitate, enriched in cell wall polysaccharides, is referred to as alcohol insoluble 

solids (AIS). A commonly used sequence of solvents is hot weakly acidic buffer or hot water, 

followed by hot chelating agents, followed by diluted and then concentrated alkali and/or acids 

(Coimbra et al., 1994; Hilz et al., 2005; Prabasari et al., 2011; Rozi et al., 2019; Sengkhamparn et 

al., 2009; Vierhuis et al., 2000). Hot buffer and chelating agent extracts contain pectin and pectic 

acids, respectively. Diluted alkali extracts contain the less strongly bound hemicelluloses and of 

protopectin, while concentrated alkali extract the more tightly bound ones. These solvents cannot 

extract cellulose, which accumulates as a final residue.  
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2.10.2. Hot acid extraction of pectin 

In the industrial process, the plant material is extracted once or twice with a mineral acid solution 

at pH 2 and 70-90 °C. The extraction time varies according to the starting material and the desired 

quality of the extracted pectin (longer times cause greater de-esterification). The solution is then 

separated by filtration, and pectin is purified by precipitation with ethanol, isopropanol or 

aluminum chloride (Joye & Luzio, 2000). In small scale experiments, different conditions are 

usually explored in order to optimize the extraction of specific polysaccharides from a given source 

(Liu et al., 2010). 

2.10.3. Microwave-assisted process 

Exposing a homogenous water-based mixture to microwaves allows for a rapid and even heating, 

which accelerates acid and alkaline hydrolysis reactions. Various setups using this technique for 

pectin extraction have been tested on various plant materials. For example, orange albedo was 

suspended in hydrochloric acid, directly heated with microwave and filtered, repeating the process 

up to three times (Fishman et al., 1999); pumpkin powder was first treated for 1 hour with acid, 

then heated one single time with microwave and filtered (Yoo et al., 2012). It is also possible, by 

modulating the reaction conditions, to obtain extracts enriched with specific polysaccharides; such 

an approach was used in the extraction of RGI-rich fractions from potato cell wall material. Potato 

was suspended in potassium hydroxide, heated with microwaves, filtered and dialyzed (Khodaei 

et al., 2016). 

2.10.4. Ultrasound-assisted process 

The use of ultrasounds to generate localized cavitation in the water- or solvent-swollen plant 

material, thus breaking the cell wall and facilitating the solubilization of polysaccharides, has been 

explored since the ‘90s (Ebringerová & Hromádková, 2010). Recent examples include the 

extraction of polysaccharides from mulberry leaves (Ying et al., 2011), litchi seeds (Chen et al., 

2011) and seaweeds (Alboofetileh et al., 2019; Vázquez-Rodríguez et al., 2020). 

2.10.5. Enzymatic extraction of pectic polysaccharides 

Among the many cell wall-degrading enzymes, the ones that can be used for the recovery of 

polysaccharides are those catalyzing their partial hydrolysis, thus releasing them from the matrix.  
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Examples are cellulase (EC 3.2.1.4), hemicellulose-degrading enzymes (mannan endo-1,4-β-

mannosidase EC 3.2.1.78; endo-1,4-β-xylanase EC 3.2.1.8), HG-degrading enzymes 

(polygalacturonase EC 3.2.1.15; pectate lyase EC 4.2.2.2; pectin lyase EC 4.2.2.10) and RG I-

degrading enzymes (rhamnogalacturonan hydrolase EC 3.2.1.171; endo-α-1,5-L-arabinanase EC 

3.2.1.99; arabinogalactan endo-β-1,4-D-galactanase EC 3.2.1.89; endo-β-1,3-D-galactanase EC 

3.2.1.181). If the target of the extraction is to recover pectic polysaccharides, enzymes can be used 

for the hydrolysis of protopectin leading to the generation of water-soluble pectin. For example, 

the extraction of pectin from lemon pomace was carried out using endo-polygalacturonase from 

Aspergillus niger (Contreras-Esquivel et al., 2006). However, the presence of non-pectic 

polysaccharides may interfere with the extraction both by posing a physical limitation to the 

enzymatic activity and by being bound to the otherwise soluble fragments; one approach to 

overcome this issue is to hydrolyze the non-pectic polysaccharides as well. Viscozyme L, a 

commercial enzyme mixture, which contains pectin-degrading and β-glucosidase activities, was 

used to recover pectin from Citrus junos (Lim et al., 2012). Pectin was also extracted from 

pumpkin and sugar beet pulp using the supernatant of a non-pathogenic Bacillus polymyxa culture, 

whose growth conditions were selected in order to minimize the secretion of pectin-degrading 

enzymes (Matora et al., 1995). Lastly, it is possible to solely focus on the degradation of the non-

pectic components of the cell wall, successively recovering pectic substances by alcohol 

precipitation. A pectin yield of 6.85% from rapeseed (Brassica napus) press cake was obtained, 

using a one-pot hydrolysis with fungal cellulase and Bacillus licheniformis protease (Jeong et al., 

2014). 

2.11. Generation of oligosaccharides from plant cell wall 

Soybean OS can be directly isolated from the by-products of the preparation of protein 

concentrates (Crittenden & Playne, 1996), soymilk (Wu et al., 2012) or other soy products (Wang 

et al., 2012). They are generally purified by centrifugation, acid extraction and ultrafiltration, 

though the conditions can vary depending on the prior passages that the raw beans undergo. The 

other OS obtained from plant cell walls are derived from polysaccharides via enzymatic or 

chemical hydrolysis, followed in some cases by enzymatic transglycosylation.  
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2.11.1. Enzymatic approaches 

One way to produce commercial FOS is by the endo-hydrolysis of inulin, a storage polysaccharide 

of which chicory is rich, by inulinase (EC 3.2.1.7). Another method for the production of 

commercial FOS with similar results involves the use of the chicory enzyme fructan:fructan 

fructosyl transferase (EC 2.4.1.100), which transfers fructose residues from inulin to a starting 

fructose solution (Van den Ende et al., 1996). Malto-OS are obtained from starch by the combined 

action of a debranching enzyme (isoamylase EC 3.2.1.68 or pullulanase EC 3.2.1.41) and α-

amylase (EC 3.2.1.1). Maltoolygosyl-sucroses, malto-OS with a terminal fructose, can be 

produced by adding sucrose to the partly hydrolyzed starch using transglycosylating enzymes 

(Saehu et al., 2013). In the industrial production of isomalto-OS, starch is sequentially 

depolymerized to maltose by α-amylase and β-amylase (EC 3.2.1.2). Then, maltose becomes the 

donor and acceptor of glucose residues for the transglycosylation activity of α-glucosidase (EC 

3.2.1.20). An alternative last step is using dextransucrase (EC 2.4.1.5) from Leuconostoc 

mesenteroides, which requires the addition of sucrose as glucose donor (Rabelo et al., 2009). 

Cyclodextrins are produced from starch by controlled hydrolysis with debranching enzymes, 

followed by the enzymatic cyclization performed by bacterial cyclomaltodextrin 

glucanotransferase (EC 2.4.1.19) from the genus Bacillus (Biwer et al., 2002; Davis & Higson, 

2011). All the orthologs produce cyclodextrins with a range of degrees of polymerization, the most 

common ones being 6, 7 and 8. The conversion of xylans to XOS is achieved with endo-1,4-β-

xylanase (Akpinar et al., 2007; Jayapal et al., 2013). 

POS can be obtained by treating plant cell wall materials rich in pectic polysaccharides, such as 

orange peel wastes (Li et al., 2016), with multi-enzymatic biocatalysts, including pectinases, 

cellulase and hemicellulases. It is also possible through the sequential application of specific 

enzymes to obtain well-defined POS from AIS. The following sequence [pectin lyase (EC 

4.2.2.10) → RG I-debranching enzymes (β-galactosidase, EC 3.2.1.23; endo-1,4-β-galactanase, 

EC 3.2.1.89; endo-α-arabinanase EC 3.2.1.99; α-arabinofuranosidase EC 3.2.1.55) → 

rhamnogalacturonase I lyase, EC 4.2.2.23)], with each step followed by membrane filtration, was 

used by Holck et al. (2011) to recover the OS.  
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2.11.2. Non-enzymatic processes 

The xylans found in ligno-cellulosic materials can be degraded to soluble XOS by treatment with 

acidic hot water or steam (auto-hydrolysis) without affecting the other cell wall constituents 

(Nabarlatz et al., 2005; Reis et al., 2003; Samanta et al., 2012). Xyloglucan-OS can be obtained 

by exposing xyloglucan to sonication (Vodenicarova et al., 2006). 

2.12. Effects of enzymatic reaction parameters on oligosaccharide generation 

In general, the enzymatic conversion of cell wall materials to OS is limited by their scarce 

solubility. Temperature, pH, enzyme and substrate concentration, as well as reaction time also 

influence the reaction outcome in terms of yield and characteristics of the products. 

In a work on the batch production of XOS by endoxylanase from Aspergillus oryzae, it was found 

that at concentrations greater than 6% (w/v), alkali-pretreated corn cob was partly insoluble, but 

optimization of  the reaction parameters allowed for high yields (81%) (Aachary & Prapulla, 2009). 

A potential solution to the solubility problem is adsorbing the enzyme on the substrate. This 

approach was attempted by incubating mixtures with varied amounts of bacterial xylanase and 

wheat straw at 4 °C (Zilliox & Debeire, 1998). Only a small fraction of the enzyme leached during 

the first of the five hours of reaction at 60 °C, and the highest yield (11%) was achieved with the 

use of 300 µg of enzyme per g of straw. 

2.13. Strategies for the esterification of poly- and oligosaccharides 

The physicochemical and biological properties of polysaccharides and OS can be modified to 

increase the range of their applications. Common approaches include the amidation of pectin, 

obtained by the reaction of ammonia with the carboxylic acids of galacturonic acid residues, that 

can reduce its solubility (Reitsma et al., 1986; Vithanage et al., 2010). Cellulose esters, such as 

acetate and nitrate, have improved solubility in water and find applications in the synthesis of 

membranes and films (Voicu et al., 2016). Esterified polysaccharides also occur in nature; in 

addition to the methyl and acetyl esterification of pectic polysaccharides mentioned in paragraph 

2.3, esterification with ferulic acid, a phenolic compound, is also found in the arabinoxylans of 

cereals and in the neutral side chains of the pectic polysaccharides of plants (Ralet et al., 1994).  
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Some of these feruloylated residues were identified as 5-O-feruloyl-L-arabinose, 2-O-feruloyl-L-

arabinose and 6-O-feruloyl-D-galactose (Colquhoun et al., 1994). 

2.13.1. Feruloylation 

The esterification of polysaccharides and OS can be achieved by the chemical synthesis and by the 

enzymatic catalysis. An example of chemically feruloylated polysaccharide is starch, which after 

reaction with ferulic acid chloride in acid dimethyl sulfoxide showed an increase in water-holding, 

reduced viscosity and improved resistance to retrogradation (Ou et al., 2001). Enzymatic synthesis 

of feruloylated mono- and oligosaccharides has been reported. A ferulic acid transferase and an 

arabinoxylan trisaccharide extracted from Oryza sativa were mixed with chemically synthesized 

feruloyl-CoA to obtain the ester (Yoshida-Shimokawa et al., 2001) in a reaction performed at 30 °C 

for 12 h in phosphate buffer at pH of 6. The transesterification activity of type C feruloyl esterase 

from Myceliophthora thermophila was used to convert methyl ferulate into 5-O-feruloyl-L-

arabinose in presence of a microemulsion of aqueous buffer in organic solvent, prepared by mixing 

of  n-hexane, t-butanol and buffer piperazine-hydrochloride (20 mM, pH of 6) in various 

proportions (Topakas et al., 2005). The same approach was applied to obtaining arabinose 

disaccharides and short OS mono-feruloylated at the nonreducing end (Vafiadi et al., 2007). In 

acetonitrile and methyl isobutyl ketone, the commercial enzyme mixture Lipolase 100T showed 

transesterification activity that was employed to feruloylate methyl-α-L-arabinofuranose and 

methyl-β-D-glucopyranose, using vinyl ferulate as donor (Mastihubová et al., 2006). Recently, 

feruloyl esterase from Humicola insolens, immobilized on various supports, was successfully 

utilized for the feruloylation of raffinose and XOS in microemulsions of water in n-hexane and 2-

butanone (Tamayo-Cabezas & Karboune, 2019). In the tested conditions, it was found that the type 

of support affected the esterification activity of the enzyme, and porous epoxy-activated supports 

modified with iminodiacetic acid were found to allow good immobilization yield and enzymatic 

activity. 

2.13.2. Esterification with fatty acids 

The esterification of oligosaccharides with fatty acids results in amphiphilic molecules that have 

found applications as surfactant ingredients in the formulation of food, drugs and cosmetic 

products (Allen & Tao, 1999).  
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Some of these compounds also show antibacterial properties (Devulapalle et al., 2004; Smith et 

al., 2008). Fatty acid esters of carbohydrates can be produced with a variety of chemical methods, 

such as condensation in pyridine, used to esterify sucrose (Hass, 1968), or protective group 

chemistry (Smith et al., 2008). In organic solvents, several bacterial lipases and proteases 

thermolysin and subtilisin Carlsberg (Lee et al., 2007; Pérez-Victoria & Morales, 2006, 2007; Plou 

et al., 2002) display a transesterification activity that has been employed to obtain acylated di- and 

trisaccharides. In some cases, a high regioselectivity is also observed. 

2.14. Structural characterization of polysaccharides and oligosaccharides 

The structure of polymeric sugars has great variability among species, tissues and growth stages. 

Cell wall extracts contain several different poly- and oligosaccharides. The determination of the 

overall composition (neutral sugar residues, uronic acid residues, degrees of acetyl and methyl 

esterification) of such mixtures is commonly performed with colorimetric and chromatographic 

methods (Hilz et al., 2005; Vierhuis et al., 2000). However, to identify a poly- or oligosaccharide, 

the sequence of its residues and the type of glycosidic bonds must be identified. The experimental 

approach to do so consists in the further purification of the cell wall extracts, with chromatography 

or further extraction, followed by the controlled partial digestion and chromatographic separation 

of the fragments (Hilz et al., 2007; Reis et al., 2003). The OS-containing fractions can then be 

analyzed with mass spectroscopy (MS) and nuclear magnetic resonance (NMR). 

2.14.1. High-Performance Liquid Chromatography 

High-Performance Liquid Chromatography (HPLC) methods allow for the simultaneous 

characterization of a polysaccharide mixture and its separation in fractions with similar molecular 

size, polarity or partition coefficient, depending on the type of resin used. For example, uronic 

acid-containing carbohydrates can be separated with anion exchange columns (Khodaei & 

Karboune, 2013; Massiot, 1994). The High-Performance Anion Exchange Chromatography 

(HPAEC) setup consists of an anion exchange column in which the polysaccharide or OS mixture 

is loaded under strong alkaline conditions, so that all the monosaccharidic residues are ionized. 

The column is then eluted under high pressure with a sodium hydroxide gradient, separating the 

ionized sugars based on their charge.  
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HPAEC is usually coupled with a pulsed amperometric detector (PAD) (Coulier et al., 2013; 

Mazumder et al., 2005; Vierhuis et al., 2001), which measures the concentration of sugars as 

function of the current produced by their electrochemical re-oxidation to the neutral form. This 

system is suited for the detection of carbohydrates at very low concentrations. Columns packed 

with polymethacrylate beads are used for the size exclusion separation of water-soluble 

polysaccharides and OS (Deery et al., 2001; Saehu et al., 2013; Vandevelde & Fenyo, 1985); since 

carbohydrates possess low light absorbance, their detection in the eluate is commonly performed 

by refractive index (RI) detector. 

2.14.2. Mass spectrometry 

Electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) are the two 

most useful ionization techniques for the characterization of polymeric sugars by MS, because 

they do not require vaporization of the analyzed compounds and allow the formation of large 

molecular ions (Garozzo et al., 1999; Mazumder et al., 2005; Peng et al., 2012; Reis et al., 2003). 

These techniques are however only applicable to OS and short polysaccharides, therefore longer 

chains must be chemically or enzymatically hydrolyzed to OS fragments. Tandem mass 

spectrometry approaches, thanks to the fragmentation of the ions (generally achieved by collision-

induced dissociation), can be used to determine the structure of the OS and the presence of 

acetylation (Hilz et al., 2007). 

An alternative approach for structure determination is derivatizing the free hydroxylic groups of 

the OS to methyl esters, hydrolyzing to monosaccharides and further protecting the newly exposed 

hydroxyl groups with 1-phenyl-3-methyl-5-pyrazolone (PMP). The obtained monosaccharides can 

then be detected by liquid chromatography-MS to reconstruct the presence of the different linkages 

from the amount and position of the derivatizations (Galermo et al., 2018; Xu et al., 2018). 

2.14.3. Nuclear Magnetic Resonance 

Plant cell wall polysaccharides and the derived OS are almost exclusively composed of carbon, 

hydrogen and oxygen atoms. Therefore, the NMR spectra of 1H and 13C of a pure compound can 

theoretically provide enough information to elucidate its structure, including the anomeric 

configuration of the glycosidic bonds and the sequence of glycosyl residues (Rana et al., 2009).  
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However, in the normal range of energy of NMR spectroscopy, the peaks from repeated residues 

overlap, introducing uncertainty in the interpretation of the result (Duus et al., 2000). To overcome 

this limitation, 2D NMR techniques, such as correlation spectroscopy (Sims et al., 1997) and 

Nuclear Overhauser Effect spectroscopy (NOESY) have been employed. Homonuclear correlation 

spectra (COSY and TOCSY) favor the complete assignment of the 1H-NMR peaks by showing the 

presence of coupled atoms as easily distinguishable peaks in a 2D chart, rather than as multiple 

peaks. Similarly, heteronuclear single-quantum correlation spectra (HSQC) clarify the 13C-NMR 

peaks. Long-range correlation techniques, such as NOESY and heteronuclear multiple-bond 

correlation (HMBC), are useful in determining the sequence of glycosyl residues (Chandra et al., 

2009; B. Li et al., 2013). 

2.15. Evaluation of prebiotic effect 

The determination of the fermentation that a polysaccharide or OS undergoes in the human gut is 

challenging for two reasons. Firstly, in vivo experiments are invasive, and thus are performed on 

model animals (Smiricky-Tjardes et al., 2003), giving results that are not applicable to humans. 

Secondly, the in vitro alternatives, which are much easier to perform, cannot screen the 

fermentation capacity of the whole microbiota because many of the microorganisms that compose 

it are not cultivable. In vitro experiments also completely ignore the modulation of bacterial 

activity that results from the interactions between gut tissues and microbiota. Nevertheless, in 

many cases the assays for prebiotic activity rely on in vitro observations. In addition to these 

experiments, the carbohydrate can be exposed to artificial human gastric juice and human 

hydrolytic enzymes to study its eventual modifications during its transit in the digestive system 

(Du et al., 2011). 

2.15.1. Fermentation by isolated strains 

In this setup, the prebiotic properties of the non-digestible carbohydrate are assessed as differential 

fermentation by beneficial, commensal or pathogenic monoclonal strains of gut microorganisms 

(Van Laere et al., 2000). Alternatively, the fermentation of the carbohydrate and of known 

prebiotics by one (Du et al., 2011) or more (Bao Yang et al., 2011) beneficial bacterial strains can 

be compared.  
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In general, the selected strains are grown in anaerobic conditions at 37 °C to simulate the human 

intestine, in a sugar-free liquid terrain to which the carbohydrate whose prebiotic properties are to 

be evaluated is added as the sole carbon source. The fermentation can be monitored either by 

bacterial growth, that can be measured by colony count on selective solid media or by optical 

density of the liquid culture, or by the quantification of selected fermentation by-products, such as 

short chain fatty acids (Manderson et al., 2005). 

2.15.2. Fermentation by fecal inoculum 

These experiments aim at a better representation of the gut microbiota with its interspecific 

interactions, by incubating human fecal matter in a batch fermenter with rich growth medium under 

anaerobic conditions. While the fecal inoculum is unlikely to possess all the microbial strains 

found in the gut, it can be expected to contain the beneficial Bifidobacteria and Lactobacilli, and 

the commensal Clostridia and Bacteroides (J. Chen et al., 2013). At given times, aliquots of the 

fermentation medium are taken and analyzed. The colony forming units of bacteria from the cited 

genera are counted by plating them on selective solid media, so to assess whether the added 

compound selectively favors the growth of beneficial strains. The short-chain fatty acids (SCFA), 

such as butyric acid, propionic acid and caproic acid, are the main products of bacterial 

fermentation. Their presence and ratio can be measured by gas chromatography (Rehman et al., 

2008) and changes in their composition are an indicator of alterations in the microbial population, 

some of which are impossible to detect by plating.
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CONNECTING STATEMENT 1 

 

In the literature review, presented in Chapter II, the structural features and functional properties of 

cell wall polysaccharides and oligosaccharides are discussed. The characterization of cranberry 

pomace composition and its cell wall material, together with the assessment of two approaches for 

the extraction of oligosaccharide from it, are reported in Chapter III. Proximate analysis and dietary 

fiber quantification were performed on cranberry pomace by-product from industrial juice 

production. The monosaccharide profile of the fiber, which consisted primarily of carbohydrates, 

was determined by high performance anion exchange chromatography. Microwave-assisted 

alkaline extraction and treatment with commercial pure and multi-enzymatic hydrolases were 

applied to the pomace and the extracted oligosaccharides were characterized in terms of molecular 

weight and composition. The effect of different pomace particle sizes on the yield and composition 

of the extract generated by the multi-enzymatic catalyst Depol™ 740L were compared. 

 

The results from this study were presented at the 2016 IFT Annual Meeting & Food Expo-The 

Institute of Food Technologists and submitted to a scientific journal. 

 

Spadoni Andreani, E. & Karboune, S. (2020). Comparison of Enzymatic and Microwave-Assisted 

Alkaline Extraction Approaches for the Generation of Oligosaccharides from American Cranberry 

(Vaccinium macrocarpon) Pomace. Journal of Food Science 85, 2443-2451. 
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CHAPTER III. COMPARISON OF ENZYMATIC AND MICROWAVE-

ASSISTED ALKALINE EXTRACTION APPROACHES FOR THE 

GENERATION OF OLIGOSACCHARIDES FROM AMERICAN CRANBERRY 

(VACCINIUM MACROCARPON) POMACE 
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3.1. Abstract 

Cranberry pomace obtained from industrial juice production was characterized by proximate 

composition analysis and monosaccharide profile of the dietary fiber. Extraction of carbohydrates 

from pomace was investigated using microwave-assisted alkaline method and five commercial 

biocatalysts (pure endo-galactanase and four multienzyme biocatalysts). The extracts obtained 

from microwave-assisted approach had average total sugars yield of 21.3% and contained mostly 

oligosaccharides in the degree of polymerization range of 7-10. All multienzyme biocatalysts led 

to yields similar or higher than microwave-assisted approach (23.4-42.0%), but mainly generated 

shorter oligosaccharides with a degree of polymerization of 2 to 5. Compared to cranberry pomace 

dietary fiber, microwave-assisted extracts were enriched in pectic oligosaccharides, while the 

enzymatic extracts were enriched in glucans and had less rhamnose and galactose. Pomace ground 

for 5 min or more by ball mill assumed a powdery consistence. Longer milling didn’t affect particle 

size but increased their roughness. Such physical changes had no effect on the efficiency of multi-

enzymatic treatment. 

3.2. Introduction 

The physical and biological properties of naturally occurring plant cell wall polysaccharides and 

their corresponding oligosaccharides have been of a great interest, and many of them find 

application as functional food ingredients. For instance, pectic polysaccharides are widely used as 

gelling agents and emulsion stabilizers (Jiang & Du, 2017; A. G. J. Voragen et al., 2009), and can 

be added in foods as a non-digestible fraction (dietary fiber) to increase the satiating effect with a 

minimal contribution to the calorie count. A diet rich in fiber has also been positively correlated 

to gastro-intestinal health (Brownlee, 2011; Cui et al., 2019). Furthermore, non-digestible 

oligosaccharides as prebiotics can promote the intestinal health by stimulating the growth of 

beneficial bacteria in the gut (Smiricky-Tjardes et al., 2003), reducing the risk of colon cancer 

(Olano-Martin et al., 2003) and inhibiting the invasion of pathogenic bacteria in intestinal 

epithelium models (Ganan et al., 2010; E. Li et al., 2019), while being low-cariogenic sweeteners 

(Saehu et al., 2013), and promoters of mineral absorption (Cashman, 2006). Consequently, there 

is a great interest in the generation of non-digestible oligosaccharides from new sources with 

improved prebiotic activity and other physiological properties.  
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Pectic polysaccharides have been identified as potential sources for the production of selected 

prebiotics, such as galactooligosaccharides, arabinooligosaccharides and 

galacturonoligosaccharides (Al-Tamimi et al., 2006; Di et al., 2017; Olano-Martin et al., 2002; 

Silk et al., 2009; Vigsnæs et al., 2011). 

Conventionally, pectic polysaccharides are isolated from food processing by-products, whose 

main fraction is composed of plant cell wall (Heredia et al., 1995). Despite the fact that pectic 

polysaccharides are present in the majority of plant cells, apple pomace and citrus fruit peel are 

the main sources used for their extraction at commercial scale (P. Srivastava & Malviya, 2011). 

Other plant cell-rich by-products are used as animal feed, incinerated or directly disposed in 

landfills. There is an increasing demand for the effective use of the plant cell-rich by-products as 

a source of functional ingredients. This is the perspective in which previous works from our 

research group were conducted on potato cell wall (Khodaei & Karboune, 2013), using the 

microwave-assisted and the enzymatic extraction approaches. 

Cranberry (Vaccinium macrocarpon) is a small perennial shrub of the family Ericaceae endemic 

to temperate areas in the east of North America, where nearly 90% of the cultivated plants is 

currently grown. The edible fruits, produced annually, are red ovoid berries with a bitter and 

astringent taste. Cranberry global annual production exceeds that of blueberry (Food and 

Agriculture Organization of the United Nations 2017), and 95% of the harvested fruits are 

processed into jams, sauces and juice (USDA - National Agricultural Statistics Service, 2017). 

Cranberry juice and blends containing it are popular beverages consumed worldwide, especially 

after the rise in popularity of the fruit as health-promoting food (Hancock et al., 2007). A number 

of studies have characterized the cell wall components of cranberry and Vaccinium genus fruits 

(Deng et al., 2013; Fan et al., 2010; Gouw et al., 2017; Hilz et al., 2005; Park & Zhao, 2006; Ross 

et al., 2015), revealing the presence of pectic polysaccharides in amounts comparable to those 

present in apple pulp (10-15% of dry weight) (Rolin, 1993). Despite the fact that the cranberry 

pomace is rich in plant cell polysaccharides, it has been mainly explored as a source of phenolic 

antioxidants (Jara-Palacios et al., 2019). Indeed, the health-promoting effects of the cranberry were 

the subjects of extensive studies focused on its phenolic constituents (Caillet et al., 2012, 2011; 

Lacombe et al., 2010; Parry et al., 2006).  
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However, Sun et al. (2015) have demonstrated that in addition to the anti-infective properties of 

cranberry proanthocyanidins and other polyphenols, oligosaccharide components in cranberry 

exhibited an anti-biofilm effect against Escherichia coli biofilm. Owing to the fact that 

conventional extraction can lead to the use of large amount of solvents, energy, time and generation 

of carbon footprints, there has been an increased focus on green technologies for extraction of 

functional ingredients (Khodaei et al., 2016; Mtetwa et al., 2020; Petkova et al., 2017). The present 

work is aimed at the extraction of cell wall carbohydrates (e.g. pectic oligo/polysaccharides) from 

cranberry pomace obtained from industrial juice production using the microwave-assisted alkaline 

extraction and the enzymatic approaches. Two power levels and two alkali molarities were tested 

for microwave-assisted extraction, while five different biocatalysts were tested for the enzymatic 

extraction. The effects of these extraction techniques on the yield and the characteristics of pectic 

compounds were discussed. 

3.3. Materials and methods 

3.3.1. Materials 

Cranberry pomace was provided by Atoka Cranberries Inc., Manseau, QC, Canada and stored at -

20 °C. Depol™ 740L and 670L were provided from Biocatalysts Ltd., Cardiff, UK. Pectic arabinan 

and endo-galactanase were purchased from Megazyme Ltd., Bray, Ireland. Viscozyme® L, 

Pectinex® Ultra SPL, endo-polygalacturonase, and the analytical grade reagents were from Sigma-

Aldrich Co., St. Louis, MO, USA. 

3.3.2. Preparation of cranberry pomace 

Cranberry pomace was blended for 40 seconds with a Model 7011C commercial blender (Conair 

corporation, Stamford, CT, USA) and transferred into a crystallizing dish. Pomace was dried for 

18 h at 70 °C in vacuum oven. Blended cranberry pomace was obtained by blending again the 

dried pomace. Sieved cranberry pomace was obtained by cycles of blending for 40 seconds 

followed by sieving through a #16 mesh (1.18 mm) sieve. Milled cranberry pomace was obtained 

from dried pomace by milling with a MM400 steel ball mixer mill (Retsch GmbH, Haan, 

Germany). At each cycle, the miller was loaded with 0.5 g of pomace and operated at 28 Hz. 

Multiple cycles were run in order to prepare the needed amounts of sieved and of milled pomace. 

The obtained pomaces were stored at 4 °C in sealed bottles.
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3.3.3. Scanning electron microscopy analysis 

The particle size and microscopic structure of blended cranberry pomace and of milled cranberry 

pomace obtained upon four milling times (1, 5, 15 and 30 min) were characterized with a TM3000 

Benchtop scanning electron microscope (Hitachi Ltd., Tokyo, Japan). 

3.3.4. Proximate composition analysis of cranberry pomace 

Moisture content of cranberry pomace was determined with a variation of AOAC method 927.05 

by drying for 18 h at 70 °C in vacuum oven. Total fat content of sieved cranberry pomace was 

determined using a modified AOAC method 945.16 (Soxhlet extraction of 1 g with 150 ml 

petroleum ether for 6 h). Ash content was measured by AOAC method 942.05, charring 2 g of 

sieved cranberry pomace for 30 min, followed by incineration in muffle furnace (5 h at 525 °C). 

Crude protein content was determined on 0.1 g of sieved cranberry pomace by Dumas method 

(Saint-Denis & Goupy, 2004) with a FP 628 analyser (LECO Corporation, St Joseph, MI, USA). 

Dietary fiber content was determined on 1 g of sieved cranberry pomace using the total dietary 

fiber assay kit (Sigma-Aldrich Co., USA) with a variation of the AOAC method 985.29 (Latimer, 

2016), in which α-amylase, protease and amyloglucosidase activities were used to digest the 

starting material. The remaining fiber was precipitated with ethanol, washed with ethanol and 

acetone, filtered and, once dry, its protein and ash content were determined and subtracted from 

the dry weight. All analyses were performed in triplicate. Part of the dry fiber residue recovered 

after filtration was stored at room temperature in desiccator. 

3.3.5. Microwave-assisted extraction 

A sample of sieved cranberry pomace was placed in a Pyrex extraction chamber and suspended in 

KOH (0.25 M or 0.5 M) solution to reach a ratio of 1:90 (w/v). The microwave-assisted alkaline 

extraction was performed at 85 W/g or 242 W/g for 8 min with a Synthewave 402 microwave 

reactor (Prolabo Co., Paris, France). Immediately after the irradiation the supernatants were 

recovered by vacuum filtration on Whatman® 47 mm GF/D glass microfiber (GE Healthcare Life 

Sciences, Marlborough, MA, USA) and brought to pH 7 from their alkaline pH (13.3 and 13.6 for 

respectively 0.25 M and 0.5 M KOH) with approximately 6 ml of 1.2 M HCl. Equal volumes of 

extracts obtained by microwave-assisted alkaline extraction and anhydrous ethanol were mixed.  
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After 45 h, the mixtures were centrifuged for 25 min at 20,000 ×g with an Avanti J-25I centrifuge 

(Beckman Coulter Inc., Brea, CA, USA) at 4 °C. The precipitates, representing oligo- and 

polysaccharides, were collected and freeze-dried. 

3.3.6. Enzymatic extraction 

Enzymatic extractions were performed using commercial enzyme endo-galactanase and multi-

enzymatic biocatalysts (Viscozyme® L, Depol™ 740L, Depol™ 670L and Pectinex® Ultra SPL). 

The enzymes were dissolved in sodium acetate buffer (10 mM; pH 5.5) to yield 2 U of enzymatic 

activity per ml of reaction (for the multi-enzymatic biocatalysts, 2 U/ml of arabinanase activity, 

determined on pectic arabinan by DNS reducing sugar method). Then, 5% w/v of sieved cranberry 

pomace was added to the solutions in order to yield a ratio of 40 U per gram of pomace. The 

reaction mixtures were incubated for 48 h at 35 °C under shaking at 200 rpm in an Excella E24 

incubator (New Brunswick Scientific, Edison, NJ, USA). The reactions with Viscozyme® L, 

Depol™ 740L and Pectinex® Ultra SPL were monitored at selected times (0, 4, 8, 14, 24, 36 and 

48 h) by taking 2 ml aliquots. Enzymes were deactivated by boiling in water bath for 5 min. The 

reaction mixtures were then centrifuged for 10 min at 14500 rpm in a Minispin Plus 

microcentrifuge (Eppendorf AG, Hamburg, Germany) to recover the supernatants, that were stored 

at -80 °C for the analysis. 

3.3.7. Effect of pomace morphology on enzymatic extraction 

To assess the effect of pomace morphology, the cranberry pomace was investigated as blended, 

sieved and milled. The enzymatic extraction was initiated by adding 5.5% (w/v) of cranberry 

pomace to a solution of Depol™ 740L solution (1.1 U/ml reaction) in sodium acetate buffer (10 

mM; pH 5.5). The mixtures were incubated at 35 °C for 4.5 h, under an agitation of 200 rpm in an 

Excella E24 incubator (New Brunswick Scientific, USA). Reactions were stopped by boiling in 

water bath for 5 min. Supernatants were collected after centrifugation for 10 min at 14500 rpm. 

Enzymatic extractions were performed in triplicate.  
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3.3.8. Determination of total neutral sugars and uronic acid contents 

Uronic acid content was measured by sulphamate/m-hydroxydiphenyl assay (Blumenkrantz & 

Asboe-Hansen, 1973). The phenol–sulphuric acid colorimetric assay was used for the 

determination of neutral sugar content (DuBois et al., 1956). 

3.3.9. Monosaccharide profile 

Sieved cranberry pomace, cranberry pomace fiber, the recovered extracts and precipitates were 

subjected to acid hydrolysis according to the method of Khodaei and Karboune (2013). Briefly, 1 

ml of a mixture of 37% HCl/methanol (1:4 v/v) was added to the sample (200 μl of liquid extract, 

or 5% (w/v) of solid in water). The mixtures were incubated at 70 °C for 24 h and dried by heating 

in water bath. To complete hydrolysis, 3 ml of water and 1 ml of trifluoroacetic acid were added 

and heated at 100 °C for 1 h. After evaporating the trifluoroacetic acid the samples were neutralized 

with NaOH and centrifuged at 8,000 rpm for 5 min. The supernatants (0.02 ml) were analyzed by 

high performance anion exchange chromatography (HPAEC) on a Dionex ICS 3000 system 

equipped with pulsed amperometric detection using a Carbopac PA-20 column (Dionex Co., 

Sunnyvale, CA, USA) at a temperature of 30 ºC. Mobile phase was 5 mM NaOH at flow rate of 

0.4 ml/min. Rhamnose, arabinose, glucose, xylose, galactose, and mannose were used at varying 

concentrations as standards. 

3.3.10. Molecular weight distribution 

A high-performance size-exclusion chromatography (HPSEC) system (Model 1525 binary HPLC 

pump, equipped with a Model 2414 refractive index detector, Waters Co., Milford, MA, USA) 

was used to estimate the molecular weight distribution of the carbohydrates. For polysaccharides, 

a TSK G5000 PWXL (Tosoh Co., Yamaguchi, Japan) column was used, with dextrans (50–

670 kDa) and soybean rhamnogalacturonan (0.125-1 g/l) standards for molecular weight and 

concentration calibration. For oligosaccharides, a TSK G-Oligo-PW column was used with sucrose, 

kestose, nystose, fructosylnystose and inulin as standards. For both size exclusion chromatography 

tests, the temperature of the system was 30 °C, the eluent was 0.1 M NaCl, and the flow rate was 

set at 0.4 ml/min.
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3.3.11. Statistical analysis 

Statistical analyses were performed using XLSTAT software (Addinsoft, New York, NY, USA) 

in Microsoft Excel (Microsoft, Redmond, WA, USA). One-way analysis of variance (ANOVA) 

and the Tukey’s honest significant difference (HSD) test were performed to detect significant 

differences (P < 0.05). 

3.4. Results and discussion 

3.4.1. Characterization of cranberry pomace 

The composition of cranberry pomace and of its dietary fiber fraction was investigated. The results 

of proximate composition analysis of pomace, shown in Table 3.1, indicate that dietary fiber 

represents 63% of the dry weight. The dietary fiber content of cranberry pomace reported in the 

literature covers a wide range varying from 58.7 to 71.2% (Gouw et al., 2017; White et al., 2010b). 

This high variability may be attributed to the difference in the cultivar, ripeness and industrial 

processing conditions. The measured ash, crude protein and carbohydrate contents are in good 

agreement with the values obtained by Park and Zhao (2006); however, these authors reported a 

low fat content (1.2%, w/w dry weight). The monosaccharide profile of the recovered cranberry 

dietary fiber fraction is reported in Table 3.1. The results indicate that the polysaccharides 

contained in cranberry dietary fibers are composed by 60.4% (mol/mol) neutral sugar and 39.5% 

(mol/mol) uronic acid residues. Uronic acids residues are mainly derived from pectic 

polysaccharides, where they are originated from homogalacturonan (HG) and the backbone of 

rhamnogalacturonan I (RG I), which can be ramified with galactan and arabinan side chains 

(Scheller et al., 2006). The low ratio of glucose compared to other monosaccharides indicates that 

pectic polysaccharides and hemicelluloses are predominant in cranberry pomace over cellulose. 

Compared to the cranberry pomace, the monosaccharide profile of bilberry and black currant 

pomaces (Aura et al., 2015; Hilz et al., 2005) were reported to be characterized by low arabinose 

(4.9-6%), galactose (5.4- 5.0%) and uronic acids (11.1- 20%) contents, while their glucose, xylose 

and mannose contents were higher. These last monosaccharides are mostly derived from cellulose 

and hemicelluloses.  
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Table 3.1 Chemical composition of cranberry pomace and monosaccharide profile of cranberry 

dietary fiber. 

Parameter  

Moisture 55.1 ± 0.3% 

Total fat a 6.3 ± 0.6% 

Ash a 0.9 ± 0.0% 

Protein a 7.6 ± 0.8% 

Carbohydrates a,b 85.1 ± 0.0% 

Dietary fiber a 63.0 ± 2.8% 

Monosaccharide composition c  

Rhamnose 2.8 

Arabinose 12.1 

Galactose 10.5 

Glucose 14.6 

Xylose + Mannose d 20.4 

Uronic acids e 39.5 

Values expressed as average ± SD. 

a Expressed as percentage of dry weight. 

b Calculated as 100 - (Total fat + Ash + Protein). 

c Expressed as molar proportion (%). 

d The two monosaccharides coeluted in HPAEC. 

e Determined by spectrophotometric method.  
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Compared to the other berries, a larger portion of polysaccharides in cranberry pomace is identified 

as pectic polysaccharides. In addition, the relatively low proportion of rhamnose (2.8%, w/w) 

compared to arabinose (12.1%, w/w) and galactose (10.5%, w/w) suggests that the RG I region of 

cranberry pectic polysaccharides is branched with arabinan and galactan chains. This is consistent 

with the observed abundance of arabinans in a fraction of cranberry hull extract obtained after 

extensive pectinase treatment (Sun et al. 2015). Potato RG I was also reported to be highly 

branched with galactan (Khodaei & Karboune, 2013); while in contrast, the pectic polysaccharides 

from apple are predominantly composed of a HG region (A. S. Silva et al., 2014). 

3.4.2. Microwave-assisted alkaline extraction 

The extraction of pectic oligosaccharides from cranberry pomace by microwave-assisted alkaline 

method was investigated using two concentrations of KOH (0.25 and 0.5 M) and two microwave 

power settings (85 W/g and 242 W/g). The tested power settings were in the range applied for 

extraction of polysaccharides from various plant materials (Khodaei et al., 2016; Lefsih et al., 

2017; A. de S. e Silva et al., 2018). Table 3.2 shows that at low microwave power setting, the yield 

of carbohydrate extracted was higher when high KOH molarity was used (P<0.03). Higher 

alkalinity may have loosened the bonds of polysaccharides in the cell wall, by releasing ester-

bound pectin (Müller-Maatsch et al., 2016), and hence allowing more carbohydrates to be released 

from the cell wall. The results also indicate that at high KOH molarity of 0.5 M, the microwave 

power has no effect on the carbohydrate yield. High KOH molarity solution may have caused a 

swelling of the cell wall particles, improving the microwave absorption and limiting the difference 

in effect between lower and higher microwave power. These results are in agreement with the 

reported swelling of secondary cell wall in lignocellulosic materials (Isaac et al., 2018). 

Additionally, higher yields of oligo- and polysaccharides were achieved at high KOH molarity of 

0.5 M (P<0.002). Similarly, it was reported that high alkalinity favours the microwave-assisted 

solubilization of polysaccharides from potato cell wall (Khodaei et al., 2016). The analysis of 

molecular weight distribution by HPSEC identified only oligosaccharides, indicating that the 

absence of water-soluble polysaccharides in the extracts while small amounts of insoluble 

polysaccharides may still be present in the recovered precipitates. The oligosaccharides obtained 

at 0.25 M KOH and 242 W/g showed a slightly lower molecular weight compared to those obtained 

at high alkaline molarity (P<0.05).
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Table 3.2 Microwave-assisted alkaline extraction of oligosaccharides from cranberry pomace. 

All values are expressed as mean ± SD. 

a Calculated as grams of carbohydrates in filtrate per gram in cranberry pomace. 

b Calculated as grams of precipitated oligo- and polysaccharides per gram of carbohydrates in cranberry pomace. 

c-e Sample means with different superscript letters in the same column are significantly different (P ≤ 0.05).

Microwave 

power (W/g) KOH (M) 

Carbohydrate yield a 

(%w/w) 

OS and PS yield b 

(%w/w) 

Molecular weight 

of OS (kDa) 

84.9 0.25 19.4 ± 0.3 c 17.0 ± 1.6 e 1.39 ± 0.02 c 

84.9 0.5 22.3 ± 0.6 c 20.9 ± 0.1 c, d 1.42 ± 0.03 c 

242.4 0.25 20.4 ± 2.4 c 18.4 ± 0.4 d, e 1.18 ± 0.07 c 

242.4 0.5 22.5 ± 0.2 c 22.1 ± 0.3 c 1.40 ± 0.02 c 
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The extracted oligosaccharides was estimated to be distributed around degrees of polymerization 

between 7 and 10. Extraction of oligosaccharides from burdock roots (J. Li et al., 2013) yielded 

degree of polymerization distributed around 6. 

Figure 3.1 shows the monosaccharide profiles, expressed as molar proportions of the carbohydrate 

extracts and of the oligo/polysaccharide fraction. Compared to the cranberry pomace fiber fraction, 

the extracts obtained by microwave-assisted alkaline extraction showed a higher proportion of 

uronic acids and lower proportions of xylose, mannose and glucose (P<0.03). These differences 

were found, more marked, between cranberry pomace fiber and the oligo/polysaccharide fractions 

(P<0.002). Extracts were richer in arabinose when compared to fiber (P<0.05), and both extracts 

and oligo/polysaccharide fractions had barely detectable levels of rhamnose, inferior to what 

measured in the fiber (P<0.0001). These results indicate that microwave-assisted alkaline 

extraction results in the isolation of pectic oligosaccharides, specifically fragments of 

homogalacturonan and neutral branches of RG I, and that a large portion of the non-pectic sugars 

found in the extracts is composed of mono- and disaccharides rather than larger alcohol insoluble 

molecules. Similarly, arabinan and galactan-rich RG I were released upon alkaline treatment of 

potato cell wall (Khodaei et al., 2016; Zykwinska et al., 2006). The significant differences between 

different microwave-assisted treatments are that, in the oligo/polysaccharide fractions, low KOH 

concentration yielded reduced proportions of xylose and mannose, and increased that of uronic 

acids (P<0.01), while high microwave power was associated to slightly higher proportion of 

arabinose and galactose (P<0.05). Furthermore, in the total extracts, high microwave power led to 

slightly lower ratios of xylose and arabinose (P<0.03). Lower glucose was found in the extract 

obtained upon 0.5 M KOH-242 W/g treatment compared to the other three extracts (P<0.008); 

while higher arabinose (P<0.04) and galactose (P<0.05) proportions were found upon 0.25 M 

KOH-242 W/g treatment, and more xylose and mannose in 0.5 M KOH-85 W/g treatment (P<0.05). 

If compared to other oligo/polysaccharide-rich aqueous extracts from lingonberry (Vaccinium 

vitis-idaea) (Ross et al., 2015), the microwave-assisted alkali extracts from cranberry are enriched 

with uronic acids (53.6% vs. 30.8%), composed of very similar proportion of galactose, xylose 

and mannose, and showed less arabinose (20.0% vs. 30.5%) and glucose (6.3% vs. 16.6%) contents.
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Figure 3.1 Monosaccharide profile of the microwave extracts and of the alcohol-precipitated 

oligosaccharides and polysaccharides (OS/PS), compared to the profile of cranberry pomace fiber.
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3.4.3. Enzymatic extraction of oligosaccharides from cranberry pomace 

The selective enzymatic hydrolysis of cell wall pectic polysaccharides was investigated for the 

extraction of oligosaccharides from cranberry pomace. However, considering the fact that the cell 

wall pectic polysaccharides in Vaccinium fruits are branched and linked to other polysaccharides 

(J. L. Silva et al., 2005; Stückrath et al., 1998), the efficiency of a single enzyme may be reduced 

by the limited substrate accessibility and by the steric hindrance. For this reason, five biocatalysts, 

including the pure enzyme endo-galactanase (EC 3.2.1.89) and multi-enzymatic preparations with 

varied levels of polysaccharide-hydrolyzing activities (including cellulase, xylanase, 

polygalacturonase, galactanase, arabinanase and rhamnogalacturonase), were screened for their 

ability to release oligosaccharides from sieved cranberry pomace. As previously reported (Khodaei 

& Karboune, 2016), the primary pectin-degrading activity of Depol™ 670L is galactanase, while 

Pectinex® Ultra SPL and Viscozyme® L have high polygalacturonase and galactanase activities; 

all preparations also contain arabinanase and galactanase activities. Depol™ 740L is 

commercialized as glucanase and contains high xylanase activity (Rommi et al., 2014), but was 

here determined to also possess pectin-degrading activities, including arabinanase (Table 3.3). 

Table 3.4 shows the carbohydrate yields and monosaccharide profile of the extracts. All multi-

enzymatic biocatalysts except for Viscozyme® L showed higher carbohydrate yields than the 

average of microwave-assisted alkaline extractions (21.3%) (P<0.04). As expected, the use of pure 

enzyme, endo-galactanase, gave a lower yield (not different from the yields obtained by 

microwaves), confirming the limitations of using a single hydrolytic activity. In comparison with 

the average of microwave-assisted alkali extracts, all enzymatic extracts showed lower content of 

galactose (P<0.002), and much higher content of glucose (P<0.001). Additionally, extracts from 

Pectinex® Ultra SPL, Viscozyme® L and endo-galactanase had less uronic acids, while xylose, 

mannose (P<0.03) and arabinose (P<0.02) were less abundant in the extracts of endo-galactanase 

and the Depol™ 670L. 

These results indicate that a significant part of the galactose observed in the microwave-assisted 

alkali extraction products exists in a form scarcely accessible to enzymes and may be associated 

with uronic acids. It can be hypothesized that the released galactose from cranberry pomace is 

originated from galactan-branched pectic RG I.
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Table 3.3 Enzymatic activities of multi-enzymatic preparations: main activity as reported by the producers and pectin-degrading 

activities measured by DNS assay after incubation at pH 5.5, 40 °C for 20 min (measurements were run in triplicates and the relative 

standard deviations were less than 10%). 

Biocatalyst Producers’ specifications 

Enzymatic activity (U/ml) a 

PGase b RGase c Arabinanase d Galactanase e 

Pectinex® Ultra SPL Endo-galacturonase 1600.5 89.9 63.2 1210.2 

Viscozyme® L Beta-glucanase 2996.4 218.1 199.6 2636.4 

Depol™ 740L Beta-glucanase 106.9 73.6 114.5 202.8 

Depol™ 670L Cellulase, endo-galacturonase 0.0 55.8 56.6 6751.2 

a Unit of enzymatic activity (U) defined as the amount of enzyme that produces 1 μmol of reducing ends per min of reaction. 

b Polygalacturonase was assessed with polygalacturonic acid from citrus fruit as substrate. 

c Rhamnogalacturonase was assessed with rhamnogalacturonan from soybean as substrate. 

d Arabinanase was assessed with pectic arabinan from sugar beet as substrate. 

e Galactanase was assessed with pectic galactan from potato as substrate.
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Table 3.4 Characterization of the carbohydrate extracts recovered upon enzymatic treatments of cranberry pomace. 

a Calculated as grams of carbohydrates in extract, determined by high performance size exclusion chromatography, per gram of cranberry pomace. 

b Reaction time 48 h. 

c Reaction time 24 h. 

 d-g Sample means with different superscript letters in the same column are significantly different (P ≤ 0.05).

 Carbohydrate 

yield a 

(%w/w) 

Monosaccharide profile (%mol/mol) 

Biocatalyst Uronic acid Rhamnose Arabinose Galactose Glucose Xylose + Mannose 

Pectinex® Ultra SPL b 37.6 d, e 23.4 e 0.1 f 16.5 d, e 3.4 d 44.4 e 12.3 d 

Viscozyme® L c 23.4 f, g 18.7 e 1.3 d 19.4 d, e 3.6 d 46.7 e 10.3 d 

Depol™ 740L b 42.0 d 43.3 d 1.0 d 16.3 d, e 2.6 d 30.7 f 6.1 e, f 

Depol™ 670L c 29.8 e, f 44.3 d 0.6 e, f 5.1 f 2.2 d 43.7 e 4.1 f 

Endo-galactanase c 17.7 g 19.8 e 0.0 f 12.9 e 3.9 d 57.9 d 5.5 f 
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The presence of strong interactions binding HG and RG I branches (arabinan and galactan) to the 

cellulose matrix in cell wall has been recently demonstrated in vitro and in the cell wall (Wang et 

al., 2018). Microwave-assisted alkaline approach may have extracted the cell wall matrix-

embedded pectic galactan branches through heating and alkaline hydrolysis. The high amounts of 

glucose in the extract obtained upon endo-galactanase treatment (specific for β-1,4 linked 

galactosyl linkages) of cranberry pomace may have derived from water-soluble polymers initially 

associated with the pectic polysaccharides. Indeed, it has been reported that RG I and xyloglucan 

can be covalently linked in plant cell wall (Brett et al., 2005; Popper & Fry, 2008). 

The extracts obtained with Viscozyme® L and Pectinex® Ultra SPL appeared similar in 

composition. This similarity reflects the similar levels of pectin-degrading activities measured in 

the two multi-enzymatic preparations. The two Depol™ formulations produced extracts with a 

significantly higher percentage of uronic acids compared to the other biocatalysts (P<0.02), despite 

having been reported to possess lower polygalacturonase activities compared to Viscozyme® L 

and Pectinex® (Khodaei & Karboune, 2016). This may be explained by the other hydrolytic 

activities in these mixtures that may have better exposed galacturonic acid-based polysaccharides 

by degrading the surrounding cell wall matrix. The proportion of neutral sugars were very similar 

across all extracts generated by multi-enzymatic preparations, except for Depol™ 670L, that 

yielded a much lower percentage of arabinose (P<0.01) and higher glucose (P<0.001); the latter 

can derive from the hydrolysis of cellulose and/or xyloglucan by the primary activity of the mixture 

(cellulase, glucanase), while the reason for reduced amount of arabinose is not apparent and is 

likely due to the interaction of other, non measured enzymatic activities in the mixture. 

The time courses for the extractions by three biocatalysts (Depol™ 740L, Pectinex® Ultra SPL 

and Viscozyme® L) that were found to release the highest proportion of arabinose and galactose 

derived from RG I branches in pectic polysaccharides were further investigated. The biocatalysts 

were active at the investigated conditions (Figure 3.2), as most of the extracted carbohydrates were 

obtained at the initial stage of the reaction (4 h). The total yield slightly increased thereafter with 

Viscozyme® L, gradually decreased with Depol™ 740L, and decreased after reaching a maximum 

at 24 h with Pectinex® Ultra SPL.
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Figure 3.2 Yield of carbohydrates in the extracts obtained with selected biocatalysts, divided by 

degree of polymerization (DP) as determined by HPSEC.
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Depol™ 740L gave the highest yield (56.5%, at 4 h), followed by Pectinex® Ultra SPL (45.5%, 

at 24 h). Compared to these, the maximum yield obtained from Viscozyme® L (24.6%, at 36 h) 

was much lower. 

While all biocatalysts mainly extracted small molecular weight compounds, (DP of 2 and lower), 

each extract showed a distinct profile of molecular weight distribution, which changed over time. 

The extract obtained with Pectinex® Ultra SPL had the highest content of monosaccharides and 

the smallest content of short oligosaccharide (DP 2-5), whose yield slowly increased over the 

course of the 48 h-reaction. The content of extracted oligosaccharide with a DP between 6 and 10 

instead didn’t change much across the extraction process, and their proportion remained around 

9.1% w/w of the extracted sugars. 

The extract obtained with Depol™ 740L had the highest proportion of MS and short 

oligosaccharides (98.4% of the extracted sugars’ weight at 4 h). The remaining 2.0% was 

constituted of oligosaccharides with DP in the range 6-10 and traces of larger polymers. The yield 

of monosaccharides and oligosaccharides with DP 2-5 showed a constant decrease over extraction 

time. It is possible that, with the progression of the reaction, increasing amounts of otherwise 

soluble products get trapped by physical retention on insoluble fragments of the cell wall matrix, 

released by the action of enzymatic activities and shaking. 

Viscozyme® L generated an extract characterized by the absence of monosaccharides and a high 

percentage of short oligosaccharides that represent at all extraction times about 87% of the 

extracted carbohydrates. Aside from these, the extract contains mostly oligosaccharides in the DP 

range 6-10, and traces of polysaccharides. The proportions in the extract didn’t change 

significantly over the course of extraction. 

Figure 3.3 shows the monosaccharide profile of the extracts over time, compared with the profile 

of cranberry pomace fiber. In the extracts obtained upon Viscozyme® L and Pectinex® Ultra SPL 

treatments, uronic acid relative proportion gradually decreased from 25.1 and 32.1% at 4h to 16.1 

and 23.4% at 48h, respectively; while xylose/mannose and glucose relative proportion increased 

by 5 to 12% over the reaction time course.
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Figure 3.3 Monosaccharide profile in the supernatants obtained from enzymatic extractions, 

compared to the composition of cranberry pomace fiber (CPF).
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These results indicate that Viscozyme® L and Pectinex® Ultra SPL liberated first from cranberry 

pomace mono/oligosaccharides from the cell wall pectic polysaccharides, but as the reaction time 

was proceeded, those derived from cellulose and hemicelluloses were released. This can be 

attributed to the increased activities of Viscozyme® L and Pectinex® Ultra SPL on cellulose and 

hemicelluloses. In contrast, the monosaccharide profile of the Depol™ 740L-based extract showed 

a decrease in the glucose relative proportion from 43.1 to 33.2% over the reaction time course and 

an increase in the uronic acid relative proportion from 32 to 43%. These results may be attributed 

to the low level of polygalacturonase and rhamnogalacturonase activities expressed in Depol™ 

740L. Additional reaction time didn’t result in increased yields, but the decrease of 

monosaccharides indicates that some reaction or physical change still occurred in the mixture. 

3.4.4. Effect of grinding of pomace on enzymatic extraction 

The morphology of pomace particles may affect the extraction of compounds (Huang et al., 2019; 

Bing Yang et al., 2019). To verify whether this is the case with cranberry pomace, a steel ball mill 

was used to prepare milled pomace. Scanning electron microscopy was then used to analyze the 

morphology of blended pomace and of the powders obtained from its milling for different 

durations. The obtained images (Figure 3.4) were used to measure the size of the cranberry pomace 

fragments and to qualitatively assess size distribution and porosity. Blended cranberry pomace 

(Figure 3.4A) appeared to be composed of fragments of cranberry skin and dry pulp with round 

and rectangular shapes, and dimensions around 1.6 mm. Higher magnification of the surface of 

one of the fragments (Figure 3.4B) showed a uniform surface with low porosity. The dimensions 

of the larger fragments obtained with one minute of grinding (Figure 3.4C) were found to be not 

much smaller than those of blended pomace (about 1.4 mm), however much smaller (0.1-0.2 mm) 

fragments were also observed, and the surface of the larger ones appeared more exfoliated and 

irregular (Figure 3.4D), similarly to the effect obtained on Hovenia dulcis pomace by considerably 

longer (2 and 6 h) ball milling (Bing Yang et al., 2019). After 5 minutes of grinding, the pomace 

assumed the macroscopic appearance of a fine dust, and the fragments appeared much smaller and 

homogenous in size (Figure 3.4E), with dimensions ranging from 0.1 mm to 0.6 mm. The surface 

of the bigger fragments (Figure 3.4F) looked like that of the ones obtained with one minute of 

grinding.
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Figure 3.4 SEM images of blended and milled cranberry pomace. A, B: blended. C, D: 1 min milling. E, F: 5 min milling. G, H: 15 min 

milling. I, J: 30 min milling.
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No appreciable reduction in fragment size or change in size distribution could be observed in the 

pomace ground for 15 min and 30 min (Figure 3.4G, I) when compared to 5 min treatment, while 

the surface of the fragments appeared more irregular (Figure 3.4H, J) with deep cracks, particularly 

evident in the sample obtained after 30 min of grinding. 

Enzymatic extractions with Depol™ 740L were repeated in triplicate on sieved pomace, blended 

pomace and pomace milled for 15 min. Yield and composition of the extracts were compared, but 

no statistically significant difference was observed (data not shown). Hence, it was concluded that 

milling of the cranberry pomace doesn’t affect the extraction outcome and is not advantageous 

under the studied extraction conditions 

3.5. Conclusions 

The tested microwave-assisted extraction conditions gave supernatants with similar 

monosaccharide profiles and carbohydrate yields (average 21.3%). At low microwave power, 

alkali concentration was positively correlated to the yield. Oligosaccharides with DP between 7 

and 10 were obtained upon microwave-assisted extraction. In comparison with cranberry pomace 

fiber, the extracts resulted enriched in pectic oligosaccharides. While all enzyme-based 

biocatalysts produced extracts significantly enriched in glucose, those from three biocatalysts 

(Pectinex® Ultra SPL, Viscozyme® L and Depol™ 740L) had percentages of RG I-associated 

neutral sugars similar to microwave-assisted alkali extracts. 

Of the three, Viscozyme® L led to the lowest yield and extracted mostly oligosaccharides with DP 

from 2 to 5, but displayed also the highest proportion of oligosaccharides with a DP between 6 and 

10. Depol™ 740L had the highest total yield, and generated a mixture rich in oligosaccharides 

with DP up to 5, likely from the degradation of pectic polysaccharides and cellulose. The extract 

from Pectinex® Ultra SPL had an intermediate carbohydrate yield, and the highest content of 

sugars with DP <2. Enzymatic extractions proved viable for the hydrolysis of cranberry pomace 

into smaller oligosaccharides.  
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CONNECTING STATEMENT 2 

 

In chapter III the composition of cranberry pomace from industrial processing was analyzed, and 

different approaches for the extraction of oligosaccharides from cranberry pomace were 

investigated. The obtained extracts were characterized by the presence of monosaccharide residues 

associated to both pectic polysaccharides and hemicellulose, in variable proportions. To determine 

the properties and abundance of the different cranberry cell wall polysaccharides, compounds that 

had received little attention compared to the fruit’s polyphenols, the study presented in chapter IV 

was conducted. Whole ripe Stevens variety cranberries, one of the main varieties used for juice 

production, were acquired and their cell wall solids were extracted with a sequence of aqueous 

solvents targeted at selectively solubilizing polysaccharides with different chemical properties. 

The extracts, fractioned by anion exchange chromatography, were characterized in terms of 

molecular weight distribution, monosaccharide profile and glycosidic linkage. 

 

The results from this study were presented at Biotrans 2017 – 13th International Symposium on 

Biocatalysis & Biotransformations and submitted to a scientific journal. 

 

Spadoni Andreani, E., Liu, L. & Karboune, S. (2020). Extraction and Characterization of Cell Wall 

Polysaccharides from Cranberry (Vaccinium macrocarpon var. Stevens) Pomace. Carbohydrate 

Polymers (Submitted).
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CHAPTER IV. EXTRACTION AND CHARACTERIZATION OF CELL WALL 

POLYSACCHARIDES FROM CRANBERRY (VACCINIUM MACROCARPON VAR. 

STEVENS) POMACE 

  



63 

 

4.1. Abstract 

Cranberries of Stevens variety, mainly used for juice production, were processed into pomace, from 

which alcohol insoluble solids were obtained. A sequence of four extractions methods was applied to the 

solids. The extracts were compared in terms of monosaccharide profile, molecular weight distribution 

and sugar linkage. The extracts obtained by hot buffer, chelating agents and diluted alkali were found to 

be enriched in pectic polysaccharides, while the concentrated alkali one mostly contained hemicelluloses. 

All extracts contained high molecular weight polysaccharides (>105 Da). Chelating agents extract had 

the highest yield (11.0%, w/w of solids) as well as the highest abundance of uronic acids (83.4% mol%). 

These less tightly bound cell wall pectic polysaccharides were characterized by a molar ratio of Ara to 

Gal of 1:1 to 2.2:1. Linkage analysis revealed the presence of abundant arabinan and type II 

arabinogalactan, while galactan and type I arabinogalactan were found in lower amounts. 

4.2. Introduction 

Cranberry pomace is a very abundant residual material from juice production. Its composition, in 

particular its polyphenols and cell wall polysaccharides, has attracted a high interest. Polyphenols, 

despite not very abundant (0.6%, w/w) (Vattem & Shetty, 2002) are rich in A-type proanthocyanidins 

that have shown high antioxidant properties (Abeywickrama et al., 2016) and are promising antibiofilm 

compounds against urinary tract infections (Singh et al., 2016). Cell wall polysaccharides represent most 

of cranberry pomace solids (75%, w/w) (White et al., 2010b) and can act as dietary fibers and as a source 

of prebiotics that can modulate the gut microbiota and promote intestinal health. They also have an array 

of techno-functional properties including gel formation (Kaya et al., 2014) and emulsion stabilization 

(Kolanowski et al., 2004) that make them valuable food ingredients, with applications such as fat 

replacement (Zbikowska et al., 2018). 

There is an increasing demand for the effective use of the cranberry pomace as source of functional 

ingredients of industrial interest. Pilot-scale extraction of polyphenols from cranberry pomace has been 

reported (Harrison et al., 2013), but its cell wall polysaccharides have received less attention. In fact, 

only a limited number of studies has quantified and characterized the polysaccharides of Vaccinium 

genus fruits (Clague & Fellers, 1934; Deng et al., 2013; Elwell & Dehn, 1939; Fan et al., 2010; Hilz et 

al., 2005, 2006), and the structural features of cranberry polysaccharides have not been reported in detail.  
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The sequential extraction of cell wall polysaccharides using series of different aqueous extractants has 

proven effective for isolating and understanding the distribution of pectic and hemicellulosic 

polysaccharides within the cell wall materials of other small berries, apple, citrus, olive and soybean 

(Hilz et al., 2005; Kosmala et al., 2010; Prabasari et al., 2011; Vierhuis et al., 2000; Villanueva-Suárez 

et al., 2013). To the authors’ knowledge, the present study is the first to describe the application of the 

sequential approach for extracting cranberry cell wall polysaccharides. The extracts were characterized 

in terms of molecular weight distribution, monosaccharide composition and glycosidic linkage. Further 

fractionation of the extracts was carried in order to recover and characterise the pectic polysaccharides-

enriched fractions. Stevens variety, used in the present study, is one of the main commercial cultivars of 

cranberry used for juice production; this variety is characterised by the comparatively higher content of 

sugars and less tannic flavor due to reduced content of phenolics (Narwojsz et al., 2019). Our study is 

expected to contribute to the understanding of cranberry cell wall polysaccharides at molecular and 

structural levels that can provide guidance for their application as food ingredients. 

4.3. Materials and methods 

4.3.1. Preparation of cranberry pomace and alcohol insoluble solids 

Stevens variety cranberries were provided by Les Canneberges Atoka Inc., Manseau, QC, Canada. 

Cranberries (1000 g) were blended in a Vitamat juicer (Rotor Lips AG, Switzerland). The solids were 

collected, and the juice was extracted by pressing in cheese cloth. The remaining pomace was freeze 

dried, blended and sieved into a fine powder (< 1.18 mm). Alcohol insoluble solids (AIS) were obtained 

by suspending the powder in 95% ethanol at a concentration of 13.8 % w/v. The suspension was shaken 

for 1 h at 150 rpm in an Excella E24 orbital shaker (New Brunswick Scientific, USA) before filtering on 

Miracloth rayon-polyester cloth (Millipore Sigma, USA). AIS were washed three times with 85% ethanol, 

chloroform:methanol (1:1, v:v) and acetone, and dried overnight at room temperature. 

4.3.2. Sequential extraction of polysaccharides 

To isolate polysaccharides from AIS, a four-step sequential extraction method was used (Figure 4.1), 

according to a modification of the procedure described by Hilz et al. (2005). Hot buffer extract (HB) was 

obtained by suspending dry AIS (4%, w/v) in 200 ml of buffer A (0.05 M sodium acetate buffer, pH of 

5.2) at 70 °C for 10 min for three times. The recovered solids were suspended (2.66%, w/v) in 0.05 M 

ethylenediaminetetraacetic acid, 0.05 M sodium oxalate in buffer A at 70 °C for 15 min.
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Figure 4.1 Sequential extraction diagram. 
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This extraction step was repeated twice, obtaining the chelating agents extract (CH). Solids were washed 

with water to remove excess chelating agents, then suspended in 0.05 M sodium hydroxide (2.66%, w/v) 

at 0 °C for 60 min to yield diluted alkali extract (DA). Finally, concentrated alkali extract (CA) was 

obtained by extracting twice with 6 M NaOH (2.66%, w/v) at 0 °C for 60 min. After each extraction step, 

the suspensions were brought to pH 5.2 with acetic acid, centrifuged at 8000 ×G for 30 min and filtered 

on fritted glass funnel of medium pore size. The supernatants were pooled and concentrated by 

ultrafiltration with a Prep/Scale spiral wound tangential flow cartridge (Millipore Sigma, USA). The 

retentates were dialyzed with a cut-off of 5-8 kDa against water (HB, DA, CA) or 0.1 M sodium chloride 

followed by water (CH). The insoluble residue recovered at the end was washed twice with water (3.2%, 

w/v) and freeze dried. 

4.3.3. Fractionation of polysaccharides extracts by anion exchange chromatography 

The extracts were fractioned by anion exchange chromatography using an ÄKTApurifier UPC 10, on 

Source 15Q column (GE Healthcare, Chicago, IL, USA). Elution was conducted at constant flow rate 

1.5 ml/min with one column volume of 0.005 M sodium acetate buffer at pH 5, followed by a linear 

gradient for 7 column volumes up to 1.5 M. Fractions containing high concentrations of uronic and/or 

neutral sugars were pooled, dialyzed and freeze dried. 

4.3.4. Protein content determination 

The protein content of the extracts was determined by colorimetric test as described by (Bradford, 1976) 

using bovine serum albumin as standard using the assay kit from Bio-Rad (Hercules, CA, USA). 

4.3.5. Sugar content and monosaccharide composition analyses  

Uronic acid (UA) content was measured by sulphamate/m-hydroxydiphenyl assay (Blumenkrantz & 

Asboe-Hansen, 1973). The phenol–sulphuric acid assay was used for the determination of neutral sugar 

content (DuBois et al., 1956). To determine the monosaccharide composition, samples were first 

hydrolyzed using a two-step procedure as previously described by Khodaei & Karboune (2013). The 

samples were suspended and incubated at 60 °C for 24 h in HCl/methanol mixture (1:4, v/v) at a ratio of 

0.6% (w/v) and thereafter boiled for 1 h in trifluoroacetic acid solution at a ratio of 1:8 (v/v). Hydrolyzed 

samples were analyzed with high performance anionic exchange chromatography, equipped with pulsed 

amperometric detector (ICS 3000, Dionex Co., Sunnyvale, CA, USA), and a CarboPac PA20 column 

(3×150 mm).  
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Isocratic elution was performed with 5 mM NaOH (0.5 ml/min). L-Rhamnose (Rha), L-arabinose (Ara), 

D-galactose (Gal), D-glucose (Glc), D-xylose (Xyl) and D-mannose (Man) were used as standards. 

4.3.6. Analysis of glycosidic linkages  

A portion of the polysaccharides extracts was subjected to the carboxyl reduction of the galacturonic acid 

(GalA) residues to Gal as described by Taylor and Conrad (1972), followed by methylation to partially 

methylated alditol acetates (PMAAs) as described by Anumula and Taylor (1992). Samples (0.5 µl) were 

injected in splitless mode in a gas chromatograph (Agilent, Santa Clara, CA, USA) with Agilent DB-

5HT column (30 m×250μm×0,1μm). Linkage type was determined by comparing the EI-MS fragment 

pattern with NIST library and the PMAAs database from the Complex Carbohydrate Research Center 

(https://www.ccrc.uga.edu/specdb/ms/pmaa/pframe.html). GalA linkages were determined by 

comparing the linkage proportions of reduced extracts with those of extracts subjected to methylation 

without carboxyl reduction step. 

4.3.7. Molecular weight distribution analysis   

A high-performance size-exclusion chromatography (HPSEC) system (Model 1525, Waters Co., Milford, 

MA, USA) was used to estimate the molecular weight distribution and to quantify the yield of 

polysaccharides extraction. Columns TSK G5000 PWXL and TSK G3000 PWXL (Tosoh Co, 

Yamaguchi, Japan) were used in series with isocratic flow rate of 0.4 ml/min of 0.1 M sodium chloride. 

Refractive index detector was operated at 30 °C. Dextrans (50-670 kDa) and soybean 

rhamnogalacturonan standards (0.3 - 5 g/l) were used for calibration. Yield of extraction was calculated 

by dividing the summed weight of the compounds eluted in HPSEC by the initial weight of AIS. 

4.3.8. NMR spectroscopy 

1H (800 MHz) and 13C NMR (200 MHz) spectra were recorded on an AVANCE III HD  spectrometer 

(Bruker Corp., Billerica, MA, USA) with TCI cryoprobe for 3–5 % solutions of polysaccharides in D2O 

(100 % D) at 328 K. Dry polysaccharide fractions were dissolved (10-15 mg) in 500 µL of D2O and 

centrifuged to remove insoluble residue. Chemical shifts were referenced to internal sodium 4,4-

dimethyl-4-silapentan-sulfonate (DSS) (Sigma-Aldrich Co., St. Louis, MO, USA). Two-dimensional 

heteronuclear spectra (HSQC and HSQC-TOCSY) were recorded using standard Bruker procedures. 

Three-dimensional HSQC-TCOSY data was collected using 25% non-uniform sampling.  
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Data were processed with NMRPipe (Delaglio et al., 1995) and visualized with NMR View (Johnson & 

Blevins, 1994). Chemical shifts were interpreted in carbohydrate structure context by comparison with 

literature data (Makarova et al., 2018; Shakhmatov et al., 2019; Zou et al., 2020) as well as with data 

collected and averaged in Carbohydrate Structure Database (Toukach & Egorova, 2016). 

4.3.9. Statistical analysis 

Statistical analyses were performed using XLSTAT software (Addinsoft, New York, NY, USA) and 

Microsoft Excel (Microsoft, Redmond, WA, USA). One-way analysis of variance (ANOVA) and the 

Tukey’s honest significant difference (HSD) test were performed to detect significant differences (P < 

0.05). 

4.4. Results and discussion 

4.4.1. Characterization of alcohol insoluble solids  

From 1000 g of whole Stevens cranberries 32.4 g of dry pomace were obtained on average (Table 4.1), 

a value consistent with the reported dietary fiber content of fresh cranberry (United States Department 

of Agriculture & Agricultural Research Service, 2019). The cranberry AIS represented 80.2% w/w of 

dry pomace. The content of AIS is consistent with the removal of protein, fat and ash, representing 14.8% 

(Chapter III). Furthermore, this AIS content is in coherence with the total fiber contents reported for 

cranberry in literature, ranging from  58.7 to 74.8% (Masli et al., 2018; White et al., 2010b), and with 

the ranges for apple and black currant pomaces (Kosmala et al., 2010). The relatively large ranges of this 

value may be attributed to the analytical techniques, as well to differences in the cultivar, ripeness and 

industrial processing. Whole Stevens variety cranberries contained on average 2.6% w/w of AIS, 

showing no statistical difference with the value (3.8%) reported for bilberry (Hilz et al., 2005). 

Monosaccharide composition of the AIS (Table 4.1) provided a first characterization of its cell wall 

polysaccharides. Uronic acids (UA) represented the major monosaccharide moiety, with a relative molar 

proportion of 52.4% (mol%). This suggests that cranberry cell wall material is richer in pectic 

polysaccharides than apples, olives and oranges, whose AIS were reported to contain only 16-28%, 23% 

and 44% of UA, respectively (Kosmala et al., 2010; Prabasari et al., 2011; Renard & Thibault, 1993; 

Vierhuis et al., 2000). It is worth to note that apple and orange cell walls are commonly used as sources 

for the extraction of pectin.
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Table 4.1 Yield and monosaccharide profile of alcohol insoluble solids (AIS) present in pomace of whole 

Stevens cranberries.  

Pomace (w/w of whole Stevens cranberries) 3.24 ± 0.3% 

AIS (w/w of dry pomace) 80.2 ± 8.0% 

AIS (w/w of whole Stevens cranberries) 2.6 ± 0.4% 

Monosaccharide Composition of AIS (mol %)  

- Rhamnose (Rha) 2.8 ± 0.0 

- Arabinose (Ara) 14.7 ± 1.6 

- Galactose (Gal) 9.8 ± 0.9 

- Glucose (Glc) 9.4 ± 1.0 

- Mannose (Man)+ Xylose (Xyl) 10.9 ± 1.8 

- Uronic acids (GalA) a 52.4 ± 1.5 

All values are expressed as mean ± SD. 

AIS: alcohol insoluble solids. 

a Uronic acid content was determined by m-hydroxydiphenyl colorimetric method.
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Comparing with the monosaccharide profiles of bilberry pomace and AIS (Aura et al., 2015; Hilz et al., 

2005), cranberry contained significantly higher (P<0.033) molar percentages of Rha (1% in bilberry), 

Ara (5% in bilberry) and UA (15% in bilberry), which are three major constituents of pectic 

polysaccharides, while the sugars associated with hemicelluloses and cellulose (Man, Xyl and Glc) were 

less abundant in cranberry (P<0.05). Hence, despite cranberry and bilberry are part of the same genus 

Vaccinium, cranberry appeared to possess a higher content of cell wall pectic polysaccharides than 

bilberry. The monosaccharide profile of cranberry AIS was in fact closer to that of black currant (Hilz et 

al., 2005) and orange albedo (Prabasari et al., 2011), with whom no statistically significant difference 

was observed. These results indicate that cranberry pomace AIS are a pectic polysaccharides-rich 

material compared to other commercially relevant pomaces and to other similar berries. 

4.4.2. Sequential extraction and molecular weight distribution of cell wall polysaccharides  

The yields of sequential extractions (Table 4.2) ranged from 3.0% (CA) to 11.0% (CH); while the yield 

of insoluble residues was 67.5%. Total yield of extracted polysaccharides (21.8% of AIS dry weight) 

was comparable with the one obtained for bilberry (19%), and black currant AIS (30.6%) by Hilz et al. 

(2005), but lower (P=0.001) than that from apple pomace (64%) (Ma et al., 2019). Cranberry cell wall 

proved, therefore, richer in insoluble materials than apple. Studies on cell wall materials extracted from 

olive, bilberry, black currant and orange (Hilz et al., 2005; Prabasari et al., 2011; Vierhuis et al., 2000) 

reported that HB contains the less tightly bound cell wall polysaccharides, while CH contains pectic 

polysaccharides that were bound by ionic bonds, for instance via calcium ions (Ralet et al., 2003). As the 

yield of cranberry CH was 2.5 times higher than that reported for the CH from bilberry (Hilz et al., 2005), 

such ion-bound polysaccharides may be more abundant in cranberry than in bilberry. 

Most extracts showed polydispersity in their molecular weight distribution (Figure 4.2). In HB two main 

populations at ~1.5×106 Da and 105 Da were obtained, with the largest molecular weight peak 

representing 56% (w/w) of total HB polysaccharides. In CH, three populations were found, distributed 

around molecular weights of 1.8×106 Da (42%, w/w), 105 Da (21%, w/w) and ~1.5×103 Da (37%, w/w), 

the last being indicative of the presence of oligosaccharides. The polysaccharides present in the CA were 

distributed in two more defined peaks, centered at 8.9×105 (66%, w/w) and 1.3×104 Da. Finally, DA was 

the only extract where polysaccharides represented a single peak, centered at 3.2×105 Da. The molecular 

weights of polysaccharides in bilberry and black currant AIS extracts (Hilz et al., 2005) were reported to 

be higher in HB and CH, similarly to what was observed in cranberry.
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Table 4.2 Extraction yield and monosaccharide profile of extracts and insoluble residue upon the sequential extraction of Stevens variety 

alcohol insoluble solids (AIS). 

 Yield 

(g/100 

g AIS) 

Protein 

content % 

Monosaccharide profile (mol%) 

Rha Ara Gal Glc Man + Xyl UA 

HB 3.2 13 2.3 ± 0.3c 10.5 ± 0.1c 5.4 ± 0.8d 6.1 ± 0.5d 2.8 ± 0.2d 72.8 ± 0.5c 

CH 11.0 8 1.1 ± 0.1c 7.1 ± 0.1c 3.5 ± 0.7e 2.8 ± 0.1d 2.1 ± 0.1d 83.4 ± 0.4b 

DA 4.5 <1 1.6 ± 0.1c 13.8 ± 0.4bc 6.2 ± 0.3d 1.7 ± 0.9d 1.6 ± 0.6d 75.2 ± 0.3c 

CA 3.0 <1 1.8 ± 0.0c 12.9 ± 1.7c 13.8 ± 0.2b 35.9 ± 4.7b 30.2 ± 1.6b 5.5 ± 0.4f 

Insoluble 

Residue 
67.5 

ND 
5.9 ± 0.0b 21.7 ± 2.3b 14.6 ± 0.9b 16.5 ± 3.4c 13.4 ± 2.1c 28.0 ± 0.9e 

All values are expressed as mean ± SD. ND: not determined. 

HB: hot buffer extract; CH: chelating agents extract; DA: diluted alkali extract; CA: concentrated alkali extract; L-Rhamnose (Rha), L-arabinose (Ara), D-galactose (Gal), D-glucose (Glc), D-

xylose (Xyl), Uronic acids (UA) and D-mannose (Man). 

a determined by m-hydroxydiphenyl colorimetric method. 

b-f Within the same column, means with different letters are significantly different at P ≤ 0.05.
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Figure 4.2 Molecular weight distribution in the extracts obtained from alcohol insoluble solids. a: Hot 

buffer extract; b: Chelating agents extract; c: Diluted alkali extract; d: Concentrated alkali extract.
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However, contrary to cranberry cell wall polysaccharides extracts, no oligosaccharide peak was reported 

in the bilberry and black currant CH, and their polysaccharides in DA were distributed around higher 

molecular weights than the ones in CA (Hilz et al., 2005). In another fruit of the same genus, rabbiteye 

blueberry, polysaccharides with smaller molecular weights were isolated, the smallest being in DA and 

CA (4.3×103, 8.3×103 Da), and the largest in CH and HB (50.9×103, 122.5×103 Da) (Deng et al., 2013). 

4.4.3. Monosaccharide composition of cranberry cell wall polysaccharides 

As shown in Table 4.2, UA residues were at high abundance in the first three extracts: HB (72.8%, mol%), 

CH (83.4%) and DA (75.2%). Previous studies have reported high percentages of UA in the HB and CH 

of olive (65%, 66%), bilberry (80%, 85%), black currant (78%, 83%), orange albedo (84%, 85%), apple 

(60%, 67%), beet root (61%, 58%) and black tomato (71%, 85%) (Coimbra et al., 1994; Hilz et al., 2005, 

2006; Kosmala et al., 2010; Prabasari et al., 2011; Renard & Thibault, 1993; Renard et al., 1990; W. 

Zhang et al., 2020). The monosaccharide composition of cranberry CH was very similar to the one 

reported for CH from non-enzymatically treated apple pomace, black currant (Hilz et al., 2005, 2006; 

Kosmala et al., 2010), bilberry (Hilz et al., 2005, 2006) and orange albedo (Prabasari et al., 2011). The 

prevalence of UA in the CH fitted with the physical basis of the chelating agent extraction that aims at 

isolating pectic polysaccharides by removing the bridges between metal ions and their acidic sugar 

residues. The high uronic acid content of cranberry DA (75.2%, mol%) reveals the presence of some 

pectic polysaccharides that are covalently linked to cranberry cell wall polysaccharides through covalent 

ester bonds (Christiaens et al., 2012). A previous study also shows that sodium carbonate solubilized 

pectic polysaccharides from rabbiteye blueberry (56% uronic acid content, w/w) (Deng et al., 2013). DA 

from other vegetal sources were reported to contain lower UA, such as orange albedo (25%) (Prabasari 

et al., 2011) and carrot purées (20%) (Christiaens et al., 2012), while apple (Kosmala et al., 2010) and 

black tomato (W. Zhang et al., 2020) had similar contents to cranberry DA. 

Compared to the literature, the molar proportion of Glc residues in cranberry HB is higher than those 

reported for several other fruit cell wall HB, except for non-enzymatically treated apple pomace, 

rabbiteye blueberry and black tomato (Deng et al., 2013; Kosmala et al., 2010; W. Zhang et al., 2020). 

Among the four cranberry extracts, the lowest amount of Ara and Gal were found in the CH, suggesting 

that the abundant pectic polysaccharides that it contains possess fewer neutral regions, or neutral regions 

with less and/or shorter arabinan branches compared to the other extracts.  
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The results also show that in the CA, UA residues represented only 5.5% of the monosaccharides, a much 

lower content compared to values reported in CA of bilberries (16%) and olives (26%) (Hilz et al., 2005, 

2006; Vierhuis et al., 2000), but higher than rabbiteye blueberry (2%), whose CA contained almost 

exclusively non-pectic monosaccharides, with a particularly high amount of Xyl (Deng et al., 2013). 

Coherently with a low level of pectic polysaccharides, the most represented monosaccharide residues in 

cranberry CA were Glc (35.9%) and Man/Xyl (30.2%), that can be originated from xyloglucan, 

heteroxylans and heteromannans. Noticeably, Ara (12.9%) and Gal (13.8%) were also found in this CA. 

In the literature, higher abundance of Ara in CA was reported only for orange albedo (19%), which 

contained a similar amount of Gal (14%), and olive cell wall, in which Ara alone accounts for 42% of 

DA, while Gal is less abundant (7%) (Prabasari et al., 2011; Vierhuis et al., 2000). Considering their 

relatively high proportion, Ara and Gal residues in the cranberry CA may not entirely derive from 

decorations of hemicelluloses, but also from arabinan and galactan chains, such as the neutral branches 

of pectic polysaccharides. These structures, if strongly bound to the hemicelluloses, may have resisted to 

the extraction with diluted sodium hydroxide (Popper & Fry, 2008). This hypothesis is also supported by 

the higher molar ratio of Rha to UA in CA (32:100) compared to the first three extracts (2:100). The 

presence of Rha in cell wall is strongly connected to the rhamnogalacturonan I (RGI) backbone, that 

consists of repeating residues of α-1,4-D-GalA and α-1,2-L-Rha, to which side chains containing Gal 

and/or Ara residues are attached. 

The monosaccharide compositions of cranberry, bilberry (Hilz et al., 2005, 2006) and rabbiteye blueberry 

(Deng et al., 2013) extracts were compared, as the three species belong to the same Vaccinium genus. 

The only statistically significant difference observed with bilberry (P=0.01) is that cranberry has a higher 

proportion of Ara in CA. On the other hand, cranberry was found to contain less Ara and Glc in both HB 

and CH compared to rabbiteye blueberry (P<0.05), as well as less total non-pectic sugars (Xyl, Man and 

Glc) in DA (P<0.0001) and more Ara in CA (P=0.013). However, it was observed that the extracts from 

cranberry exhibited a higher molar ratio of Ara to Gal (1:1 to 2.2:1) than the corresponding bilberry 

extracts (0.25:1 to 1.25:1). This suggests that the neutral branches of pectic polysaccharides in the two 

fruits may subtly differ in composition, with Ara-containing polysaccharides found in greater amounts 

in cranberry.  
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4.4.4. Anionic fractionation of cranberry cell wall polysaccharides 

The cranberry cell wall polysaccharides extracts were fractionated by anionic exchange chromatography. 

All profiles (Figure 4.3) displayed a peak corresponding to neutral polysaccharides with absence or very 

low levels of UA in the fractions eluted at low buffer concentration (0.005 M). The elution profiles reveal 

a major uronic acid-rich peak in both HB and CH (HB-1 and CH-1, respectively) eluted at 0.414 M, 

associated with a small amount of neutral sugars. Additionally, CH had a second uronic acid-rich peak 

(CH-2) eluted at 0.958 M. The fractionation of DA revealed three peaks at relatively low buffer 

concentration. DA-1 peak was eluted at 0.522 M containing both neutral sugars and uronic acid residues; 

this DA-1 peak might represent a fraction containing pectic polysaccharides with neutral branches, such 

as RGI. The other two peaks (DA-2) rich in uronic acid residues were eluted at 0.846 and 1.078 M. For 

CA, only one peak (CA-1) composed mainly of neutral sugars was observed, at the initial ionic strength. 

This result confirms that in CA pectic polysaccharides are scarce and may be limited to short RGI bound 

to hemicelluloses. In comparison, CH and DA extracts from soybean showed nearly identical elution 

profiles, both appearing very similar to cranberry CH but with a more marked neutral sugars peak eluted 

at initial ionic strength (Huisman et al., 1998). 

Selected fractions (HB-1, CH-1, CH-2, DA-1, DA-2, CA-1) were analyzed for their molecular weight 

distribution and monosaccharide profile. Figure 4.4 shows that HB-1 consisted of a polysaccharide peak 

distributed around 9.6×105 Da, which is likely to be a subset of the population (1.5×106 Da) identified in 

the whole HB (Figure 4.2). CH-1 and CH-2 fractions had similar compositions, with one peak at 1.3×106 

Da (94%, w/w) and a small one at 2.5×103 Da. Both peaks appear to belong to the two populations 

identified at 1.8×106 and 1.5×103 Da in the whole CH. From the profile of the CH and those of its 

fractions (CH-1, CH-2), it can be assumed that population corresponding to peak at 105 Da, absent from 

the anion exchange fractions, is mainly composed of neutral polysaccharides. DA-1 (2.7×105 Da-86% 

w/w; 1.8×103 Da) and DA-2 (4.2×105 Da-100% w/w) fractions were found to contain polysaccharides 

with relatively smaller molecular weights. The two main abundant peaks in DA-1 and DA-2 fractions 

are both originated from the main population identified the whole DA at 3.2×105 Da (Figures 4.2 and 

4.4). The minor low-molecular weight fraction of DA-1 may be due to the degradation of the 

polysaccharides and/or to the dissociation of non-covalently bound oligosaccharides during the 

purification and dialysis steps. 
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Figure 4.3 Uronic acid and neutral sugars contents of the fractions obtained by anion exchange 

chromatography of the extracts. HB: hot buffer extract; CH: chelating agents extract; DA: diluted alkali 

extract; CA: concentrated alkali extract. Black line: uronic acids; grey line: neutral sugars.
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Figure 4.4 Molecular weight distribution in the anion exchange fractions obtained from extracts. A: Hot 

buffer extract fraction 1 (HB-1); B: Chelating agents extract fraction 1 (CH-1) (a), fraction 2 (CH-2) (b); 

C: Diluted alkali extract fraction 1 (DA-1) (a), fraction 2 (DA-2) (b); D: Concentrated alkali extract 

fraction 1 (CA-1).
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In CA-1 fraction, two peaks were identified, one at 3.9×105 Da (53% w/w) and the other at 1.8×104 Da 

as for the whole CA. It can be hypothesized that CA is composed of two polysaccharide populations 

exhibiting high intermolecular interactions. 

The monosaccharide profiles (Table 4.3) show that HB-1, CH-1 and CH-2 were mainly composed of UA 

residues (>90%, mol%), indicating a prevalence of homogalacturonan. Among the fractions with high 

proportions of pectic polysaccharides, the ratio of Ara and Gal to Rha provides an estimate of the level 

of branching of RGI. The fractions from DA had the highest ratios, indicating the presence of longer or 

more abundant arabinan and galactan side chains. The abundance of RGI was estimated from the 

proportion of Ara, Gal and Rha, taking into consideration the backbone of RGI includes equal moles of 

Rha and GalA. HB-1 contained 8.2% mol% of RGI, while the proportion in CH-1 and CH-2 fractions 

were 5.1 and 4.7%, with limited branching (1.7:1 and 4.2:1, respectively). While UA residues were also 

present in DA-1 (57.7%) and DA-2 (69.7%), these fractions contained higher amounts of neutral sugars, 

indicating the presence of more complex structures. From the Rha molar proportions (3.0 and 2.5%), it 

can be assumed that RGI is more abundant in DA-1 and DA-2 than in the other fractions. RGI in DA-1 

contained more or longer arabinan and galactan branches (11.5:1) than that in DA-2 (10.0:1). CA-1 

fraction was slightly enriched in UA compared to the whole CA, but it was still primarily composed of 

Glc, Xyl and Man, confirming the prevalence of non-pectic polysaccharides. 

4.4.5. Sugar linkage analysis 

To gain information on the structures and the distribution of the polysaccharides in the cranberry extracts, 

sugar linkages were analyzed (Table 4.4). The sugar linkages adjacent to GalA residues are usually 

difficult to hydrolyze, so they were not detected as PMAAs. A carboxyl reduction step was carried out 

to convert GalA residues to neutral Gal, followed by formation of PMAAs via methylation. By 

comparing the relative abundance of Gal’s PMAAs with and without pre-reduction, the linkage 

information related to GalA could be obtained. The relatively low solubility of polysaccharides extracts 

samples in DMSO before methylation (Hilz et al., 2005) was corrected by considering the complete 

monosaccharide profile obtained upon chemical hydrolysis of polysaccharides into monosaccharides.
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Table 4.3 Monosaccharide profile of fractions from anion exchange chromatography. 

Frac. Yield %a 

Monosaccharide profile (mol%) Pectic 

neutral 

sugars 

%c Branchingd Rha Ara Gal Glc Man + Xyl UAb 

HB-1 70 1.4 ± 0.1g 1.0 ± 0.1i 4.5 ± 0.9f 0.9 ± 0.3f 1.3 ± 0.4g 90.9 ± 5.1e 75.6 4.0 

CH-1 47 1.4 ± 0.3fg 1.9 ± 1.1hi 0.4 ± 0.0h 0.2 ± 0.0g 0.9 ± 0.4g 95.2 ± 8.6e 77.7 1.7 

CH-2 49 0.8 ± 0.2h 2.8 ± 0.4h 0.4 ± 0.1h 0.3 ± 0.1g 0.5 ± 0.3g 95.2 ± 13.3e 82.8 4.2 

DA-1 44 3.0 ± 0.5e 27.8 ± 2.9e 6.5 ± 1.5ef 2.3 ± 1.4f 2.8 ± 0.5f 57.7 ± 3.9f 88.0 11.5 

DA-2 23 2.5 ± 0.1e 22.9 ± 0.1f 2.1 ± 0.7g 1.2 ± 0.5f 1.6 ± 0.2g 69.7 ± 1.2ef 90.9 10.0 

CA-1 84 2.1 ± 0.5ef 7.6 ± 2.2g 8.9 ± 1.1e 48.8 ± 0.9e 19.2 ± 0.2e 13.4 ± 0.0g 21.4 7.7 

All values are expressed as mean ± SD. 

HB: hot buffer extract; CH: chelating agents extract; DA: diluted alkali extract; CA: concentrated alkali extract; L-Rhamnose (Rha), L-arabinose (Ara), D-galactose (Gal), D-glucose (Glc), D-

xylose (Xyl), Uronic acids (UA) and D-mannose (Man). 

a Determined by colorimetric method as percentage of total sugars. 

b Determined by m-hydroxydiphenyl colorimetric method. 

c Determined as (Rhamnose + Arabinose + Galactose)/sum of neutral sugars. 

d Determined as (Arabinose + Galactose)/Rhamnose. 

e-h Within the same column, means with different letters are significantly different at P ≤ 0.05.



80 

 

 

Table 4.4 Sugar linkage composition (% mol/mol) of cranberry extracts as determined by GC-MS.

  HB CH DA CA 

1,2,4-Rhap 0.2 0.2 0.4 0.0 

T-Araf 1.4 1.2 2.3 0.0 

1,3-Araf 0.2 0.2 0.4 0.0 

1,5-Araf 7.0 4.9 7.8 29.2 

1,2,5-Araf 0.1 0.1 0.2 0.0 

1,3,5-Araf 0.4 0.3 1.0 0.0 

Tot Ara 9.0 6.6 11.7 29.2 

T-Galp 0.3 0.0 0.4 0.0 

1,2-Galp 0.1 0.3 0.1 1.0 

1,3-Galp 0.4 0.3 0.6 0.9 

1,4-Galp 0.0 0.0 0.7 0.0 

1,6-Galp <0.1 0.0 <0.1 0.0 

1,3,4-Galp 0.0 0.0 0.0 0.0 

1,3,6-Galp <0.1 <0.1 0.1 0.0 

1,2,3,4,6-Galp 0.1 <0.1 <0.1 <0.1 

Tot Gal 1.0 0.7 2.0 1.9 

T-Glcp 7.3 3.4 4.2 29.5 

1,2-Glcp 0.1 0.0 0.0 0.4 

1,4-Glcp 2.2 1.8 1.8 4.1 

1,4,6-Glcp 0.2 0.3 0.2 0.2 

1,2,3,4,6-Glcp 0.0 0.0 <0.1 <0.1 

Tot Glc 9.7 5.5 6.2 34.2 

T-Xylp 0.2 0.3 0.4 0.3 

  HB CH DA CA 

T-Manp 7.1 3.3 4.1 28.8 

1,2,3,4,6-Manp 0.1 <0.1 <0.1 0.1 

Tot Man 7.2 3.4 4.1 28.9 

T-GalpA 2.0 1.9 0.0 0.0 

1,2-GalpA 0.0 0.0 2.0 0.0 

1,3-GalpA 10.3 0.6 0.0 0.0 

1,4-GalpA 57.6 78.2 68.4 0.0 

1,6-GalpA 0.0 0.1 0.3 0.0 

1,2,4-GalpA 0.0 0.5 0.7 0.0 

1,3,4-GalpA 0.5 0.5 1.1 0.0 

1,3,6-GalpA 0.5 0.7 0.7 0.0 

1,4,6-GalpA 1.9 0.9 1.9 0.0 

Tot GalA 72.8 83.4 75.2 5.5 

Arabinan chain 

lengtha 
8.8 7.5 9.7 - 

Arabinan 

branchingb 
0.5 0.5 1.2 - 

Galactan/AGI 

chain lengthc 
1.1 - 4.7 - 

Galactan/AGI 

branchingd 
0.1 - 0.2 - 

AGII chain 

lengthe 
3.0 - 5.1 - 

AGII 

branchingf 
0.1 - 0.7 - 

RGI %g 0.6 0.4 1.1 - 

 

HB: hot buffer extract; CH: chelating agents extract; DA: diluted alkali extract; CA: concentrated alkali extract. 
a Calculated as 1+(1,5-Araf + 1,2,5-Araf + 1,3,5-Araf)/(T-Araf - 1,2,5-Araf - 1,3,5-Araf). 
b Calculated as (1,2,5-Araf + 1,3,5-Araf)/(T-Araf - 1,2,5-Araf - 1,3,5-Araf). 
c Calculated as 1+(1,4-Galp + 1,3,4-Galp)/(T-Galp - 1,3,4-Galp - 1,3,6-Galp). 
d Calculated as (1,3,4-Galp)/( T-Galp - 1,3,4-Galp - 1,3,6-Galp). 
e Calculated as 1+(1,3-Galp + 1,3,6-Galp)/(T-Galp - 1,3,4-Galp - 1,3,6-Galp). 
f Calculated as (1,3,6-Galp)/( T-Galp - 1,3,4-Galp - 1,3,6-Galp). 
g Calculated as 2 × 1,2,4-Rhap/(1,4-GalpA + 1,2,4-Rhap + 1,2,4-GalpA + 1,3,4-GalpA).
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Chain length can be estimated from the ratio of twice and thrice-substituted residues to terminal residues, 

combined with general notions about conserved chain characteristics found across higher plants (Mohnen, 

2008), while the degree of branching is calculated as the number of thrice substituted (branching-point) 

residues per branch. 

Arabinan chains were found in all extracts. In cranberry HB, the arabinan chains appeared to have an 

average length of 8.8 residues bound by 1,5 linkage, of which 0.5 residues per chain possessed branching 

at C2 or C3. In CH and DA, these chains appeared to have a length of 7.5 and 9.7 residues, respectively, 

with 0.5 and 1.2 branched residues per chain. In CA, the only form of Ara detected was 1,5-Araf, hence 

it was only possible to infer the presence of arabinan. 

Galactan and type I arabinogalactan (AGI) are known to possess a main chain composed by β-(1,4) linked 

galactopyranose residues (Yahia et al., 2019). Low amounts of terminal Gal were only found in HB and 

DA. In HB, very short chains with a calculated average length of 1.1 residues were detected. Since only 

terminal and 1,3,4 branched Gal residues were observed in samples without pre-reduction, the presence 

of monomeric Gal and less common trimeric galactan chains was hypothesized to be present. On the 

other hand, in DA the 1,4-Gal chains appeared to be longer (4.7 residues), while the degree of branching 

was similar to what observed in HB (0.2 branched residues per chain, compared to 0.1). After carboxyl 

reduction, an increase in relative abundance of 1,4-Gal linkage was observed in all extracts except CA, 

indicating the presence of 1,4-GalA (characteristic linkage of homogalacturonan) in HB, CH and DA. 

Type II arabinogalactan (AGII) is characterized by a main chain of β-(1,3) linked galactopyranose 

residues (Heredia et al., 1995). This linkage was found in all extracts: for CH and CA, an average length 

of the chains could not be calculated, as no terminal Gal residue was observed, while the average length 

appeared to be 3.0 residues in HB, and 5.1 in DA. 

Some branching, represented by 1,3,6-Galp, was also observed (0.1 and 0.7 branched residues per chain 

in HB and DA, respectively). Coherently with the monosaccharide profile obtained by HPSEC, Gal 

residues were less abundant than Ara in HB, CH and DA.  Xylopyranose was found exclusively as 

terminal, non-reducing residues in all extracts. This indicated that they didn’t originate from xylans or 

other Xyl-including hemicelluloses where Xyl is found as polymeric chains, but more likely from Xyl 

decorations, such as those found on xyloglucan and xylogalacturonan (Mohnen, 2008).  
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The presence of 1,2,4-GalpA and 1,3,4-GalpA can provide information on the abundance of acetyl 

esterification and decoration of galacturonic acid residues, as seen in xylogalacturonan. These were found 

in HB, CH and DA at ratios of 0.9, 1.3 and 2.5 residues every 100 1,4-GalpA residues, respectively. 

1,2,4-Rhap represented the only type of rhamnopyranose residue detected, indicating that RGI was highly 

branched and confirming the absence of detectable levels of the other Rha-containing polysaccharide 

(rhamnogalacturonan II) (Mohnen, 2008). 

Considering the backbone of RGI as an alternance of galacturonic acid and Rha residues, the percentage 

of galacturonic acid-containing polymers represented by it was estimated to be 0.6% in HB, 0.4% in CH 

and 1.1% in DA. Despite the limitations due to the partial resistance to hydrolysis of the polysaccharide, 

these percentages were expected to reflect the abundance of hairy regions in the pectins, as they are 

composed by the neutral sidechains attached to RGI backbone. It is worth noting that, among the three 

extracts where this ratio of RGI to homogalacturonan could be calculated, the lowest value was from CH, 

confirming that it contained more linear pectic polysaccharides. Finally, the presence of high amounts of 

terminal non-reducing Glc, 1,4-Glcp and 1,4,6-Glcp was indicative of cellulose and hemicelluloses, 

common components of cell wall in lignified tissues (Bajpai, 2018). 

4.4.6. Structural characterisation by NMR 

CH and CA extracts were characterized by 2D and 3D NMR spectroscopy. The chemical shifts, reported 

in Table 4.5, were attributed to glycosidic residues by comparison with published values and with 

standards of known composition. The HSQC spectrum of CH (Figure 4.5A) displayed intense signals of 

1,4-α-GalpA residues (both methyl esterified and not), 1,5-α-Araf, 1,3-α-Araf, terminal non-reducing α- 

and β-Araf, β-Galp and α-GalpA, and GalA reducing ends (4-α-GalpA and 4-β-GalpA). These linkages 

indicate the predominance of homogalacturonan and pectic arabinan structures in the extract. The ratio 

of 3.0:1 between the intensity of non-methylated and methylated 1,4-α-GalpA indicated the prevalence 

of the first. The spectrum also contained lower-intensity signals attributable to galactan structures (1,4-

β-Galp) arabinogalactan type II (1,3,6-β-Galp) and arabinan branching (1,2,3,5-α-Araf).
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Table 4.5 Chemical shift assignments of chelating agents (CH) and concentrated alkali (CA) 

extracts, referenced to DSS. 

CH C1 H1 C2 H2 C3 H3 C4 H4 C5 H5 

1,4-α-GalpA 101.6 5.07 70.9 3.74 71.7 3.97 80.8 4.40 74.1 4.69 

1,5-α-Araf 110.2 5.08 83.6 4.12 79.4 4.00 85.0 4.19 69.6 3.88, 3.75 

1,4-α-GalpA 101.9 5.11         

1,4-α-GalpA6Me 102.6 4.90 71.5 3.95 70.9 3.72     

1,5-α-Araf 110.3 5.10         

1,3-α-Araf 109.8 5.17 84.0 4.13 86.8 3.97 82.4 4.35   

1,4-α-GalpA6Me 102.8 4.95         

T-β-Araf 104.1 5.08 77.1 4.03 84.8 3.89 79.2 4.12 65.8 3.79, 3.71 

4-β-GalpA 98.8 4.58 74.3 3.48 75.1 3.73 80.8 4.36   

1,3-α-Araf 109.8 5.14         

T-α-Araf 111.8 5.24 84.0 4.20       

1,2,3,5-α-Araf 109.1 5.23 88.0 4.29 83.1 4.23     

4-α-GalpA 94.9 5.30 71.5 3.98 80.1 4.40 73.4 4.49   

T-α-Araf 111.8 5.16 83.9 4.19       

1,3,6-β-Galp 105.8 4.52 72.2 3.66 82.8 3.72 71.1 4.12   

1,4-β-Galp 107.1 4.62 76.0 3.75 74.5 3.66     

CA C1 H1 C2 H2 C3 H3 C4 H4 C5 H5 

1,4-β-Glcp 105.0 4.52 76.0 3.37 76.2 3.81 81.6 3.67   

T-α-Araf 111.8 5.16 83.9 4.19 79.2 3.94 86.5 4.07 64.0 3.82, 3.71 

1,4-β-Manp 102.6 4.75 79.1 3.83 72.8 4.11 74.2 3.78 77.1 3.56 

1,4-β-Manp2OAc* 101.2 5.06 74.7 3.84 81.4 3.56 72.2 3.66 63.9 3.72, 3.55 

1,5-α-Araf 110.2 5.07 83.5 4.13 79.3 4.00 85.4 4.20 69.7 3.88, 3.79 

T-α-Xylp 101.5 4.93 74.2 3.55 75.8 3.72 72.2 3.64 64.2 3.71, 3.58 

T-β-Galp 107.2 4.55 71.4 3.92 76.0 3.67 73.8 3.62   

1,4-β-Manp2OAc* 101.1 5.10 75.0 3.85 72.2 3.66 83.0 3.60 74.2 3.55 

? -α-Glcp* 101.4 5.01 72.2 3.93 71.2 3.82 72.2 4.00   

1,5-α-Araf 110.2 5.10         

1,4-β-Manp2OAc* 101.2 5.13  3.66       

T-α-Araf 111.8 5.24 84.0 4.22       

T-β-GlcpA* 103.9 4.62 75.0 3.64 79.3 3.80 78.5 3.46  3.51 

1,3-α-GalpA* 101.3 5.20 70.9 4.14 80.2 3.94 72.1 4.14   

1,4-β-Galp 107.0 4.61 76.0 3.76       

1,3-α-Araf 109.8 5.17         

1,3-α-Araf 109.8 5.14 82.6 4.35 86.4 3.96 83.9 4.13 63.5 3.80 

1,4-β-Manp 102.8 4.73         

?: undetermined linkage; *:tentative assignment, on the basis of database match.
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Figure 4.5 Selected region of 1H,13C HSQC spectra. A: Chelating agents extract; B: concentrated alkali extract.

A B 
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The ratio of the integral intensities of anomeric hydrogen (H1) of arabinan-associated residues in the 

spectrum was T-Araf:1,5-α-Araf:1,3-α-Araf:1,2,3,5-α-Araf = 5.1:24.6:8.2:1.2. Arabinan appeared, 

therefore, to possess 1,5-linked backbone (63% of Ara residues) and branches with 1,3-linkage (21%). 

A similar structure was observed in sugar beet arabinan (Caffall & Mohnen, 2009; Sakamoto & Kawasaki, 

2003). Since branching points (1,2,3,5-α-Araf) represent only 3% of the detected Ara residues, the pectic 

arabinan may possess few, long 1,3-linked branches and monomeric 1,2-linked Araf decorations. Using 

the same equations applied on the GC-MS results to estimate arabinan length and branching, and taking 

into consideration that to one mole of 1,2,3,5-α-Araf correspond two of non-backbone terminal Ara 

residues, average length of the 1,5-linked arabinan structures results 11.0 residues, while branching is 

0.5. The lack of detectable Rha residues further suggested the presence of long pectic arabinan chains, 

attached to very short rhamnogalacturonan I backbones. 

The spectrum from CA (Figure 4.5B) showed, in addition to terminal and 1,5-linked α-Araf signals, very 

intense signals of 1,4-β-Glcp and 1,4-β-Manp (including some Man tentatively identified as acetyl 

esterified in C2), as well as terminal β-Galp and α-Xylp. This fraction is therefore characterized by the 

presence of abundant glucomannan, as well as some pectic arabinan. Less abundant residues include 

more pectic galactan and arabinan fragments (1,3-α-Araf and 1,4-β-Galp), and the tentatively attributed 

terminal β-GlcpA (possibly deriving from a trace of glucuronoxylan) and 1,3-α-GalpA. Estimated chain 

length of pectic arabinan and galactan, calculated from the proportion of anomeric hydrogen peaks 

intensity, were 1.5, 1.2 respectively. It should be noted that, while some of the terminal Ara and Gal may 

actually be decorations of hemicellulosic polymers such as xyloglucan, the absence of detectable 

branched Glc residues (such as 1,4,6-β-Glcp) makes the possible relevance of these structures on the 

estimate less significant. As no terminal Glc or Man residues could be clearly detected, length of 

glucomannan could not be estimated. 

4.5. Conclusions 

AIS isolated from Stevens variety cranberries pomace represented 80% of the dry pomace weight -a 

value in the range of those reported for varieties of apple, citrus and black currant pomaces- and were 

rich in GalA. Aqueous extracts obtained from AIS contained abundant pectic polysaccharides, except 

the concentrated alkali one. Chelating agent extract had the highest yield of poly-and oligosaccharides, 

as well as the highest proportion of GalA.  
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Liquid chromatography techniques and monosaccharide linkage analysis completed the characterization 

of the extracts to a level of detail unprecedented for the cell wall of fruit. The obtained information, 

although it did not account for the possible variations present in different cranberry batches due to 

cultivation and storage conditions, is valuable in view of a possible utilization of cranberry pomace as 

source of polysaccharides, and for the optimization of methods for isolating specific pectic 

polysaccharide sub-fractions to be used as functional food ingredients. 
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CONNECTING STATEMENT 3 

 

The analysis of cranberry cell wall polysaccharides reported in chapter IV revealed the presence of 

abundant pectic polysaccharides with different chemical characteristics in three of the four extracts.  To 

characterize the structural features of pectic polysaccharides, a more focused study of the composition 

and structure of purified pectic polysaccharide fractions was designed. The study, presented in chapter 

V, focused on the treatment of selected pectic polysaccharides with a series of pure pectin-degrading 

enzymatic activities and on the determination of composition and linkage of the liberated fragments. The 

substrate specificity of the enzymes allows the characterization of the relative abundance of the 

rhamnogalacturonan type I neutral branches, which are the most structurally complex parts of these 

polysaccharides and can yield the greatest diversity of oligosaccharides. 

 

Spadoni Andreani, E. & Karboune, S. (2020). Characterization of the Structural Features of Cell Wall 

Pectic Polysaccharides in Stevens Variety Cranberry Pomace by Sequential Extraction Approach and 

Using Highly Specific Pectin-Hydrolyzing Enzymes. (To be submitted).
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CHAPTER V. CHARACTERIZATION OF THE STRUCTURAL FEATURES OF 

CELL WALL PECTIC POLYSACCHARIDES IN STEVENS VARIETY 

CRANBERRY POMACE BY SEQUENTIAL EXTRACTION APPROACH AND 

USING HIGHLY SPECIFIC PECTIN-HYDROLYZING ENZYMES
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5.1. Abstract 

The potential of poly- and oligosaccharides as functional ingredients depends on the type and glycosidic 

linkages of their monosaccharide residues, which determine their techno-functional properties, their 

digestibility and their fermentability. To isolate the pectic polysaccharides of cranberry, alcohol insoluble 

solids were first obtained from pomace. A sequential extraction (hot phosphate buffer, chelating agents 

CH, diluted DA and concentrated sodium hydroxide) was then carried out. Pectic polysaccharides present 

in CH and DA extracts were purified by anion exchange and gel filtration chromatography, then 

sequentially exposed to commercially available pectin-degrading enzymes (pectin lyase, endo-

polygalacturonase, endo-arabinanase/endo-galactanase/both). The composition and linkages of the 

generated fragments revealed important characteristic features, including the presence of 

homogalacturonan with varied methyl esterification extent, branched type I arabinogalactan and pectic 

galactan. The presence of arabinan with galactose branches was suggested upon the analysis of the 

fragments by LC-MS. 

5.2. Introduction 

Among plant cell wall polysaccharides, the pectic polysaccharides (PPS) are characterized by high 

versatility and complexity of their structure, composed of smooth and hairy regions (Kratchanova et al., 

2010; Oosterveld et al., 1996). Indeed, the relevant chemical characteristics of PPS include smooth/hairy 

regions ratio, monosaccharide profile, amounts and distribution of substituents, molecular weight 

distribution and the typology of side chains they possess. The smooth region consists mainly of 

homogalacturonan and xylogalacturonan: the first is a linear polymer of α-(1,4)-D-galacturonic acid 

(Ridley et al., 2001), which is partially methyl esterified with at the carboxylic group of C6 and can be 

acetylated at C2 and C3. The second, generally less abundant in the cell wall, has the same backbone 

structure but presents β-xylopyranosyl monomers attached at the C3 of some of the galacturonic acid 

residues (Mohnen, 2008). Rhamnogalacturonan type I (RGI) is the main component of the hairy region, 

and has a conserved backbone, constituted by the repetition of the diglycosidic unit α-(1,4)-L-

rhamnopyranose-α-(1,2)-D-galactopyranosyluronic acid (Bonnin et al., 2014). The galacturonic acid 

residues are partially acetylated as in homogalacturonan, while the rhamnose residues can be branched 

at C3 or C4 with oligomers of arabinose and galactose.  
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These neutral branches show great variability between different species, tissues and even in the same 

tissue in function of physiological changes such as ripening (Peña & Carpita, 2004; Yapo, 2011), but 

commonly include oligomers of α-(1,5)- L-arabinofuranose (arabinan), of β-(1→4)-D-galactopyranose 

(galactan), or mixed (arabinogalactans type I and II, which possess a backbone of galactan and arabinose-

containing branches). Less common branches have also been reported, such as xylogalacturonan in apple 

cell wall (Oechslin et al., 2003; Schols et al., 1995), or arabinan with galactose-containing branches in 

sugar beet, potato, duckweed  (Sakamoto & Sakai, 1995; Yu et al., 2015) among others. 

Rhamnogalacturonan type II (RGII) is a much less common but strongly conserved branched region, 

composed by the repetition of four branches containing neutral and acid glycosidic residues departing 

from a backbone of homogalacturonan (Vidal et al., 2000).  

Smooth and hairy regions are found in variable proportions in extracted plant cell PPS and can be 

separated from each other only by enzymatic activity or strong chemical treatments. This indicates that 

they are covalently bound to each other, likely by the galacturonic acid extremities of their backbones 

(Bonnin et al., 2014; Mohnen, 2008). While the nature of the bonds between PPS and the other cell wall 

polymers is still unclear, it has been found that PPS are interconnected with both cellulose microfibrils 

(Wang et al., 2018) and xyloglucan (Popper & Fry, 2008), forming a complex network in the cell wall. 

Depending on their chemical structure, PPS can provide functionalities such as gelling, thickening and 

emulsion stabilizing (Bonnin et al., 2014). As one of the major constituents of soluble dietary fibers, PPS 

can reduce the risk of cardiovascular disease due to their effects on low density lipoproteins (Theuwissen 

& Mensink, 2008). Furthermore, PPS have been shown to possess in vitro prebiotic properties 

(Tingirikari, 2019) and have the potential to be utilized for the generation of pectic oligosaccharides with 

prebiotic (P. Li et al., 2016; Manderson et al., 2005; Olano-Martin et al., 2002) and other health-

promoting properties such as antibacterial (S. Li et al., 2013) and antibiofilm effects (Sun et al., 2015). 

Cranberry pomace, obtained during the juice manufacturing process, is a very abundant residual material. 

This material contains large amounts of cell wall polysaccharides, including PPS. Indeed, cranberry 

(Vaccinium macrocarpon) pomace has been recently studied as a source of antibiofilm oligosaccharides 

(Hotchkiss et al., 2015; Sun et al., 2015) derived from xyloglucan and arabinan, but the composition and 

linkage analyses were limited to the oligosaccharide fractions. The present study provides a first 

characterization of some of the PPS obtained from cranberry pomace by chelating agents (CH) and 

diluted alkaline (DA) extractions.  
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Selected PPS, isolated from the two extracts by anionic exchange and gel filtration chromatography, 

were analysed for their monosaccharide composition. Then, these polysaccharides were subjected to the 

sequential enzymatic degradation with highly specific pectin-degrading enzymatic activities to infer their 

structural properties from the liberated fragments (Holck et al., 2011; Olano-Martin et al., 2001). The 

contribution of our findings for the elucidation of the structural properties of RG I in cranberry cell walls 

was discussed. 

5.3. Materials and methods 

5.3.1. Materials 

Stevens variety cranberries were provided by Atoka Cranberries Inc., Manseau, QC, Canada and stored 

at -20 °C. Enzymes were obtained from Megazyme, Bray, Ireland. Analytical grade reagents were from 

Sigma-Aldrich Co, St. Louis, MO, USA. 

5.3.2. Preparation of alcohol insoluble solids 

Pomace was obtained from frozen Stevens variety cranberries (Atoka Cranberries Inc.) by blending with 

a Vitamat commercial juicer (Rotor Lips AG, Uetendorf, Switzerland), followed by pressing in cheese 

cloth for 24 h at room temperature. Pomace was then freeze dried and blended in a Model 7011C 

commercial blender (Conair, Stamford, CT, USA) with 40 second pulses until it could pass a sieve size 

of 1.18 mm. Blended pomace was suspended (13.8%, w/v) in ethanol (95%, v/v), shaken at 150 rpm for 

1 h and filtered on Miracloth rayon-polyester cloth (Millipore Sigma, Burlington, MA, USA). The 

residues (46%, w/v) were washed three times with 85% ethanol, 50% chloroform, 50% methanol and 

acetone, then dried overnight at room temperature yielding the alcohol insoluble solids (AIS). 

5.3.3. Sequential extraction of polysaccharides 

A four-step sequential approach for the extraction of polysaccharides from 8000 mg of dry AIS was 

implemented adapting the procedure described by Hilz et al. (2005). Briefly, AIS (2.66% w/v) were 

suspended twice in 0.05 M, pH of 5.2 sodium acetate buffer with the addition of 0.05 M 

ethylenediaminetetraacetic acid (EDTA) and 0.05 M sodium oxalate at 70 °C for 15 min. The suspension 

was then centrifuged at 8000 ×G for 30 min and filtered on fritted glass funnel of medium pore size, 

recovering the supernatant (chelating agents extract, CH). The precipitate was washed once with distilled 

water at room temperature (3% w/v) to remove excess chelating agents, then suspended twice (2.66% 

w/v) in 0.05 M sodium hydroxide at 0 °C for 60 min.  
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The suspension was then brought to pH of 5.2 with acetic acid, centrifuged and filtered, obtaining the 

diluted alkali extract (DA). The extracts were concentrated by ultrafiltration on a Prep/Scale Spiral 

Wound module (MilliporeSigma). The retentates were dialyzed with a cut-off of 5000-8000 Da: DA was 

dialyzed in distilled water for 48 h; CH was dialyzed for 24 h in 0.1 M sodium chloride and 24 h in 

distilled water. Dialyzed extracts were then freeze dried. 

5.3.4. Fractionation of polysaccharides by anion exchange chromatography  

The polysaccharide extracts were fractioned by anion exchange chromatography with an ÄKTApurifier 

UPC 10, on Source 15Q column (GE Healthcare Life Sciences). Elution was conducted at constant flow 

rate 1.5 ml/min with one column volume of 0.005 M sodium acetate buffer at pH of 5, followed by a 

linear gradient for 7 column volumes up to 1.5 M. The final molarity was kept for one column volume 

before re-equilibrating the system with the initial molarity. Fractions containing high concentrations of 

uronic and/or neutral sugars were pooled, dialyzed in water and freeze dried. 

5.3.5. Purification of polysaccharides by gel filtration chromatography 

Selected anion exchange fractions were further purified on Sephacryl S-1000 SF resin (GE healthcare), 

a size exclusion chromatography column. The elution was carried out with sodium phosphate buffer 

(0.05 M, pH 7) containing 0.15 M sodium chloride at a flow rate of 0.5 ml/min. Fractions containing 

polysaccharides were pooled, dialyzed against distilled water with cut-off 5-8 kDa and freeze dried. 

5.3.6. Enzymatic fragmentation of selected polysaccharides 

Purified PPS (0.04 mg/ml) obtained upon gel filtration were suspended in sodium acetate buffer (0.05 M, 

pH 4.5). Enzymatic reactions were conducted at 40 °C, under 150 rpm shaking in an Excella E24 orbital 

shaker (New Brunswick Scientific, Edison, NJ, USA). The enzymatic treatment was first carried with 

pectin lyase (EC 4.2.2.10) from Aspergillus niger (1.4%, w/w enzyme to polysaccharide ratio). After 42 

h of reaction, endo-polygalacturonase (EC 3.2.1.15) from Aspergillus aculeatus (1.2%, w/w) was added 

to the reaction mixtures, and the reactions were carried out for 72 h. In the last stage of enzymatic 

treatments, either endo-α-(1,5)-arabinanase (EC 3.2.1.99) from A. niger (6.25%, w/w), endo-β-(1,4)-

galactanase (EC 3.2.1.89) from A. niger (0.13%, w/w) or both together were added an allowed to react 

for 72 h. Reactions were halted by enzyme inactivation (100 °C for 5 min). Enzymatic reactions were 

monitored at various times by determining the increase in sugar reducing ends using 3,5-Dinitrosalicylic 

acid (DNS) test.  
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Briefly, 0.1 ml of aliquots of enzymatic reactions were added to 1.5 ml of DNS 1% w/v in 1.6% w/v 

sodium hydroxide and 0.9 ml of water. After heating at 100 °C for 5 min, 0.5 ml of potassium sodium 

tatrate 50% w/v were added. Absorbance at 540 nm was read once the mixture reached room temperature. 

All reactions were performed in duplicate. Upon the sequential enzymatic fragmentation, the solubilized 

fragments were separated from polysaccharides by adding an aliquot of reaction mixture (5% v/v) to 

ethanol. The mixtures were allowed to settle for 5 h at -20 °C, then centrifuged for 25 min at 6708 ×G to 

recover the soluble fragments in the supernatant. 

5.3.7. Sugar content and monosaccharide profile 

Uronic acid content was measured by sulphamate/m-hydroxydiphenyl assay (Blumenkrantz & Asboe-

Hansen, 1973). The phenol–sulphuric acid colorimetric assay was used for the determination of neutral 

sugar content (DuBois et al., 1956). In order to determine the monosaccharide profile, fractions were first 

hydrolyzed using a two-step procedure as previously described (Khodaei & Karboune, 2013). The 

samples were suspended and incubated at 60 °C for 24 h in HCl/methanol mixture (1:4, v/v) at a ratio of 

0.6% (w/v) and thereafter boiled for 1 h in trifluoroacetic acid solution at a ratio of 1:8 (v/v). Hydrolyzed 

samples were analyzed with high performance anionic exchange chromatography, equipped with pulsed 

amperometric detector (HPAEC-PAD, Dionex), and a CarboPac PA20 column (3 × 150 mm). Isocratic 

elution was performed with 5 mM NaOH (0.5 ml/min). L-Rha, L-Ara, D-Gal, D-Glc, D-Xyl and D-Man 

were used as standards. 

5.3.8. Molecular weight distribution analysis 

A high-performance size-exclusion chromatography (HPSEC) system (Model 1525 binary HPLC pump, 

equipped with a Model 2414 refractive index detector, Waters Co., Milford, MA, USA) was used to 

estimate the molecular weight distribution in the extracts and their fractions and quantify the yield of 

polysaccharide extraction. Columns TSK G5000 PWXL and TSK G3000 PWXL (Tosoh Co., Yamaguchi, 

Japan) were used in series with isocratic flow rate of 0.4 ml/min of 0.1 M sodium chloride. Detector was 

operated at 30 °C. Dextrans (50 - 670 kDa) and soybean rhamnogalacturonan (0.3 - 5 mg/ml) were used 

as standards for calibration. 

5.3.9. Preparation of methylated PMP-monosaccharides 

Ethanol solutions containing the polysaccharide fragments (0.2 ml) were evaporated at 50 °C until dry 

in screw cap tubes.  
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The solids were dissolved in 0.5 ml of dimethyl sulfoxide, and 20 mg of freshly powdered sodium 

hydroxide were added. Iodomethane (0.1 ml) was then added, and the mixtures were gently shaken at 

room temperature for 10 min. Permethylated samples were recovered by extraction with dichloromethane 

(1:1. v/v). The organic phase was washed three times with water and dried. Hydrolysis to 

monosaccharides was performed by incubation with 0.5 ml trifluoroacetic acid at 100 °C for 1 h. 

Methylated monosaccharides were then dissolved in 0.05 ml water and derivatized by addition of 0.2 ml 

ammonia solution (28.0–30.0%) and 0.2 ml of 0.2 M 1-phenyl-3-methyl-5-pyrazolone (PMP) in 

methanol. The solution was heated at 70 °C for 30 minutes and dried under nitrogen. 

5.3.10. Sugar linkage analysis by liquid chromatography-mass spectrometry 

The obtained methylated PMP-monosaccharides were analyzed by liquid chromatography mass 

spectrometry using an Agilent 1290 Infinity II LC system coupled to the 6545 Q-TOF -MS (Agilent 

Technologies, Santa Clara, USA). The LC separation was conducted on a Poreshell120 EC-C18 

analytical column (Agilent Technologies). The mobile phase A was HPLC water with 5 mM ammonium 

acetate and the mobile phase B was acetonitrile/methanol mixture (50:50 v/v) with 5mM ammonium 

acetate. HPLC parameters were as follows: injection volume was 1 µL, the flow rate was 0.4 mL/min 

and the column temperature was set to 35°C. The mobile phase profile used for the run in positive ion 

mode was 10% B (0 to 1.0 min), linear increase to 99% B (1.0 to 8.0 min), hold at 99% B (8.0-13.0 min), 

decrease to 10% B (13.0 to 13.01 min) and finally 10% B (13.01 to 16 min). The mass spectrometer was 

equipped with a Dual AJS ESI ion source operating in positive ionization modes. MS conditions were as 

follows: for ESI+, the drying gas temperature was 275 °C, drying gas flow rate was 10 L/min, sheath gas 

temperature was 300°C, sheath gas flow rate was 12 L/min, the pressure on the nebulizer was 45 psi, the 

capillary voltage was 3500 V, the fragmentor voltage was 150 V, the skimmer voltage was 50 V and the 

nozzle voltage was 1000 V. Full scan MS data were recorded between mass-to-charge ratios (m/z) 100 

and 1100 at a scan rate of 2 spectra/s, and were collected at both centroid and profile mode. All Ions 

MS/MS data was collected between m/z 100 and 1100 at a scan rate of 2 spectra/s for four different 

collision energies (0, 10, 20, and 40 V). Target MS/MS data were collected using collision energy at 30 

V. Reference ions (m/z at 121.0508 and 922.0098 for ESI+) were used for automatic mass recalibration 

of each acquired spectrum. Data treatment was conducted using Quantitative Analysis B.07.01 from 

Agilent MassHunter Workstation Software. Three standard oligo- and polysaccharides, raffinose, pectic 

galactan and pectic arabinan, were used to confirm the retention time and linkage information.  
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5.4. Results and discussion 

5.4.1. Fractionation and purification of cell wall pectic polysaccharides fractions 

The cell wall polysaccharides were isolated from cranberry pomace following a sequential extraction 

method that involves hot buffer, CH, DA, and strong alkali extraction (Chapter IV. Extraction and 

Characterization of Cell Wall Polysaccharides from Cranberry (Vaccinium macrocarpon var. Stevens) 

Pomace. CH and DA extracts were found to contain abundant uronic acids, indicating the presence of 

PPS. The fractionation of CH and DA extracts by anionic exchange chromatography confirmed these 

findings, as it led to the identification of multiple uronic acid-based polysaccharides associated to 

variable levels of neutral sugars (Table 5.1). In the CH extract, three main fractions (CH1, CH2, CH3) 

were eluted at different ionic strengths. These fractions were characterized by a high content of uronic 

acid (> 90%, mol), indicating the presence of abundant homogalacturonan structures. On the other hand, 

among the three uronic acid peaks identified in DA extract, the two eluted at lower ionic strength (DA1 

and DA2) were accompanied by significantly higher amounts of neutral sugars, while DA3 was 

comparable with the CH fractions. The fractions rich in neutral sugars represent populations of PPS that 

possess more neutral branches, such as the arabinan, galactans and arabinogalactans of 

rhamnogalacturonan type I. These marked differences in the fractionation of cranberry CH and DA 

extracts set them apart from those obtained from soybean (Huisman et al., 1998), that presented nearly 

identical fractionation profile. The CH extract of grapes showed uronic acid-rich fractions at 0.4 and 0.7 

M ionic strength, the latter accompanied by significantly higher proportion of neutral sugars than what 

was observed in cranberry (Saulnier & Thibault, 1987). Upon anion exchange chromatography, the CH 

extract of the fruit of Dacryodes edulis displayed a small neutral sugar peak at initial ionic strength 0.05 

M, and a single major peak containing both uronic and neutral sugars at 0.2 M (Missang et al., 2001). 

DA extracts from Solanum nigrum berries displayed two peaks: the major one eluted with distilled water, 

the second at 0.1 M ionic strength (Ding et al., 2012). 

The three uronic acid-containing peaks detected in CH and DA anionic chromatography profiles were 

then pooled and further analyzed by gel filtration chromatography (Figure 5.1). While all fractions 

showed polydispersity, the distribution of molecular weights differed. 
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Table 5.1 Total sugar content and uronic acid percentage of the fractions obtained by anion exchange 

chromatography of the extracts. 

Fraction Ionic strength (M) 

Total sugars 

(% mol/mol in whole extract) Uronic acid (% mol) 

CH1 0.31 33.5 ± 2.9 99.0 ± 0.9 a 

CH2 0.62 31.5 ± 3.0 91.6 ± 5.2 a 

CH3 0.97 27.5 ± 5.8 96.1 ± 4.3 a 

DA1 0.52 24.2 ± 3.7 52.9 ± 9.9 b 

DA2 0.81 28.3 ± 4.4 54.6 ± 11.8 b 

DA3 1.08 15.4 ± 2.2 85.6 ± 10.9 a 

Values represented as average ± standard deviation. 

CH1-3: Fractions from chelating agents extract; DA1-3: fractions from diluted alkali extract. 

a-b: Means with different letters are significantly different at P ≤ 0.05.
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Figure 5.1 Size exclusion chromatography of selected polysaccharide fractions isolated upon anionic 

exchange fractionation of chelating agents (CH) and diluted alkali (DA) extracts. 
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CH1 and DA1 fractions contained high percentages of relatively smaller molecular weight compounds 

(distributed around 107 Da), while in CH3 and DA2 fractions, higher molecular weights (1011 Da and 

higher) were abundant, and CH2 and DA3 fractions contained one major polysaccharide peak (around 

1010 and 1013 Da, respectively), with some much smaller peaks at higher and lower (106 Da) molecular 

weights. These results suggest that the uronic acid-containing PS eluted at low ionic strength in the 

anionic exchange chromatography tend to be shorter than those eluted at high ionic strength. The 

molecular weight of PPS obtained by diluted acids extraction from hawthorn fruit (Guo et al., 2019) and 

potato pulp (J.-S. Yang et al., 2019), and those found in water extracts from lingonberry (Ross et al., 

2015) were considerably lower (~1.1·105 Da, in the range of 2.0·104 Da to 9.5·105 Da, and ~1.2·105 Da 

respectively). 

5.4.2. Monosaccharide profile of purified pectic polysaccharides 

Selected uronic acid-rich fractions from the gel filtration were pooled, dialyzed, freeze dried and 

characterized by monosaccharide profile (Table 5.2). All fractions contained more than 70.7% of uronic 

acids, indicating a prevalence of homogalacturonan regions. CH1B, DA2A and DA3A contained the 

lowest proportions (<50%) of neutral monosaccharides associated to rhamnogalacturonan type I (RGI) 

(rhamnose, arabinose and galactose) indicating that in these fractions, RGI structures are not as prevalent. 

Higher proportions of RGI were detected in CH1C, CH2A and DA3D. The ratio of arabinose and 

galactose to rhamnose was highest in CH2B (6.42) and DA2A (5.5), suggesting the presence of more or 

longer branches in these fractions. CH3B, CH3D and DA3D fractions, characterized by the lowest 

percentages of uronic acids, showed the highest glucose and xylose/mannose contents, indicating the 

presence of hemicellulose fragments coeluting with these PPS. The existence of covalent bonds between 

pectic and non-pectic polysaccharide in plant cell wall has been suggested by several studies (Broxterman 

& Schols, 2018; Popper & Fry, 2008; Zykwinska et al., 2005). 

5.4.3. Fragmentation with homogalacturonan-degrading enzymes 

The PPS were subjected to sequential enzymatic treatments with pectin lyase and endo-

polygalacturonase, which have higher substrate specificities towards homogalacturonan backbone. 

Indeed, pectin lyase hydrolyses the glycosidic bonds between β-(1,4) bound galacturonic acid methyl 

ester residues of homogalacturonan, while endo-polygalacturonase hydrolyzes the same glycosidic bonds 

between non-methylated residues.
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Table 5.2 Molecular weight, yield (determined by gel filtration), monosaccharide composition and pectic polysaccharide-associated neutral 

sugars (calculated as rhamnose + arabinose + galactose/total neutral sugars) content of selected sub-fractions. 

Gel 

filtration 

fraction 

Yield 

% 

Molecular 

weight 

(Da) 

Monosaccharide profile (%mol/mol) Pectic PS 

neutral 

sugars (%) Rhamnose Arabinose Galactose Glucose 

Mannose + 

Xylose Uronic acids 

CH1A 15% 6.54·107 1.8 ± 0.7 ab 1.2 ± 0.1 bc 5.0 ± 1.4 bcd 2.3 ± 0.0 bc 1.5 ± 0.1 a 88.1 ± 6.0 ab 67.4 

CH1B 15% 1.39·107 1.9 ± 0.1 ab 0.9 ± 0.5 bc 0.2 ± 0.1 d 1.0 ± 0.6 c 2.7 ± 0.5 a 93.3 ± 4.4 a 44.5 

CH1C 17% 2.92·105 4.9 ± 2.9 ab 2.9 ± 1.4 abc 10.8 ± 0.4 a 5.9 ± 0.7 abc 1.3 ± 0.2 a 74.1 ± 0.7 ab 72.1 

CH2A 27% 3.18·1010 3.3 ± 0.2 ab 3.9 ± 2.4 ab 11.6 ± 0.1 a 4.4 ± 2.8 abc 1.6 ± 1.2 a 75.2 ± 11.8ab 75.8 

CH2B 29% 6.32·105 0.7 ± 0.4 b 0.8 ± 0.1 bc 3.7 ± 0.1 bcd 2.5 ± 1.5 bc 1.0 ± 0.1 a 91.3 ± 2.7 ab 60.2 

CH3A 7% 1.52·1012 1.3 ± 0.2 b 1.5 ± 0.2 bc 2.9 ± 1.9 cd 2.9 ± 1.9 bc 1.4 ± 0.2 a 90.0 ± 3.8 ab 56.4 

CH3B 14% 1.49·1011 6.3 ± 3.5 ab 1.7 ± 0.3 bc 5.8 ± 0.0 abcd 6.3 ± 1.1 abc 3.1 ± 2.1 a 76.8 ± 10.7 ab 59.5 

CH3C 15% 2.97·106 2.2 ± 0.4 ab 1.1 ± 0.5 bc 6.8 ± 1.1 abc 4.7 ± 2.4 abc 1.5 ± 0.0 a 83.6 ± 6.2 ab 62.1 

CH3D 14% 6.32·105 5.2 ± 3.4 ab 2.3 ± 0.9 abc 8.9 ± 0.4 ab 9.6 ± 1.1 a 3.3 ± 1.8 a 70.7 ± 11.5 b 56.2 

DA2A 12% 3.47·1015 0.6 ± 0.3 b 0.4 ± 0.2 c 2.9 ± 1.4 bcd 5.8 ± 1.1 abc 1.2 ± 0.7 a 89.1 ± 8.6 ab 35.6 

DA3A 32% 1.55·1013 2.0 ± 0.3 ab 0.9 ± 0.1 bc 2.2 ± 0.4 cd 7.7 ± 0.3 ab 1.1 ± 0.0 a 86.0 ± 8.6 ab 36.6 

DA3C 11% 3.02·107 3.2 ± 2.0 ab 0.8 ± 0.1 bc 4.5 ± 1.9 bcd 1.8 ± 0.2 c 1.6 ± 0.5 a 88.1 ± 8.2 ab 71.1 

DA3D 7% 6.43·106 9.6 ± 5.9 a 5.0 ± 1.5 a 8.4 ± 5.3 abc 2.6 ± 0.1 bc 2.7 ± 1.3 a 71.7 ± 10.2 ab 81.3 

DA3E 11% 6.32·105 5.0 ± 3.2 ab 1.4 ± 0.2 bc 6.9 ± 1.1 abc 4.2 ± 2.3 abc 1.3 ± 0.6 a 81.2 ± 7.5 ab 70.7 

All values are expressed as mean ± SD. 

a-d: Sample means with different superscript letters in the same column are significantly different (P ≤ 0.05).
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As both pectin lyase and endo-polygalacturonase act synergistically to hydrolyse homogalacturonan to 

alcohol soluble fragments, the release of uronic acid residues (Figure 5.2) can be correlated to the 

homogalacturonan proportion in the PPS. In fractions CH3A and DA3E, that represent PPS eluted at 

high ionic strength, uronic acids appeared to be almost entirely part of homogalacturonan, as an average 

of 88.2% and 95.7% of their total amount appeared in the supernatant at the end of the two enzymatic 

treatments. On the other hand, fractions that were eluted at lower ionic strength, such as CH1A, CH1B, 

CH1C and DA2A appeared to possess larger amounts of other uronic acid-containing structures (possibly 

rhamnogalacturonan and xylogalacturonan backbones). In comparison sugar beet pectin, hydrolyzed by 

pectin lyase, released 78% of its total content of uronic acid (Holck et al., 2011). 

Comparing the amounts of uronic acids released by each enzyme provides information on the abundance 

of methylated galacturonic acid residues in homogalacturonan. Since all fraction except CH3C released 

detectable amounts of uronic acids when treated with pectin lyase, it could be concluded that methylation 

is abundant, with some differences between fractions. As no increase of uronic acid could be observed 

with endo-polygalacturonase treatment of CH1A, CH2B, CH3B, DA2A and DA3A, these fractions 

appeared to contain high amounts of methylated galacturonic acid in their homogalacturonan, with the 

non-methylated residues being scattered across the polymer, and thus rendered alcohol-soluble as short 

oligomers with methylated residues at their extremities. Interestingly, CH3B and DA3A were eluted at 

high ionic strengths, and as such were expected to contain high amounts of acid residues. The content of 

non-esterified galacturonic acid that could not be released upon endo-polygalacturonase treatment, as it 

is part of other non-homogalacturonan structures, may account for this discrepancy. On the other hand, 

in samples such as CH3C, DA3E, CH2A and CH3A, a large portion of the total uronic acid got released 

by polygalacturonase, indication of the presence of clusters of non-methylated residues in their 

homogalacturonan chains, since the action of pectin lyase is unable to fragment all the chain into alcohol-

soluble oligomers. The proportion of uronic acids liberated by the two enzymes can hence be used as an 

estimate of the proportion of clusters of non-methylated galacturonic acid residues. As such the fractions 

DA3E, CH2A and CH1C are expected to be richer in non-methylated homogalacturonan than CH3D, 

DA3D and DA3C. Onion PPS were found to liberate 62.5% of the total uronic acids, when treated with 

pectin lyase, while only 18% with endo-polygalacturonase (Ishii, 1982).
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Figure 5.2 Percentage of the fractions’ total uronic acids liberated by pectin lyase and endo-

polygalacturonase sequential treatments.
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5.4.4. Fragmentation with debranching glycosyl-hydrolase enzymes 

To identify and fragment the RGI neutral sugar branches the fractions, after pectin lyase and endo-

polygalacturonase treatments, were further subjected to enzymatic treatments with endo-α-1,5-

arabinanase and endo-β-1,4-galactanase either individually or in combination. These two enzymes were 

selected as a majority of the known most common neutral branches of RGI can be hydrolyzed by their 

activity (Figure 5.3) (Bonnin et al., 2014). In fact, endo-α-1,5-arabinanase has high specificity towards 

the hydrolysis of 1,5-bound α-L-arabinofuranose residues, suited for fragmenting the backbone and 

longer branches of pectic arabinan, as well as the branches of type I arabinogalactan. On the other hand, 

endo-β-1,4-galactanase displays high specificity towards the hydrolysis of 1,4-bound β-D-

galactopyranose residues, and as such can hydrolyze the backbones of type I arabinogalactan and pectic 

galactan. The backbone and branches of type II arabinogalactan, which is occasionally found as sidechain 

of RGI (Leivas et al., 2016), cannot be hydrolyzed by these enzymes as it is a galactose polymer with β-

1,3 and β-1,6 linkage. 

The fragments generated by the debranching step were hydrolyzed and analyzed by HPAEC-PAD to 

determine the amount of released RGI-associated monosaccharides (arabinose, galactose and rhamnose) 

(Table 5.3). Endo-α-1,5-arabinanase displayed a generally low ability to release arabinose from most of 

the fractions, as little arabinose was detectable after this enzymatic treatment. The maximum arabinose 

percentage was released from DA3E (24.7% of the highest Ara release, which was detected in DA3A 

after endo-β-1,4-galactanase treatment), followed by DA3D and DA3A. This suggests that, in most 

fractions, arabinose is not α-1,5-linked into arabinan, but is rather found in other types of neutral branch. 

In fact, comparison with the amount of arabinose liberated by endo-β-1,4-galactanase shows that the 

latter was higher for most of the fractions, except CH1C, DA2A and DA3E, with maximum in DA3A 

and CH3A. As more arabinose got liberated upon hydrolysis of the glycosidic bond of β-1,4-galactan, 

type I arabinogalactan that possesses arabinose decorations (Bonnin et al., 2014) may be abundant in the 

cranberry PPS. Indeed, a type I arabinogalactan structure is commonly found in the cell wall of other 

fruits, such as orange (Prabasari et al., 2011) could be inferred to be present in larger amounts than 

arabinan. In extracts from rabbiteye blueberry, a fruit of the same genus as cranberry, it was similarly 

found that the most abundant type of neutral branch is type I arabinogalactan (Deng et al., 2013). 

Endo-β-1,4-galactanase hydrolysis was found to be more effective than endo-α-1,5-arabinanase, as it 

released galactose in detectable amounts from all fractions except CH3D, the maximum being in CH2B. 



105 

 

 

 

 

Figure 5.3 Schematic structure of rhamnogalacturonan type I backbone and major branches. 1: galactan; 

2: arabinan; 3: type I arabinogalactan; 4: type II arabinogalactan; 5: galactoarabinan. Based on Bonnin, 

Garnier, & Ralet (2014), Mohnen (2008), Yu et al. (2015).
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Table 5.3 Relative recovery of arabinose and galactose in the supernatants after debranching step (% mol in supernatant/ total mol of neutral 

sugars in fraction). 

 endo-α-1,5-arabinanase  endo-β-1,4-galactanase  
endo-α-1,5-arabinanase +  

endo-β-1,4-galactanase 
 Arabinose Galactose Arabinose Galactose Arabinose Galactose 

CH1A n.d. n.d. 12.6 ± 1.4 cd 20.5 ± 5.0 cd 21.6 ± 4.3 ab 24.7 ± 4.6 b 

CH1B n.d. 87.7 ± 22.9 a 19.5 ± 3.0 c 69.1 ± 11.8 b n.d. n.d. 

CH1C 0.1 ± 0.0 c 0.3 ± 0.1 d n.d. 0.3 ± 0.1 f 0.1 ± 0.0 e 0.2 ± 0.1 f 

CH2A n.d. n.d. 1.8 ± 0.4 e 1.6 ± 0.4 f 0.9 ± 0.3 d 2.4 ± 0.8 d 

CH2B n.d. n.d. 61.6 ± 5.6 b 100.0 ± 23.3 a 0.4 ± 0.1 d 0.3 ± 0.1 f 

CH3A 0.6 ± 0.0 c 1.0 ± 0.2 e 89.6 ± 20.4 a 14.9 ± 3.2 d 1.2 ± 0.1 d 3.5 ± 0.9 d 

CH3B 0.8 ± 0.1 c 4.7 ± 1.2 d 1.3 ± 0.3 e 2.7 ± 0.5 f 0.6 ± 0.1 d 1.5 ± 0.3 e 

CH3C 0.9 ± 0.1 c 0.8 ± 0.1 e 1.8 ± 0.4 e 6.2 ± 1.1 e 0.4 ± 0.1 d 1.5 ± 0.4 e 

CH3D n.d. n.d. 0.3 ± 0.0 f n.d. 0.8 ± 0.1 d 3.2 ± 0.6 d 

DA2A 0.5 ± 0.1 c 2.5 ± 0.5 d n.d. 1.2 ± 0.3 f 0.5 ± 0.1 d 0.5 ± 0.2 f 

DA3A 6.3 ± 1.0 b 6.6 ± 1.7 cd 100.0 ± 4.1 a 35.3 ± 7.1 c 15.7 ± 2.4 bc 42.5 ± 10.2 a 

DA3C n.d. n.d. 11.6 ± 1.7 d 38.4 ± 6.7 c 8.5 ± 1.3 c 17.9 ± 4.2 bc 

DA3D 11.6 ± 0.9 b 10.8 ± 2.0 c 9.2 ± 1.4 d 9.7 ± 1.7 de 34.0 ± 6.9 a 13.7 ± 2.4 c 

DA3E 24.7 ± 5.5 a 32.5 ± 6.5 b 22.2 ± 4.6 c 47.4 ± 12.8 bc 11.6 ± 1.0 c 4.5 ± 1.1 d 

All values are expressed as mean ± SD. 

n.d.: Not detected. 

Ara:Gal: Ratio between arabinose and galactose moles in supernatant. 

a-f: Sample means with different superscript letters in the same column are significantly different (P ≤ 0.05).
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A portion of galactose may also be included in structures that are resistant to the two enzymes, such as 

monomeric decorations on RGI backbone as well as type II arabinogalactan. As type II arabinogalactan 

is often found to possess branches containing 1,6-linked arabinose (Ridley et al., 2001), some of the 

undetected arabinose may be also part of this structure. The presence of type II arabinogalactan in 

cranberry polysaccharide extracts has been discussed in previous study (Chapter IV. Extraction and 

Characterization of Cell Wall Polysaccharides from Cranberry (Vaccinium macrocarpon var. Stevens) 

Pomace). 

The results (Table 5.3) also show that detectable amounts of galactose were found after treatment with 

endo-α-1,5-arabinanase; structures with arabinan backbone and galactose-containing branches may be 

present, such as galactoarabinan (Yapo, 2011). While less common in plants than arabinan and 

arabinogalactan, galactoarabinan have been proposed as RGI branches in sugar beet, where small 

amounts of galactose could be found in the fragments generated by arabinanase (Sakamoto & Sakai, 

1995), as well as in potato (Øbro et al., 2004), in which 1,4-linked galactan was released by arabinanase, 

and duckweed (Yu et al., 2015), in which galactan is 1,3-linked. 

The simultaneous treatment with both debranching enzymes resulted in an increased abundance of 

arabinose and galactose in the fragments of the CH1A, CH2A, CH3D and DA3D fractions. This effect 

can be used as an indication of the presence of structures, such as type I arabinan, in which both 1,5-

linked arabinan and 1,4-linked galactan coexist, and the hydrolysis of the arabinan branches allows better 

access of galactanase to the backbone. It should be noted that, aside from CH1A, the samples in which 

this effect was observed were among those with the highest proportion of arabinose and galactose (Table 

5.2). It is therefore possible that in these samples the neutral sidechains are abundant enough to allow 

detection of the synergistic effect, while for the others the concentration is too low. 

5.4.5. Glycoside linkage analysis of polysaccharide fragments recovered upon debranching 

The polysaccharide hydrolysates generated upon debranching by glycosyl hydrolase enzymes were 

analyzed by LC-MS after conversion to methylated and PMP-labeled monosaccharides. Table 5.4 shows 

the relative molar proportions of the linkages present in the fragments obtained upon enzymatic 

debranching of CH1B, DA4A and DA4E. Although the presence of glycosidic residues involved in 

multiple glycosidic bonds was likely overestimated, due to the incomplete methylation of the residues, 

the characteristics of the polysaccharide fragments were discussed. 
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Table 5.4 Glycosidic residue linkages (%mol) of the fragments obtained upon enzymatic treatment of 

polysaccharides. e-Ara: treatment with pectin lyase, polygalacturonase and endo-arabinanase; e-Gal: 

treatment with pectin lyase, polygalacturonase and endo-galactanase. both: treatment with pectin lyase, 

polygalacturonase and endo-arabinanase + endo-galactanase. 

m/z 

Linkage 

pattern 

CH1B DA3A DA3E 

e-Ara e-Gal both e-Ara e-Gal both e-Ara e-Gal both 

523.3 T-Ara 0.8 0.0 1.1 1.0 7.5 2.2 0.8 2.4 0.3 

509.2 1,n-Ara 5.6 22.2 4.0 2.9 19.0 8.2 0.0 0.0 2.8 

495.2 1,3,n-Ara 6.4 3.6 4.5 3.4 0.0 8.4 17.9 20.9 6.0 

481.2 1,2,3,5-Ara 19.5 50.4 55.7 54.0 7.6 26.6 34.6 57.3 55.7 

Total Arabinose 32.3 76.2 65.4 61.2 34.1 45.4 53.2 80.6 64.8 

567.3 T-Gal 0.9 0.0 0.4 0.8 8.5 1.3 1.6 0.0 0.0 

553.3 1,n-Gal 11.0 0.0 9.4 13.9 26.1 9.3 2.3 0.0 10.8 

539.3 1,n,n-Gal 19.6 0.0 8.4 8.1 0.0 13.5 6.6 0.0 8.2 

525.2 1,3,4,6-Gal 19.0 0.0 6.5 6.3 0.0 7.7 0.0 0.0 7.6 

525.2 1,2,4,n-Gal 9.6 9.6 2.7 3.8 0.0 8.7 32.8 5.6 4.4 

Total Galactose 60.0 9.6 27.3 33.0 34.7 40.5 43.4 5.6 30.9 

523.3 1,2-Rha 0.8 0.0 1.1 1.0 7.5 2.2 0.8 2.4 0.3 

509.2 1,n,n-Rha 5.6 8.0 4.3 2.9 19.0 8.2 0.0 0.0 2.8 

Total Rhamnose 6.4 8.0 5.5 3.9 26.5 10.4 0.8 2.4 3.1 

567.3 T-Glc 0.6 4.8 1.2 0.6 4.7 2.5 2.7 9.7 0.6 

495.2 1,3,4-Xyl 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 

567.2 1,n-GalA 0.7 1.4 0.7 0.8 0.0 1.1 0.0 1.7 0.6 
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In all investigated fractions, arabinose and galactose represented most of the detected residues, coherently 

with the expected hydrolytic activity of the debranching enzymes. Arabinose and galactose occupied 

slightly larger percentages of the monosaccharide profile of the fragments generated by endo-α-1,5-

arabinanase than by endo-β-1,4-galactanase, as the latter contained higher amounts of glucose, rhamnose 

and, in the case of CH1B and DA3E, galacturonic acid. The presence of more glucose in the fragments 

liberated by endo-β-1,4-galactanase suggests that non-pectic structures may be associated with pectic 

galactan and type I arabinogalactan and released upon the enzymatic hydrolysis of those chains. The 

ratios of 1,3,n-Ara moles to total arabinose moles in the fragments obtained by endo-α-1,5-arabinanase 

provide an indication of the extent of arabinan branching, which resulted higher in DA3E (ratio 0.35), 

followed by CH1B (0.20) and finally DA3A (0.05). 

Upon treatment with endo-β-1,4-galactanase, fractions CH1B and DA3E released a limited amount of 

galactose, indicating that in these fractions the β-(1,4)-bound galactopyranose of galactan and type I 

arabinogalactan may not be abundant. On the other hand, since a large portion of these fragments was 

composed of arabinose, a type I arabinogalactan with short backbone of galactose highly branched with 

arabinose and arabinans would fit the observations.  Branching would in fact hinder the galactanase 

activity, and the generated fragments would include some of the arabinose-containing branches. 

Furthermore, simultaneous addition of both debranching enzymes yielded fragments with more abundant 

arabinose than those from arabinanase and much more abundant galactose than those from galactanase. 

This effect suggests that the action of arabinanase significantly improves the activity of galactanase, as 

would be the case in the presence of arabinan branches on type I arabinogalactan. An analogous 

synergistic effect between these two enzymes was reported in the hydrolysis of potato type I 

arabinogalactan (van de Vis et al., 1991). The presence of some 1,2,4,n-Gal linkage in these fragments 

could also reflect the presence of branching points in the arabinogalactan backbone, as they might 

represent incompletely methylated 1,2,4-Gal residues. 

In all the fractions endo-α-1,5-arabinanase released a significant amount of galactose residues, with 

linkages that reflect the presence of linear (1,n-Gal) and branched (1,n,n-Gal) galactose-containing 

structures. In particular, the proportion of galactose that this enzyme released from CH1B and DA3E 

was much higher than the one that galactanase did. Overall, these results characterize the neutral branches 

of CH1B and DA3E as mainly type I arabinogalactan, characterized by β-(1,4) galactan backbones with 

extended arabinan branches.  
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Coherently with the analysis by HPSEC, the presence of α-(1,5) arabinan backbones with galactan 

branches are likely present in these fractions, but further analysis of the oligosaccharides in the fragments 

will be needed to verify the presence of this hypothesized galactoarabinan. On the other hand, in DA3A 

fragments, a higher release of galactose residues was obtained upon endo-β-1,4-galactanase treatment as 

compared to CH1B and DA3E fragments. This observation, combined with the lack of detectable 

galactose residues involved in more than two glycosidic bonds (1,n,n-Gal, 1,2,4,6-Gal and 1,2,4,n-Gal), 

provides a strong indication that DA3A contains 1,4-bound galactan backbones (pectic galactan), which 

are characterized by low branching (Srivastava, 2002). The presence of arabinose in this fraction suggests 

that some type I arabinogalactan structures may also be present, possibly analogous to the ones reported 

in sugar beet, where some arabinans are not connected to RGI backbone directly, but through a galactose 

residue or very short galactan chain (Ralet et al., 2009). 

5.5. Conclusions 

PPS were identified in the extracts obtained by chelating agents and diluted alkali extraction from Stevens 

variety cranberries pomace. Selected molecular weight populations of these PPS were collected, purified 

and further analyzed to determine the monosaccharide composition and their structures. Extensively 

methylated homogalacturonan, type I arabinogalactan, and a smaller amount of linear galactan were 

identified and discussed, and indications of arabinan structures with galactose-containing branches were 

found. A deeper characterisation of the structures of extractable cranberry pectic polysaccharides is 

expected to contribute to the understanding of cranberry cell wall structure and to the development of 

approaches targeted at the isolation of specific polysaccharides and of the oligosaccharides that can be 

obtained from their hydrolysis.  
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CONNECTING STATEMENT 4 

 

Having obtained an in-depth characterization of the composition and structure of the cell wall pectic 

polysaccharides found in cranberry cell wall extracts (chapters IV and V), the research focus shifted to 

the assessment of the possibility of enzymatic modification of these molecules, and the impact that 

modification can have on their properties as food ingredients. The results of these investigations are 

reported in chapter VI. In light of recent findings on the potential as prebiotics of several pectic 

polysaccharides (Tingirikari, 2019), the fermentability of the extracts by beneficial gut microorganisms 

was tested, with comparison to prebiotic inulin. As esterification of oligosaccharides with ferulic acid 

has been connected to modulation of prebiotic effect (Gong et al., 2019), the possibility to esterify the 

polysaccharide extracts using immobilized Humicola insolens feruloyl esterase, an enzyme that had 

shown esterification of carbohydrates in low water environments, was tested. 

 

Spadoni Andreani, E., Li, M., Ronholm, J. & Karboune, S. (2020). Biocatalyzed Generation of 

Feruloylated Polysaccharides from Cranberry and Characterization of their Prebiotic Properties. Food 

Bioscience (Submitted).
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CHAPTER VI. BIOCATALYZED GENERATION OF FERULOYLATED 

POLYSACCHARIDES FROM CRANBERRY AND CHARACTERIZATION OF 

THEIR PREBIOTIC PROPERTIES



116 

 

6.1. Abstract 

Humicola insolens feruloyl esterase was immobilized on chemically modified epoxy-activated supports 

of different pore sizes. Native and immobilized feruloyl esterases were investigated for their 

esterification activity on raffinose in surfactantless microemulsions. Pectic polysaccharides, obtained 

from cranberry pomace by chelating agent (CH) and diluted alkaline (DA) extractions, were then 

esterified at the optimized conditions. Using CH polysaccharide extract as a substrate, immobilized 

feruloyl esterase led to higher feruloylation (22.1 to 26.6%) than the free enzyme (4.2%), and yielded 

polysaccharides with a higher increase in the total phenolic content. Free and immobilized feruloyl 

esterases performed similarly for the feruloylation of polysaccharides present in the DA extract, 

identified of being rich in rhamnogalacturonan I neutral branches. The prebiotic activity score study 

revealed that cranberry pectic polysaccharides were better fermented than inulin and generated abundant 

propionic acid. Increased feruloylation of cranberry polysaccharides had a negative impact on the growth 

of Lactobacillus brevis and Bifidobacterium longum strains. The total short chain fatty acid concentration 

showed that the presence of feruloylation affected DA polysaccharides more than CH ones. This revealed 

the importance of controlling the feruloylation extent in order to compromise between the prebiotic and 

the antioxidant properties. 

6.2. Introduction 

Pectic polysaccharides are one of the major constituents of plant cell walls and have several applications 

as food ingredients due to their thickening, gelling, and emulsifying properties (Turquois et al., 1999; 

Zhang et al., 2020). These polysaccharides are available in abundance and can be inexpensively isolated 

from food processing by-products, such as fruit pomaces. For instance, cranberry pomace and potato 

pulp as by-products of juice and potato processing industries were identified as potential sources of pectic 

polysaccharides (Khodaei & Karboune, 2013; Chapter IV). Several pectic polysaccharides and their 

corresponding oligosaccharides were found to possess prebiotic activity, as they can be selectively 

fermented by beneficial bacteria in the human colon, which promotes the production of short chain fatty 

acids (SCFA) (Gómez et al., 2014; Tingirikari, 2019). Some of SCFA have been associated with 

intestinal health-promoting effects, such as butyric acid which has an anti-inflammatory effect (Canani 

et al., 2011), and propionic acid which mitigates the symptoms of type 2 diabetes (Al-Lahham et al., 

2010).  
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Ferulic acid is another common component of plant cell walls, and cell wall polysaccharides that exhibit 

various degrees of esterification with ferulic acid occur naturally (Faulds & Williamson, 1999). Examples 

of abundant feruloylated polysaccharides are arabinoxylans - a major component in the cell walls of 

cereals - and the pectic polysaccharides found in sugar beet. Feruloylated oligo- and polysaccharides can 

be obtained by the hydrolysis of these polysaccharides (Ralet et al., 1994; Rudjito et al., 2019). However, 

because of the complexity and heterogeneity of feruloylated polysaccharides, their isolation from plant 

sources is challenging due to low yields and inconsistent degrees of feruloylation. 

Feruloylated oligo/polysaccharides have distinct complementary antioxidant and prebiotic properties, 

and are good candidates for the delivery of antioxidant compounds in the lower gastrointestinal tract as 

non-digestible ingredients (Rudjito et al., 2019; Zhao et al., 2018). In some studies, the presence of 

feruloyl moieties was reported to contribute not only to the antioxidant activity, but also to the prebiotic 

property of feruloylated oligo/polysaccharides (Gong et al., 2019; Graf, 1992; Yuan et al., 2005). In 

contrast, another study found that the presence of feruloyl moieties didn’t influence the prebiotic activity 

of pectic oligosaccharides isolated from sugar beet; indeed, both feruloylated and non-feruloylated pectic 

oligosaccharides exhibited similar prebiotic activity as fructo-oligosaccharides, a class of well-known 

prebiotics (Holck et al., 2011). 

Enzymatic acylation of carbohydrates with phenolic acids in non-conventional media via carboxylic ester 

hydrolase-catalyzed reactions is a promising route to produce phenolated glycosides (Couto et al., 2011; 

Mastihubová et al., 2006). In our previous study, feruloylated xylose, xylobiose, and short-chain 

xylooligosaccharides were obtained by esterification in water-in-organic solvent microemulsion using 

immobilized feruloyl esterase from Humicola insolens (Tamayo-Cabezas & Karboune, 2019). Xylobiose 

was a more effective substrate than short-chain xylooligosaccharides (Tamayo-Cabezas & Karboune, 

2019). In the present study, the enzymatic feruloylation of polysaccharides by H. insolens feruloyl 

esterase was investigated. The polysaccharides were obtained from cranberry cell wall material and 

characterized as pectic polysaccharides containing both homogalacturonan and rhamnogalacturonan with 

neutral branches, where natural feruloylation is mainly localized (Oosterveld et al., 2000). Both free and 

immobilized feruloyl esterase were used as biocatalysts. The supports used for immobilization were 

epoxy-activated polyacrylic resins with different pore diameters.  
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Cranberry pectic polysaccharides and the produced feruloylated polysaccharides were tested for their 

ability to promote the anaerobic growth in vitro of two strains of beneficial gut microorganisms: 

Lactobacillus brevis and Bifidobacterium longum in comparison to inulin, a known prebiotic 

polysaccharide (Shoaib et al., 2016). The SCFA catabolites generated upon the carbohydrate 

fermentation were also measured during the bacterial growth. This study is expected to contribute to the 

improvement of the efficiency of the targeted biocatalytic approach for the feruloylation of 

polysaccharides and to the understanding of the effect of feruloylation on the prebiotic property. 

6.3. Materials and methods 

6.3.1. Materials 

Stevens variety cranberries were provided by Les Canneberges Atoka Inc., Canada and stored at -20 °C. 

Adsorbent beads Sepabeads® EC-EP R and Relizyme® EP403 R were obtained from Resindion S.R.L 

(Binasco, Italy). Feruloyl esterase from H. insolens was obtained from Biocatalysts Ltd. (Cardiff, UK). 

HPLC grade solvents including formic acid, acetonitrile, n-hexane and butanone were purchased from 

Fisher Scientific (Waltham. MA, USA) and analytical grade reagents including premixed MRS and 

reinforced clostridial media, agar and Tween 80 were purchased from Sigma-Aldrich Canada Co. (St. 

Louis, MO, USA). Bacterial strains Lactobacillus brevis (ATCC® 14869™) and Bifidobacterium 

longum subsp. longum (ATCC® 15707™) were obtained from Cedarlane (Burlington, Canada). 

6.3.2. Isolation of cell wall polysaccharides from cranberry pomace 

Chelating agent extract (CH) and diluted alkali extract (DA) enriched with pectic polysaccharides were 

obtained and characterized. Briefly, Stevens variety cranberries were defrosted, blended, and pressed in 

cheese cloth. The remaining pomace was then freeze dried and blended into a fine powder. Alcohol 

insoluble solids were obtained by suspending the powder in 95% ethanol at a concentration of 13.8 % 

(w/v) using gentle shaking. The recovered alcohol insoluble solids were washed three times with 85% 

ethanol, chloroform:methanol (1:1, v:v), and acetone then dried overnight at room temperature. The CH 

extract was obtained by suspending the dry alcohol insoluble solids (2.66%, w/v) in 0.05 M sodium 

acetate buffer at pH 5.2 containing 0.05 M ethylenediaminetetraacetic acid (EDTA) and 0.05 M sodium 

oxalate. The recovered solids were then suspended in 0.05 M sodium hydroxide (2.66%, w/v) to yield 

DA extract. Extracts were dialyzed (cut-off 5-8 kDa), freeze dried and characterized in terms of 

molecular weight distribution, the monosaccharide profile and the total phenolic content.  
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6.3.3. Immobilization of feruloyl esterase  

Prior to immobilization, epoxy-activated supports were modified by suspending them (0.2 g/l) in a 

solution of 1.8 M iminodiacetic acid (IDA) brought to alkaline pH with sodium hydroxide (pH of 9 for 

Sepabeads® EC-EP R, pH of 11 for Relizyme® EP403 R) and shaken for 5 h at 55 rpm in Excella E24 

orbital shaker (New Brunswick Scientific, Edison, NJ, USA) at room temperature. Excess reagents were 

removed by washing the supports (0.2 g/l) eight times with water. After each wash the supports were 

vacuum filtered on a fritted glass filter. The supports were then suspended (0.17 g/l) in cupric sulfate 

(0.13 M for Sepabeads® EC-EP R, 0.2 M for Relizyme® EP403 R) for 2 h under the same conditions as 

the previous step. Activated supports were then washed (0.2 g/l) eight times in water and five times in 3-

morpholinopropane-1-sulfonic acid (MOPS) buffer (0.02 M, pH of 6) and stored in MOPS buffer at 4 °C. 

The amount of IDA and copper bound to the supports were determined respectively by titration and by 

measuring the changes in the absorbance at 750 nm of the copper sulfate solutions. 

Modified IDA-Cu-Sepabeads® EC-EP R support was washed with 0.2 M potassium phosphate buffer at 

pH 8, while modified IDA-Cu-Relizyme® EP403 R support was washed with 0.86 M potassium 

phosphate buffer at pH of 5, according to the optimized conditions for immobilization determined in our 

previous works (Tamayo-Cabezas & Karboune, 2019). The supports were then suspended (0.2 g/l) in the 

same buffers containing 0.01 g (IDA-Cu-Sepabeads® EC-EP R) or 0.02 g (IDA-Cu-Relizyme® EP403 

R) of enzyme per gram of support. The suspensions were kept for 28 to 36 h at 6 °C under gentle shaking. 

Supernatants were recovered by centrifugation at 2400 × g for 5 min, and the supports, containing 

immobilized enzyme, were washed (0.2 g/l) five times with MOPS buffer (0.02 M, pH of 6) and stored 

at 4 °C. Immobilization blanks were prepared by incubating the enzyme solutions in the absence of 

support. Protein contents of the initial enzyme solutions, the supernatants and the washing solutions were 

measured by Bradford assay. Hydrolytic activities of the initial enzyme suspension, the immobilization 

blanks, the supernatants and of the washing solutions were determined using methyl ferulate substrate as 

described by Tamayo-Cabezas and Karboune (2019). Immobilization yield was calculated as the 

difference between activity in the immobilization blank and the activities in supernatant and washing 

solutions, divided by the activity of the initial enzyme solution. 

6.3.4. Esterification activity of free and immobilized enzyme  

The esterification activity of feruloyl esterase was assessed using raffinose and ferulic acid as substrates 

at a concentration of 1.5 and 4.5 mM, respectively.  
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A surfactantless microemulsion made of n-hexane:butanone:water was evaluated as a reaction medium 

at selected ratios of 51:46:3, 51.8:46.7:1.5 and 49.4:44.6:6 (v:v:v).  In vacuum sealed flasks, 10 g/l of 

free or immobilized feruloyl esterase were added to each emulsion. The reaction mixtures were incubated 

for 24 h at 35 °C under 70 rpm. Negative controls without enzyme and without raffinose were run in 

parallel. Reaction progress was monitored through the consumption of ferulic acid, determined by high 

performance liquid chromatography (HPLC) on a Waters Breeze 2 system (Waters Corp., Milford, MA) 

equipped with a binary pump (Model 1525), and a photodiode array detector (Model 2998). The reaction 

mixture was loaded on a Zorbax SB-C18 reversed-phase column (5 μm, 250×4.6 mm, Agilent 

Technologies Canada Inc.; Mississauga, Canada) and eluted with a linear gradient from mobile A (80% 

of formic acid (5.5%, v/v) in water and 20% acetonitrile) to mobile B (100% acetonitrile) for 30 min. A 

constant flow rate of 0.7 mL /min was applied, and the absorbance was continually monitored at 320 nm. 

Ferulic acid standard was used to construct the calibration curve. One unit of esterification activity was 

defined as the amount of enzyme that consumes one micromole of ferulic acid per minute. 

6.3.5. Feruloylation of polysaccharides 

The feruloylation of cranberry polysaccharides was carried in the n-hexane:butanone:water surfactantless 

microemulsion. The appropriate ratio of n-hexane:butanone:water reaction medium was used for each 

reaction system (free and immobilized feruloyl esterase on IDA-Cu-Sepabeads® and IDA-Cu-EC-EP R 

supports) based on the esterification activity on raffinose. The enzymatic feruloylation reaction was 

initiated by adding the free or immobilized feruloyl esterase (1 U/l) into the microemulsions containing 

CH or DA (0.3 g/l) polysaccharide extract and ferulic acid (1.5 g/l). The enzymatic reactions were 

conducted in vacuum sealed flasks at 35 °C for 144 h, with a continuous shaking at 70 rpm. The mixtures 

were then centrifuged at 2400 × g for 3 min and the esterified polysaccharides (FA-CH, FA-DA) isolated 

from the supernatants by extraction with water. The aqueous phase was dialyzed (cut-off 5-8 kDa) and 

freeze dried. Reaction yield was calculated from the decrease of ferulic acid concentration in the reaction 

supernatants, measured by HPLC as described in par. 6.3.4. 

6.3.6. Analytical methods for quantification and characterization of polysaccharides 

6.3.6.1. Monosaccharide composition  

 To determine the monosaccharide composition, the polysaccharides present in the CH and DA extracts 

were first hydrolyzed using a two-step procedure as previously described by Khodaei & Karboune (2013).  
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The samples were suspended and incubated at 60 °C for 24 h in HCl/methanol mixture (1:4, v/v) at a 

ratio of 0.6% (w/v) and thereafter boiled for 1 h in trifluoroacetic acid solution at a ratio of 1:8 (v/v). 

Hydrolyzed samples were analyzed with high performance anionic exchange chromatography, equipped 

with pulsed amperometric detector (ICS 3000, Dionex Co., Sunnyvale, CA, USA), and a CarboPac PA20 

column (3×150 mm). Isocratic elution was performed with 5 mM NaOH (0.5 ml/min). L-Rhamnose (Rha), 

L-arabinose (Ara), D-galactose (Gal), D-glucose (Glc), D-xylose (Xyl) and D-mannose (Man) were used 

as standards. 

6.3.6.2. Molecular weight profile  

A high-performance size-exclusion chromatography (HPSEC) system (Model 1525, Waters Co., 

Milford, MA, USA) was used to characterize the molecular weight distribution. Columns TSK G5000 

PWXL and TSK G3000 PWXL (Tosoh Co, Yamaguchi, Japan) were used in series with isocratic flow 

rate of 0.4 mL /min of 0.1 M sodium chloride. Refractive index detector was operated at 30 °C. 

Dextrans (50-670 kDa) standards (0.3 - 5 g/l) were used for calibration. 

6.3.6.3. Phenolic content  

Native and feruloylated polysaccharides were characterized in terms of total phenolic content by Folin-

Ciocalteu colorimetric method (Singleton et al., 1999). To 0.8 mL of aqueous solution of the sample, 

0.15 mL of sodium bicarbonate (250 g/l) and 0.05 ml of Folin-Ciocalteu reagent were added. The 

mixtures were heated at 40 °C for 30 min, and their absorbance was measured at 765 nm. Gallic acid 

standard solutions (0.001 M to 0.1 M) were used for calibration. 

6.3.7. Prebiotic activity assay 

Cranberry polysaccharides (CH, DA extracts) as well as corresponding feruloylated polysaccharides 

(FA-CH, FA-DA) were investigated as a carbon source for B. longum and L. brevis growth compared to 

growth on inulin. B. longum and L. brevis were maintained in anaerobic chamber in an atmosphere 

composed of 5% hydrogen, 5% carbon dioxide and 90% nitrogen, at 37 °C. Pre-reduced reinforced 

clostridial broth was used for reanimation of B. longum from a freeze dried stock, and MRS broth was 

used for L. brevis. An aliquot (0.5 mL) of the primary cultures was then added into tubes containing 5 

mL of pre-reduced, carbohydrate-free MRS broth, supplemented with 0.4% w/v glucose. Bacterial 

growth was measured by colony count on pre-reduced MRS agar.  
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Tubes containing 5 mL of pre-reduced, carbohydrate-free MRS broth supplemented with 0.2% w/v of 

glucose, inulin, CH, DA, FA-CH, or FA-DA were inoculated with 0.1 mL of secondary culture. Colonies 

were counted on pre-reduced MRS agar plates after 48 and 96 h of incubation. A prebiotic activity score 

(PA) was calculated for each combination of bacterium and polysaccharide as follows: PA = (log CFU/ml 

on polysaccharide at 96 h – log CFU/ml on polysaccharide at 0 h)/(log CFU/ml on glucose at 96 h – log 

CFU/ml on glucose at 0 h). 

6.3.8. Determination of short chain fatty acids catabolites 

An aliquot of cultures (0.5 mL) was taken at 0, 48 and 96 h. Bacteria were precipitated by centrifugation 

at 5000 rpm for 5 min in a Minispin Plus centrifuge (Eppendorf AG, Hamburg, Germany). The 

supernatants were filtered through PTFE syringe filter of pore size 0.45 μm and stored at -20 °C. Freshly 

thawed samples (0.02 ml) were analyzed by HPLC on a Model 1525 system (Waters Co., Milford, MA, 

USA) equipped with a refraction index detector and a Hypersil GOLD C18 column (250 mm × 4.6 mm) 

(Thermo Scientific, U.S.A). Elution was performed with 0.005 N sulfuric acid at constant flow rate 0.6 

ml/min.  Standards were prepared by serial dilution of a stock solution of lactic acid, acetic acid, 

propionic acid and butyric acid in water. 

6.3.9. Statistical analysis 

Statistical analyses were performed using GraphPad Prism version 8.4.2 (GraphPad Software, San Diego, 

CA, USA) and Microsoft Excel (Microsoft, Redmond, WA, USA). One-way analysis of variance 

(ANOVA), Tukey’s honest significant difference test and Mann-Whitney test were performed to detect 

significant differences (P < 0.05). 

6.4. Results and discussion 

6.4.1. Feruloyl esterase immobilization 

The modification of supports and the immobilization of feruloyl esterase are reported in Table 6.1. More 

IDA, copper ions and enzyme were bound on Relizyme® EP403 R compared to Sepabeads® EC-EP R. 

These differences can be attributed to the larger pore size of Relizyme® EP403 R support that may have 

allowed a higher interaction of the epoxy groups with the reactants and offered less hindrance to the 

access of the enzyme to the active immobilization sites on the support.
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Table 6.1 Modification of epoxy-activated supports and immobilization of feruloyl esterase. 

 Sepabeads® EC-EP R Relizyme® EP403 R 

Modified supports   

- Minimum epoxy group densitya (10-6 mol/g) 
200 100 

- Pore diametera (nm) 
10-20 40-60 

- Bound IDA (10-6 mol/g beads) 
11.9 ± 1.1 47.8 ± 0.9 

- Bound copper (10-6 mol/g beads) 65.8 ± 5.4 200.5 ± 31.4 

 Immobilized feruloyl esterase   

- Enzyme amount (mg/ g beads) 
0.8 ± 0.2 1.7 ± 0.1 

- Immobilization yield % w/w 
72.5 ± 12.7 90.1 ± 9.8 

All values are expressed as mean ± SD. 

IDA: Iminodiacetic acid. 

a: Data from manufacturer. 
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Similar results were reported for the immobilization of feruloyl esterase-containing enzymatic mixture 

by adsorption on mesoporous silica; as the support with larger pore size (9 nm) was found to have greater 

immobilization yield than the one with smaller (5 nm) pores (Thörn et al., 2011). Immobilization yield 

on IDA-Cu-Sepabeads® EC-EP R was similar to the one previously reported (66.2 - 71.7%) for the 

immobilization of feruloyl esterase on selected epoxy-based supports (Tamayo-Cabezas & Karboune, 

2019). 

Table 6.2 shows the esterification activity of free and immobilized feruloyl esterase from H. insolens for 

the feruloylation of raffinose in three selected surfactantless microemulsion systems. Free feruloyl 

esterase was found to have significantly higher (P<0.05) activity in the reaction medium with the highest 

percentage of water (6%). This reveals that the presence of water positively affected the catalytic activity 

of free feruloyl esterase, possibly by allowing the formation of a hydration shell that preserves the 

enzyme in active configuration (Yang et al., 2004). In contrast, variation of water concentration in the 

range of 10-13% was reported not to affect the feruloylation of 1-pentanol catalyzed by free Aspergillus 

niger feruloyl esterase in a similar microemulsion system (Giuliani et al., 2001). While a feruloyl esterase 

from Fusarium oxysporum was found to promote the esterification of 1-propanol with p-

hydroxyphenylacetic acid in the presence of a lower water proportion (2%) in the microemulsion 

(Topakas et al., 2003). 

Compared to other biocatalysts, feruloyl esterase immobilized on IDA-Cu-Relizyme® EP403 R had the 

lowest specific activity and led to a detectable consumption of ferulic acid in only the microemulsion 

reaction medium with 3% water content. Compared to it, feruloyl esterase immobilized on IDA-Cu-

Sepabeads® EC-EP R exhibited a higher specific activity in the surfactantless microemulsion reaction 

media with the two highest contents of water (3 and 6%, v/v), indicating that IDA-Cu-Sepabeads® EC-

EP R is best suited as an immobilization support for the glycoside feruloylation application. Both 

immobilized feruloyl esterase biocatalysts were found to have a maximum esterification activity at 3% 

water content. These results reveal that in the presence of immobilization support, a microemulsion 

reaction medium with 3% water content led to a good compromise between the denaturing effect of low-

water environment and the promotion of the competing ester hydrolysis activity caused by water. While 

higher amount of water of 6% in the microemulsion reaction medium is needed to achieve the maximal 

esterification activity of free feruloyl esterase.
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Table 6.2 Specific raffinose esterification activity (mmol of ferulic acid consumed per min per mg of 

catalyst) of free and immobilized feruloyl esterase in selected microemulsion systems. 

 n-hexane: butanone: water (%v/v) 

Biocatalyst 51.8: 46.7: 1.5 51: 46: 3 49.4: 44.6: 6 

Free enzyme 74.2 ± 1.3 (0.6) 60.9 ± 1.4 (0.5) 140.7 ± 37.8 (1.2) 

On IDA-Cu-Sepabeads® EC-EP R n.d. 100.2 ± 18.9 (125.3) 41.8 ± 0.9 (52.3) 

On IDA-Cu-Relizyme® EP403 R n.d. 29.4 ± 11.5 (17.3) n.d. 

All values are expressed as mean ± SD. n.d.: not detected. 

Values in brackets represent micromoles of ferulic acid consumed per min per 10-3 mg of protein, as determined by colorimetric test.
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The difference between free and immobilized feruloyl esterase can be attributed to the micro-

environment effect promoted in the heterogeneous reaction system and/or to the aggregation of free 

enzyme in non-conventional reaction system limiting access to water. Noticeably, at 3% water content, 

the esterification specific activity of feruloyl esterase immobilized on IDA-Cu-Sepabeads® EC-EP R 

was found to be significantly higher (P<0.05) than the one of free enzyme, indicating that immobilization 

on this support significantly promoted the esterification activity at the investigated conditions. This may 

be due to the fact that immobilization led to a stabilizing effect on the enzyme’s tertiary structure, 

reducing the denaturing effect of low-water environment. 

6.4.2. Feruloylation of cranberry pectic polysaccharide extracts 

Two polysaccharide extracts, CH and DA, were isolated from cranberry pomace and analysed. As shown 

in Table 6.3, CH polysaccharide extract contained three main populations of poly- and oligosaccharides 

with different molecular weight distributions (1800, 100, 1.5 kDa), while DA polysaccharides fit into 

one main population (320 kDa). Both extracts contained mainly pectic polysaccharides, as uronic acid 

dominated the monosaccharide profile. The presence of homogalacturonan (polygalacturonic acid) 

appears to be more abundant in CH than in DA. From the profile of neutral monosaccharides, it is possible 

to estimate the abundance of other structures, whose presence was confirmed by glycosidic linkage 

analysis. In addition to homogalacturonan, CH contains 12.8% rhamnogalacturonan type I and 4.9% 

hemicellulose, while DA appears to contain 23.2% rhamnogalacturonan type I and 3.3% hemicellulose. 

Both extracts contain small amounts of phenolics, attributable to the presence of pectic polysaccharide-

bound compounds such as proanthocyanidins, that also occur in pectin-rich extracts of grapes (Ruiz-

Garcia et al., 2014). 

The feruloylation of CH and DA polysaccharides with free and immobilized feruloyl esterase was 

investigated using 49.4:44.6:6 and 51:46:3 (% v/v) of n-hexane:butanone:water surfactantless 

microemulsion reaction medium, respectively. The appropriate reaction medium for each biocatalyst was 

identified upon the esterification of raffinose with ferulic acid (Table 6.2), as discussed previously. As 

shown in Table 6.4, free and immobilized feruloly esterase performed similarly on DA, resulting in the 

feruloylation extent of 18.0 to 22.9%. While, using CH as substrate, immobilized feruloyl esterase led to 

higher feruloylation (22.1 to 26.6%) than the free enzyme (4.2%) and yielded polysaccharides with 

higher total phenolic content (1.40×10-3 – 1.74×10-3 moles of gallic acid per gram of solid).
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Table 6.3 Characterization of cranberry chelating agent (CH) and diluted alkaline (DA) polysaccharide 

extracts. 

 CH DA 

Molecular weight (103 Da) 1800; 100; 1.5 320 

Total phenolic content (10-6 mol GA/g) 31.9 ± 6.4 80.8 ± 6.6 

Monosaccharide profile (%mol)   

Rhamnose 1.1 ± 0.1a 1.6 ± 0.1a 

Arabinose 7.1 ± 0.1a 13.8 ± 0.4a 

Galactose 3.5 ± 0.7b 6.2 ± 0.3a 

Glucose 2.8 ± 0.1a 1.7 ± 0.9a 

Mannose, Xylose 2.1 ± 0.1a 1.6 ± 0.6a 

Uronic acids 83.4 ± 0.4a 75.2 ± 0.3b 

Values represented as average ± standard deviation. 

CH: Chelating agents extract; DA: diluted alkali extract; GA: gallic acid. 

a-b: Within the same row, means with different letters are significantly different at P ≤ 0.05.
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Table 6.4 Feruloylation extent and increase in total phenolics content of polysaccharides present in the 

cranberry chelating agent extract (CH) and diluted alkali extract (DA) upon esterification reaction (144 

h) catalyzed by free and immobilized feruloyl esterase. 

 

Feruloylation extent 

(% mol) a 

Total phenolics increase 

(10-3 mol gallic acid/g extract) b 

Catalyst (1 U/l) CH DA CH DA 

Free enzyme 4.2 ± 3.6d 18.9 ± 0.0c 0.35 ± 0.04e 1.32 ± 0.02c 

On modified Sepabeads® EC-EP R 26.6 ± 6.9c 22.9 ± 6.6c 1.74 ± 0.03c 1.59 ± 0.11c 

On modified Relizyme® EP403 R 22.1 ± 2.6c 18.0 ± 0.2c 1.40 ± 0.04d 1.33 ± 0.10c 

All values are expressed as mean ± SD. 

CH: Chelating agent extract; DA: diluted alkali extract. 

a Calculated as the difference between moles of ferulic acid in blanks and in final reaction mixtures. 

b Calculated as the difference between moles of phenolic compounds (gallic acid equivalent) per gram of dry extract after enzymatic 

treatment and before treatment. 

c-e Within the same column, means with different letters are significantly different at P ≤ 0.05. 
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This indicates that immobilized feruloyl esterase is more suitable for the feruloylation of CH 

polysaccharides than the free one. 

To the authors’ knowledge, this is the first study on the feruloylation of polysaccharides by feruloyl 

esterase. The observed feruloylation extents were within the same range as those reported for analogous 

reaction systems on xylobiose (27.4%) catalyzed by H. insolens feruloyl esterase (Tamayo-Cabezas & 

Karboune, 2019) and on L-arabinobiose (10 to 18%) catalyzed by Sporotrichum thermophile feruloyl 

esterase (Vafiadi et al., 2006). The feruloylation extent of mono, di and oligosaccharides was found to 

be dependent on the structural characteristics of glycosides, in particular the type of hexose/pentose 

moiety, the length and the glycosidic linkages (Couto et al., 2011; Tamayo-Cabezas & Karboune, 2019). 

In the present study, the differences in size and composition between polysaccharides had limited impact 

on the feruloylation. Indeed, comparing CH and DA extracts, no significant difference in the 

feruloylation or in the increase of phenolic content was observed. A naturally occurring pectin 

feruloylation was described as being mainly localized on rhamnogalacturonan type I neutral branches, in 

particular at the O2 or O3-position of arabinans and the O6-position of galactans (Holck et al., 2011; 

Ralet et al., 1994; Sato et al., 2013). To the best of our knowledge, it has not been investigated if any of 

the known feruloyl esterases could have activity towards the galacturonic acid residues of the 

homogalacturonan. While feruloyl esterases have been described as able to hydrolyze the ester bond 

formed between the carboxylic acid of uronic residues and the hydroxyl groups of lignin (Mäkelä et al., 

2015), little evidence supports this statement. Since enzyme immobilized on IDA-Cu-Sepabeads® EC-

EP R generated a CH extract with higher (P<0.05) content of ferulic acid, this catalyst was deemed the 

best of the three for the generation of feruloylated polysaccharides at the tested conditions. 

6.4.3. Prebiotic activity 

The prebiotic activity scores of native and feruloylated polysaccharides and of inulin, a known prebiotic 

polysaccharide (Shoaib et al., 2016) were compared by using them as carbon sources for the anaerobic 

growth of two probiotic bacteria strains. Both strains were handled and grown in anaerobic conditions. 

While L. brevis is oxygen-tolerant, the anaerobic conditions were selected to simulate more accurately 

the intestinal environment. The results, shown in Figure 6.1, indicate that the investigated 

polysaccharides were suitable carbon sources for both bacteria, as growth was observed. It is important 

to note that CH and DA extracts contained a combination of polygalacturonic acid, branched 

rhamnogalacturonan I and non-pectic structures (Table 6.3).
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Figure 6.1 Prebiotic activity scores of different bacteria on polysaccharide extracts, feruloylated extracts 

and inulin, measured at 96 h of incubation. Values represented as average ± standard deviation. CH: 

chelating agent extract; DA: diluted alkali extract; FA-CH and FA-DA: feruloylated CH and DA. For 

each bacterial strain, bars with different letters represent scores significantly different at P ≤ 0.05.
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Tingirikari (2019) reported that sugar beet arabinan, larch arabinogalactan and soy rhamnogalacturonan, 

but not citrus polygalacturonic acid, promoted the growth of B. longum, while none promoted the growth 

of L. brevis in an aerobic environment. A combination of polysaccharides seems therefore to be more 

appropriate as a carbon source for L. brevis, probably due to how its carbohydrate catabolism pathways 

are regulated. In general, Lactobacillus species exhibited a significant heterogeneity in their abilities to 

ferment carbohydrates (Boguta et al., 2014; Broadbent et al., 2012; Kim et al., 2010). 

CH polysaccharides showed a prebiotic activity score similar to that of inulin for L. brevis, and 

significantly higher (P ≤ 0.05) than that of FA-CH. For B. longum, DA polysaccharides had the highest 

prebiotic activity score, significantly higher than both FA-DA polysaccharides and inulin. Similarly, CH 

polysaccharides showed a higher prebiotic activity score for L. brevis than FA-CH ones. Therefore, it 

appears that increased content of ferulic acid had a negative impact on the growth of both strains. This 

impact is more pronounced for B. longum and DA polysaccharides rich in rhamnogalacturonan I. 

Esterification with up to 247.3×10-6 moles of ferulic acid per gram of dry sugar beet pectic 

oligosaccharides was previously found to not significantly affect the prebiotic activity (Holck et al., 

2011). The analysis of wheat bran xylo-oligosaccharides showed that the presence of ferulic acid 

(202.1×10-6 mol/g) modulated their prebiotic properties (Gong et al., 2019). As the phenolic content of 

FA-CH and FA-DA polysaccharides was on average much higher (1719.9×10-6 mol/g), it can be assumed 

that additional feruloylation poses an obstacle to the fermentation of these polysaccharides by B. longum 

and L. brevis. Probiotic bacteria, such as Lactobacillus spp. and Bifidobacterium spp., have shown to 

produce feruloyl esterase to release ferulic acid from arabinoxylan-oligosaccharides (Ou & Sun, 2014; 

Szwajgier & Jakubczyk, 2010). However, an excess of ferulic acid may have inhibited the endogenous 

glycosyl-enzymes expressed by probiotic bacteria (Boukari et al., 2011; Rohn et al., 2002). Further 

investigation with more strains of probiotic and non-probiotic bacteria is needed to assess whether these 

detrimental effects of the feruloylation equally affect all microbiota or could result in the differential 

promotion of the growth of selected bacteria. 

6.4.4. Short chain fatty acids profile 

SCFA are produced upon the fermentation of dietary fiber by gut microbiota (Lin et al., 2011). Tables 

6.5 and 6.6 show the concentration of four SCFA after 48 and 96 h of fermentation of glucose, inulin, 

native and feruloylated polysaccharides.  
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In the culture of L. brevis (Table 6.5), the main increase was seen in the propionic acid followed by acetic 

acid, while the concentration of lactic acid and butyric acid only showed small changes over fermentation 

time. Pectic oligosaccharides have been reported to generate primarily acetic acid, followed by propionic 

and butyric acids when fermented in vitro by fecal microorganisms (Di et al., 2017; Dongowski & Lorenz, 

1998). While lactic and formic acids were initially produced but got degraded as the fermentation 

continued. 

The different behavior in the present study can be attributed to the use of a single bacteria strain, 

possessing utilization pathway that diverges from the average consumption of the whole microbiota. 

While Lactobacillus genus is more known for its lactic acid fermentation, NCBI protein database shows 

that L. brevis possesses key enzymes for the fermentation of rhamnose to propionic acid, such as a 

putative lactaldehyde dehydrogenase, propanediol dehydratase and propanal dehydrogenase (NCBI 

Resource Coordinators, 2018). The selected growth conditions that favor this pathway remain to be 

clarified. DA polysaccharides were associated to the production of acetic acid by L. brevis at a level 

comparable with glucose utilization at 48 h; while its fermentation of other polysaccharides reached 

comparable levels of acetic acid only at 96 h. Fermentation of CH, DA, FA-CH and FA-DA by L. brevis 

displayed identical patterns for the production of lactic and butyric acid; while differences could be 

observed in the profiles of acetic and propionic acid. Growth on DA liberated more acetic acid than on 

CH at the first time point, and the same held true for FA-DA compared to FA-CH. This is possibly due 

to the fact that L. brevis may have favored the utilization of neutral sugar branches, of which DA is richer. 

As at 96 h, these differences disappeared and total SCFA generated by L. brevis were higher with CH 

and FA-CH than with their DA counterparts. It appears that polysaccharides in DA were more rapidly 

fermented into acetic acid than those in CH, but this didn’t affect fermentation in the long-term. 

The use of FA-DA polysaccharides by L. brevis was associated with the lowest level of propionic acid 

at both fermentation times. While its growth on FA-CH polysaccharides initially generated an amount of 

propionic acid comparable to the other extracts, the amount at longer fermentation time was found to be 

inferior to that of CH. These observations point towards feruloylation being the main factor negatively 

affecting propionic acid production by L. brevis. The profile of propionic acid production at 96 h matched 

with the probiotic activity score on L. brevis, as the polysaccharides that had higher prebiotic activity 

score also produced higher concentration of propionic acid. Thus, propionic acid concentration appeared 

as a valid indicator of bacterial growth promotion for this strain.  
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Table 6.5 Concentration (10-3 mol/l) of short chain fatty acids released in the samples obtained from the 

Lactobacillus brevis (ATCC® 14869™) fermentation using different carbon sources. Values determined 

as difference with the concentrations detected immediately after inoculation. 

Lactic acid      

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 23.2 ± 6.7a 3.4 ± 0.6b 3.9 ± 0.5b 3.4 ± 0.2b 5.1 ± 0.7b 4.4 ± 1.0b 

96 26.8 ± 5.8a 5.2 ± 0.9b 7.1 ± 0.2b 5.6 ± 0.8b 5.2 ± 0.2b 3.9 ± 1.0b 

Acetic acid      

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 15.7 ± 0.0a 3.1 ± 1.0b 2.5 ± 0.0b n.d. 14.0 ± 0.6a 7.2 ± 2.4ab 

96 17.0 ± 7.9a 12.4 ± 4.3a 18.5 ± 0.7a 10.3 ± 6.3a 10.8 ± 2.1a 11.2 ± 3.0a 

Propionic acid      

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 n.d. 23.8 ± 3.7a 13.6 ± 4.1b 15.9 ± 6.6ab 9.6 ± 5.5b n.d. 

96 46.3 ± 2.0ab 54.1 ± 8.1a 53.1 ± 8.4a 31.8 ± 6.2c 39.2 ± 5.2bc 9.3 ± 1.2d 

Butyric acid      

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 0.6 ± 0.1a 0.3 ± 0.2a 0.4 ± 0.0a 0.6 ± 0.6a 0.5 ± 0.1a 0.2 ± 0.1a 

96 0.5 ± 0.1a 0.5 ± 0.3a 0.2 ± 0.1a 0.8 ± 0.2a 0.3 ± 0.2a 0.6 ± 0.1a 

Total short chain fatty acids     

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 39.4 ± 3.9a 30.5 ± 2.3ab 20.4 ± 2.9bc 19.9 ± 4.7bc 29.2 ± 3.9ab 11.7 ± 1.8c 

96 90.6 ± 6.7a 72.1 ± 5.3b 78.8 ± 5.9ab 48.5 ± 5.7c 55.4 ± 4.0c 25.1 ± 2.4d 

 

Values represented as average ± standard deviation. 

CH: Chelating agents extract; FA-CH: feruloylated CH; DA: diluted alkali extract; FA-DA: feruloylated DA. 

a-d: Within the same row, means with different letters are significantly different at P ≤ 0.05.
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The general profile of SCFA in the culture of B. longum (Table 6.6), similarly to the one of L. brevis, 

was characterized by the greatest increase in propionic and acetic acid. All investigated polysaccharide 

carbon sources caused a small increase of lactic acid at 48 h that remained almost unchanged at the later 

time point without affecting the butyric acid content of the medium. Polysaccharides had different 

profiles of SCFA production by B. longum over fermentation time. A significant difference was identified 

at 48 h, at which CH fermentation yielded more propionic acid than all other carbon sources, suggesting 

that the properties of CH polysaccharides made it more readily accessible to the B. longum strain. 

However, this difference was less marked at 96 h, as the use of DA polysaccharides caused increase of 

propionic acid between 48 and 96 h when fermented by B. longum. Finally, all polysaccharides were 

associated to the generation of less lactic acid than fermentation of glucose, a trait observed also for the 

fermentation by L. brevis. Similarly to what was seen with L. brevis, it was possible to directly correlate 

the total amount of propionic acid produced by B. longum at 96 h of growth with the prebiotic activity 

score of various polysaccharides, with the two feruloylated ones performing similarly to each other and 

less than the native ones, the only difference being that inulin yielded an amount of acid comparable to 

DA polysaccharides, while the prebiotic activity score was lower. Overall, comparing the total SCFA 

released at 96 h revealed that the presence of feruloylation affected DA more than CH. Considering the 

similar phenolic contents of FA-DA and FA-CH, this difference may derive from the interaction that the 

ferulic esters may have had with the more abundant neutral sugar residues of DA. A difference emerges 

between the two bacteria, with the fermentation by L. brevis being more affected by feruloylation than 

the one by B. longum. 

Overall, comparing the total SCFA released at 96 h revealed that the presence of feruloylation affected 

DA more than CH. Considering the similar phenolic contents of FA-DA and FA-CH, this difference may 

derive from the interaction that the ferulic esters may have had with the more abundant neutral sugar 

residues of DA. A difference emerges between the two bacteria, with the fermentation by L. brevis being 

more affected by feruloylation than the one by B. longum.
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Table 6.6 Concentration (10-3 mol/l) of short chain fatty acids in the samples obtained from 

Bifidobacterium longum subsp. longum (ATCC® 15707™) fermentation using different carbon sources. 

Values determined as difference with the concentrations detected immediately after inoculation. 

Lactic acid      

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 18.5 ± 0.9a 4.2 ± 1.4b 5.0 ± 1.3b 4.2 ± 0.6b 2.0 ± 0.7b 3.3 ± 0.8b 

96 24.9 ± 0.9a 5.8 ± 1.0b 4.7 ± 1.4b 3.5 ± 1.2b 2.6 ± 2.6b 2.4 ± 2.2b 

Acetic acid      

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 n.d. n.d. 6.5 ± 0.9a 3.3 ± 0.3a 10.0 ± 0.9a 3.1 ± 2.7a 

96 8.0 ± 1.4a 15.5 ± 5.4a 16 ± 3.1a 5.8 ± 0.0a 18.2 ± 0.9a 9.5 ± 4.2a 

Propionic acid      

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 1.5 ± 0.7c 6.8 ± 0.0b 22.3 ± 0.8a 0.6 ± 0.0c n.d. 1.3 ± 0.4c 

96 37.2 ± 6.1a 34.3 ± 14.3a 28.8 ± 10.6ab 23.2 ± 5.0bc 33.7 ± 6.6a 13.4 ± 5.3c 

Butyric acid      

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 0.1 ± 0.0a n.d. 0.5 ± 0.0a n.d. 0.1 ± 0.0a n.d. 

96 n.d. 0.7 ± 0.2a 0.6 ± 0.3a 0.2 ± 0.0a 0.2 ± 0.0a 0.6 ± 0.0a 

Total short chain fatty acids     

Time (h) Glucose Inulin CH FA-CH DA FA-DA 

48 20.1 ± 0.7b 11.0 ± 0.8b 34.3 ± 1.0a 8.2 ± 0.4b 12.0 ± 0.7b 7.7 ± 2.0b 

96 70.1 ± 3.7a 56.2 ± 8.8b 50.1 ± 6.5b 32.7 ± 3.6c 54.7 ± 4.1b 25.9 ± 4.6c 

 

Values represented as average ± standard deviation. 

CH: Chelating agents extract; FA-CH: feruloylated CH; DA: diluted alkali extract; FA-DA: feruloylated DA. 

a-c: Within the same row, means with different letters are significantly different at P ≤ 0.05. 
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6.5. Conclusions 

H. insolens feruloyl esterase, immobilized on iminodiacetic acid-copper modified epoxy-activated 

supports, proved to be suitable for the esterification of cranberry pectic polysaccharides (CH and DA) 

with ferulic acid in a microemulsion medium made of n-hexane:butanone:water of 51:46:3 (%v/v), 

resulting in feruloylation extent of 22.1-26.6% over a reaction time of 144 h. When tested for the 

promotion of the growth of selected probiotic strains, the feruloylated polysaccharides performed 

similarly or less than the non-feruloylated ones and inulin, with DA polysaccharides fermentation being 

affected the most by feruloylation. Short chain fatty acid profiles were characterized by high amounts of 

propionic acid, followed by acetic acid, lactic acid and butyric acid. Bacterial growth on the 

polysaccharides found direct correlation with the development of short chain fatty acids, and in particular 

of propionic acid in the culture of B. longum and L. brevis. The effect of feruloylation was more marked 

on the fermentation by L. brevis. Further investigation of the utilization of these polysaccharides by other 

bacteria and by the intestinal microbiota is needed to assess the effect of feruloylation on the selectivity 

of colonic fermentation. 
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This research was centered on the extraction and characterization of cranberry cell wall polysaccharides 

and their derivatives that can be obtained by their hydrolysis (oligosaccharides) and esterification (ferulic 

acid esters). Plant cell wall is a very abundant biological material, and considerable efforts towards 

optimizing its utilization as source of energy and value-added chemicals are being made. However, cell 

wall is characterized by the presence of a matrix of different polymers that varies significantly in 

composition and distribution of intermolecular bonds across species and tissues, and most of the research 

has focused on lignified and cellulose-rich cell walls, such as those typically found in trunks and stalks. 

The cell walls of fruits, on the other hand, contain very little lignin, and are very rich in polysaccharides, 

of which cellulose represents only a fraction. While less abundant then wood in absolute terms, the fruit 

processing industry produces large quantities of by-products enriched in fruit cell wall material, and the 

development of approaches for its valorization is important to reduce waste. Several studies have in fact 

analyzed the cell wall composition of a variety of fruits, but cranberry has until now been primarily 

investigated for its polyphenolic content, leaving the much more abundant polysaccharide component 

scarcely characterized. 

A sequential extraction approach with aqueous solvents under increasingly harsh conditions was applied 

to cranberry cell wall material. This approach will extract the polysaccharides from plant cell wall based 

on the type of interactions that stabilized them in the matrix. Hot acetate buffer extract was found to 

contain mostly pectic polysaccharides and smaller amounts of hemicellulose. Pectic polysaccharides in 

this extract were characterized by neutral branches with abundant arabinan chains, while galactose 

appeared to be included as short, branched arabinogalactan backbones of both types. Chelating agents 

extract had the highest content of galacturonic acid and the least hairy regions, indicating the prevalence 

of homogalacturonan. The composition of the neutral branches was analogous to the one in the first 

extract. Diluted alkali was also rich in pectic polysaccharides, with a reduced content of hemicelluloses 

and the highest abundance of neutral branches that, while rich in arabinan, were found to contain longer 

galactan chains than the other extracts. Finally, concentrate alkali extract contained mostly 

hemicelluloses, associated with arabinan from the ‘hairy’ regions of pectic polysaccharides. As all 

extracts contained both pectic and hemicellulosic structures, the two classes of polysaccharides appeared 

tightly connected in the cell wall material. A more detailed analysis of the structural properties of pectic 

polysaccharides was performed, in the face of recent developments presenting this class of molecules as 

valuable for prebiotic effect and the generation of beneficial oligosaccharides.  
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Chelating agents extract and diluted alkali extract, richest in pectic polysaccharides, were fractioned by 

anion exchange and gel filtration, obtaining populations of pectic polysaccharides with uniform charge 

density and molecular weight. Pure pectin-degrading enzymatic activities were employed to fragment 

the purified polysaccharides, and the analysis of the fragments made it possible to reconstruct several of 

their structural features, such as the percentage of galacturonic acid residues that constitute 

homogalacturonan, the presence and distribution of methyl esterification, and the abundance and 

composition of the neutral branches. The analyzed fractions resulted in overall poor in neutral branches, 

that appeared to be mainly composed of type I arabinogalactan with short galactan backbone heavily 

branched with arabinose. Hemicellulose residues appeared to be covalently bound to these structures. 

Linear galactan was confirmed to be a side chain in some of the pectic polysaccharides of diluted alkali 

extract. The presence of galactoarabinan, a more uncommon type of neutral branch, was strongly 

suggested by the observations. 

Extraction of oligosaccharides was achieved from cranberry cell wall material by microwave-assisted 

alkaline extraction and by hydrolysis with commercial enzymatic and multi-enzymatic catalysts. While 

all tested microwave extraction conditions liberated compounds with degree of polymerization between 

7 and 10, enriched in pectic oligosaccharides compared to the starting material, the enzymes released 

smaller fragments enriched in glucose. Three multi-enzymatic catalysts also generated extracts 

containing pectic neutral branches proportions in comparable to the microwave process. All multi-

enzymatic catalysts had yields of extraction comparable or higher to that of microwave.  

Feruloylation of chelating agents and diluted alkali extracts was achieved by the esterifying activity of 

Humicola insolens feruloyl esterase, immobilized on iminodiacetic acid-copper modified mesoporous 

epoxy-polyacrylic resin, using a surfactantless microemulsion of n-hexane, butanone and water 51:46:3 

(%v/v). Extracts with and without feruloylation were compared as carbon sources for the anaerobic 

growth of selected strains of beneficial gut bacteria, finding that native extract promote growth as 

strongly or better than inulin, but feruloylation, specially of diluted alkali extract, has a negative impact. 

Overall, this research contributes to the scientific knowledge providing a detailed description of the 

abundance and structural features of cranberry cell wall polysaccharides, with focus on pectic substances. 

It also offers a look at the feasibility of the generation from cranberry cell wall of oligosaccharides and 

modified polysaccharides, which may broaden the spectrum of applications for a material that is often 

considered only for its phenolic content.
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CHAPTER VIII. CONTRIBUTIONS TO KNOWLEDGE AND 

RECOMMENDATIONS FOR FUTURE STUDIES
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8.1. Contributions to Knowledge 

The major contributions to knowledge of this study are: 

1. This is the first study to isolate and characterize the properties of oligosaccharides generated by 

microwave-assisted alkaline extraction from cranberry. The approach was found to be a rapid and 

simple way to obtain an extract enriched in pectic oligosaccharides that may present health promoting 

properties. 

2. For the first time a sequential approach for the extraction of polysaccharide populations with different 

aqueous solvents has been applied to cranberry cell wall material determining yield, composition and 

glycosidic linkages of the polysaccharide thus obtained. This includes the first application of 

fragmentation with pure enzymatic activities as an analytical tool for the resolution of glycosidic 

linkages in cranberry polysaccharides. Detailed knowledge of the properties of cell wall 

polysaccharides facilitates the design of processes for the isolation of specific structures of interest as 

high value-added chemicals. 

3. For the first time, the enzymatic esterification of polysaccharide extracts with ferulic acid was achieved 

by pure ferulic acid esterase in selected surfactantless microemulsions, obtaining polysaccharides with 

a significantly higher phenolic content. The effect of enzyme immobilization on iminodiacetic acid-

copper modified epoxy-polyacrylic supports was assessed, finding it greatly enhances the enzyme’s 

specific esterification activity. 

4. This is the first study to assess the anaerobic fermentability of synthesized feruloylated polysaccharides 

by gut bacteria. Understanding the effect of polysaccharide modification on their prebiotic activity is 

important for evaluating their possible use as functional ingredients.  
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8.2. Recommendations for Future Research 

• Confirmation of the presence of galactoarabinan branches in cranberry pectic polysaccharides by 

analysis of the enzymatically generated fragments by mass spectrometry with soft ionization 

techniques and/or nuclear magnetic resonance. 

 

• Determination of the feruloylation pattern of the polysaccharides modified by Humicola insolens 

feruloyl esterase, specifically to determine whether the enzyme can catalyze esterification with 

ferulic acid’s hydroxyl group as the nucleophile and the carboxylic group of galacturonic acid as 

the electrophile. 

 

• More detailed analysis of the prebiotic activity of the obtained polysaccharides, oligosaccharides 

and feruloylated polysaccharides, by use of more strains of beneficial and commensal gut bacteria 

or fermentation by fecal inoculum.
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