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ABTS 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) 

AGOS Algar oligosaccharides 

AOS Alginate oligosaccharides 

BSA Bovine Serum Albumin 

CAZy Carbohydrate Active enZymes database 

CAZymes Carbohydrate Active enZymes 

CEs Carbohydrate Esterases 

CHIT1 Chitosan from ANFACO-CECOPESCA (4 kDa, 94.7% DD) 

CHIT2 Chitosan from ANFACO-CECOPESCA (56 kDa, 79.4% DD) 

CHIT42 Chitinase of 42 kDa from Trichoderma harzianum  

CHIT600 Chitosan from Acros Organics (600-800 kDa, >90% DD) 

CIC bioGUNE Centro de Investigación Cooperativa en Biociencias 

CLEAs Cross-Linked Enzyme Aggregates 

CLECs Cross-Linked Enzyme Crystals 

COS Chitooligosaccharides 

CSIC Consejo Superior de Investigaciones Científicas 

d Dilution rate (h-1) 

DD Degree of deacetylation 

DDS 4,4-dimethyl-4-silapentane-1-sulfonic acid 

DHB 2,5-dihydroxybenzoic acid 

DNS 3,5-dinitrosalicilyc acid 

DP Degree of polymerization 

EFSA European Food Safety Authority 

EGCG Epigallocatechin gallate 

ELSD Evaporative Light Scattering Detector 

faCOS Fully acetylated COS 

fdCOS Fully deacetylated COS 

FOS Fructooligosaccharides 

Fru-HQ Hydroquinone fructoside 

Fru-HT Hydroxytyrosol fructoside 

GH Glycosyl hydrolase family 

GHs Glycosyl hydrolases 

GlcN D-glucosamine 

GlcNAc N-acetyl-D-glucosamine 

(GlcN)n Chitooligosaccharide with degree of polymerization n  

(GlcNAc)n Chitin-oligosaccharide with degree of polymerization n 

GOS Galactooligosaccharides 

GTs Glycosyltransferases 

HA-pXd-INV pXd-INV immobilized in Sepabeads EC-HA 

HEPES 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid 
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IMOS Isomaltooligosaccharides 
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MALDI-TOF Matrix Assisted Laser Desorption Ionization-Time Of Flight 

MOS Mannan oligosaccharides 

MS Mass Spectrometry 

MW Molecular Weight 

MWCO Molecular Weight Cut-Off 
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paCOS Partially acetylated COS 

PDA Photodiode array detector 

PLs Polysaccharide lyases 

POS Pectic oligosaccharides 

PVA Polyvinyl alcohol 

PVA-pXd-INV pXd-INV entrapped in PVA 

pXd-INV β-fructofuranosidase from Xanthophyllomyces dendrorhous 

(recombinant) 

QS1 Chitosan from InFiQus (98 kDa, 81% DD) 

QTOF Quadrupole Time Of Flight 

SC50 Half-maximum scavenging concentration 

SIdI Servicio Interdepartamental de Investigación 

SOS Soybean oligosaccharides 

TEAC Trolox Equivalent Antioxidant Capacity 

TGs Transglycosidases 

TLC Thin Layer Chromatography 

U Units of enzymatic activity 

UAM Universidad Autónoma de Madrid 

USA United States of America 

UV Ultraviolet light 

v/v Volume/volume 

w/v Weight/volume 

X2 Xylobiose 

X2_MeGlcA Methyl-glucuronic xylobiose 
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X5_MeGlcA Methyl-glucuronic xylopentaose 
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 Summary 

SUMMARY 

  

 Bioactive carbohydrates and glycoconjugates possess many biological activities that can 

exert a beneficial effect in human health. This Thesis is focused on the enzymatic production 

and characterization of bioactive glycoconjugates: fructosylated derivatives of hydroquinone 

and hydroxytyrosol; and three families of bioactive oligosaccharides: neo-

fructooligosaccharides (neo-FOS), acidic xylooligosaccharides (acidic XOS) and 

chitooligosaccharides (COS). 

 Neo-FOS production was investigated employing immobilized biocatalysts prepared by 

ionic binding or entrapment of the β-fructofuranosidase from Xanthophyllomyces dendrorhous 

(pXd-INV). The enzyme pXd-INV was entrapped in polyvinyl alcohol lenses and neo-FOS 

production was studied in a batch stirred tank reactor, obtaining a maximum productivity of 

42 gFOS L-1 day -1. Neo-FOS synthesis was also assessed in a packed-bed bioreactor employing 

pXd-INV immobilized on an amino activated carrier (Sepabeads EC-HA) with an initial 

productivity of 218 gFOS L-1 day-1. 

 The ability of pXd-INV to fructosylate phenolic compounds was also evaluated. Two 

positive acceptors were found: hydroxytyrosol (HT) and hydroquinone (HQ). The production of 

HT fructosides was optimized, yielding up to 11.7 g/L. The mechanism and selectivity of the 

reaction, and the molecular features that determine that a phenolic compound acts as an 

acceptor or an inhibitor, were studied by crystallography.   

 The synthesis of acidic XOS was carried out with the commercial enzyme Depol 670L. 

Xylan hydrolysis gave rise to a mixture of neutral and acidic XOS. Acidic XOS were separated 

by anion-exchange chromatography and the main product was chemically characterized and 

identified as 2’-O-α-(4-O-methyl-α-D-glucuronosyl)-xylobiose (X2_MeGlcA). The antioxidant 

activity of the obtained product, neutral XOS and xylan was comparatively measured. Both 

X2_MeGlcA and xylan displayed scavenging activity on the ABTS radical cation. 

 Furthermore, an integrated methodology was developed for the enzymatic production 

and characterization of several COS mixtures. A proteolytic preparation (Neutrase 0.8L) and 

a chitinase from Trichoderma harzanium (CHIT42) were employed for the hydrolysis of 

chitosans with different deacetylation degrees and molecular weights. Thus, we synthesized 

several COS mixtures based on: (1) fully deacetylated COS (fdCOS); (2) partially acetylated 

COS (paCOS); (3) mixtures of fdCOS and paCOS. 
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 Presentación 

PRESENTACIÓN 

  

 Los carbohidratos y glicoconjugados bioactivos poseen actividades biológicas que pueden 

ejercer un efecto beneficioso en la salud humana. La presente Tesis Doctoral se centra en la 

producción enzimática y caracterización de glicoconjugados bioactivos: derivados fructosilados 

de la hidroquinona y el hidroxitirosol; y tres familias de oligosacáridos bioactivos: neo-

fructooligosacáridos (neo-FOS), xilooligosacáridos ácidos (XOS ácidos) y quitooligosacáridos 

(COS). 

La producción de neo-FOS se investigó empleando biocatalizadores inmovilizados 

preparados por adsorción iónica o atrapamiento de la β-fructofuranosidasa de 

Xanthophyllomyces dendrorhous (pXd-INV). La enzima pXd-INV se inmovilizó en lentes de 

alcohol polivinílico y la producción de neo-FOS se estudió en un reactor de tanque agitado 

discontinuo, obteniendo 42 gFOS L-1 día -1. La síntesis de neo-FOS también se evaluó en un 

biorreactor de lecho fijo empleando pXd-INV inmovilizada en un soporte amino activado 

(Sepabeads EC-HA) con una productividad inicial de 218 gFOS L-1 día -1. 

Se evaluó la capacidad de pXd-INV para fructosilar compuestos fenólicos. Se encontraron 

dos aceptores positivos: hidroxitirosol (HT) e hidroquinona (HQ). Se optimizó la producción de 

fructósidos del HT, obteniendo hasta 11.7 g/L. El mecanismo y la selectividad de la reacción, 

y las características moleculares que determinan si un compuesto fenólico actúa como aceptor 

o inhibidor, se estudiaron mediante cristalografía. 

La síntesis de XOS ácidos se llevó a cabo con la enzima comercial Depol 670L. La 

hidrólisis del xilano produjo una mezcla de XOS neutros y ácidos. Los XOS ácidos se separaron 

mediante cromatografía de intercambio aniónico y el producto principal fue caracterizado 

químicamente e identificado como 2’-O-α-(4-O-metil-α-D-glucuronosil)-xilobiosa (X2_MeGlcA). 

Se analizó la actividad antioxidante del producto obtenido, comparando con XOS neutros y 

xilano. Tanto X2_MeGlcA como el xilano mostraron un efecto antioxidante sobre el radical 

ABTS. 

Además, se desarrolló una metodología integrada para la producción enzimática y 

caracterización de varias mezclas de COS. Se empleó una preparación proteolítica (Neutrase 

0.8L) y una quitinasa de Trichoderma harzanium (CHIT 42) para la hidrólisis de quitosanos 

con diferentes grados de desacetilación y peso molecular. Así, se sintetizaron varias mezclas 

de COS basadas en: (1) COS totalmente desacetilados (fdCOS); (2) COS parcialmente 

acetilados (paCOS); (3) mezclas de fdCOS y paCOS. 
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3               INTRODUCTION 

1.1 Bioactive oligosaccharides 

Carbohydrates are complex compounds that play an essential role in life, being 

the main source and storage of energy for most organisms. In addition, they are 

structural polymers (cellulose or chitin), form glycoconjugates (like glycolipids or 

glycoproteins), and play key roles in several biological functions such as cell 

recognition and adhesion, signal transduction, carcinogenesis and immunity (Varki, 

2017). Carbohydrates can be classified by their degree of polymerization (DP) into 

monosaccharides, oligosaccharides or polysaccharides as determined by IUB-IUPAC 

terminology (IUB-IUPAC, 1982). 

Oligosaccharides are defined as molecules containing a small number (2-10) of 

monosaccharide residues, connected by glycosidic linkages (IUB-IUPAC, 1982). They 

are widespread in nature, having animal, plant or microbial origin, and they are very 

diverse and complex molecules due to their linear and branched structures, different 

monomeric compositions, glycosidic linkages and degrees of polymerization.  

Besides having crucial roles in biological processes (Varki, 1993), some 

oligosaccharides exert extra-nutritional beneficial effects in human health, receiving 

the name of bioactive oligosaccharides (Aluko, 2012, Hayes and Tiwari, 2015). 

Bioactive compounds were previously defined as essential and non-essential 

molecules that occur in nature, are part of the food chain, and have a positive effect 

in human health (Biesalski et al., 2009). Bioactive oligosaccharides have certain 

structural features, including non-digestible glycosidic bonds and/or non-sugar 

modifications (acetylation, sulfation) that enable their use beyond merely nutritional 

purposes.     

Table1.1 summarizes some of the bioactivities of several oligosaccharides with 

different origins and structures and shows the considerable variety in structure and 

activity of oligosaccharides. Modified oligosaccharides (sulfated or acetylated sugars) 

seem to have a wider spectrum of activities such as antioxidant, antimicrobial or 

antiviral. 

 

 

 



 

4 

 

4 CHAPTER 1 

Table 1.1 Bioactivities of oligosaccharides and oligosaccharides derivatives. 

Type of                                

carbohydrate 
Name Bioactivities References 

Aminoglycan Chitooligosaccharides (COS) Antibacterial 

Anticoagulant 

Antihypertensive 

Anti-inflammatory 

Antioxidant 

Antitumor 

Antiviral 

Immuno-stimulatory 

Neuroprotective 

Prebiotic 

(Wu et al., 2013a) 

(Kim and Rajapakse, 2005) 

(Park et al., 2003b) 

(Azuma et al., 2015) 

(Li et al., 2012) 

(Huang et al., 2006) 

(Artan et al., 2010) 

(Azuma et al., 2015) 

(Huang et al., 2015) 

(Mateos-Aparicio et al., 2016) 

Fructan Fructooligosaccharides (FOS) Prebiotic (Sabater-Molina et al., 2009) 

Galactan Galactooligosaccharide (GOS) Prebiotic (Rodriguez-Colinas et al., 2013) 

Hemicellulose Xylooligosaccharides (XOS) 

Arabino-XOS 

Acidic-XOS 

 

 

Prebiotic                        

                         Prebiotic 

Antibacterial 

Anti-inflammatory 

Antioxidant 

(Vazquez et al., 2001) 

(Eeckhaut et al., 2008) 

(Christakopoulos et al., 2003) 

(Yoshino et al., 2006a) 

(Valls et al., 2018) 

    Mannan oligosaccharides               

(MOS)* 

       Immuno-modulatory 

Prebiotic 

  (Hoving et al., 2018) 

            (Nurhayati et al., 2018) 

Starch 

 

 

 

Cyclodextrins 

             Isomaltulose 

Gentiooligosaccharides 

Isomaltooligosaccharides                           

(IMOS) 

Prebiotic 

Prebiotic                                                                       

             Prebiotic                                                                                                                            

            Prebiotic                                                                                    

(Mussatto and Mancilha, 2007) 

(Mussatto and Mancilha, 2007) 

(Mussatto and Mancilha, 2007) 

(Kaneko et al., 1994) 
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Sulfated sugar Agar oligosaccharides (AGOS) 

 

 

 

Carragenan oligosaccharides 

 

 

                                  

Antioxidant 

Prebiotic 

Anti-cancer 

Anti-inflammatory 

          Antioxidant 

Antiviral 

Immuno-modulatory 

Prebiotic 

(Xu et al., 2018) 

(Li et al., 2014) 

(Higashimura et al., 2016) 

(Zou et al., 2019) 

(Sun et al., 2015) 

(Wang et al., 2011) 

(Yao et al., 2014) 

(Li et al., 2017) 

 Fucooligosaccharides Anticoagulant 

Antitumor 

(Kim et al., 2010) 

(Kasai et al., 2015) 

Raffinose Raffinose 

   Soybean oligosaccharides (SOS) 

Prebiotic 

            Prebiotic 

   (Mussatto and Mancilha, 2007) 

      (Espinosa-Martos and                         

Ruperez,2006) 

β-glucan Laminarin                                       

oligosaccharides 

Curdlan                                  

oligosaccharides 

Immuno-stimulatory                                     

                                                     

Immuno-stimulatory 

Prebiotic 

            (Kim et al., 2006) 

                                                                      

(Tang et al., 2019) 

              (Shi et al., 2018) 

Uronic acid    Alginate oligosaccharides                      

(AOS) 

Antibacterial 

Antioxidant 

Antitumor 

Immuno-stimulatory 

Neuroprotective 

Prebiotic 

(An et al., 2009) 

(Falkeborg et al., 2014) 

(Chen et al., 2017) 

(Wang et al., 2014) 

(Tusi et al., 2011) 

(Wang et al., 2006) 

Galacturonan Pectic oligosaccharides (POS) Prebiotic (Gómez et al., 2014) 

*Mannan can have plant or microbial (yeast) origin. 
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1.2 Bioactive glycoconjugates. Glycosylation  

Glycoconjugates are very complex and diverse compounds consisting of 

carbohydrates covalently linked to non-sugar molecules, mainly proteins, peptides 

and lipids (Sharon, 1986). They are ubiquitous in nature and have a fundamental 

role in almost every biological process including development, differentiation, 

fertilization, inflammation and metastasis (Hart, 2003).   

Glycosylation of small bioactive molecules, such as aliphatic and aromatic 

alcohols, alkaloids, antibiotics, polyphenols, hormones or terpenoids, modifies their 

physico-chemical and biological properties, enabling the production of new 

glycoconjugates that may have enhanced solubility, stability, bioavailability or 

bioactivity (Thuan and Sohng, 2013). Thus, the transfer of a glycosyl moiety can be 

employed for several applications (Desmet et al., 2012). 

Considering this, efficient glycosylation methodologies are very interesting at 

both laboratory and industrial scale. Glycosylation can be achieved by chemical and 

enzymatic procedures, being enzymatic synthesis the most desirable due to its high 

eco-efficiency. Enzymatic glycosylation can be carried out by different types of 

carbohydrate active enzymes (CAZymes) (Figure 1.1). 

 

Figure 1.1 Schematic representation of enzymatic glycosylation with GHs, GTs and TGs. 
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1.3 Glycosidic enzymes 

Among all of the biomolecules, the synthesis of oligosaccharides, glycosides or 

glycoconjugates is the most challenging due to the complexity and diversity of 

carbohydrates (Schmaltz et al., 2011). These compounds can be assembled by 

conventional chemical methods or enzymatic processes. However, chemical 

synthesis suffers from several drawbacks, including necessary protection-

deprotection and purification steps, resulting in an inefficient and time-consuming 

process (Wen et al., 2018). Also, the use of toxic catalysts or solvents, extreme 

reaction conditions and the production of large amounts of waste makes chemical 

synthesis an environmentally irresponsible process (Desmet et al., 2012). On the 

other hand, enzymatic methods are stereo- and regioselective, occur in mild 

conditions (temperature, pH) and do not produce toxic byproducts, enabling a more 

efficient and eco-friendly procedure (de Roode et al., 2003).  

For these reasons, the use of enzymes for oligosaccharide, glycoside or 

glycoconjugate synthesis has aroused great interest. The biocatalysts involved in 

sugar synthesis, disruption or modification receive the name of carbohydrate active 

enzymes (CAZymes) and are classified in the Carbohydrate Active Enzymes 

database (CAZy, www.cazy.org), according to their amino acid sequence similarities. 

At the moment, CAZy contains five classes of enzymes: glycoside hydrolases (GHs), 

glycosyltransferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases 

(CEs) and enzymes that have auxiliary activities (AAs) (Drula et al., 2013). 

The synthesis of oligosaccharides, glycosides and glycoconjugates can be 

accomplished using glycosyltransferases (EC 2.4.1.-) and glycosyl hydrolases or 

glycosidases (EC 3.2.1.-) (Hg Crout and Vic, 1998)(Figure 1.1). 

GTs carry out the majority of transglycosylation reactions in nature but their 

use in glycochemistry is often hampered by the need of expensive nucleotide sugar 

donors and a challenging heterologous production (Lairson et al., 2008) 

Glycosidases or glycosyl hydrolases are a widespread and diverse group of 

enzymes which catalyze the cleavage of glycosidic bonds (Davies and Henrissat, 

1995). Also, they are one of the most efficient enzymes with enhancement rates 

around 10
17

-fold (Rye and Withers, 2000) and one of the most abundant with 156 

http://www.cazy.org/
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families currently registered in CAZy. GHs classification can also be based on the 

anomeric configuration of the reaction product or the position where they act in the 

substrate. Based on the first criteria, glycosidases are divided in retaining 

glycosidases that release products with the same anomeric configuration as the 

substrate and inverting glycosidases, which generate products with the opposite 

configuration in the anomeric carbon. According to the latter criteria, two kinds are 

distinguished: endo-glycosidases that cleave between internal residues in a 

glycosidic chain and exo-glycosidases that cut single residues at the non-reducing 

end of the chain (Bojarová and Kren, 2009). 

In comparison with glycosyltransferases, glycosidases present various 

advantages, including a wide range of substrates, the use of simple sugar donors and 

their usual robustness. However, their utilization is also hindered since their 

transglycosylating activity is subordinated to their hydrolytic activity and 

regioselectivity is not always achieved (Bissaro et al., 2015). A rare kind of GHs 

called tranglycosydases (TGs) are able to catalyze the formation of glycosidic bonds 

with negligible hydrolysis (Bissaro et al., 2015), which makes them ideal biocatalysts 

for transglycosylation reactions (Figure 1.1). Examples of transglycosidases are 

levansucrases, inulosucrases or cyclodextrin glucanotransferases. 

This Thesis is focused on the enzymatic synthesis of neofructooligosaccharides 

(neo-FOS), hydroxytyrosol fructosides, acidic xylooligosaccharides (acidic-XOS) and 

chitooligosaccharides (COS). In all cases the enzymes employed belong to the family 

of glycosidases. Their enzymatic production and bioactivity are discussed in detail. 

1.4 Neo-fructooligosaccharides production 

Fructooligosaccharides (FOS) are fructose oligomers linked to a sucrose 

skeleton by different glycosidic bonds. Depending on the nature of these linkages, 

FOS can be sorted in: inulin-FOS (1F-FOS) with fructose monomers linked by β(2→1) 

bonds, levan-FOS (6F-FOS) with β(2→6) linkages between fructoses, neo-FOS (6G-

FOS) with a β(2→6) bond between the glucose moiety of sucrose and fructose, and 

mixed FOS with both kinds of linkages (Figure 1.2). FOS are present in many 

plants (onion, chicory, tomatoes, asparagus, etc.) as energy reserves (Roberfroid, 

1993) and have prebiotic properties, promoting the development of beneficial species 

such as Bifidobacterium and Lactobacillus in the gastrointestinal tract (Gibson et 
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al., 2007). Besides their prebiotic activity, FOS can exert other beneficial activities 

such as improving mineral absorption (Ca2+, Mg2+), reducing cholesterol levels and 

helping to prevent colon cancer (Singh et al., 2017, Hidaka et al., 1986). In addition, 

FOS are water soluble, non-caloric and have a sweet taste, which makes them an 

interesting ingredient for functional foods. FOS have been extensively studied and 

are being commercialized under several brands, including Neosugar®, NutraFlora®, 

Meioligo®, and Actilight® (Bali et al., 2015). 

 

Figure 1.2 Fructooligosaccharides structure. a) Inulin-type FOS. b) Levan-type FOS. c) Neo-

FOS. d) Mixed-FOS. 

Inulin-type FOS are linear FOS with β(2→1) bonds between fructoses, being 1-

kestose the smallest member of the inulin series. They can be produced by hydrolysis 

of inulin –easily extracted from plants (e.g. chicory)– using inulinases (EC 3.2.1.7) 

or by sucrose transfructosylation employing fungal (generally from Aspergillus 

strains) sucrose fructosyltransferases (EC 2.4.1.99) and β-fructofuranosidases (EC 

3.2.1.26). They are the most explored and commercialized kind of FOS. 

Levan-type FOS are formed by β(2→6) linkages and the shorter constituent is 

6-kestose. As inulin-type FOS, they can be synthesized by hydrolysis of levan or by 

transfructosylation of sucrose utilizing levansucrases (EC 2.4.1.10) (Santos-Moriano 

et al., 2015). However, levan hydrolysis by levanases (EC 3.2.1.65) is inefficient due 
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to the inexistence of a cost-effective source of levan. Additionally, levansucrases 

mainly yield 6-kestose and FOS of the same series, but they can also produce other 

FOS like 1-kestose and neokestose, or show levanase activity (Zambelli et al., 2014, 

Jang et al., 2006).  For these reasons, production of pure levan-type FOS is 

complicated and their industrial application has not been achieved.    

Neo-FOS are fructooligosaccharides with β(2→6) bonds, but unlike in levan-

type FOS, the first fructose is linked to the glucose moiety of sucrose. Several studies 

suggest that neo-FOS could display better physico-chemical and prebiotic properties 

than commercialized inulin-type FOS (Kilian et al., 2002, Lim et al., 2007).  Their 

improved stability to temperature and pH, and their enhanced prebiotic properties 

make them promising ingredients for the functional food industry. However, neo-

FOS are only produced by a few microbial β-fructofuranosidases and levansucrases, 

and in the last case, they are secondary products (Bekers et al., 2002). The 

production of neo-FOS using purified enzymes or whole cells is summarized in Table 

1.2. Despite achieving the heterologous overproduction of some enzymes, the largest 

yield of neo-FOS reported was obtained with free whole cells (Ning et al., 2010) and 

their industrial application has not been accomplished. 

Table 1.2 Production of neo-FOS employing microbial enzymes or microorganisms. 

Microorganism Biocatalyst Yield (g/L) Reference 

Penicillium citrinum 

 

Penicillium oxalicum 

Xanthophyllomyces dendrorhous 

X. dendrorhous 

X. dendrorhous 

X. dendrorhous 

 Whole cell (immobilized) 

Whole cell + fructosyltransferase (immobilized) 

β-fructofuranosidase 

Whole free cells 

Whole free cells 

β-fructofuranosidase (Xd-INV) 

β-fructofuranosidase intracellular  

     49.4 

    108.4 

     94.2  

     238 

     124 

     168 

     73.9 

(Park et al., 2005) 

(Lim et al., 2007) 

(Xu et al., 2015) 

(Ning et al., 2010) 

(Sheu et al., 2013) 

(Linde et al., 2012) 

(Chen et al., 2011) 
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 Mixed FOS have β(2→1) and β(2→6) linkages and are mainly found in plants. 

They can be branched inulins or branched levans and their smaller representative 

is bifurcose. Agave is rich in branched fructans and its hydrolysis produces a complex 

mixture of FOS that is commercialized by Nekutli®. 

1.5 Fructosylation of polyphenols. Glycosylation of hydroxytyrosol 

Phenolic compounds are one of the most numerous, diverse and widely 

distributed (plant kingdom) group of molecules found in nature. They are 

characterized by the presence of phenolic structural features and have many 

biological activities, including antioxidant, anti-bacterial, cardio-protective or 

neuroprotective (Handique and Baruah 2002, Singh et al., 2008). Polyphenols can be 

classified according to their chemical structures into: phenolic acids, flavonoids, 

polyphenolic amides and other polyphenols. Also, phenolic compounds often occur in 

nature as glycosides and glycoconjugates (Tsao, 2010). As previously mentioned, 

glycosylation can improve the biological activities of polyphenols (Nadim et al., 2014) 

and, therefore, provide access to a larger number of compounds with medicinal and 

industrial value. 

In particular, fructosylation has been previously investigated as a way to 

enhance the properties of several phenolic compounds (Herrera-González et al., 

2017). Table 1.3 compiles the polyphenol fructosides that have been synthesized 

using microbial enzymes. Interestingly, while there are many reports on 

glycosylated derivatives of polyphenols, only a few of them deal with fructosylation. 

As shown, β-fructofuranosidases and levansucrases are the most employed 

enzymes for the fructosylation of phenolic compounds. Nevertheless, an inulosucrase 

and the residual activity (β-fructofuranosidase) of a commercial β-galactosidase have 

been used successfully for transfructosylation. 
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Table 1.3 Fructosylation of phenolic compounds by microbial enzymes. 

Enzyme Enzyme source Polyphenol References 

Levansucrase 

Inulosucrase 

Levansucrase 

 

 

 

β-fructofuranosidase 

β-fructofuranosidase 

 

 

Lactozym 3000L 

 

Levansucrase 

 

 

 

 

 

 

 

 

 

Leuconostoc mesenteroides 

Leuconostoc citreum 

Bacillus subtilis 

 

 

 

Arthrobacter nicotianae XM6 

Arthrobacter arilaitensis NJEM01 

 

 

Kluyveromyces lactis 

 

Gluconacetobacter diazotrophicus 

 

 

 

 

 

 

 

 

 

Hydroquinone 

Hydroquinone 

Catechol 

Hydroquinone 

Methyl-hydroquinone 

Resorcinol 

Purearin 

Mangiferin 

Purearin 

Vitexin 

Tyrosol 

Hydroxytyrosol 

Caffeic acid 

Catechin 

Coniferyl alcohol 

Ferulic acid 

Mangiferin 

Purearin 

Resveratrol 

Rosmarinic acid 

Vanillin 

 

(Kang et al., 2009) 

(Mena-Arizmendi et al., 2011) 

(Mena-Arizmendi et al., 2011) 

 

 

 

(Wu et al., 2013a) 

(Wu et al., 2013c) 

 

 

(Potocka et al., 2015) 

 

(Nuñez-López et al., 2019) 
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Olive oil is a functional food, which besides a high concentration of 

monounsaturated fatty acids, also contains several polyphenols (de la Torre, 2008).  

Phenolic compounds in olive oil can be classified in simple phenols (tyrosol, 

hydroxytyrosol, etc.), polyphenols (flavonoids), secoiridoids (oleuropein) and lignans 

(Boskou, 2006). Hydroxytyrosol (2-(3,4-dihydroxyphenyl)-ethanol) is one of the main 

components of olive oil, olive leafs and olives. Hydroxytyrosol (HT) can also be found 

in red and white wines, but always in lower quantities than in olives or olive oil 

(Robles-Almazan et al., 2018). Among olive oil polyphenols, HT (2-(3,4-

dihydroxyphenyl)-ethanol) has the highest in vitro antioxidant activity (Visioli et al., 

1998). In addition, hydroxytyrosol possesses strong anti-inflammatory, 

neuroprotective, anti-tumoral and cardio-protective properties, making HT the only 

phenolic compound in the market with a European Food Safety Authority health 

claim (EFSA Panel on Dietetic Products and Allergies, 2011). However, HT displays 

poor bioavailability, in spite of being well absorbed in the gastrointestinal tract 

(Miro-Casas et al., 2003). This low bioavailability is caused by a rapid first pass 

metabolism in both the gut and the liver, which transforms HT into sulfated and 

glucuronidated metabolites, whose bioactivity is still unclear (Giordano et al., 2015).  

Glycosylation has proven to be an effective method for enhancing 

bioavailability and other properties in phenolic compounds, such as water solubility 

or stability (Torres et al., 2011, De Winter et al., 2015, González-Alfonso et al., 2018).  

Hydroxytyrosol glycosylation has been barely studied, and only by enzymatic 

procedures. Trincone et al. were the first to report the α-glucosylation of HT 

employing an α-glucosidase from Aplysia fasciata (Trincone et al., 2012). The β-

xylosylation was accomplished using a fungal β-xylosidase (Nieto-Domínguez et al., 

2017) and the β-fructosylation was achieved by Potocka et al. utilizing the residual 

β-fructofuranosidase activity of a commercial lactase (Potocka et al., 2019). 

1.6 Production of acidic XOS 

Hemicellulose is the second most abundant crop waste, only after cellulose, and 

therefore one of the most significant resources of the biosphere. The hemicellulosic 

fraction contains an extensive variety of polysaccharides. Among them, xylans are 

the most abundant due to their presence in almost every green plant and some algi 

(Ebringerová et al., 2005). Xylans are bioactive polysaccharides that have aroused 
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great interest for the production of both bioethanol and high value-added 

compounds, mainly xylooligosaccharides (XOS) (Deutschmann and Dekker, 2012). 

Xylans are heteropolysaccharides made of a β-1,4-xylopyranose backbone that can 

be highly branched with other monosaccharides (mainly arabinose), acetyl side-

groups, glucuronic acid, methyl-glucuronic acid and ferulic acid (Figure 1.3). The 

degree and composition of these substitutions is strongly determined by the xylan 

source. Thus, arabinoxylans, mainly found in softwoods and grasses, show arabinose 

and ferulic acid decorations, while glucuronoxylans, abundant in hardwood species, 

display a high degree of methylglucuronic substitutions (Ebringerová and Heinze, 

2000; Teleman et al., 2002).  

As a result of this complexity, the enzymatic hydrolysis of xylan requires the 

coordinated action of several hydrolases (mainly endoxylanases and β-xylosidases) 

to accomplish total breakdown. Endo-β-1,4-xylanases (EC 3.2.1.8) are glycosyl 

hydrolases (GH) that belong to families GH10, GH11 and GH30; they randomly 

hydrolyze the xylan backbone into XOS (Biely et al., 1997; Kolenová et al., 2006; 

Linares-Pastén et al., 2018). Then, β-xylosidases can catalyze the breakdown of XOS 

to achieve complete hydrolysis (Polizeli et al., 2005). 

 

Figure 1.3 General scheme of xylan structure.  Violet: 4-O-methyl-α–D-glucuronopyranosyl. 

Yellow: acetyl. Red: α-D-glucose. Blue-orange: α-L-coumaroyl arabinose Blue-green: α-L-

feruloyl arabinose. 

XOS are bioactive oligosaccharides composed of 2-10 xylose residues linked by 

β(1→4) bonds and different substitutions depending on the endoxylanase employed 

and the xylan source (Aachary and Prapulla, 2010; Carvalho et al., 2013; Samanta 

et al., 2015). There is an increasing interest in XOS due to their potential as 

emerging prebiotics and other health promoting properties, such as antioxidant, 

antitumorigenic, antiallergic, anti-inflammatory and antimicrobial (Broekaert et al., 
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2011; Buruiana et al., 2017; Chung et al., 2007; Gullón et al., 2011; Imaizumi et al., 

1991; Scott et al., 2014; Valls et al., 2018). In addition, XOS showed no negative 

effects on health or undesirable organoleptic properties, which makes them a highly 

promising food ingredient for functional foods (Courtin et al., 2009). 

Acidic xylooligosaccharides or aldouronics (acidic XOS) are hetero-oligomers of 

xylose with uronic acid (glucuronic or methyl-glucuronic acids) residues randomly 

linked by α(1→2) bonds. They can be produced by glucuronoxylan hydrolysis using 

endoxylanases (Ishihara et al., 1997; Ohbuchi et al., 2009; Yamasaki et al., 2012). 

Several studies have reported the health inducing activities of acidic-XOS, including 

antibacterial effect (Christakopoulos et al., 2003), antioxidant activity (Valls et al., 

2018), inhibitory effect on stress-induced gastric inflammation (Yoshino et al., 

2006a), preventive effects on the development of atopic dermatitis-like symptoms 

and on contact hypersensitivity (Ohbuchi et al., 2010; Yoshino et al., 2006b). 

Moreover, some investigations have compared the activities of neutral and acidic 

XOS, concluding that acidic XOS possess stronger bioactivities. Interestingly, these 

properties are strongly related to the degree of polymerization and uronic acid 

ramification (Ohbuchi et al., 2010; Valls et al., 2018). These enhanced properties 

make them interesting ingredients for functional foods. However, the synthesis of 

pure acidic XOS is challenging since most endoxylanases produce a mixture of 

neutral and acidic XOS, making chromatographic separation a necessity. In 

addition, characterization and quantification of acidic XOS is complicated due to the 

lack of standards. Other techniques like mass spectrometry and NMR allow product 

identification, but quantification is still not feasible.  

1.7 Chitooligosaccharides production 

Chitin is a natural aminopolysaccharide composed of N-acetyl-glucosamine 

residues linked by β(1→4) bonds. It is the second most abundant polysaccharide in 

nature, after cellulose, and is mainly found in fungal cell walls and the exoskeletons 

of arthropods, like crab, shrimp, lobster, cockroach, or fly (Heggset et al., 2010). 

Approximately 10
11

 tons/year of chitin are produced by living organisms but, despite 

its widespread distribution, commercial chitin is mainly obtained from shellfish 

waste. Nevertheless, every year more than 10,000 tons of chitin could be extracted 

from crab and shrimp shells, providing a convenient and economical raw material 
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for the production of bioactive and high value-added compounds (Hamed et al., 

2016).  

Chitosan is a cationic polysaccharide consisting of D-glucosamine (GlcN) and 

N-acetyl-glucosamine (GlcNAc) moieties with β(1→4) linkages. It is obtained by 

complete or partial deacetylation of chitin and, unlike chitin, is rarely found in 

nature (Liaqat and Eltem, 2018). Chitin and chitosan are differentiated by the 

degree of acetylation; some studies speak of chitosan when the acetylation degree is 

less than 30% and chitin when it is higher than 70% (Liaqat and Eltem, 2018), while 

others employ the term chitosan if the acetylation degree is lower than 50% and 

chitin on the rest of the cases (Younes and Rinaudo, 2015). Besides being 

biocompatible, biodegradable and non-toxic, both polysaccharides exhibit very 

interesting physicochemical and biological properties (Li et al., 2016), including 

antioxidant, antimicrobial, anticancer and anticoagulant (Hamed et al., 2016). These 

beneficial properties make chitin and chitosan very interesting for numerous 

applications in the food, pharmaceutic, cosmetic, agriculture and textile industries 

(Fernandez and Ingber, 2014, Zou et al., 2016). However, they are both insoluble in 

aqueous solutions at neutral pH and have high viscosity, which limit their use in 

many applications, mainly in the food and medicine sectors (Li et al., 2016). 

Chitooligosaccharides (COS), the product of chitin or chitosan hydrolysis, are 

homo- or hetero-oligomers of glucosamine and/or N-acetyl-glucosamine linked by 

β(1→4) bonds. They also show a wide range of biological activities (Table 1.1) but, 

unlike chitin and chitosan, they are water soluble and notably less viscous due to 

shorter chain lengths and free amino groups (Bahrke, 2007). COS can be obtained 

by physical, chemical or enzymatic degradation of chitin or chitosan (Lodhi et al., 

2014). According to their degree of acetylation or deacetylation, COS can be classified 

in three groups: fully acetylated COS (faCOS), partially acetylated COS (paCOS) 

and fully deacetylated COS (fdCOS) (Figure 1.4). Enzymatic methodologies for COS 

production possess several advantages over other methods, including the use of 

milder conditions, more control over the final product and better reproducibility 

(Muanprasat and Chatsudthipong, 2017).  COS enzymatic synthesis can be carried 

out by specific enzymes such as chitinases (EC 3.2.1.14) and chitosanases (3.2.1.132) 

or non-specific enzymes like proteases, pectinases, cellulases, and lipases 

(Pantaleone et al., 1992, Santos-Moriano et al., 2018a).  
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Figure 1.4 Structure of the three main types of chitooligosaccharides (COS): fully acetylated 

(faCOS), partially acetylated (paCOS) and fully deacetylated (fdCOS). 

Chitosanases specifically endo-hydrolyze chitosan cleaving GlcN-GlcN bonds. 

However, some subclasses are also able to hydrolyze GlcN-GlcNAc or GlcNAc-GlcN 

linkages. Chitinases specifically cleave linkages between GlcNAc moieties at 

internal or terminal positions, but can also hydrolyze GlcN and GlcNAc bonds. This 

explains why chitinases can be active on chitosan and chitosanases on chitin, since 

chitosan is rarely 100% deacetylated and natural chitin is about 90% acetylated (Kim 

and Rajapakse, 2005). According to CAZy, chitosanases belong to families GH5, 

GH8, GH46, GH72 and GH80 (Hoell et al., 2010), whilst chitinases have been 

categorized into families GH18 and GH19 (Hamid et al., 2013).  

The chitosanolytic activity of some unspecific enzymes such as cellulases, 

pectinases or lysozyme could be explained by the structural similarity between their 
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natural substrates and chitosan (Xia et al., 2008). However, in the case of several 

commercial enzymes like proteases, lipases or amylases, this activity is probably due 

to the presence of another contaminant enzyme (Aam et al., 2010). Nevertheless, 

commercial enzymes exhibit several advantages including availability, lower cost 

and approval for food and pharmaceutical applications (Kittur et al., 2003).  

COS produced by enzymatic hydrolysis are usually complex mixtures of 

oligomers with different degree of polymerization, degree of deacetylation and 

pattern of acetylation, which depend on the source of chitosan/chitin, the specifity of 

the enzyme and the conditions employed (Muanprasat and Chatsudthipong, 2017, 

Santos-Moriano et al., 2018b). In addition, their biological activities are strongly 

affected by these parameters, which makes COS separation and characterization 

essential for the evaluation of these bioactivities, and consequently, their industrial 

application (Liaqat and Eltem, 2018). 

The characterization of COS mixtures is still a great challenge in COS 

synthesis, mainly due to the lack of standards, especially for partially acetylated 

COS (paCOS). Various methods have been used for COS separation including size 

exclusion chromatography (Song et al., 2014), metal affinity chromatography (Le 

Devedec et al., 2008), absorption chromatography with charcoal columns (Semenuk 

et al., 2001), anion-exchange chromatography with pulsed amperometric detection 

(Cao et al., 2016 Kidibule et al., 2018) and hydrophilic interaction chromatography 

(Li et al., 2012). In addition, Mass spectrometry (MS) and NMR techniques have 

shown great potential for COS characterization (Santos-Moriano et al., 2016, 

Mahata et al., 2014). 

1.8 Enzyme immobilization 

Biocatalysis is based on the use of enzymes, which are biodegradable, 

biocompatible and renewable catalysts that work under mild conditions with high 

activity and selectivity, yielding several chemicals and commodities. Thus, 

biocatalysis is significantly more environmentally friendly and cost-effective than 

traditional chemical synthesis. However, industrial application of enzymatic 

procedures is frequently hampered by insufficient operational stability and arduous 

enzyme recovery and re-use (Sheldon, 2007). 
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Enzyme immobilization is a powerful tool that can overcome these drawbacks, 

and favor the design of industrial-scale biocatalytic procedures for the production of 

many compounds, including bioactive oligosaccharides or glycoconjugates. 

Immobilized enzymes are defined as enzymes physically confined or localized in a 

certain region of space with retention of their activity, and which can be used 

repeatedly and continuously (Katchalski-Katzir and Kraemer, 2000). An effective 

immobilization strategy allows an easy recovery and reutilization of the biocatalyst, 

facilitates product separation and enhances resistance towards inactivation by 

different agents (pH, temperature, organic solvents or inhibitors). The selection and 

optimization of an immobilization protocol (support and immobilization conditions) 

is always challenging since they are developed mostly on empirical basis and no rules 

for each type of enzyme have been established (Torres-Salas et al., 2011). A micro-

scale procedure was developed by our group aiming to facilitate the screening of 

multiple immobilization conditions and minimize enzyme, carrier and reagent 

consumption (Fernández-Arrojo et al., 2015).  

Despite the huge amount of publications in this field, enzyme immobilization 

methodologies can be classified into three categories: binding to a carrier, 

entrapment and crosslinking (Sheldon and van Pelt, 2013). They are represented in 

Figure 1.5. 

The binding to carriers involves the attachment of the enzyme to a solid 

support. According to the nature of the interaction between enzyme and material, 

covalent and non-covalent binding can be differentiated. Non-covalent binding can 

be physical by unspecific forces (hydrophobic and Van de Waals interactions) or ionic. 

Usually both types are too weak for industrial conditions, although in some cases a 

satisfactory operational stability has been achieved (Rodrigues et al., 2019). On the 

other hand, covalent binding forms a tight union between enzyme and support that 

generally prevents enzyme leakage. A great variety of materials is available for 

enzyme binding, including polysaccharides (agarose), organic polymers 

(polymethacrylate, polyacrylamide) an inorganic materials (silica, diatomaceous 

earth). All of them can be chemically activated with reactive groups (glyoxal, epoxy, 

ethylenediamino, hexamethylenediamino, etc.). 
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Figure 1.5 Scheme of enzyme immobilization methodologies. 

Entrapment involves the inclusion of the enzyme in polymeric networks 

(polyvinyl-alcohol, alginate, polyacrylamide, etc.)  or the micro-encapsulation in 

semipermeable membranes. Generally, this physical restraint cannot prevent 

enzyme leakage and is often combined with cross-linking techniques.  

Cross-linking is based on the formation of covalent bonds between enzyme 

molecules without employing a carrier. The preparation of cross-linked enzyme 

crystals (CLECs) and cross-linked enzyme aggregates (CLEAs) requires the 

utilization of bifunctional reagents like glutaraldehyde, dextran polyaldehyde or 
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galactose dialdehyde. In particular, CLEAS have attracted great interest because 

they offer several advantages, including highly concentrated activity, high stability 

and low production costs due to the elimination of a probably expensive carrier 

(Sheldon et al., 2005).  
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3               OBJECTIVES 

Nowadays, there is a growing demand for healthier foods, which increases the 

need for new bioactive compounds, such as oligosaccharides or glycoconjugates. 

Specifically, bioactive molecules obtained from renewable and natural sources have 

aroused great interest. In addition, a considerable effort should be made for the 

scale-up preparation, characterization and purification of complex oligosaccharides 

mixtures and glycoconjugates to further the understanding of their properties, and 

enable their application in the food, cosmetic or pharmaceutical industries.  

 

The main objectives of this Thesis are: 

 Immobilization of the β-fructofuranosidase from Xanthophyllomyces 

dendrorhous (pXd-INV) for the production of neo-fructooligosaccharides, new 

prebiotics with enhanced physico-chemical and biological properties. 

 Evaluate the enzymatic fructosylation of hydroxytyrosol employing the enzyme 

pXd-INV and correlate the experimental results with the structural 

information. 

 Design a methodology for the production and purification of acidic 

xylooligosaccharides, xylooligosaccharides decorated with uronic acid 

ramifications that had previously shown improved antioxidant, antimicrobial 

or anti-inflammatory activity.  

  Development of a procedure for the large-scale production of several COS 

types, as well as their chemical characterization. 
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3               MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Enzymes 

The β-fructofuranosidase from Xanthophyllomyces dendrorhous, expressed in 

Pichia pastoris (pXd-INV), its mutagenic variants W105F, Q341S and N342Q, and 

chitinase CHIT42 from Trichoderma harzianum were produced and kindly provided 

by the laboratory of Dr. María Fernández Lobato (Centro de Biología Molecular 

Severo Ochoa, UAM-CSIC, Madrid, Spain). 

DepolTM 670L (D670L), a blend of fungal enzymes, was purchased from 

Biocatalysts Ltd. (Chicago, IL, USA). Neutrase 0.8L, a preparation of neutral 

proteases from Bacillus amyloiquefaciens, was donated by Novozymes (Bagsvaerd, 

Denmark). 

3.1.2 Reagents 

Glucose, D-glucosamine (GlcN), N-acetyl-glucosamine (GlcNAc), 2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), polyvinyl alcohol (PVA) (99% 

hydrolyzed, average MW 130,000), p-nitrophenol, catechol, and bovine serum 

albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1-Kestose, 

nystose and xylobiose were from TCI Europe (Zwijndrecht, Belgium). Fructose and 

xylose were from Merck (Darmstadt, Germany). Sucrose was from Panreac (Madrid, 

Spain). Beechwood xylan and XOS with DP from 3 to 6 were purchased from 

Megazyme (Wicklow, Ireland). Hydroquinone and Trolox were from Acros Organics 

(Geel, Belgium) and Fluka™ (Waltham, MA, USA), respectively. Hydroxytyrosol was 

acquired from Seprox (Murcia, Spain) and epigallocatequin gallate (EGCG) was 

purchased from Zhejiang Yixin Pharmaceutical Co. Ltd. (Zhejiang, China). Fully 

acetylated and deacetylated COS with degrees of polymerization from 2 to 4 and 2 

to 5, respectively, were from Carbosynth Ltd. (Berkshire, UK). Chitosans QS1 and 

CHIT600 were purchased from InFiQuS (Madrid, Spain) and Acros Organics (Geel, 

Belgium), respectively; and chitosans CHIT1 and CHIT2 were kindly donated by 

Anfaco-Cecopesca (Vigo, Spain) (Table 3.1). XOS standard mixture was from Wako 

Pure Chemical Industries Ltd. (Osaka, Japan) and COS standard (MW ≤ 2000, DD 

≥ 90%) was from Qingdao BZ Oligo Biotech Co. Ltd. (China). Neokestose, 6-kestose, 

neonystose and blastose were synthetized as described in previous works (Alvaro-
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Benito et al., 2007, Linde et al., 2012, Zambelli et al., 2014). All other reagents and 

solvents were of the highest purity available. 

Dialysis membranes MWCO 0.1-0.5 kDa and 3.5 kDa were from VWR (Radnor, 

PA, USA) and Sep-Pak Accell Plus QMA Plus Short Cartridges (360 mg and 37-55 

µm particle size) were purchased from Waters (Milford, MA, USA). 

Table 3.1 Chitosans used in this Thesis. 

Chitosan MM (kDa) DD Supplier 

QS1 98  81% InFiQus 

CHIT600 600-800  ≥ 90% Acros Organics 

CHIT1 4 94.7%    Anfaco-Cecopesca 

CHIT2 56 79.4%    Anfaco-Cecopesca 

 

3.1.3 Immobilization carriers 

Sepabeads
®
 FP-Series EC-EA and EC-HA (spherical, 150-300 µm diameter, 0.8 

meqethylene or hexamethylenediamino mLgel 
-1 minimum) were kindly donated by Resindion S. 

R. L. (Binasco, MI, Italy). 

3.1.4 Buffer solutions 

The buffer solutions used in this Thesis are listed in Table 3.2. 

Table 3.2 Buffer solutions employed in this Thesis. 

Buffer Salt Concentration pH 

pXd-INV reaction  

buffer 
Sodium acetate 100 mM 5.0 

Neutrase and CHIT42 

reaction buffer 
Sodium acetate 250 mM 5.0 

Depol 670L reaction  buffer Sodium acetate 10 mM 4.6 

PVA 

immobilization buffer 
Sodium acetate 100 mM 5.0 

Sepabeads EC-EA and EC-

HA immobilization buffer 
Sodium phosphate 300 mM 7.0 

XOS separation buffer Ammonium acetate 10 mM 7.4 
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3.2 Enzyme characterization 

3.2.1 β-Fructofuranosidase activity 

The β-fructofuranosidase activity was determined using the 3,5-dinitrosalicylic 

acid (DNS) assay adapted to a 96-well microplate (Ghazi et al., 2007). Briefly, 45 µL 

of a 100 mg/mL sucrose solution in 100 mM sodium acetate buffer (pH 5.0) and 5 µL 

of a suitable enzyme dilution were incubated at 60 oC for 20 min. Then, we added 50 

µL of DNS solution and incubated another 20 min at 80 oC. The quantification of 

reducing sugars was done with a glucose calibration curve. One unit of activity (U) 

was defined as that corresponding to the release of one µmol of reducing sugars per 

minute. 

3.2.2 Endoxylanase activity 

The endoxylanase activity was also measured by detection of reducing sugars 

using a modified DNS method. In this case, a 1% (w/v) xylan solution in 10 mM 

sodium acetate buffer (pH 4.6) and an enzyme solution, conveniently diluted to fit 

into the xylose calibration curve, were incubated for 30 min at 60 oC. DNS solution 

was added and incubated as explained above. One unit of activity (U) also 

corresponded to the release of one µmol of reducing sugars per minute. 

3.2.3 Protein concentration 

Protein concentration was determined by the Bradford assay (Bradford, 1976) 

adapted to 96-well microplates. Bovine serum albumin (BSA) was employed as 

standard for the calibration curve and samples were measured in triplicate.  

3.3 Analytical methods 

3.3.1 TLC 

Thin Layer Chromatography (TLC) analysis was performed on silica gel plates 

with fluorescent indicator (Polygram SIL G/UV254, Macherey-Nagel, Düren, 

Germany). Several phenolic compounds were screened by TLC as possible acceptors 

in transglycosylation reactions with pXd-INV. This was done using a mixture of 

ethyl acetate and methanol (3:1, v/v) as eluent. Phenolic compounds were observed 

under UV light (UVP, Upland, CA, USA) and sugars were revealed submerging 

plates in a general staining solution ((NH4)6Mo7O21.4H2O + Ce(SO4)2 in 10% H2SO4 

in water (v/v)), drying, and then heating for a few minutes. 
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3.3.2 HPLC 

High Performance Chromatography (HPLC) was performed using a 

quaternary pump (Agilent Technologies model 1100, Santa Clara, CA, USA) coupled 

to a Waters Spherisorb amino column (4.6 x 250 mm) from Waters (Milford, MA, 

USA) for the transfructosylation of phenolic compounds (acceptors screening) with 

pXd-INV, or a Phenomenex Luna-NH2 column (4.6 x 250 mm) from Phenomenex 

(Terrace, CA, USA) for the production of fructosyl-hydroxytyrosol (Fru-HT) also with 

pXd-INV. Both columns were kept at 30 oC and samples were automatically injected 

with a Hitachi L-2200 autosampler (Hitachi, Tokyo, Japan).  Injection volume was 

10 µL. Phenolic compounds were analyzed with a photodiode array detector (PDA, 

Varian ProStar, Palo Alto, CA, USA) and sugars were detected by an evaporative 

light scattering detector (ELSD 2000ES, Alltech, Lexington, KY, USA). ELSD 

conditions were set at 83.5 oC and a nitrogen flow of 2.2 L/min. Mobile phases are 

detailed in Table 3.3. Chromatograms were analyzed employing the Varian Star LC 

workstation 6.41 (Varian, Palo Alto, CA, USA). 

Table 3.3 HPLC methods for transfructosylation of polyphenols and production of Fru-HT 

with pXd-INV. A: CH3CN and B: H2O. 

  Method 

Experiment Column 

Time 

(min) 
A B 

Flow rate 

(mL/min) 

Screening of 

phenolic 

compounds as 

acceptors 

Waters 

Spherisorb 

amino column 

(4.6 x 250 mm) 

 

      0 82 18 1 

      6  82  18 1 

7 70 30 1 

17 70 30 1 

18 82 18 1 

32 82 18 1 

Production of 

Fru-HT 

Phenomenex 

Luna-NH2 

column           

(4.6 x 250 mm) 

     0  82  18 1 

    45  82  18 1 
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3.3.3 HPAEC-PAD 

Mixtures of carbohydrates were analyzed by High Performance Anion 

Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) 

with a Dionex ICS3000 system (Dionex, Thermo Fischer Scientific Inc., Waltham, 

MA, USA) consisting of an SP gradient pump, an electrochemical detector with a 

gold working electrode and Ag/AgCl reference electrode, and an AS-HV autosampler. 

Column temperature was always kept at 30 oC and eluents were degassed by 

flushing with helium. Peak analysis was done with Chromeleon software (Dionex, 

Thermo Fischer Scientific Inc., Waltham, MA, USA), and identification and 

quantification of sugars was done according to commercially available standards. 

Two columns were used depending on the oligosaccharides analyzed: CarboPack PA1 

column (4 x 250 mm) and its guard column were employed for FOS separation in the 

fructosylation of HT and in the production of neo-FOS with immobilized pXd-INV, 

while XOS and COS were analyzed using a CarboPack PA200 column (4 x 250 mm) 

with the corresponding guard column. Mobile phases for each goal are described in 

Table 3.4 and Table 3.5. 

HPAEC-PAD has been extensively used for the analysis of FOS mixtures 

(Rodriguez-Gomez et al., 2015, Zambelli et al., 2014). In our case, both methods were 

developed on the basis of the method designed by Campbell and cols. (Campbell et 

al., 1997).  

The method for analysis of neutral XOS, was previously developed by our group 

(Nieto-Domínguez et al., 2017). On the basis of this method, we designed another 

one to specifically improve the separation of acidic XOS. 

In addition, chitooligosaccharides were analyzed with two methods developed 

in our laboratory. For the first one, we employed a CarboPack PA200 column (4 x 

250 mm) and a post-column delivery system (PC10) that allowed us to pump 200 mM 

NaOH to enhance the detector response. This system enabled us to use very unusual 

eluting conditions (1mM NaOH) that enhanced separation. The second method 

employed a CarboPack PA100 column (4x 250 mm) and 30 mM NaOH as mobile 

phase. The interaction of the chitooligosaccharides with the CarboPack PA100 

column was stronger, increasing retention times and enabling the use of higher 

concentrations of NaOH, where the detector response is higher. 
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Table 3.4 HPAEC-PAD methods for FOS analysis. A: 100 mM NaOH. B: H2O. D: 100 mM 

NaOH, 600 mM CH3COONa. 

Sugars Column 

Method 

Time 

(min) 
A B D 

Flow rate 

(mL/min) 

FOS (Fru-HT) CarboPack PA1    

(4 x 250 mm) + 

CarboPack          

PA1 guard                      

(4 × 50 mm) 

    0 30 70  0 1 

   20 100  0  0 1 

   26 88  0 12 1 

   30 88  0 12 1 

   31 50  0 50 1 

   37 50  0 50 1 

FOS 

(immobilized 

pXd-INV) 

CarboPack PA1 

(4 x 250 mm) + 

CarboPack          

PA1 guard                  

(4 × 50 mm) 

    0 100  0  0 1 

    8 100  0  0 1 

   30 88  0 12 1 

   36 88  0 12 1 

     37 50  0 50 1 

     42 50  0 50 1 
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Table 3.5 HPAEC-PAD methods for XOS and COS analysis. A: 200 mM NaOH. B: H2O. C: 

200 mM CH3COONa. D: 100 mM NaOH, 320 mM CH3COONa. 

Sugars Column 

Method 

Time 

(min) 
A B C D 

Flow rate 

(mL/min) 

XOS (neutral) CarboPack 

PA200                

(4 x 250 mm) + 

CarboPack 

PA200 guard      

(4 × 50 mm) 

     0 7.5 92.5 0  0 0.5 

    12 50 45 5  0 0.5 

    20 

    25 

25 

 0 

50 

 0 

0 

0 

25 

100 

0.5 

0.5 

      30  0  0 0 100 0.5 

XOS          

(acidic XOS) 

CarboPack 

PA200                

(4 x 250 mm) + 

CarboPack          

PA200 guard      

(4 × 50 mm) 

0 10  90 0 0 0.5 

    80 10  60 30 0 0.5 

 100 10  10 80 0 0.5 

COS         

(large-scale 

production) 

CarboPack 

PA200                

(4 x 250 mm) + 

CarboPack          

PA200 guard                  

(4 × 50 mm) 

     0 0.5 99.5 0 0 0.3 

    20 0.5 99.5 0 0 0.3 

    30  0   0 0 100 0.5 

COS         

(large-scale 

production) 

CarboPack 

PA100                

(4 x 250 mm) + 

CarboPack          

PA200 guard                  

(4 × 50 mm) 

     0 15  85 0 0 0.4 

    60 15  85 0 0 0.4 

 

3.3.4 Semipreparative HPLC 

Fructosyl-hydroxytyrosol (Fru-HT) was purified by semipreparative HPLC 

using the same equipment employed in analytic chromatography with the addition 

of a three-way flow splitter (Accurate, LC Packings, Amsterdam, Netherlands), only 
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the column was changed for a Kromasil amino column (10 x 250 mm, Analisis 

Vinicos, Tomelloso, Spain) or a Liquid Purple amino column (10 x 250 mm, Analisis 

Vinicos, Tomelloso, Spain). Injection volume was increased to 50 µL. Mobile phase 

was modified to optimize purification and is detailed in Table 3.6. 

Table 3.6 Semipreparative HPLC. A: CH3CN and B: H2O. 

  Method 

Experiment Column 

Time 

(min) 
A B 

Flow rate 

(mL/min) 

Purification of 

Fru-HT 

Kromasil amino 

column            

(10 x 250 mm) 

 

    0 82 18 5 

    6  82  18 5 

    7 60 40 5 

   13 60 40 5 

   14 82 18 5 

   25 82 18 5 

Purification of 

Fru-HQ 

Liquid Purple 

amino column 

(10 x 250 mm) 

 

    0 75 25 5 

    6  75  25 5 

    7 70 30 5 

   13 70 30 5 

   14 75 25 5 

   25 75 25 5 

 

3.3.5 Mass spectrometry (MS) 

Mass spectrometry of carbohydrates, phenolic derivatives and 

transfructosylation products was carried out in the Servicio Interdepartamental de 

Investigación (SIdI, UAM). 

The molecular weight of fructosylated derivatives was assessed using a mass 

spectrometer with hybrid QTOF (quadrupole time of flying) analyzer (model QSTAR, 

Pulsar i, AB Sciex, Framingham, MA, USA). Samples were analyzed by direct 
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infusion and ionized by electrospray (with methanol as ionizing phase) both in 

positive and negative reflector modes. 

XOS and COS mixtures were analyzed by MALDI-TOF using a Ultraflex III 

TOF/TOF (Bruker, Billerica, MA, USA) with a NdYAG laser in positive reflector 

mode. Registers were taken within the 40-5000 Da mass interval, with external 

calibration and a 20 mg/mL 2,5-dihydroxybenzoic acid (DHB) solution in acetonitrile 

(3:7, v/v) as matrix. 

3.3.6 Nuclear magnetic resonance (NMR) 

The structure of the purified compounds (Fru-HT and X2_MeGlcA) was 

elucidated by NMR in collaboration with Dr. Jesús Jiménez Barbero and Dr. Ana 

Poveda (CIC Biogune, Basque Country, Spain). A combination of 1D (1H, 1D-

selective NOESY experiments) and 2D (COSY, NOESY, DEPT-HSQC, HSQC-

TOCSY, HMBC) techniques was employed. The spectra of the samples, dissolved in 

deuterated water (ca. 10 mM), were recorded on a Bruker AVIII 800 spectrometer 

(Billerica, MA, USA) equipped with a TCI cryoprobe with gradients in the Z axis, at 

a temperature of 25 oC. Chemical shifts were expressed in ppm with respect to the 0 

ppm point of DDS (4-dimethyl-4-silapentane-1-sulfonic acid), used as internal 

standard. All the pulse sequences were provided by Bruker. For the DEPT-HSQC 

and HSQC-TOCSY experiments, values of 7 ppm and 2 K points, for the 1H 

dimension, and 120 ppm and 256 points for the 13 C dimension were employed. For 

the HMBC experiments, values of 7 ppm and 2 K points, for the 1H dimension, and 

170 ppm and 384 points for the 13C dimension were used. For the homonuclear 

experiments COSY and NOESY, 7 ppm windows were utilized with a 2 K x 256 point 

matrix. For the NOESY and 1D-selective NOESY experiments, mixing times of 500-

600 ms were employed. 

3.3.7 Elemental analysis 

The percentage of salt (ammonium acetate) in purified samples (acidic XOS) 

was indirectly estimated by elemental analysis, measuring the amount of nitrogen 

in the sample. Elemental analysis was carried out in the Servicio 

Interdepartamental de Investigación (SIdI, UAM), using a Leco CHS-932 analyzer 

(Leco Corporation, St. Joseph, MI, USA). 
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3.4   Transfructosylation assays with pXd-INV 

3.4.1 Acceptor/Inhibitor screening 

Several phenolic compounds (EGCG, HQ, Catechol, p-nitrophenol, HT and 

quercetin) were tested as acceptors in transglycosylation reactions with pXd-INV.  

Transfructosylation reactions were carried out at 60 oC for 2 h. Reaction mixtures 

contained 0.72 U/mL of β-fructofuranosidase, 100 mg/mL of sucrose and 20 mg/mL 

of the screened phenol in 100 mM sodium acetate buffer (pH 5.0). Aliquots were 

taken out at different times (15 min, 30 min, 45 min, 60 min, 90 min and 120 min), 

inactivated with 2 volumes of 400 mM sodium carbonate (pH 11) and analyzed by 

HPLC. Also, a control reaction was performed in the same conditions, but without 

adding phenolic compounds. Results were employed to calculate hydrolysis and 

transfructosylation ratios with the following equations. In addition, we estimated 

the hydrolysis/transfructosylation ratio for all reactions. 

𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑟𝑎𝑡𝑒 =  
∆[𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒]

𝑡𝑖𝑚𝑒
 

𝑇𝑟𝑎𝑛𝑠𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑦𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
∆[𝐺𝑙𝑢𝑐𝑜𝑠𝑒]

𝑡𝑖𝑚𝑒
−

∆[𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒]

𝑡𝑖𝑚𝑒
 

3.4.2 Enzymatic synthesis of fructosylated phenols 

The positive acceptors (HQ and HT) found in the previous screening (Section 

3.4.1) were further assayed to obtain fructosylated products. Reaction parameters 

were modified to increase fructosides production and facilitate purification.  Sucrose 

concentration, reaction temperature and buffer were the same as before, but phenol 

concentration was increased to 50 mg/mL and 100 mg/mL for HQ and HT, 

respectively. Samples were analyzed by TLC. 

3.4.3 Fructosylation of HT and reaction optimization 

Since HT was the best acceptor in the conditions assayed and aroused great 

interest for its biological activities, we decided to thoroughly investigate this 

reaction. The production of Fru-HT with pXd-INV was studied under several 

conditions but enzyme units and temperature were fixed at 0.14 U/mL and 60 oC, 

respectively. Donor and acceptor concentrations were optimized in a series of 

experiments using different concentrations of sucrose and HT prepared in 100 mM 

sodium acetate buffer (pH 5.0). First, sucrose concentration was kept at 100 mg/mL 

and HT was employed in the 10-100 mg/mL range. Secondly, HT concentration was 
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set at 25 mg/mL and sucrose was varied from 100 to 600 mg/mL. Aliquots were taken 

out at several times, inactivated by enzyme denaturation (16 min at 96 oC), and 

analyzed by HPLC.  

The production of HT fructosides was also evaluated (in optimal conditions) 

with the mutants W105F, Q341S and N342Q. 

3.4.4 Purification of Fru-HQ and Fru-HT 

Probable HQ and HT fructosides obtained as described above (section 3.4.2) 

were purified by semipreparative HPLC as previously explained (section 3.3.4). 

Finally, the chosen fractions were desiccated with an R-210 rotavapor (Büchi, 

Germany) and characterized by mass spectrometry and NMR. 

3.4.5 Crystallization and X-Ray structure determination 

Soaking experiments were carried out with pXd-INV and several phenolic 

compounds by Dr. Mercedes Ramírez Escudero and Dr. Julia Sanz Aparicio 

(Instituto de Química-Física Rocasolano, CSIC, Madrid, Spain) in the context of 

GLICOENZ project (http://www.glicoenz.org). Diffraction data were collected using 

synchrotron radiation on the XALOC beamline at ALBA (Cerdanyola del Vallés, 

Spain). Diffraction images were processed with XDS and merged using AIMLESS 

from the CCP4 package. 

3.5   β-Fructofuranosidase immobilization 

3.5.1 Entrapment in PVA lenses 

These experiments were carried out at the University of Lisbon, in 

collaboration with the group of Prof. Maria Ribeiro. A 10% PVA solution (w/v) was 

prepared in 100 mM sodium acetate buffer (pH 5.0) at 90 oC under magnetic stirring 

for 45 min. The entrapment of pXd-INV was assayed with different enzyme loadings 

(7.1 and 16.9 U/mL of PVA) by directly adding the convenient enzyme solution to the 

previously prepared PVA at room temperature and under intense magnetic stirring. 

Lenses were made using a NE-300 syringe pump (NewERA Pump Systems Inc., 

Farmingdale, NY, USA) to pump the mixture into a 96-well microplate. Each lens 

was produced by dripping 4 drops of the PVA + enzyme solution into a well and 

drying it overnight at 50 oC. This immobilization methodology is detailed in Figure 

3.1.  
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Figure 3.1. Immobilization of pXd-INV by entrapment in PVA. 

3.5.2 Binding to carriers 

Ionic adsorption was studied employing two different carriers, but in this case, 

they were both amino-activated resins (Sepabeads EC-EA and Sepabeads EC-HA) 

that only varied in the length of the spacer arm.  

The immobilization methodology was based on the micro-scale immobilization 

assay (Fernández-Arrojo et al., 2015) and it was performed similarly for all the 

evaluated carriers.  A determined amount of carrier was placed inside a micro-

centrifuge filter tube (Spin-X, 0,45 μm, Costar, Corning Inc., Corning, NY, USA) and 

washed twice with 500 µL of immobilization buffer to achieve carrier equilibration. 

After centrifugation (2000 x g, 2 min), carriers were mixed with the convenient 

enzyme solution and the appropriate immobilization buffer. Then, immobilization 

blends were incubated for a predetermined time at room temperature in a roller 

mixer (J.P. Selecta, Barcelona, Spain). After incubation, micro-filter tubes were 

centrifuged (2000 x g, 2 min) and the flow-through was stored at 4 oC. The obtained 

biocatalysts were washed 3-times with reaction buffer (500 µL), and washing 

solutions were also collected and preserved at 4 oC. Theoretical activity was 

calculated after measuring activity in the flow-through and washing solutions, 

previously collected. Specific conditions for each carrier are detailed in Table 3.7. 
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Table 3.7 pXd-INV immobilization conditions for the different carriers. 

Carrier Immobilization conditions 

Type 
Weight       

(mg) 

Buffer    

(250 µL) 

Enzyme 

(µL) 

Incubation 

time (h) 

Sepabeads EC-EA          

(amino-activated) 
200-250 

300 mM 

sodium 

phosphate 

(pH 7.0) 

250 24 

Sepabeads EC-HA                     

(amino-activated) 
200-250 

300 mM 

sodium 

phosphate 

(pH 7.0) 

250 24 

 

3.5.3 Apparent activity 

The effective activity of the immobilized biocatalysts was calculated incubating 

a known amount of biocatalyst (250 mg or one PVA lens) in a micro-centrifuge filter 

tube with 500 µL of a 100 mg/mL sucrose solution in 100 mM sodium acetate buffer 

(pH 5.0). The mixture was incubated at 50 oC and 900 rpm in a TS-100 Thermo-

Shaker (bioSan, Riga, Latvia) for 20 min, and then the reaction mixture and the 

biocatalyst were separated by centrifugation at 2000 x g for 2 min (Figure 3.2). One 

volume of a 400 mM sodium carbonate solution (pH 11) was added to the supernatant 

to inactivate the possible lixiviated enzyme. Finally, reducing sugars were measured 

using the DNS method as described above. 

3.5.4 Operational stability of immobilized biocatalysts 

The operational stability of the obtained biocatalysts was studied employing a 

micro-scale assay that was previously developed in our group (Fernandez-Arrojo et 

al., 2015). This methodology permits to make successive reaction cycles in a rapid 

manner and is easily adjusted to different immobilizations and reactions. Each cycle 

includes the measurement of the biocatalyst apparent activity and three washing 

steps of the solid with 500 µL of reaction buffer (100 mM sodium acetate pH 5.0). 

The procedure is represented in detail in Figure 3.2. Residual activities were 

referred to the first reaction cycle.  
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Figure 3.2. Micro-scale assay for the determination of apparent activity and operational 

stability of immobilized biocatalysts. 



 

43 

 

3               MATERIALS AND METHODS 

3.5.5 Thermostability of PVA hydrogels 

The thermostability of the PVA biocatalysts was evaluated by incubating 

lenses at different temperatures (4-60 oC) for 24 h in reaction buffer. Then, the 

residual activity of the PVA lenses was determined employing the DNS method 

under the same conditions as before. 

3.5.6 Large-scale immobilization in Sepabeads EC-HA 

The biocatalyst obtained using the amino-activated resin (Sepabeads EC-HA) 

was produced at a larger scale using 15 mL tubes instead of micro-centrifuge filter 

tubes. Immobilization conditions were the same but the incubation took place in a 

Rotoflex R-2001 overhead rotator at 18 rpm (Argos Technologies Inc., Vernon Hills, 

IL, USA). Also, the biocatalyst was separated from the immobilization and washing 

solutions by filtration with acetate/nitrate cellulose filters (0.45 µm, Merck Millipore, 

Billerica, MA, USA). 

3.6   Neo-FOS production in reactors with immobilized pXd-INV 

3.6.1 Batch reactor 

A batch reactor was set up with the pXd-INV entrapped in PVA using one lens-

shaped particle (0.3 U) and 340 µL of a 600 mg/mL sucrose solution in reaction 

buffer. The lens and reaction mixture were placed in a micro-centrifuge tube and 

incubated at 30 oC and 900 rpm for 26 h. Then, the tube was centrifuged (2000 x g, 

2 min) to collect the supernatant and the possible lixiviated enzyme was inactivated 

adding 400 mM sodium carbonate. Several successive reaction cycles were performed 

and, in between them, the lens-shaped biocatalyst was washed thrice with 100 mM 

sodium acetate buffer (pH 5.0). Neo-FOS production was analyzed in each cycle by 

HPAEC-PAD as described earlier. 

3.6.2 Packed-bed reactor 

A packed-bed reactor was assembled using 1 mL empty cartridges (Agarose 

Bead Technologies, Miami, FL, USA) and the pXd-INV immobilized in Sepabeads 

EC-HA. Biocatalyst (23 U) was packed following provider instructions. Column and 

substrate (600 mg/mL sucrose solution in reaction buffer) were kept at 50 oC in a 

heater (MOD. MFE-01, Analisis Vinicos, Tomelloso, Spain). Substrate was pumped 

into the column at 0.03 mL/min with a 515 HPLC pump (Waters, Milford, MA, USA). 

Once the system was in a steady state, samples were collected and neo-FOS 
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production was evaluated by HPAEC-PAD. Also, we determined the productivity 

and conversion yield. 

3.7   Production of acidic XOS 

3.7.1 Enzymatic hydrolysis of beechwood xylan 

Hydrolysis reactions were performed with a 2% (w/v) xylan solution in distilled 

water and 3 U/mL of Depol 670L. Incubation at 60 oC and under orbital stirring took 

place in a Stuart Orbital Incubator S-150 (Cole-Parmer, Staffordshire, UK). Aliquots 

were taken out at different times and mixed with absolute ethanol until the final 

ethanol concentration was 70%. This allowed the precipitation of the remaining 

xylan and the inactivation of the enzyme. Samples were centrifuged (1200 x g, 10 

min) and analyzed by HPAEC-PAD as described above. 

3.7.2 Acidic XOS purification 

XOS were separated in neutral and acidic fractions using anion-exchange Sep-

Pak Accell Plus QMA Plus Short Cartridges (Waters, Milford, MA, USA). Firstly, 

cartridges were equilibrated with distilled water (8 mL). Then, the reaction mixture 

(neutral and acidic XOS) was loaded (4 mL). Neutral XOS were obtained after 

washing with distilled water (4 mL) and acidic XOS were eluted with 4 mL of a 10 

mM ammonium acetate solution (pH 7.4). Neutral and acidic XOS were analyzed by 

HPAEC-PAD using a previously described method that focuses on the separation of 

acidic XOS. 

3.7.3   Large-scale production and purification of acidic XOS 

A xylan hydrolysis reaction (100 mL) was set in the same conditions as before, 

choosing 72 h as the optimum reaction time. Enzyme inactivation and xylan 

precipitation were carried out as previously explained. Then, the reaction mixture 

was concentrated 3-times using a R-210 rotavapor (Büchi, Germany).  

The anion-exchange procedure for the purification of acidic XOS, previously 

reported, was slightly adjusted to fit better the larger scale. For this, five Sep-Pak 

Cartridges were connected in series and equilibrated with 10 mL of distilled water. 

Then, the reaction mixture (1 mL) was loaded into the cartridges and neutral XOS 

were eluted in a washing step with distilled water (10 mL). Finally, the acidic 

fraction was attained after washing with 10 mL of 10 mM ammonium acetate (pH 
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7.4). Each lot of five cartridges was reused five times, employing a total of 30 anion-

exchangers for the whole purification. This purification methodology is described in 

Figure 3.3. 

The obtained acidic XOS were concentrated by rotary evaporation, subjected to 

dialysis using 100-500 Da tubing to remove salts and freeze-dried with a Freezone 

2.5PLUS lyophilizer (Labconco Corporation, Kansas City, MO, USA). Acidic XOS were 

then characterized by elemental analysis, HPAEC-PAD, MS and NMR. 

 

Figure 3.3. Anion-exchange purification of acidic XOS. 

3.7.4  Scavenging of ABTS radical 

The antioxidant activity of acidic XOS was evaluated applying the ABTS 

radical cation decolorization assay (Re et al., 1999) with slight modifications. The 

radical was produced reacting a stock ABTS solution (7 mM in water) with a 2.45 

mM (final concentration) potassium persulfate solution and keeping it in the dark at 

room temperature overnight. Afterwards, the reaction was diluted with water until 

a final absorbance of 0.7 at 734 nm.  

Beechwood xylan and XOS mixtures (neutral and acidic) were tested at several 

concentrations (0-8 mg/mL) by mixing 20 µL of these compounds stock solutions with 

230 µL of ABTS radical. The absorbance was followed at 734 nm after a 10 min 
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incubation at room temperature in the dark. Samples were measured in triplicates 

and xylan and XOS concentration was represented vs. the decrease in absorbance 

(in percentage). 

The half maximal scavenging concentration (SC50) was defined as the 

concentration of antioxidant, in mg/mL, that is able to diminish the absorbance of 

the ABTS radical cation in a 50% in 10 min. (R)-Trolox was used as reference. 

3.8   Large-scale production of COS 

A procedure was developed for the production of several COS mixtures at a 

large-scale. Chitosans with different deacetylation degrees (Table 3.1) and various 

enzymes were employed.  Chitosan solutions were always prepared at 1% (w/v) in 

sodium acetate buffer (pH 5.0). Hydrolysis was performed with Neutrase (10% v/v) 

or CHIT42 (3-10% v/v) as biocatalysts. Neutrase was previously dialyzed with 3.5 

kDa tubing to remove sorbitol and other possible contaminants. Incubation was done 

at 50 oC and 150 rpm for 48-72 h. Reaction mixtures (1 L) were then concentrated by 

rotary evaporation and filtrated with paper filters, glass microfiber filters 

(Whatman™, GE Healthcare, Chicago, IL, USA) and acetate/nitrate cellulose filters 

(0.45 µm). Later on, enzymes and non-hydrolyzed chitosan were removed by 

ultrafiltration with an Amicon
®
 system (10 kDa membrane). In this way, we obtained 

high molecular weight (< 10 kDa) COS. Eventually, some COS mixtures were 

ultrafiltrated a second time with a 1 kDa membrane to obtain low (< 1 kDa) 

molecular weight COS.  Finally, COS were concentrated again by rotary evaporation, 

dialyzed to eliminate salts (100-500 Da tubing) and lyophilized.  COS mixtures were 

characterized by HPAEC-PAD, as described before, and mass spectrometry. 
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4.1 Production of neo-FOS by immobilized pXd-INV 

The β-fructofuranosidase from Xanthophyllomyces dendrorhous (pXd-INV) is 

an extracellular glycoprotein that synthesizes neo-FOS, mainly neokestose and 

neonystose (Linde et al., 2009). Under optimum conditions (600 g/L of sucrose), pXd-

INV produces 118 g/L of neo-FOS, which is the largest yield of this kind of FOS 

reported for a microbial enzyme (Gimeno-Pérez et al., 2015). Besides synthesizing 

neo-FOS, the invertase pXd-INV is able to fructosylate several carbohydrates such 

as maltose (Gimeno-Pérez et al., 2014). These features make pXd-INV an interesting 

enzyme for its application in the food, pharmaceutical or cosmetic industries.  

Enzyme immobilization promotes industrial application by enabling 

biocatalyst separation and reuse, facilitating product processing and enhancing 

enzyme stability. Thus, we studied several strategies for the immobilization of pXd-

INV and evaluated the biocatalysts obtained in terms of recovered activity and 

operational stability. 

4.1.1 Immobilization of pXd-INV in PVA hydrogels 

The β-fructofuranosidase Xd-INV is a notably large dimeric enzyme with a 

molecular mass of 360 kDa (Ramirez-Escudero et al., 2016). This considerable size 

should restrict enzyme leakage through matrix pores, making entrapment a suitable 

technique for its immobilization. Polyvinyl alcohol (PVA) is a cheap, non-toxic and 

mechanically robust polymer that can form highly stable and elastic hydrogels. 

Gelation is achieved by the formation of hydrogen bonds between the numerous 

hydroxyl groups of PVA, resulting in a complex three-dimensional network 

(Lozinsky and Plieva., 1998). PVA hydrogels have been used successfully for several 

applications, including the immobilization of enzymes, controlled drug release, 

artificial tissues or biosensors (Nuneslentik et al., 2016, Durieux et al., 2000, Ariga 

et al., 1994, Cao et al., 2017). Moreover, PVA-based biocatalysts have shown 

excellent mechanical and operational stability in different kinds of bioreactors such 

as shaken microtiter plates, batch stirred tanks and packed-bed reactors (Nunes et 

al., 2014). Taking this into consideration, pXd-INV was immobilized by entrapment 

in PVA lenses as explained in Section 3.5.1. The enzyme was mixed with a PVA 

solution, and PVA lenses were formed by dripping the mixture onto 96-well 

microplates and promoting gelation by partial drying at 50  oC (Schlieker and Vorlop, 
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2006). The gelatinization process can be facilitated by other means like freezing, 

thawing (Gomez de Segura et al., 2003) or UV radiation (Imai et al., 1986). 

The immobilization assays were carried out with 10% (w/v) PVA in the enzyme 

optimum buffer and two different pXd-INV loadings. The main immobilization 

parameters obtained with both biocatalysts are summarized in Table 4.1.  The 

volumetric activity of the biocatalyst did not increase with higher enzyme loadings, 

resulting in a decrease of the recovered activity. We performed several successive 

washings and corroborated that pXd-INV was not leaked from the PVA matrix. 

Taking this into account and considering the high stability of the enzyme under the 

immobilization conditions, we presume that diffusional limitations caused by high 

enzyme concentration inside the lenses could explain the results obtained when the 

initial activity was increased. 

Table 4.1 Immobilization parameters of pXd-INV in PVA lenses with two enzyme loadings. 

Total initial 

activity  

(U)a 

Volume of 

biocatalyst 

(mL) 

Lens 

volume 

(µL)b 

Activity of the 

biocatalyst 

(U/lens)a 

Activity of the 

biocatalyst 

(U/ml)a 

Recovered 

activity 

(%)c 

35.5 4.8 56.3 0.34 5.96 80.4 

84.5 4.7 52.6 0.33 6.20 34.7 

 a Measured by the DNS assay; b Lens volume = (volume dispensed/number of drops dispensed) x 

number of drops in each lens; c (Activity of the biocatalyst x Volume of biocatalyst obtained x 100)/Total 

activity introduced. 

4.1.2 Immobilization of pXd-INV by ionic binding 

The immobilization of the β-fructofuranosidase pXd-INV was assayed by 

binding to different carriers. Generally, covalent binding is preferred since it forms 

strong linkages that avoid enzyme leakage (Sheldon, 2007). However, covalent 

binding usually requires incubating the enzyme in alkaline conditions, and most 

commercial activated carriers are quite expensive. Taking this into account, we 

decided to attempt the pXd-INV immobilization with two polymethacrylate amino 

activated resins (Sepabeads). Besides being rather cheap, these carriers are easily 

arranged into packed-bed bioreactors, are non-compressible, and the enzyme 

immobilization occurs at neutral pH. We chose two kinds of Sepabeads, EC-EA 

(ethylamine) and EC-HA (hexamethylamine), which only differ on the length of the 

spacer arm.  

The immobilization of pXd-INV was performed with 200-250 mg of carrier at 

pH 7.0 and, as in the previous case, two different enzyme loadings were evaluated. 
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Increasing the activity offered to the support resulted in a significant increment of 

activity for both biocatalysts. In contrast, the percentage of recovered activity was 

slightly lower in both cases (Table 4.2). The activity yield shows that enzymatic 

activity is always lost in the immobilization process. This loss could be explained by 

an inefficient binding of the protein and/or mass transfer restrictions within the 

carriers that limit substrate accessibility (Bolivar et al., 2014). The glycosylation 

degree of pXd-INV is quite high, approximately 50% (Gimeno-Pérez et al., 2015), 

which could restrict the interaction between the protein and the amino groups, 

preventing a more effective immobilization. In addition, low initial activities showed 

better yields indicating that the enzyme was bound in a more efficient manner when 

protein concentration was lower.  

Comparing both resins, Sepabeads EC-HA showed better results in terms of 

activity and yield at both enzyme loadings. This may be explained by the superior 

length of its spacer arm that could reduce mass transfer limitations, improving both 

ionic binding and diffusion of substrate and products. 

Table 4.2 Immobilization parameters of pXd-INV in Sepabeads EC-EA and EC-HA with two 

different enzyme loadings. 

          Carrier     Initial Activity (U)a 

          Biocatalyst Activity 

   Activity (U/g)b   Yield (%)c 

   Sepabeads EC-EA 

               41.8            59.4       15.6 

               4.18            7.87       20.7 

   Sepabeads EC-HA 

               41.8            114.0       29.9 

               4.18            16.1       42.3 

a Activity of the enzyme solution measured by DNS; b Experimental (apparent) activity; c (Total 

experimental activity x 100)/ Initial activity. 

4.1.3 Operational stability of the immobilized biocatalysts 

The operational stability of all the biocatalysts obtained by ionic binding and 

the PVA biocatalyst obtained with the lowest enzyme loading was assayed following 

a micro-scale protocol developed in our laboratory (Section 3.5.4) (Fernandez-Arrojo 

et al., 2015). Biocatalysts were used in a series of batch reactions with 100 mg/mL of 
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sucrose as substrate at 50 oC. After each cycle (20 min), reducing sugars were 

measured by the DNS method and biocatalysts were thoroughly washed to remove 

any remaining substrate and/or products, along with any desorbed enzyme. Figure 

4.1 represents the residual activity of each biocatalyst after ten short reaction cycles. 

As shown, the operational stability was satisfactory for all the biocatalysts 

evaluated. 

 

Figure 4.1. Operational stability of pXd-INV biocatalysts: a) PVA (Initial activity 35.5 U); b) 

EC-EA and EC-HA (Initial activity 41.8 U); c) EC-EA and EC-HA (Initial activity 4.18 U). 

Reaction conditions: 100 g/L of sucrose in 100 mM sodium acetate buffer (pH 5.0) at 50 oC for 

20 min. Values are referred to the activity of the biocatalyst in the first cycle.  

4.1.4 Thermal stability of PVA-based biocatalyst  

The optimum temperature for pXd-INV is between 50 and 60 oC (Gimeno-Perez 

et al., 2015). Even though PVA-lens shaped particles showed satisfactory operational 

stability in short reaction cycles (Figure 4.1), we analyzed the thermostability of the 

biocatalyst in long-term operation. Thus, the PVA biocatalyst was incubated at 

different temperatures (4-60 oC) for 24 h in reaction buffer, and the residual activity 
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was measured by the DNS assay (Figure 4.2). As shown, the activity of the 

immobilized enzyme was maintained up to nearly 40 oC. On the other hand, more 

than half of the activity was lost at higher temperatures. The instability of PVA 

hydrogels at temperatures over 50 oC is well reported (Alves et al., 2011, Rescignano 

et al., 2014). Hence, enzyme leakage could be facilitated by the loss of the PVA lenses 

3D structure, resulting in a decay of activity. Based on this, we chose 30 oC to 

evaluate the operational stability of the PVA biocatalyst for neo-FOS production, as 

a compromise between stability and activity. 

 

Figure 4.2. Thermostability of pXd-INV entrapped in PVA lenses after incubating at 4-60  oC 

for 24 h in 100 mM sodium acetate buffer (pH 5.0). 

4.1.5 Production of FOS by PVA-entrapped pXd-INV 

The production of fructooligosaccharides with immobilized pXd-INV was 

assessed using 600 g/L of sucrose. Substrate concentration was previously optimized 

with the soluble enzyme (Linde et al., 2012). In addition, high concentrations of 

sucrose promote transglycosylation reactions instead of substrate hydrolysis (Ghazi 

et al., 2007). The profile of FOS synthesized by the PVA-entrapped enzyme was 

characterized by HPAEC-PAD (Figure 4.3) and compared with the soluble enzyme. 

The products pattern was very similar to the one obtained with free enzyme 

(Gimeno-Pérez et al., 2015). Employing neo-FOS standards previously purified and 

characterized by our group (Linde et al., 2012, Zambelli et al., 2014), we managed to 
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identify neokestose (the main product), 1-kestose, neonystose and blastose. Blastose 

is a sucrose isomer synthesized by neokestose hydrolysis since Xd-INV cannot 

transfer fructose to free glucose (Linde et al., 2012, Gimeno-Pérez et al., 2015). The 

structure of the FOS produced is illustrated in Figure 4.3. 

 

Figure 4.3. a) HPAEC-PAD chromatogram of the reaction of 600 g/L of sucrose at 30 oC with 

pXd-INV immobilized in PVA lenses. (1) Glucose; (2) Fructose; (3) Sucrose; (4) 1-Kestose; (5) 

Blastose; (6) Neokestose; (7) Neonystose. b) Structure of the FOS synthesized by the PVA-

entrapped enzyme. The sucrose skeleton is represented in green. 

FOS production with the entrapped enzyme was analyzed employing 600 g/L 

of sucrose as substrate. As previously explained, the reaction temperature was set 

at 30 oC. The formation of the different FOS was represented as a function of sucrose 

consumption (Figure 4.4). As shown, the highest FOS concentration was achieved 

when almost 86% of the initial sucrose was transformed, as occurred with the soluble 

enzyme. The immobilized enzyme yielded a maximum of 18.9% (w/w) of FOS (113.5 

g/L), of which 59.1 g/L were neokestose, 30.2 g/L 1-kestose, 11.6 g/L neonystose and 

12.6 g/L blastose.  

We confirmed that blastose was obtained by neokestose hydrolysis since 

blastose concentration increased significantly (30.5 g/L) at the end of the reaction, 

while neokestose concentration rapidly declined. This value is quite relevant since 

34 g/L is the largest amount reported for the production of this disaccharide 

(Zambelli et al., 2014). In addition, the acute decrease of FOS concentration after 85-

90% hydrolysis of sucrose occurred similarly with the free native enzyme (Gimeno-
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Pérez et al., 2015), and is quite common in FOS production with β-

fructofuranosidases (Gutierrez-Alonso et al., 2009).  

  It is worth mentioning that the highest FOS concentration obtained (18.9%) 

was considerably lower than the reported with the soluble enzyme (29%) (Gimeno-

Pérez et al., 2015). Moreover, the concentration of blastose produced by the 

immobilized enzyme was significantly higher (30 g/L vs. 8 g/L). A possible 

explanation could be that the hydrophilic environment inside the PVA lenses favors 

hydrolysis instead of transfructosylation.  Several studies have reported that carrier 

environment can alter the hydrolysis to transglycosylation ratio (Imai et al., 1986, 

Ghazi et al., 2005, Rodrigues et al., 2013, Hill et al., 2016). In addition, changing the 

reaction temperature from 60 oC (soluble enzyme) to 30 oC (immobilized enzyme) 

could also affect the transferase to hydrolysis rate. 

 

Figure 4.4. Kinetics of FOS formation with PVA-entrapped pXd-INV as a function of sucrose 

concentration. Reaction conditions: 600 g/L of sucrose in 100 mM sodium acetate buffer (pH 

5.0) at 30 oC. 
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4.1.6 Batch reactor for neo-FOS production with PVA-based biocatalyst 

A batch stirred tank reactor was set up with the PVA-entrapped pXd-INV and 

FOS production was analyzed by HPAEC-PAD (Figure 4.5). We carried out seven 

reaction cycles of 26 h at 30 oC, using 600 g/L of sucrose as substrate. PVA lenses 

were thoroughly washed between cycles to eliminate any residual sugars. The 

production of FOS in each reaction cycle is represented in Figure 4.6. As shown, the 

conversion of sucrose (23%) was quite far from the optimum for FOS production 

(86%, see above). Nevertheless, this study was very useful to determine the 

reusability of the PVA biocatalyst in neo-FOS industrial production. Figure 4.6 

illustrates that FOS concentration was kept constant during the seven cycles. This 

remarkable operational stability could be dependent on the fact that the original 

shape of the lenses was preserved during the assay. 

 

Figure 4.5. Batch stirred tank reactor system for FOS production with PVA-entrapped pXd-

INV (PVA-pXd-INV). Reaction conditions: 600 g/L of sucrose in 100 mM sodium acetate buffer 

(pH 5.0) at 30 oC. 
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Figure 4.6. Operational stability of the immobilized biocatalyst (PVA-pXd-INV) in a batch 

reactor. Reaction conditions per cycle: 600 g/L of sucrose in 100 mM sodium acetate buffer 

(pH 5.0) at 30 oC for 26 h. 

4.1.7 Packed-bed reactor for neo-FOS production with Sepabeads biocatalyst 

Continuous packed bed reactors are formed by immobilized enzymes packed 

into a column where the substrate is continuously fed through the inlet and the 

product is recovered at the outlet. Their productivity is quite high compared with 

the obtained with other reactors (Rakmai and Cheirsilp, 2016). As previously 

mentioned, polymethacrylate carriers are easily packed into columns. Thus, we 

decided to set up a packed bed reactor with the most active biocatalyst obtained with 

the amino resins. Hence, the selected biocatalyst was the one produced with 

Sepabeads EC-HA and the high enzyme loading (HA-pXd-INV). In this work, 410 

mg (47 U) of the immobilized enzyme were packed into a 1 mL column and FOS 

production was analyzed by HPAEC-PAD (Figure 4.7). 
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Figure 4.7. Packed bed reactor system for FOS production with pXd-INV immobilized in 

Sepabeads EC-HA (HA-pXd-INV). Reaction conditions: 600 g/L of sucrose in 100 mM sodium 

acetate buffer (pH 5.0) at 50 oC. 

A continuous process for FOS synthesis was operated at 0.03 mL/min using 

600 g/L sucrose as feed solution. Taking into account that the maximum temperature 

of operation recommended by the manufacturer for these carriers is 60 oC, we chose 

50 oC as reaction temperature to minimize damage in a long process. The initial 

productivity of the reactor was calculated using the following equations:  

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (𝑑, ℎ−1) =
𝐹𝑙𝑜𝑤 (𝑚𝐿 ℎ−1)

𝐶𝑜𝑙𝑢𝑚𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑔𝐹𝑂𝑆  𝐿−1 𝑑𝑎𝑦−1) = [𝐹𝑂𝑆] × 𝑑 

The dilution rate of the bioreactor was 1.8 h-1, giving an initial productivity of 

218 gFOS L-1 day-1, which was more than 4-times the FOS obtained in each PVA batch 

reactor cycle (approximately 45 gFOS L-1 in 26 h).  The bioreactor was continuously 

operated for 12 days and samples were taken out at different times and analyzed by 

HPAEC-PAD to determine the operational stability (Figure 4.8). As shown, FOS 

production decreased steadily with time but the enzyme seemed to keep its activity 

since it could still hydrolyze sucrose. On the other hand, fructose and glucose 

concentration grew with time, probably due to an enzyme conformational change 

that favored hydrolysis over fructose transference. 
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Figure 4.8. Operational stability of the immobilized biocatalyst (HA-pXd-INV) in a packed 

bed reactor. Reaction conditions: 600 g/L of sucrose in 100 mM sodium acetate buffer (pH 5.0) 

was fed at 0.03 mL/min and the column was kept at 50 oC. 

 The operational stability of immobilized biocatalysts for FOS production has 

been investigated several times (Plou et al., 2014). Satisfying results has been 

accomplished with different methodologies, including entrapment in alginate and 

subsequent drying (Fernández-Arrojo et al., 2013), crosslinking in presence of 

chitosan (Mouelhi et al., 2016), glutaraldehyde-activated chitosan (Lorezoni et al., 

2014) or adsorption onto niobium ore (Aguiar-Oliveira and Maugeri, 2010). 

4.2 Fructosylation of phenolic compounds with pXd-INV 

As mentioned before, glycosyl hydrolases catalyze the cleavage of glycosidic 

bonds and, under the proper conditions, can produce different oligosaccharides and 

glycoconjugates.  A great number of glycosidases (α- and β-glucosidases, β-

galactosidases, β-xylosidases, β-fructofuranosidases, etc.) have been successfully 

employed for the glycosylation of different organic compounds (Ono et al., 2006, Saiki 

et al., 2007, Park et al., 2008, Lu et al., 2015, Nieto-Dominguez et al., 2017). Besides 

catalyzing the hydrolysis of sucrose and the synthesis of neo-FOS, the recombinant 

β-fructofuranosidase pXd-INV can also accomplish the fructosylation of several 

carbohydrates (maltose, maltotriose, maltotetraose and isomaltulose) and sugar 
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alcohols (erythritol, xylitol, sorbitol and dulcitol) (Gimeno-Perez et al., 2014, 

Gimeno-Perez, 2019).  

Interestingly, a previous crystallographic study of pXd-INV revealed that the 

organic molecule HEPES could be accommodated in the active site alongside a 

fructose residue. Considering this fact, we decided to attempt the fructosylation of 

non-sugar compounds such as polyphenols, whose structure resembled that of 

HEPES (Ramirez-Escudero et al., 2016). 

Several transfructosylation assays were carried out with a variety of phenolic 

compounds (hydroquinone, hydroxytyrosol, epigallocatechin gallate, catechol and p-

nitrophenol) and pXd-INV.  Reactions were performed with 100 g/L of sucrose as 

fructosyl donor, 20 g/L of the putative acceptor and 0.72 U/mL of the β-

fructofuranosidase pXd-INV at 60 oC. In addition, control reactions in absence of 

acceptor or sucrose were carried out under the same conditions. Reaction mixtures 

were analyzed by HPLC and, as example, chromatograms with HQ, catechol, EGCG 

and p-nitrophenol are represented in Figure 4.9.  
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Figure 4.9. HPLC analysis of the assays with (A) hydroquinone (HQ); (B) catechol; (C) EGCG 

and (D) p-nitrophenol. Reaction conditions: 100 g/L of sucrose and 20 g/L of phenolic 

compound in 100 mM sodium acetate buffer (pH 5.0) at 60 oC. Red: PDA detector; Black: 

ELSD detector. HQ: hydroquinone; Fru-HQ: fructosyl hydroquinone; Fru: fructose; Glc: 

glucose; Suc: sucrose; NeoK: neokestose; 1-K: 1-kestose. 

As shown, the presence of p-nitrophenol and EGCG considerably inhibited both 

hydrolysis and transfructosylation. On the other hand, the hydrolysis rate with 

hydroquinone and catechol was similar to the observed for the control reaction (data 

not shown). In addition, two peaks that could correspond to fructosides of both HQ 

and catechol were detected. Based on the results above, fructosylation of HT and HQ 

was furtherly investigated. The analysis of the TLC plates revealed the presence of 

new spots that could correspond to fructosylated derivatives of HQ and HT. 

However, catechol fructosylation could not be confirmed by TLC. Hydroxytyrosol 

(HT) gave rise to the most transfructosylation spot in TLC analysis (Figure 4.10). 
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Figure 4.10. TLC analysis of reactions in presence of a) Hydroquinone (HQ) and b) 

Hydroxytyrosol (HT) observed at UV light. Reaction conditions: 100 g/L of sucrose and 20 g/L 

of phenolic compound in 100 mM sodium acetate buffer (pH 5.0) at 60 oC.  

Figure 4.11 represents FOS production by pXd-INV in the presence and 

absence of the investigated polyphenols. As shown, FOS production decreases with 

all the investigated phenolic compounds in different degrees depending on the 

nature of the compound. 
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Figure 4.11. FOS production in absence and presence of various phenolic compounds. 

Reaction conditions: 100 g/L of sucrose and 20 g/L of phenolic compound in 100 mM sodium 

acetate buffer (pH 5.0) at 60 oC.  

HPLC analysis revealed that most of the polyphenols exert an inhibiting effect 

in both sucrose hydrolysis and FOS formation. Considering this, the hydrolysis and 

transfructosylation rates of each assay were calculated with the following equations:  

𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑟𝑎𝑡𝑒 =  
∆[𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒]

𝑡𝑖𝑚𝑒
 

𝑇𝑟𝑎𝑛𝑠𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑦𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
∆[𝐺𝑙𝑢𝑐𝑜𝑠𝑒]

𝑡𝑖𝑚𝑒
−

∆[𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒]

𝑡𝑖𝑚𝑒
 

In addition, the ratio between the hydrolysis and transfructosylation rates was 

estimated, and they are all portrayed in Table 4.3.  
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Table 4.3 Effect of the assayed phenolic compounds on the hydrolytic and transfructosylation 

activity of pXd-INV.  

 Structure 
Hydrolysis rate 

(mM min-1) 

Transfructosylation 

rate (mM min-1) 

Hydrolysis / 

Transfructosylation 

ratio 

Control --------- 1.545 0.482 3.2 

Hydroxytyrosol 

 

1.040 0.329 3.2 

Hydroquinone 

 

2.110 0.474 4.5 

Catechol 

 

0.764 0.100 7.7 

EGCG 

 

0.668 0.062 10.8 

p-Nitrophenol 

 

0.199 0.003 67.1 

 

 The majority of the phenolic compounds investigated (catechol, EGCG and p-

nitrophenol) hindered hydrolysis as much as transfructosylation, and no new 

polyphenol  conjugates were observed. Nevertheless, the hydrolysis and 

transfructosylation rates obtained with HT and HQ were similar to the ones 

estimated for the control assay, and they were both positive acceptors. After 

purifying the new HQ derivative by semipreparative HPLC, HQ fructosylation was 

demonstrated by mass spectrometry (Supplementary Material, Figure S1), which 

showed a peak of 295.08 Da (M + Na+). As the two phenolic groups in HQ are 

equivalent, the synthesized derivative must be 4-hydroxyphenyl-β-D-

fructofuranoside (Figure 4.12). Hydroquinone is mainly employed in the cosmetic 

industry as a tyrosinase inhibitor; however, it has some undesired side effects (skin 

irritation and inflammation). Lately, cosmetic companies had been substituting 

hydroquinone for α- and β-arbutin (HQ glucosides) that do not present these side 

effects (Desmet et al., 2012). The fructosylation of HT was furtherly studied and it 

will be described in the next section (Section 4.3). 
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Figure 4.12. Predicted structure of the obtained HQ derivative (4-hydroxyphenyl-β-D-

fructofuranoside). 

Furthermore, crystallographic ternary complexes with the inactive mutant 

D80A-pXdINV, fructose and an acceptor (HQ) or an inhibitor (EGCG) were obtained. 

In all cases, fructose was situated in the -1 subsite and polyphenols were located in 

the active site by hydrophobic interactions (Figure 4.13). EGCG was additionally 

stabilized on the active site by numerous polar interactions, probably blocking 

substrate access and explaining the inhibitory effect. On the other hand, 

hydroquinone seemed to have some mobility in the active site, which could enable 

transfructosylation.  

 

Figure 4.13. Surface depiction of D80A-pXdINV with fructose and two phenolic compounds 

in the active site. a) Crystals soaked with fructose and EGCG (both in green) and b) Crystals 

soaked with fructose (orange) and HQ (light green).  

4.3 Production of fructosylated hydroxytyrosol conjugates by pXd-INV 

4.3.1 Fructosylation of HT by pXd-INV 

Out of the positive acceptors found in the previous experiments, hydroxytyrosol 

(HT) was the most interesting due to its strong biological activities (antioxidant, 
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anticancer, neuroprotective, etc.). Hence, we decided to further explore the ability of 

the enzyme pXd-INV to fructosylate this phenolic compound. Several assays were 

carried out employing sucrose as donor and HT as acceptor. HPLC analysis using an 

amino column and a photodiode array detector revealed the presence of two possible 

fructosylated HT conjugates (Fru-HT1 and Fru-HT2) (Figure 4.14a). Both products 

showed a higher retention time than HT, supporting the hypothesis that they were, 

in fact, fructosylated derivatives of HT. Fru-HT1 was found in a larger proportion, 

indicating that it was the major HT conjugate (Figure 4.14a). Moreover, FOS 

production was analyzed by anion exchange chromatography with an amperometric 

detector (HPAEC-PAD) to check that HT did not influence the FOS profile (Figure 

4.14b). As shown, product selectivity was not changed since neokestose and 1-

kestose were still the main transglycosylation products. 

 

Figure 4.14. HPLC analysis of the HT fructosylation assay catalyzed by pXd-INV. Reaction 

conditions: 300 g/L of sucrose and 25 g/L of HT in 100 mM sodium acetate buffer (pH 5.0) at 

60 oC. a) Chromatogram employing a NH2 column and PDA detector. (HT) Hydroxytyrosol; 

(Fru-HT1 and Fru-HT2) Hydroxytyrosol fructosides. b) HPAEC-PAD chromatogram with a 

PA1 column. Peaks: (1) Glucose; (2) Fructose; (3) Sucrose; (4) 1-Kestose; (5) Neokestose.  

The production of the fructosylated HT derivatives, Fru-HT1 and Fru-HT2, 

was optimized by evaluating different donor and acceptor concentrations (Figure 

4.15). First, sucrose concentration was kept at 100 g/L while HT concentration was 

varied in the 10-100 g/L range. The yield of fructosylated derivatives increased with 

HT concentration (Figure 4.15a); however, this growth was quite modest when 

changing from 25 g/L to 100 g/L of HT. Taking into account the product yield and HT 

cost, we selected 25 g/L as the optimum HT concentration.  

In order to furtherly improve product yield, sucrose concentration was also 

investigated in the 100-600 g/L range (Figure 4.15b). The highest product 
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concentration (11.7 g/L) was achieved after 6 h with 300 g/L of sucrose. Higher 

sucrose concentrations did not improve Fru-HT yield probably due to pXd-INV 

favoring sucrose as acceptor and consequently FOS production.  

 

Figure 4.15. Production of fructosylated hydroxytyrosol derivatives (Fru-HT1 and Fru-HT2) 

with pXd-INV. a) Effect of HT concentration with sucrose concentration fixed at 100 g/L. b) 

Effect of sucrose concentration with HT concentration set at 25 g/L. The different sucrose 

and HT assayed concentrations are displayed on each panel.  

Considering the previous experiments, the kinetics of Fru-HT and FOS 

production were studied under the chosen optimal conditions (25 g/L of HT and 300 

g/L of sucrose). Figure 4.16 represents the synthesis of Fru-HT1 and Fru-HT2 as a 

function of sucrose consumption. The maximum yield of fructosylated HT conjugates 

was 45.6% with 11.1 g/L of Fru-HT1 and 0.2 g/L of Fru-HT2, and it was obtained 

after almost 80% of the initial sucrose had been consumed.  The main product (Fru-

HT1) was only hydrolyzed when sucrose decreased below 5% of the initial 

concentration, and by the end of the reaction Fru-HT1 was practically inexistent. 

Thus, the reaction profile was the typically observed for glycosidase-catalyzed 

synthesis, where the product ends up hydrolyzed when the substrate is nearly 

consumed (Potocka et al., 2015, Piedrabuena et al., 2016). In contrast, Fru-HT2 was 

more resistant to hydrolysis, even though its concentration was significantly lower. 

As shown, Fru-HT1 and FOS formation profiles were quite similar, and FOS 

production was in agreement with the results obtained in this Thesis (Figure 4.4) 

and previous works (Gimeno-Pérez et al., 2015)   
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Figure 4.16. Production of fructosylated hydroxytyrosol conjugates (Fru-HT1 and Fru-HT2) 

and FOS by pXd-INV represented as a function of sucrose consumption under optimum 

reaction conditions (300 g/L of sucrose as donor and 25 g/L of HT as acceptor in 100 mM 

sodium acetate buffer, pH 5.0, at 60 oC). 

The major fructosylated conjugate (Fru-HT1) was purified by semipreparative 

HPLC and characterized by mass spectrometry (Supplementary Material, Figure 

S2), which showed a peak of 339.10 Da (M + Na+). The structure of the compound 

was determined by 1D and 2D NMR techniques in collaboration with Dr. Jesús 

Jiménez Barbero and Dr. Ana Poveda (CIC Biogune, Basque Country, Spain). The 

synthesized product was identified as 3,4-dihydroxyphenyl ethyl β-D-

fructofuranoside (Supplementary Material, Figure S3), and its structure is depicted 

in Figure 4.17. 
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Figure 4.17. Structure of Fru-HT1 (3,4-dihydroxyphenyl ethyl β-D-fructofuranoside) 

determined by NMR. 

4.3.2 Structural and molecular analysis of HT fructosylation by pXd-INV 

The structural and molecular determinants of the reaction were investigated 

by crystallographic studies in collaboration with Dr. Julia Sanz Aparicio (IQFR, 

CSIC, Madrid, Spain). Thus, crystals from the inactive mutant pXd-INV-D80A were 

soaked with both substrates, fructose and HT, and the purified product (Fru-HT1), 

to obtain the ternary intermediate complexes. The obtained crystals displayed clear 

electron density at the active site, enabling unambiguous modelling of the confined 

molecules (Figure 4.18).  

The ternary intermediate complex with both substrates displays fructose on 

the ‒1 subsite, as described in previous studies (Ramirez-Escudero et al., 2016). On 

the other hand, HT can be located in several positions in the active site (HT1, HT2 

and HT3) (Figure 4.18a). Two of these positions (HT1 and HT2) are compatible with 

fructosylation since both substrates show OH groups in the vicinity of fructose C2, 

allowing the formation of the glycosidic bond. In this manner, HT2 exhibits one 

phenolic hydroxyl placed 3.5 Å from fructose C2, which is an appropriate distance 

for the nucleophilic attack to occur. On the contrary, the primary OH of HT1 is the 

closest to fructose C2, albeit the distance is a bit higher. Thus, the location of HT1 is 

in accordance with the major product (Fru-HT1) whereas the position of HT2 

indicates a different binding manner that could result on another fructosylated 

product, which could be related with the minor product detected by HPLC. The last 

location (HT3) is at a considerable distance from the fructose molecule, preventing 

fructosylation. 

Regarding the soakings obtained with the product (Figure 4.18b), we observed 

a fructosylated HT compound positioned in the active site with the fructose unit on 

the ‒1 subsite. This compound was identified as the main product and fructosylation 
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occurred in the primary OH. In addition, a second molecule was surprisingly found 

in the active site that clearly corresponded to another fructosylated conjugate. In 

this case, fructosylation took place in the phenolic OH, which is in agreement with 

the second binding manner (HT2), and probably corresponds to the secondary 

product (Fru-HT2). 

 

Figure 4.18. Surface depiction of pXd-INV-D80A with both substrates and product bound in 

the active site. a) Crystals soaked with fructose (light green) and HT (dark green). HT was 

located in three positions labelled as HT1, HT2 and HT3. b) Crystals soaked with the 

fructosylated product (fructose in light red and HT in dark red) purified by HPLC. Fru-HT1 

is the main product characterized by NMR, and it will be formed when HT is located at HT1 

binding site. Fru-HT2 is produced when HT fructosylation occurs at the HT2 position. The 

2Fo-Fc electron density maps are contoured at 1 σ. 

Therefore, pXd-INV is able to fructosylate hydroxytyrosol in two different 

manners, giving rise to two fructosylated conjugates (Fru-HT1 and Fru-HT2). 

Figure 4.19 illustrates the reaction scheme. 
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Figure 4.19. Reaction scheme of HT fructosylation by pXd-INV. Fru-HT1 is the main product 

characterized by NMR and Fru-HT2 is a secondary product identified by crystallography. 

4.3.3 Site-Directed mutagenesis of pXd-INV 

As previously explained, HT can be bound in two different manners at the 

active site of pXd-INV-D80A. A more detailed study of these binding modes revealed 

that they are mostly determined by packing to Trp105 or polar interaction with the 

loop Glu334-Asn342 (Míguez et al., 2018). Hence, specific mutagenesis at any of 

these residues could alter both transfructosylation activity and product selectivity. 

Taking this into account, we decided to investigate the residues that belong to 

the Glu334-Asn342 loop, aiming to modulate product selectivity. Specifically, we 

chose to study changes in Gln341 and Asn342. Two pXd-INV mutants (Q341S and 

N342Q) were obtained by site-directed mutagenesis in the laboratory of Prof. Maria 

Fernández Lobato (Centro de Biología Molecular Severo Ochoa, UAM-CSIC, Madrid, 

Spain). The production of FOS and fructosylated derivatives of hydroxytyrosol (Fru-

HT1 and Fru-HT2) was investigated with both mutants under optimum conditions 

(Figure 4.20).  
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Figure 4.20. Production of fructosylated hydroxytyrosol conjugates (Fru-HT1 and Fru-HT2) 

and FOS under optimum reaction conditions (300 g/L of sucrose as donor and 25 g/L of HT 

as acceptor in 100 mM sodium acetate buffer, pH 5.0, at 60 oC), represented as a function of 

sucrose consumption, employing the mutants. a) pXd-INV-Q341S and b) pXd-INV-N342Q. 

In the same way as in the wild type reaction, the maximum yield of 

fructosylated conjugates was achieved when more than 80% of the initial sucrose 

was consumed. Nevertheless, the ratio between Fru-HT1 and Fru-HT2 was 

significantly different than the obtained for the wild type (Table 4.4).  

Table 4.4 Maximum production of the fructosylated HT conjugates (FOS concentration at 

this time) by pXd-INV and its mutants. 

  Enzyme [Fru-HT1]       

(g/L) 

[Fru-HT2]       

(g/L) 

HT1/HT2 [FOS]       

(g/L) 

Wild-type            11.1            0.18           61.7          25.7 

  Q341S             7.9            0.76           10.4          22.2 

  N342Q             8.1            1.70            4.8         40.7 

  

 As shown, Fru-HT1 production was higher with the wild-type, but both 

mutants synthesized more Fru-HT2. The mutant N342Q was the most specific for 

the fructosylation at the phenolic OH. The function of these residues is still not clear, 

although these results confirm that the Glu334-Asn342 loop has a key role in the 

enzymatic mechanism. 
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 Moreover, it is worth mentioning that the mutant N342Q exhibits a higher 

FOS yield compared with Q341S and the wild-type, probably due to favoring sucrose 

as acceptor. 

4.4 Enzymatic production of acidic XOS  

Another objective of this Thesis was the preparation of xylooligosaccharides 

(XOS) containing acidic ramifications such as glucuronic acid or related moieties 

(acidic XOS), Acidic XOS have very interesting biological properties (antioxidant, 

antimicrobial, anti-inflammatory or prebiotic, among other) that can be enhanced 

with respect to neutral XOS. We selected a glucurunoxylan such as that from 

beechwood as starting material. Among the different enzymes screened for the 

production of this kind of glycoderivatives, the commercial preparation Depol 670L 

gave rise to the highest concentration of acidic XOS as inspected by HPAEC-PAD 

(data not shown). Depol 670L is described by the manufacturer as a broad-spectrum 

carbohydrase blend that includes a wide range of activities such as cellulase, 

pectinase, ferulic acid esterase and exo-glycosidase. It is commercialized for the 

rupture of botanical tissue and the release of bound flavors. 

Although endo-xylanase activity is not described in the manufacturer 

guidelines, xylanase activity was assayed by the DNS method, as described in the 

Experimental Section 3.2.2, and 960 U/mL were obtained. We considered this 

value high enough to attempt the efficient production of acidic XOS with this 

preparation. 

4.4.1 Production of neutral and acidic XOS 

XOS production was carried out with 2% (w/v) beechwood xylan and 3 U/mL of 

Depol 670L in distilled water at 60 oC. The synthesis of XOS was analyzed by 

HPAEC-PAD at different time points. Figure 4.21 presents the chromatographic 

analysis of the XOS produced at 3 and 48 h. Neutral XOS were identified with 

commercial standards; however, acidic XOS characterization was not possible due to 

the lack of available standards. Nevertheless, acidic XOS should display high 

retention times in anion-exchange chromatography due to the presence of uronic acid 

residues that bind tightly to the column. Thus, we assumed that the peaks with 

higher retention times (right area of the chromatogram) were majorly acidic XOS.    
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Figure 4.21. HPAEC-PAD chromatogram of the hydrolysis of 2% xylan at 3 and 48 h with 

Depol 670L. (Ara) Arabinose; (Glc) Glucose; (Xyl) Xylose; (Xyl2) Xylobiose; (Xyl3) Xylotriose; 

(Xyl4) Xylotetraose; (Xyl5) Xylopentaose; (Xyl6) Xylohexaose. 

As shown, the reaction mixture at 3 h presented a wide variety of peaks, 

including neutral xylooligosaccharides from X2 to X6, as well as numerous peaks 

that could correspond to acidic XOS (high retention time). On the other hand, XOS 

production at 48 h showed less diversity. The neutral fraction fundamentally 

consisted of xylose and xylobiose, while the acidic one was significantly enriched in 

two peaks.  

Bearing in mind that our objective was the purification of acidic XOS, we 

selected 72 h as the optimum reaction time, seeking to facilitate the purification 

process. 

4.4.2 Anion-exchange purification of acidic XOS 

Neutral and acidic XOS were separated by anion-exchange chromatography 

employing Sep-Pak cartridges, as explained in Section 3.7.2. Two different fractions 

were obtained: the neutral fraction and the acidic fraction. Both fractions were 

analyzed by HPAEC-PAD to check the effectiveness of the separation (Figure 4.22).  

As shown, the separation was quite efficient, although the neutral fraction was 

slightly contaminated with acidic XOS. As previously observed, the neutral fraction 
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was majorly composed by xylose and xylobiose, and the acidic fraction was enriched 

in one unidentified product.  

 

Figure 4.22. HPAEC-PAD analysis of the a) Neutral fraction and b) Acidic fraction. 

Identified peaks: (1) Xylose; (2) Xylobiose. (*) Main peak of the acidic fraction. 

 Considering the enrichment of the acidic fraction in one main product, we 

decided to scale both the reaction and the purification methodology to attempt the 

identification and characterization of this product.  

 Thus, xylan hydrolysis was carried out at a larger scale (100 mL) and reaction 

conditions were kept as before, excluding reaction time that was increased to 72 h. 

Taking into account the loss of product diversity from 3 h to 48 h, we expected that 

the acidic fraction would be additionally enriched in this main product. 

As described in Section 3.7.3, the purification was adapted to the larger scale, 

employing several Sep-Pak cartridges in series. Moreover, we added a desalinization 

step to improve the purification process. The removal of the remaining salts was 

done by dialysis in 100-500 Da tubing. After freeze-drying, the product was 

characterized by HPAEC-PAD, mass spectrometry and NMR. In addition, salt 

content was determined by elemental analysis (measuring the amount of nitrogen 

in the sample). 

In agreement with HPAEC-PAD analysis, mass spectrometry (MALDI-TOF) 

showed a majoritarian product with a mass of 495.2 Da, which could correspond to 

methyl-glucuronosyl xylobiose (M + Na+) and an additional peak of 511.1 Da that 

could correspond to the same product (M + K+) (Figure 4.23). In addition, some 
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minor peaks were observed that corresponded to methyl-glucuronosyl xylosides (X3-

X6). 

 

    

Figure 4.23. Characterization of the acidic fraction by mass spectrometry (MALDI-TOF). 

Peaks: X2_MeGlcA (methyl-glucuronic xylobiose); X3_MeGlcA (methyl-glucuronic 

xylotriose); X4_MeGlcA (methyl-glucuronic xylotetraose); X5_MeGlcA (methyl-glucuronic 

xylopentaose); X6_MeGlcA (methyl-glucuronic xylohexaose). 

The structure of the main compound was determined by 1D and 2D NMR 

techniques (Supplementary Material, Table S1) and is depicted in Figure 4.24. The 

purified acidic XOS was 2’-O-α-(4-O-methyl-α-D-glucuronosyl)-xylobiose (MeGlcA-α-

1,2-Xylβ-1,4-Xyl).  The acidic XOS yield was approximately 5%, meaning that we 

obtained about 100 mg of this acidic fraction from 2 g of beechwood xylan. Also, salt 

percentage (ammonium acetate) was estimated to be almost 20% of the final product. 
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Figure 4.24. Structure of 2’-O-α-(4-O-methyl-α-D-glucuronosyl)-xylobiose elucidated by 

NMR. 

4.4.3 Antioxidant activity of acidic XOS 

The antioxidant activity of the purified product was investigated by measuring 

the ABTS
.+ radical discoloration. This assay was previously validated for 

determining XOS antioxidant activity (Valls et al., 2018). Trolox was used as a 

reference but TEAC values were not calculated, since the molar concentration of the 

acidic fraction could not be determined. Considering this, the half-maximum 

scavenging concentration (SC50) was defined as the concentration (mg/mL) necessary 

to decrease 50% of the absorbance of the ABTS
.+ radical in ten minutes. 

Thus, we assayed the antioxidant activity of the purified product at several 

concentrations in the 0-8 mg/mL range. In addition, the antioxidant activities of both 

neutral XOS and beechwood xylan were investigated and compared with our product 

activity (Figure 4.25). Moreover, half-maximum scavenging concentrations were 

calculated for all the compounds assayed (Table 4.5). 

As shown, X2_MeGlcA has the highest antioxidant activity of the assayed 

compounds, with the exception of Trolox, which is in a different scale. Unexpectedly, 

neutral XOS had no activity, suggesting that the activity found in XOS mixtures is 

strongly related to the degree and nature of the ramifications. This result is in 

agreement with the obtained in previous works (Valls et al., 2018). Valls and cols. 

measured the antioxidant activity of several XOS mixtures (acidic XOS, neutral and 

acidic XOS and neutral XOS), xylose and methyl-glucuronic acid; they found that 

only the mixtures containing acidic XOS showed antioxidant activity.  In addition, 
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they measured the antioxidant capacity of two acidic XOS mixtures (low and high 

molecular weight) and glucuronoxylan, determining that xylan had the lowest 

activity, while the high molecular weight fraction of acidic XOS showed the highest 

activity. This is also in accordance with our results, where glucuronoxylan showed 

less activity than the obtained acidic XOS (low molecular weight), indicating that 

polymerization degree also influences antioxidant activity. The lower activity of 

xylan may be due to the smaller proportion of uronic residues per molecule compared 

with the acidic XOS. 

 

Figure 4.25. Antioxidant activity of neutral XOS, beechwood xylan and acidic XOS 

(X2_MeGlcA). 
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Table 4.5 Half-maximal scavenging activity of beechwood xylan, neutral XOS and 

X2_MeGlcA, compared with Trolox 

 

 

 

 

 

 

 

4.5 Large-scale production of COS 

Chitooligosaccharides (COS) are produced by hydrolysis of chitosan or chitin. 

Depending on the substrate source and the enzyme employed, a wide diversity of 

products can be obtained. As previously mentioned, COS can be classified in three 

different groups: fully deacetylated COS (fdCOS), fully acetylated COS (faCOS), and 

partially acetylated COS (paCOS). Several biological activities have been reported 

for the three families (Liaqat et al., 2018), and these properties are strongly 

influenced by their degree of polymerization (MW), pattern of acetylation (PA) and 

degree of deacetylation (DD) (Hamer et al., 2015). The preparation and 

characterization of well-defined COS mixtures is quite difficult and scarcely reported 

(Li et al., 2016). In this work, we developed a single methodology for the large-scale 

production of several COS mixtures with different sizes and deacetylation degrees. 

In addition, products were characterized by HPAEC-PAD and mass spectrometry. 

4.5.1 Large-scale procedure for COS synthesis 

On the basis of previous works (Santos-Moriano et al., 2018a, Kidibule et al., 

2018), we selected the commercial proteolytic preparation Neutrase 0.8L and the 

chitinase Chit42 from Trichoderma harzianum to scale-up the synthesis of several 

COS mixtures. Neutrase 0.8L is a proteolytic preparation from Bacillus 

amyloliquefaciens that had previously shown moderate activity towards chitosan 

(Santos-Moriano et al., 2016). Chitinase CHIT 42 belongs to the GH18 family and 

mainly catalyzes the production of (GlcNAc)2 with chitin as substrate (Kidibule et 

  Compound SC50 (mg/mL) 

Neutral XOS - 

Xylan 4.71 

X2_MeGlcA 2.55 

Trolox 0.004 
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al., 2018).Various commercial and non-commercial chitosans were hydrolyzed with 

one or both enzymes. A common procedure was designed for the large-scale 

production of diverse COS mixtures (Figure 4.26). Chitosan (1% w/v) was dissolved 

in sodium acetate buffer (pH 5.0) and hydrolysis was carried out at 35-50 oC for 48-

72 h. Afterwards, enzymes and the remaining chitosan were removed by 

ultrafiltration with a 10 kDa membrane. Then, ultrafiltration with a 1 kDa 

membrane was only applied to some mixtures, producing high or low molecular 

weight COS. Finally, salts and small contaminants were eliminated by dialysis with 

100-500 Da tubing, and COS fraction were freeze-dried. 

Fully-deacetylated COS (fdCOS) were produced by hydrolysis of chitosan 

(CHIT600), which is more than 90% deacetylated, with the commercial preparation 

Neutrase 0.8L. In addition, ultrafiltration (1kDa) was employed to obtain a low 

molecular weight mixture of fdCOS.  
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Figure 4.26. Large-scale procedure for COS production. 



 

82 

 

82 CHAPTER 4 

 

Partially acetylated chitooligosaccharides (paCOS) were synthesized 

employing chitosan QS1, with about 80% deacetylation degree, and chitinase 

CHIT42 at 35 oC. This enzyme requires an N-acetyl-glucosamine residue in the -1 

substrate position to achieve hydrolysis. Ultrafiltration with a 1 kDa membrane was 

also applied to obtain low molecular weight paCOS.  

For the preparation of COS mixtures with higher molecular weight, two 

chitosans provided by the company Anfaco-Cecopesca were employed. They were less 

pure and their deacetylation degree varied between 79.4% and 94.7%. Chitosans 

CHIT1 and CHIT2 were both hydrolyzed with 10% of Neutrase 0.8L. For these 

mixtures, the 1 kDa cut-off was not used, hence, high molecular weight COS 

mixtures could be obtained. The deacetylation degree of CHIT2 (79.4%) and the use 

of Neutrase 0.8L, which only cleaves GlcN-GlcN bonds, resulted in a COS fraction 

enriched in both fdCOS and paCOS. On the other hand, CHIT1 had a higher 

deacetylation degree (94.7%), but we still detected several paCOS. 

Figure 4.27 represents the reactions carried out and the products obtained. 

COS production with CHIT42 was done at 35 oC, while reactions with Neutrase 0.8L 

were incubated at 60 oC. 
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Figure 4.27. Schematic representation of the reactions carried out to hydrolyze chitosan by 

the different enzymes and the products obtained for each of them. 
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4.5.2 Characterization of COS mixtures 

The different COS fractions were analyzed by HPAEC-PAD chromatography 

and MALDI-TOF mass spectrometry.  

a) fdCOS with MW < 1 kDa 

The HPAEC-PAD chromatogram of the fdCOS fraction of low molecular weight 

(< 1 kDa), obtained with CHIT600 and Neutrase 0.8L, is illustrated in Figure 4.28. 

As shown, four main peaks were identified as fdCOS, with the corresponding 

standards. Chitobiose ((GlcN)2) and chitotriose ((GlcN)3) were the major products. 

The characterization of some peaks was not possible due to the lack of standards. 

The MALDI-TOF spectrum of the COS mixture is shown in the Supplementary 

Material, Figure S4. HPAEC-PAD and MALDI-TOF were in agreement, since the 

main m/z peaks matched the molecular weight of the fdCOS previously identified 

by chromatographic analysis. 

 

 Figure 4.28. HPAEC-PAD chromatogram of the COS produced with CHIT600 and Neutrase 

0.8L. Reaction conditions: 1% (w/v) chitosan, 10% (v/v) Neutrase 0.8L in sodium acetate 

buffer (pH 5.0) at 50 oC for 48 h. Peaks: (1) GlcN; (2) (GlcN)2; (3) (GlcN)3; (4) (GlcN)4; (5) 

(GlcN)5. 

Table 4.6 compiles the main m/z signals and their composition. Some masses 

corresponding to partially acetylated COS (paCOS) were detected by mass 

spectrometry, but with notably lower intensity than the observed for peaks 
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corresponding to fdCOS. These paCOS probably corresponded to the unidentified 

peaks in the HPAEC-PAD chromatogram (Figure 4.28). Nevertheless, their 

chemical structure could not be determined with the available data. 

Table 4.6 Main identified signals in the MALDI-TOF mass spectrum of the reaction between 

chitosan CHIT600 and Neutrase 0.8L.  

m/z Assignation 

180.0 GlcN + H+ 

363.1 (GlcN)2 + Na+ 

524.2 / 540.2 (GlcN)3 + Na+ (K+) 

566.2 / 582.2 (GlcN)2-GlcNAc + Na+ (K+) 

685.3 / 701.3 (GlcN)4 + Na+ (K+) 

727.3 / 743.3 (GlcN)3-GlcNAc + Na+ (K+) 

846.3 / 862.2 (GlcN)5 + Na+ (K+) 

888.3 / 904.3 (GlcN)4-GlcNAc + Na+ (K+) 

1023.3 (GlcN)6 + K+ 

1049.4 (GlcN)5-GlcNAc + Na+ 

1210.4 (GlcN)6-GlcNAc + Na+ 

 

b) paCOS with MW < 1 kDa 

The identification of peaks in the chromatographic analysis of partially 

acetylated COS (paCOS) was not possible due to the lack of commercial standards. 

Figure 4.29 illustrates this fact with the presence of up to 11 unidentified peaks in 

the HPAEC-PAD analysis of the mixture. Hence, mass spectrometry analysis was of 

the utmost importance. The MALDI-TOF spectrum is represented in the 

Supplementary Material, Figure S5. 
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Figure 4.29. HPAEC-PAD chromatogram of the COS produced with QS1 and CHIT42. 

Reaction conditions: 1% (w/v) chitosan, 10% (v/v) CHIT42 in sodium acetate buffer (pH 5.0) 

at 35 oC for 48 h. 

Table 4.7 summarizes the main m/z peaks and the suggested composition. 

Nonetheless, the chemical structure of these compounds cannot be assumed with the 

MALDI-TOF data. Since chitinase Chit42 only hydrolyzes chitosan when a GlcNAc 

residue is located at the ‒1 position, the obtained COS should present a GlcNAc at 

the reducing end. Table 4.7 includes COS containing up to nine residues, with GlcN 

being the major constituent, which agrees with the deacetylation degree of chitosan 

QS1.  

 

 

 

 

 

 

 



 

87 

 

3               RESULTS AND DISCUSSION 

Table 4.7 Main identified signals in the MALDI-TOF mass spectrum of the reaction between 

chitosan QS1 and CHIT42. 

m/z Assignation 

405.2/421.2 GlcN-GlcNAc + Na+ (K+) 

447.2/463.2 (GlcNAc)2 + Na+ (K+) 

566.3/582.2 (GlcN)2-GlcNAc + Na+ (K+) 

608.3/624.3 GlcN-(GlcNAc)2 + Na+ (K+) 

727.3/743.3 (GlcN)3-GlcNAc + Na+ (K+) 

769.3/785.3 (GlcN)2-(GlcNAc)2 + Na+ (K+) 

811.3/827.3 GlcN-(GlcNAc)3 + Na+ (K+) 

888.4/904.3 (GlcN)4-GlcNAc + Na+ (K+) 

930.4/946.3 (GlcN)3-(GlcNAc)2 + Na+ (K+) 

1049.4/1065.4 (GlcN)5-GlcNAc + Na+ (K+) 

1091.4/1107.4 (GlcN)4-(GlcNAc)2 + Na+ (K+) 

1133.4/1149.4 (GlcN)3-(GlcNAc)3 + Na+ (K+) 

1210.4/1226.4 (GlcN)6-GlcNAc + Na+ (K+) 

1252.5/1268.4 (GlcN)5-(GlcNAc)2 + Na+ (K+) 

1294.5/1310.4 (GlcN)4-(GlcNAc)3 + Na+ (K+) 

1413.5/1429.5 (GlcN)6-(GlcNAc)2 + Na+ (K+) 

1532.6/1548.5 (GlcN)8-GlcNAc + Na+ (K+) 

1574.6/1590.5    (GlcN)7-(GlcNAc)2 + Na+ (K+) 

  

c) COS mixtures < 10 kDa 

COS mixtures prepared by hydrolysis of the chitosans provided by ANFACO-

CECOPESCA, were also characterized by HPAEC-PAD and mass spectrometry 

(MALDI-TOF), although, the chromatographic analysis was complicated due to the 

complexity of the mixtures. Considering this, the HPAEC-PAD method was 

optimized employing a PA100 column to enable an improved separation (Section 

3.3.3). 

In the first case, the chromatographic analysis of the fdCOS and paCOS 

mixture was quite complex due to the lack of standards for paCOS and the 

overlapping of several peaks (Figure 4.30). As in the previous case, mass 

spectrometry was very important, since it enabled product identification. Figure 

4.30 shows the analysis by HPAEC-PAD that allowed the identification of 

glucosamine (GlcN), chitobiose ((GlcN)2), chitotriose ((GlcN)3) and chitotetraose 

((GlcN)4). 
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Figure 4.30. HPAEC-PAD chromatogram of the COS produced with CHIT1 and Neutrase 

0.8L. Reaction conditions: 1% (w/v) chitosan, 10% (v/v) Neutrase 0.8L in 250 mM ammoniun 

acetate buffer (pH 5.0) at 60 oC for 48 h. 

 As in the previous case, numerous peaks could not be identified due to the lack 

of standards. Thus, mass spectrometry analysis (MALDI-TOF) was carried out 

(Supplementary Material, Figure S6), and Table 4.8 lists the main m/z signals 

detected and their composition. Considering the high deacetylation degree of CHIT1 

(94.7%), fdCOS should be the main product, but several signal corresponding to 

paCOS were also detected.  

Table 4.8 Main identified signals in the MALDI-TOF mass spectrum of the reaction with 

chitosan CHIT1 and Neutrase 0.8L. 

m/z Assignation 

180.0/202.0 GlcN + H+ (Na+) 

341.1/363.1 (GlcN)2 + H+ (Na+) 

405.2 

502.2/524.2 

GlcN-GlcNAc + Na+ 

(GlcN)3 + H+ (Na+) 

566.2 (GlcN)2-GlcNAc + Na+ (K+) 

685.3 (GlcN)4 + Na+ 

727.3 (GlcN)3-GlcNAc + Na+ 

846.3 (GlcN)5 + Na+ 

888.3 (GlcN)4-GlcNAc + Na+ 

1049.4 (GlcN)5-GlcNAc + Na+ 
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The fdCOS and paCOS mixture obtained with CHIT2 and Neutrase 0.8L was 

characterized by HPAEC-PAD (Figure 4.31) and MALDI-TOF (Supplementary 

Material, Figure S7). 

 

Figure 4.31. HPAEC-PAD chromatogram of the COS produced with CHIT2 and Neutrase 

0.8L. Reaction conditions: 1% (w/v) chitosan, 10% (v/v) Neutrase 0.8L in ammoniun acetate 

buffer (pH 5.0) at 60 oC for 48 h. 

As shown, only a few peaks could be identified by HPAEC-PAD. The identified 

peaks were glucosamine (GlcN), chitobiose ((GlcN)2), chitotriose ((GlcN)3) and 

chitotetraose ((GlcN)4). Moreover, the number of unidentified peaks was higher than 

in the previous case, making the analysis by mass spectrometry even more impotant. 

Table 4.9 summarizes the main m/z signals obtained by mass spectrometry 

(MALDI-TOF) and their composition. In contrast with the previous case, the number 

of signals corresponding to paCOS was much higher, which is in accordance with the 

lower deacetylation degree of CHIT2 (79.4%). In addition, paCOS with more than 

one N-acetylated residue were observed. 
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Table 4.9 Main identified signals in the MALDI-TOF mass spectrum of the reaction with 

chitosan CHIT2 and Neutrase 0.8L. 

m/z Assignation 

202.0 GlcN + Na+ 

363.1 (GlcN)2 + Na+ 

447.1  (GlcNAc)2 + Na+ 

524.2  (GlcN)3 + Na+ 

566.2 (GlcN)2-GlcNAc + Na+  

608.2 GlcN-(GlcNAc)2 + Na+ 

685.3 (GlcN)4 + Na+ 

769.3 (GlcN)2-(GlcNAc)2 + Na+ 

846.3 (GlcN)5 + Na+ 

930.3 (GlcN)3-(GlcNAc)2 + Na+ 

1049.4 (GlcN)5-GlcNAc + Na+ 

1133.4 (GlcN)3-(GlcNAc)3 + Na+ 

1210.4 (GlcN)6-GlcNAc + Na+ 

1413.5 (GlcN)6-(GlcNAc)2 + Na+ 

1574.5 (GlcN)7-(GlcNAc)2 + Na+ 

1896.7 (GlcN)9-(GlcNAc)2 + Na+ 

 

In summary, one common procedure (with slight modifications) was applied for 

the hydrolysis of chitosan, and products of different nature were obtained, depending 

on the characteristics of the chitosan (DD, PA, DP) and the enzyme employed. Thus, 

we were able to synthesize a mixture of mainly <1 kDa fdCOS, a mixture mainly 

composed of <1 kDa paCOS and two mixtures containing both fdCOS and paCOS. 

Although both mixtures contained fdCOS and paCOS, they could be clearly 

differentiated by the number and composition of their paCOS. 
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5.1 Neo-FOS production by immobilized pXd-INV 

Besides their prebiotic properties, fructooligosaccharides have interesting 

physico-chemical and organoleptic properties, including high stability (thermal and 

pH), low caloric value (50-75% less than fructose, glucose or sucrose) and moderate 

sweetness. In addition, FOS show very useful technological properties since they can 

decrease microbial growth, enable fiber inclusion into liquids and control browning 

due to Maillard reactions (Gibson and Roberfroid, 1995, Yun, 1996, Critteden and 

Playne, 1996). These great features make fructooligosaccharides a very interesting 

ingredient for functional foods; in fact, they are the most commonly used in the 

European Food Market (alongside GOS) and they are added to several functional 

foods in varying amounts (2-50%) (Franck, 2002). However, most commercial FOS 

are unpurified mixtures with diminished properties due to low yield production 

processes and/or expensive purification techniques (Nobre et al., 2015). 

 A few studies have reported that neo-fructooligosaccharides present better 

physico-chemical and prebiotic properties than commercialized FOS (inulin-type 

FOS) (Kilian et al., 2002, Lim et al., 2007). Despite their enhanced properties, neo-

FOS have not been implemented in the food industry because of their low production 

yields and scarce study of their functionality and biological activities. Neo-FOS 

production has only been reported for a few microbial enzymes (β-

fructofuranosidases and levansucrases), and only a handful of works have 

investigated neo-FOS production (Table 1.3). Among the enzymes producing neo-

FOS, the β-fructofuranosidase pXd-INV gives rise to the largest yield reported for 

neo-FOS production with 118 g/L of neo-FOS obtained under optimum conditions 

(600 g/L sucrose) (Gimeno-Perez et al., 2015).  Efficient enzyme immobilization and 

the implementation of these biocatalysts in bioreactors provide several advantages 

(improved volumetric activity, simplification of the biocatalyst separation and reuse, 

chance to operate a continuous process, easier product purification and enhanced 

stability of the biocatalyst, among others) that could promote large-scale production 

and industrial application (Flores-Maltos et al., 2016). 

Hence, we have investigated several methodologies for the immobilization of 

pXd-INV, as well as their application in two kinds of bioreactors. Two strategies were 

evaluated: entrapment in PVA and ionic binding. 
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Entrapment in PVA hydrogels was selected due to the large size of the enzyme 

(360 kDa) (Ramirez-Escudero et al., 2016) that could prevent enzyme leakage, as 

well as the successful application of PVA-based biocatalysts in several bioreactors 

(Nunes et al., 2013, Nunes et al., 2014). A couple of enzyme loadings were assayed 

and the recovered activity was quite high for the lowest one (Table 4.1). In addition, 

the operational stability in short-term operation was remarkable (Figure 4.1). 

Hence, we decided to investigate long-term thermal stability and neo-FOS 

production. Unfortunately, the thermal stability of the PVA based biocatalyst was 

quite low (Figure 4.2), requiring a decrease in the reaction temperature for long-

term operation. Thus, temperature was changed to 30 oC, which was below the 

optimum reaction temperature for pXd-INV (60 oC). Nevertheless, neo-FOS 

production was evaluated at 30 oC (Figure 4.4); as expected, the yield (18.9%) was 

lower than the obtained with the free enzyme (29%) probably due to the change in 

temperature favoring hydrolysis over transfructosylation. Despite the lower yield, a 

batch stirred tank reactor system was set up and its productivity and operational 

stability were investigated (Figure 4.6). Although operational stability was 

satisfactory (≥ 7 cycles of 26 h), productivity was quite low (42 gFOS L-1 day-1) probably 

because of the low activity of the biocatalyst (0.34 U/lens) and the decrease in 

reaction temperature. 

In order to improve neo-FOS production, ionic binding was assessed since it 

enables the set-up of continuous processes (packed-bed bioreactors) and was 

successfully employed in previous studies (Yun et al., 1995, Mayer et al., 2010). We 

evaluated two different amino-activated carriers (Sepabeads EC-EA and Sepabeads 

EC-HA) and two different enzyme loadings. In contrast with the PVA based 

biocatalysts, the recovered activity was lower but the apparent activity was quite 

high (Table 4.2). Moreover, the operational stability of the biocatalysts in short-term 

operation was satisfactory and similar to the obtained with the PVA-based 

biocatalysts (Figure 4.1). Hence, neo-FOS production in a packed-bed reactor was 

investigated with the most active biocatalyst (HA-pXd-INV). The initial productivity 

(218 gFOS L-1 day-1) was higher than the obtained in the batch stirred tank reactor 

(42 gFOS L-1 day-1). However, neo-FOS production decreased with time while glucose 

and fructose increased (Figure 4.8). 
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Table 5.1 summarizes the strategies evaluated in this Thesis for neo-FOS 

production with immobilized pXd-INV. In both cases the sucrose hydrolysis was 

favored, increasing the hydrolysis to transfructosylation ratio. In fact, the 

biocatalyst prepared by ionic binding changed product selectivity, increasingly 

favoring glucose and fructose production. Considering the FOS profile, both 

biocatalysts maintained a product pattern similar to the obtained with the free 

enzyme. The only exception was the significant increase in blastose production 

(synthesized by neo-kestose hydrolysis) probably due to the increased 

hydrolysis/transfructosylation ratio. 

Table 5.1 Production of neo-FOS with immobilized pXd-INV.  

Biocatalyst 
T 

(
o
C) 

Type of 

bioreactor 
Main products 

Productivity 

(g
FOS

 L
-1

 day
-1

) 

Time 

assayed 

(days) 

 

30 

Batch 

stirred 

tank 

Glucose and fructose +++ 

Neo-FOS ++ 

Inulin-FOS + 

42 7.6 

 

50 
Continuous 

packed-bed 

Glucose and fructose +++* 

Neo-FOS ++# 

Inulin-FOS + 

218 12 

+ low production; ++ moderate production; +++ high production; * production increased with 

time; # production decreased with time. 

 Several processes for FOS production employing different enzymes, 

immobilization techniques and bioreactors have been described. It is worth noting 

that some companies (e.g. Meiji Seika; Cheil Food and Chemicals) have developed 

industrial procedures for FOS production with immobilized cells in packed bed 

reactors (Flores-Maltos et al., 2016). In contrast, to our knowledge, this is the first 

work reported attempting neo-FOS production with immobilized enzymes in 

bioreactors. Only a couple of studies have reported neo-FOS production using 

bioreactors and, in both cases, the biocatalysts were immobilized whole cells (Park 

et al., 2005, Ning et al., 2010). Although industrial application is still far, these 
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procedures were valuable as a first approach to the industrial production of neo-FOS 

employing bioreactors with immobilized enzymes. 

5.2 Fructosylation of phenolic compounds by pXd-INV 

Glycosylation provides structural diversity to numerous natural molecules, 

such as proteins, lipids, alkaloids, steroids, flavonoids or antibiotics. Besides 

contributing to structural diversity, glycosylation can improve the physico-chemical 

and biological properties of natural compounds. Hence, the transfer of a sugar moiety 

can be used for several applications, including increasing water solubility and/or 

stability, decreasing toxicity or side effects, controlling flavor and fragrances, 

improving pharmacokinetics or modulating the activity of antibiotics (Desmet et al., 

2012, Xu et al., 2016). 

Phenolic compounds display very interesting biological activities, such as 

antioxidant, anticancer, antimicrobial, cardio-protective or neuroprotective. 

However, their use is often hampered by low solubility, stability or bioavailability. 

Glycosylation has been extensively employed for the improvement of these or other 

properties and some glucosides are already being used in the pharmaceutical or 

cosmetic industries (Yamamoto et al., 1990, Kurosu et al., 2002, Murota et al., 2010, 

Xu et al., 2016). 

There are several reports about glycosylation of phenolic compounds but only 

a few of them deal specifically with fructosylation (Herrera-González et al., 2017). 

Nonetheless, new phenolic compounds with potential application in the industry 

have been produced by enzymatic fructosylation (Herrera-González et al., 2017).  

The β-fructofuranosidase pXd-INV from Xanthophyllomyces dendrorhous 

showed great flexibility for transfructosylation, since it was able to fructosylate other 

carbohydrates (besides sucrose) and non-sugar molecules (alditols) (Gimeno-Perez et 

al., 2014, Gimeno-Perez, 2019). In addition, a HEPES molecule was located 

alongside fructose on the active site (crystallographic studies), indicating the 

potential of pXd-INV for the fructosylation of similar compounds like polyphenols 

(Ramirez-Escudero et al., 2016). 

In this Thesis, we evaluated the capacity of pXd-INV to fructosylate several 

phenolic compounds of diverse complexity, and the effect these have in the hydrolysis 
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and transfructosylation rates. Fructosylated derivatives were only obtained with 

hydroxytyrosol and hydroquinone as acceptors (Figure 4.9). Nonetheless, most of 

the assayed compounds exerted an inhibitory effect on the activity of pXd-INV 

(Table 4.3), indicating that they were located on the active site. Table 5.2 

summarizes the evaluated phenolic compounds, their behavior (acceptor/inhibitor) 

and their effect in the hydrolysis transfructosylation ratio. 

Table 5.2 Fructosylation of phenolic compounds with pXd-INV. 

Compound Structure Acceptor/Inhibitor 

Hydrolysis / 

Transfructosylation 

ratio 

Control --------- ------ 3.2 

Hydroxytyrosol 

 

Acceptor 3.2 

Hydroquinone 

 

Acceptor 4.5 

Catechol 

 

Inhibitor 7.7 

EGCG 

 

Inhibitor 10.8 

p-Nitrophenol 

 

Inhibitor 67.1 

  

Crystallographic studies showed that fructose was always situated in the -1 

subsite and the phenolic compounds were located on the active site by stacking to 

Trp105 (Figure 4.11). Hydroquinone and hydroxytyrosol behavior as acceptors 

could be explained by higher mobility and flexibility.  

The fructosylated conjugate of HQ was purified and characterized by mass 

spectrometry (Figure S1). The obtained product was 4-hydroxyphenyl-β-D-

fructofuranoside. This compound was previously synthesized employing 

levansucrases and inulosucrases (Kang et al., 2009, Mena-Arizmendi et al., 2011), 
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but, to our knowledge, this is the first report on HQ fructosylation by a β-

fructofuranosidase. Hydroquinone has a skin whitening effect that was used for the 

treatment of pigmentation disorders; however, it has side-effects like skin irritation 

and inflammation (Nordlund et al., 2006). Hydroquinone glucosides (α- and β-

arbutin) are replacing hydroquinone in the cosmetic industry, since the transfer of a 

glucosyl moiety eliminates the undesired side-effects (Funayama et al., 1995, 

Desmet et al., 2012). According to Kang and cols. the HQ fructoside showed higher 

activities (antioxidant, inhibition of tyrosinase and lipid peroxidation) than β-

arbutin, making this product a better functional ingredient for cosmetics (Kang et 

al., 2009). 

Hydroxytyrosol possess strong biological activities (antioxidant, antimicrobial, 

anti-inflammatory, neuroprotective) and low bioavailability, making its 

fructosylation very interesting. Hence, we chose to study the production of HT 

fructosylated derivatives in greater detail. Two fructosylated conjugates (Fru-HT1 

and Fru-HT2) were observed by HPLC analysis (Figure 4.12a), and the production 

yield was optimized after performing a series of experiments with different sucrose 

and HT concentrations (Figure 4.13). Optimum sucrose and HT concentrations 

were stablished at 300 g/L and 25 g/L, respectively; and the maximum yield of HT 

fructosides was observed at 6 h (11.7 g/L).  After optimizing the reaction conditions, 

the production of both derivatives (Fru-HT1 and Fru-HT2) was studied as a function 

of sucrose consumption (Figure 4.14). In addition, FOS production profile was 

investigated simultaneously. Maximum production of Fru-HT1 (11.1 g/L) and Fru-

HT2 (0.2 g/L) was observed after sucrose consumption was nearly 80%. Similarly, 

FOS maximum yield was obtained after about 85% sucrose hydrolysis. Moreover, 

Fru-HT1 and FOS concentration decreased rapidly when sucrose consumption 

reached 95%, which was in agreement with the profile observed for other synthesis 

catalyzed by glycosidases (Potocka et al., 2015, Piedrabuena et al., 2016). After 

purification, Fru-HT1 was characterized as 3,4-dihydroxyphenyl ethyl β-D-

fructofuranoside by a combination of 1D and 2D NMR techniques (Figure 4.15).  

Crystallographic studies were performed with fructose, HT and Fru-HT; 

revealing that HT can be located in three positions on the active site (HT1, HT2 and 

HT3); but only two of them (HT1 and HT2) were appropriate for fructosylation 

(Figure 4.16a). In addition, the location of HT1 was in agreement with the 



 

99 

 

3               GENERAL DISCUSSION 

characterized product (Fru-HT1) and HT2 suggested a different binding mode, which 

correlates perfectly with the secondary product detected by HPLC (Fru-HT2). 

Product soaking confirmed fructosylation in the primary OH for the major product; 

and revealed a secondary derivative fructosylated in the phenolic OH, which 

probably corresponds to Fru-HT2 (Figure 4.16b). 

Site directed mutagenesis was carried out in the Glu334-Asn342 loop, 

responsible for the binding of HT2 (Miguez et al., 2018), aiming to modulate product 

selectivity. Thus, two residues were chosen (Gln341 and Asn342) and mutated, 

obtaining two mutants pXd-INV-Q341S and pXd-INV-N342Q. The production of 

fructosylated HT conjugates and FOS was investigated for both mutants, under 

optimum conditions (Figure 4.18). Product profile was the same as for the wild-type 

reaction, and maximum yield of fructosylated derivatives was observed after sucrose 

consumption was higher than 80%. On the other hand, the product yield and the 

Fru-HT1/Fru-HT2 ratio were significantly different (Table 4.4). The wild-type 

yielded the highest amount of Fru-HT1, but both mutants synthesized higher 

amounts of Fru-HT2, being pXd-INV-N342Q the most specific for fructosylation at 

the phenolic OH. Interestingly, the mutant pXd-INV-N342Q also produces the 

highest amount of FOS, favoring sucrose as acceptor. 

The major product (Fru-HT1) was also synthesized by Potocka et al. (Potocka 

et al., 2019). On the contrary, HT fructosylation on the phenolic OH had not been 

reported until now. HT glycosylation has been barely explored, nevertheless, HT 

glucosides and xylosides have been reported (Trincone et al., 2012, Nieto-Dominguez 

et al., 2017).  

5.3 Production of acidic XOS 

Hemicellulose is the second most abundant agro-industrial residue, only after 

cellulose, and rich in xylan. Xylan is a polysaccharide that can be used as a 

renewable source for the production of bioethanol or high value-added compounds. 

Specifically, xylooligosaccharides (XOS), oligosaccharides formed by xylose residues 

linked by β-(1→4) bonds, have aroused great interest due to their biological activities 

(prebiotic, antimicrobial, anti-inflammatory and antitumor) (Aachary and Prapulla, 

2011, Azevedo-Carvalho et al., 2012). 
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Acidic xylooligosaccharides (acidic XOS) or aldouronics are hetero-

oligosaccharides formed by xylose residues randomly linked to uronic acid 

(glucuronic or methyl-glucuronic acids) substitutions. Several studies have reported 

the health promoting activities of acidic XOS, often superior to the ones observed for 

neutral XOS (Ohbuchi et al., 2010, Valls et al., 2018). However, only a few reports 

have determined the activity of pure and structurally characterized acidic XOS 

(Christakopoulos et al., 2003). 

In this Thesis, we investigated the production of acidic XOS with the enzyme 

cocktail Depol 670L and the purification of single acidic XOS. Production of neutral 

and acidic XOS was observed by HPAEC-PAD and chromatogram analysis revealed 

that product diversity decreased with time (Figure 4.19). Pursuing a simpler 

purification procedure, 72 h was chosen as the optimum reaction time.  

A large-scale purification methodology was set up employing a series of anion-

exchange Sep-Pak cartridges (Section 3.7.3, Figure 3.3). The obtained fractions 

(neutral and acidic XOS) were analyzed by HPAEC-PAD. As described in Section 

3.3.3, a HPAEC-PAD analytical method was designed for the separation of acidic 

XOS. Considering that acidic XOS bind strongly to the stationary phase and the high 

diversity of products, a gradient of 200 mM sodium acetate was applied to slowly 

elute the acidic fraction and maximize separation. HPAEC-PAD confirmed the 

separation of both fractions, and one main product was observed in the acidic 

fraction (Figure 4.21). The acidic fraction was also characterized by mass 

spectrometry (MALDI-TOF), revealing the presence of 5 products: X2-MeGlcA, X3-

MeGlcA, X4-MeGlcA, X5-MeGlcA and X6-MeGlcA; but, in agreement with HPAEC-

PAD, the fraction appeared to be significantly enriched in X2-MeGlcA (Figure 4.22). 

NMR analysis revealed that the main product was indeed X2-MeGlcA (MeGlcAα-1,2-

Xylβ-1,4-Xyl). 

The analysis of the obtained hydrolysis products by HPAEC and mass 

spectrometry (MALDI-TOF) showed the possible cleavage points for Depol 670L. A 

reaction scheme is represented in Figure 5.1. 
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Figure 5.1 Schemed reaction of xylan hydrolysis by Depol 670L. 

Finally, the antioxidant activity of the obtained product was evaluated along 

with the activity of neutral XOS and xylan. Neutral XOS showed no scavenging 

capacity on the ABTS radical, while X2-MeGlcA showed the highest activity (Figure 

4.24). Considering these results, it is safe to assume that both uronic acid residues 

and polymerization degree can influence the antioxidant activity, which is in 

accordance with previous studies (Valls et al., 2018). 

5.4 Large-scale production of COS 

Chitooligosaccharides (COS) are homo- or hetero-oligomers of glucosamine and 

N-acetyl glucosamine that can be prepared by chitosan or chitin hydrolysis. COS 

display a wide range of biological functions (Table 1.1) that make them very 

interesting for diverse applications in food, medicine, cosmetics or agriculture. 

However, these bioactivities are strongly dependent on the deacetylation degree, 

acetylation pattern or polymerization degree (Hamer et al., 2015). For this reason, 

the synthesis of well characterized COS mixtures is necessary for a better 

understanding of their properties and application in several industries (Aam et al., 

2010). 

Chitosan oligomers can be classified in two families depending on their 

composition: fully deacetylated chitooligosaccharides (fdCOS), exclusively composed 

by glucosamine residues, and partially acetylated chitooligosaccharides (paCOS), 
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oligomers containing random moieties of glucosamine and N-acetyl glucosamine 

(Santos-Moriano et al., 2018). Depending on the nature of the chitosan and the 

enzyme employed, one or both families can be obtained after hydrolysis. 

In this Thesis, a common procedure was designed for the large-scale production 

of COS mixtures containing one family or a combination of the two. In addition, the 

synthesized mixtures were characterized by HPAEC-PAD and mass spectrometry 

(MALDI-TOF). 

Several chitosans were hydrolyzed with the proteolytic preparation Neutrase 

0.8L or a chitinase from Trichoderma harzanium CHIT42, employing the 

methodology represented in Figure 4.25. The nature of the obtained products was 

strongly influenced by the nature of the chitosan (DD, DP and PA) and the enzyme 

employed. Thus, the hydrolysis of CHIT600, a highly deacetylated chitosan, with 

Neutrase 0.8L gave rise to a mixture of fdCOS. On the other hand, paCOS were 

synthesized by hydrolysis of chitosan QS1 (DD 81%) with CHIT42. In addition, two 

COS mixtures, containing both fdCOS and paCOS, were prepared after hydrolyzing 

two chitosans provided by ANFACO-CECOPESCA with Neutrase 0.8L. Table 5.3 

lists the products obtained with the different chitosans, enzymes and reaction 

conditions 

Table 5.3 Description of the production process for each COS mixture (substrate, reaction 

conditions, product and MW). 

Chitosan       (MW, DD)    Enzyme Reaction conditions     Product 

CHIT600 (Acros Organics) (600-800 kDa, ≥ 90%) Neutrase 0.8L       50 °C, pH 5.0      fdCOS 

QS1 (InFiQus)      (98 kDa, 81%)    CHIT42       35 °C, pH 5.0      paCOS 

CHIT1 (Anfaco)      (4 kDa, 94.7%) Neutrase 0.8L       50 °C, pH 5.0 fdCOS + paCOS 

CHIT2 (Anfaco)     (56 kDa, 79,4%) Neutrase 0.8L       50 °C, pH 5.0 fdCOS + paCOS 

 



 

  

CONCLUSIONS 
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1. The β-fructofuranosidase from Xanthophyllomyces dendrorhous (pXd-INV) 

was successfully immobilized by entrapment in PVA lenses and employed for 

neo-FOS synthesis in a batch stirred-tank reactor with a productivity of 42 

g FOS L-1 day-1, showing notable reusability. 

 

2. The β-fructofuranosidase from Xanthophyllomyces dendrorhous (pXd-INV) 

was successfully immobilized by ionic binding in Sepabeads EC-EA and EC-

HA. A packed-bed reactor was set up with the most active biocatalyst (HA-pXd-

INV), obtaining an initial productivity of 218 g FOS L-1 day-1. 

 

3. The ability of pXd-INV to fructosylate phenolic compounds was tested with 

hydroquinone, hydroxytyrosol, EGCG, catechol and p-nitrophenol. 

Hydroquinone and hydroxytyrosol were positive acceptors, whilst the rest of 

the compounds inhibited the enzyme, which was corroborated by 

crystallographic studies.  

 

4. Two fructosylated hydroxytyrosol derivatives (Fru-HT1 and Fru-HT2) were 

synthesized. Hydroxytyrosol fructosylation was optimized by investigating 

different donor and acceptor concentrations. The highest yield of fructosylated 

conjugates (11.7 g/L) was reached with 300 g/L of sucrose and 25 g/L of 

hydroxytyrosol. 

 

5. The main product (Fru-HT1) was characterized by mass spectrometry and 

bidimensional NMR as 3,4-dihydroxyphenyl ethyl β-D-fructofuranoside.  

Crystallographic studies revealed that the secondary product (Fru-HT2) was 

fructosylated at the phenolic OH.  

 

6. The selective production of acid xylooligosaccharides (decorated with methyl-

glucuronic acid ramifications) was achieved with the enzyme Depol 670L. A 

method of analysis by HPAEC-PAD was developed to charcterize such 

compounds.  
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7. A fractionation method based on anion-exchange chromatography was set up 

to isolate acidic xylooligosaccharides. The main product was 2’-O-α-(4-O-

methyl-α-D-glucuronosyl)-xylobiose. 

 

8. The antioxidant capacity of 2’-O-α-(4-O-methyl-α-D-glucuronosyl)-xylobiose 

(X2_MeGlcA), neutral XOS (X2-X6) and glucuronoxylan was tested. The 

obtained product showed the highest antioxidant activity with ABTS. 

 

9. A large-scale method was developed for the preparation of several types of 

chitooligosaccharides (COS), which were characterized by a combination of 

HPAEC-PAD and MALDI-TOF methods.  

 

10.  The enzyme Neutrase 0.8L was useful to obtain fully deacetylated 

chitooligosaccharides (fdCOS). Chitinase CHIT42 from Trichoderma 

harzianum was employed to produce a mixture of partially acetylated 

chitooligosaccharides (paCOS). 
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1. La β-fructofuranosidasa de Xanthophyllomyces dendrorhous (pXd-INV) se 

inmovilizó con éxito mediante el atrapamiento en lentes de PVA y se empleó 

para la síntesis de neo-FOS en un reactor de tanque agitado por lotes con una 

productividad de 42 g FOS L-1 día-1, mostrando una reutilización notable. 

 

2. La β-fructofuranosidasa de Xanthophyllomyces dendrorhous (pXd-INV) se 

inmovilizó con éxito mediante unión iónica en Sepabeads EC-EA y EC-HA. Se 

configuró un reactor de lecho fijo con el biocatalizador más activo (HA-pXd-

INV), obteniendo una productividad inicial de 218 g FOS L-1 día-1. 

 

3. La capacidad de pXd-INV para fructosilar compuestos fenólicos se probó con 

hidroquinona, hidroxitirosol, EGCG, catecol y p-nitrofenol. La hidroquinona y 

el hidroxitirosol fueron aceptores positivos, mientras que el resto de los 

compuestos inhibieron la enzima, lo que fue corroborado mediante estudios 

cristalográficos. 

 

4. Se sintetizaron dos derivados fructosilados del hidroxitirosol (Fru-HT1 y Fru-

HT2). Se investigaron diferentes concentraciones de aceptor y donador para 

optimizar la reacción de fructosilación. El rendimiento máximo de derivados 

fructosilados (11.7 g/L) se alcanzó con 300 g/L de sacarosa y 25 g/L de 

hidroxitirosol. 

 

5. El producto principal (Fru-HT1) se caracterizó por espectrometría de masas y 

RMN bidimensional como 3,4-dihidroxifenil etil β-D-fructofuranósido. Los 

estudios cristalográficos revelaron que el producto secundario (Fru-HT2) 

estaba fructosilado en el OH fenólico. 

 

6. La producción selectiva de xiloligosacáridos ácidos (ramificados con ácido 

metilglucurónico) se consiguió con la enzima Depol 670L. Se desarrolló un 

método de análisis por HPAEC-PAD para caracterizar dichos compuestos.  
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7. Se estableció un método de fraccionamiento basado en cromatografía iónica 

para aislar xilooligosacáridos ácidos. El producto principal fue 2’-O-α-(4-O-

metil-α-D-glucuronosil)-xilobiosa. 

 

8. Se analizó la capacidad antioxidante de 2’-O-α-(4-O-metil-α-D-glucuronosil)-

xilobiosa (X2_MeGlcA), los XOS neutros y el glucuronoxilano. El producto 

obtenido mostró la mayor capacidad antioxidante con ABTS. 

 

9. Se desarrolló un método a gran escala para la preparación de varios tipos de 

quitooligosacáridos (COS), que se caracterizaron mediante una combinación de 

métodos de HPAEC-PAD y MALDI-TOF. 

 

10.  La enzima Neutrasa 0.8L se utilizó para obtener quitooligosacáridos 

totalmente desacetilados (fdCOS). La quitinasa CHIT42 de Trichoderma 

harzianum se empleó para producir una mezcla de quitooligosacáridos 

parcialmente acetilados (paCOS).   
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3               APPENDIX I 

Mass spectrometry and NMR 

 

Figure S1 Mass spectrometry (ESI-TOF) of the HQ fructosides. 

 

Figure S2 Mass spectrometry (ESI-TOF) of the HT fructosides. 
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Figure S3 NMR Spectroscopic Data (800 MHz, D2O, 298K) for compound Fru-HT1. 

Table S1 NMR Spectroscopic Data (800 MHz, D2O, 298K) for compound X2_MeGlcA. 

Unit H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 OMe [4] CO2H 

[6] 

X1 α 5.1 

(2JH1H2= 

3.6 Hz)a 

/94.6 

3.46/73.9 3.78/73.55 3.71/78.72 3.78,3.72/61.25 - - 

X1 β 4.5 

(2JH1H2= 

7.9 Hz)b 

/99.1 

3.16/76.56 3.49/76.56 3.68/74.87 4.0, 3.37/65.45 - - 

X2 4.52 

(2JH1H2= 

7.6 Hz)c 

/104.3 

3.33/79.0 3.4/76.95 3.57/72.0 3.9, 3.23/67.5 - - 

GA3 5.23,5.25 

(2JH1H2= 

3.9 Hz)d 

/100.1 

3.5/73.8 3.7/78.7 3.14/85.14 4.23 (2JH1H2= 10.1 

Hz)e /74.79 

3.4/62.45 -/179.3f 
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3               APPENDIX I 

 

Figure S4 Mass spectrometry (MALDI-TOF) of the fdCOS mixture (obtained with chitosan 

CHIT600 + Neutrase 0.8L). 

 

Figure S5 Mass spectrometry (MALDI-TOF) of the paCOS mixture (obtained with chitosan 

QS1 + CHIT42). 

 



 

136 

 

 APPENDIX I 

 

Figure S6 Mass spectrometry (MALDI-TOF) of the fdCOS and paCOS mixture (obtained 

with chitosan CHIT1 + Neutrase 0.8L). 

 

Figure S7 Mass spectrometry (MALDI-TOF) of the fdCOS and paCOS mixture (obtained 

with CHIT2 + Neutrase 0.8L). 
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