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RESUMO 

MARCONDES, W. F. Avaliação do potencial prebiótico de xilooligossacarídeos do bagaço de 

cana-de-açúcar extraído dentro de conceito de biorrefinaria. 2023. 102p. – Tese (Doutorado 

em Ciências) - Escola de Engenharia de Lorena, Universidade de São Paulo, Lorena, 2023 

O desenvolvimento de processos mais sustentáveis vai de encontro em obter produtos de alto valor 

agregado a partir de biomassa vegetal, sendo o bagaço de cana-de-açúcar (BCA) um resíduo 

agroindustrial de grande potencial de exploração quando nos referimos ao cenário brasileiro e 

mundial. Dentre estes produtos, destaca-se os xilooligossacarídeos (XOS), um composto que pode 

ser extraído da fração hemicelulósica do BCA e apresenta grande destaque como composto 

prebiótico. Recentemente foi desenvolvido dentro do conceito de biorrefinaria dois processos 

integrados para extração de XOS, um em escala de bancada e outra em escala piloto. Em ambos os 

cenários o XOS foi extraído por processo hidrotérmico em meio ácido ou autohidrólise, gerando 

hidrolisados que contém XOS com características estruturais distintas, como grau de polimerização 

(GP), além de outros produtos derivados da degradação de carboidratos e lignina, como furfural e 

polifenóis respectivamente. Neste sentido, o objetivo do presente trabalho foi analisar o potencial 

prebiótico do XOS obtido do BCA, tanto em escala de bancada como piloto, comparado com XOS 

comercial e verificando a necessidade de etapas de purificação. Para isto foram realizadas 

fermentações anaeróbicas utilizando XOS como fonte de carbono tanto com cepas isoladas de 

bifidobacterium como em uma comunidade de microrganismo que representa melhor a microbiota 

intestinal humana através de fermentação fecal humana. Durante a fermentação por cepas isoladas 

de bifidobacterium foi possível verificar que XOS com GP até 6 geraram melhores resultados como 

composto prebióticos, como decréscimo de pH, aumento de liberação de ácidos graxos de cadeia 

curta (AGCC) e crescimento microbiano quando comparados com XOS com GP maior que seis. 

Na fermentação fecal, XOS com diferentes estruturas, mas todas dentro da faixa de GP 2-6, não 

resultaram em diferença significativa quanto a capacidade de ser metabolizado pela população 

microbiana. Outro aspecto estudado foi a capacidade do XOS de atenuar os efeitos adversos de 

uma alta carga de proteínas e derivados no distal colón, como aumento de pH e concentração de 

amônia. Para isto foi feito uma simulação da digestão de proteínas e posterior fermentação fecal, 

com e sem adição de XOS, observando que a presença do oligossacarídeo foi benéfica para manter 

o baixo pH e concentração de amônia no meio fecal. XOS oriundo do BCA também apresentou 

melhores resultado de toxicidade celular em relação a dano na parede celular, podendo isto ser 

atribuído a sua estrutura ou a presença de outros compostos benéfico no hidrolisado 

hemicelulósico. Com foi possível concluir que o XOS extraído do BCA, dentro das condições 

estudadas que resultem em GP até seis, apresenta propriedades prebióticas e que etapas de 

purificação não foram necessárias.  

Palavras-chave: Bagaço de cana-de-açúcar. Xilooligossacarídeos. Prebióticos. Fermentação fecal.  

  



ABSTRACT 

MARCONDES, W. F. Evaluation of the prebiotic potential of xylooligosaccharides from 

sugarcane bagasse extracted within the biorefinery concept. 2023. 102p. – Thesis (Doctoral of 

Science) - Escola de Engenharia de Lorena, Universidade de São Paulo, Lorena, 2023 

The development of more sustainable processes is aimed to obtain high value products from vegetal 

biomass, being sugarcane bagasse (SCB) an agro-industrial residue with great exploitation 

potential when referring to the Brazilian and world scenarios. Among these products, 

xylooligosaccharides (XOS) stand out as a compound that can be extracted from the hemicellulosic 

fraction of SCB and has great prominence as a prebiotic compound. Recently, within the concept 

of a biorefinery, two integrated processes for extracting XOS were developed, one on a bench scale 

and the other on a pilot scale. In both scenarios, XOS was extracted by hydrothermal process in 

acidic medium or autohydrolysis, generating hydrolysates that contained XOS with distinct 

structural characteristics, such as degree of polymerization (DP), in addition to other products 

derived from the degradation of carbohydrates and lignin, such as furfural and polyphenols, 

respectively. In this context, the objective of the present work was to analyze the prebiotic potential 

of XOS obtained from SCB, both in bench and pilot scale, compared with commercial XOS and 

verifying the need for purification steps. For this, anaerobic fermentations were carried out using 

XOS as a carbon source both with isolated strains of Bifidobacterium and in a microorganism 

community that better represents the human intestinal microbiota through human fecal 

fermentation. During fermentation by isolated strains of Bifidobacterium, it was possible to verify 

that XOS with DP up to 6, even in the presence of high levels of xylose, generated better results as 

a prebiotic compound, such as a decrease in pH, an increase in the release of short-chain fatty acids 

(SCFA) and microbial growth when compared to XOS with DP higher than six. In fecal 

fermentation, XOS with different structures, but all within the GP 2-6 range, did not result in a 

significant difference in the ability to be metabolized by the microbial population. Another aspect 

studied was the ability of XOS to attenuate the adverse effects of a high load of proteins and 

derivatives in the distal colon, such as increased pH and ammonia concentration. For this, a 

simulation of protein digestion and subsequent fecal fermentation, with and without addition of 

XOS, was performed, noting that the presence of oligosaccharide was beneficial to maintain low 

pH and ammonia concentration in the fecal medium. XOS from BCA also showed better results in 

cellular toxicity in relation to cell wall damage, which can be attributed to its structure or the 

presence of other beneficial compounds in the hemicellulosic hydrolysate. Therefore, it was 

possible to conclude that the XOS extracted from BCA, within the studied conditions that result in 

GP up to 6, has prebiotic properties and that purification steps were not necessary. 

 

Keywords: Sugarcane bagasse. Xylooligosaccharides. Prebiotics. Fecal fermentation. 
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1 INTRODUCTION 

Lignocellulosic materials (LCM) such as wood species, grasses, agro-industrial and 

forestry residues considered the raw material for the development of a sustainable economy, 

both regional and worldwide, and the most abundant renewable raw material in nature (Nygaard 

et al., 2016).  

In Brazil, sugarcane bagasse (SCB), a residue from the sugar-alcohol industry, is 

considered the main raw material to produce second-generation ethanol (2G). The concept of a 

biorefinery using bagasse as a raw material has been studied for a long time, always seeking to 

add high value to its fractions, which are mainly composed of cellulose, lignin and 

hemicellulose. From the hemicellulosic fraction, it is possible to extract xylooligosaccharides, 

which among its many uses stands out for being a compound with prebiotic properties. 

Prebiotics are food compounds that influence the regulation of the microbiota in order 

to generate health benefits for those who ingest them (Gibson and Roberfroid, 1995). Among 

the most famous prebiotics, we highlight those found in breast milk, due to its great importance 

because the human microbiota is strongly defined in the first years of children's lives, and 

dietary fibers, such as galactooligosaccharides (GOS) and fructooligosaccharides. (FOS) and 

which are more used as a food supplement (Gibson et al., 2017). However, XOS has been 

gaining prominence due to some superior properties compared to commercial prebiotics, such 

as the need for lower daily doses and greater selectivity for Bifidobacterium, a known probiotic 

health bacterium, than for other bacteria found in the intestinal microbiota (Mäkeläinen et al., 

2010a, 2010b). 

Divided into chapters, this thesis is organized to lead the reader in a logical sequence 

for the study of the prebiotic potential of XOS extracted from sugarcane bagasse, not only by 

the classic benefits as selectivity for Bifidobacterium and SCFA production, but also as a 

component that can attenuate undesired effect of a high protein fecal fermentation. 

The first chapter brings a succinct bibliographic review to provide the basis for the 

justification of the work and an introduction to the topics that will be addressed in the following 

chapters. 

The second and third chapters bring the studies of extraction of XOS from SCB, in 

bench scale and pilot scale, and the study of their prebiotic potential using anaerobic 

fermentation with isolated strains of Bifidobacterim. 
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The fourth chapter brings a more advanced study of the potential prebiotic capacity of 

XOS extracted from SCB through human fecal fermentation. The XOS was fractionated into 

short and long chain fractions and used to better understand the influence of XOS’ DP on the 

prebiotic propriety. 

The fifth and final chapter presents an exploratory study on the possible beneficial 

effects of XOS on human health when it is administered together with a high-protein diet, also 

using human fecal fermentation for this evaluation. 
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2 OBJECTIVES 

To analyze the potential of XOS extracted from sugarcane bagasse through 

hydrothermal process within a Biorefinery concept as a prebiotic compound.  

 

2.1 SPECIFIC OBJECTIVES 

a) Chemically characterize the hemicellulose hydrolysates obtained through hydrothermal 

treatment of sugarcane bagasse in relation to the structural characteristics of XOS, such 

as degree of polymerization (DP) and substitution (DS) and presence of monomeric 

carbohydrate degradation compounds (hydroxymethyl furfural and furfural); 

b) Evaluate the hemicellulosic hydrolysates as a carbon source for the metabolism of 

isolated strains of Bifidobacterium; 

c) Evaluate the impact of purification of the hemicellulose hydrolysates on their use as a 

carbon source in human fecal fermentation; 

d) Evaluate the potential benefits that the use of hemicellulose hydrolysates could cause to 

human health. 
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CHAPTER 1: LITERATURE REVIEW 

1.1 LIGNOCELLULOSIC AS RAW MATERIAL 

More than 200 years ago, coal was the main source of global energy, being replaced by 

crude oil in the last 60 years. Currently, plant biomass has been gaining prominence as an 

alternative raw material for energy generation (Cheng and Zhu, 2009). As in the case of 

petroleum where the raw material is treated in a refinery to obtain, in addition to energy, 

products with high added value, the use of vegetal biomass has great potential to fit into a 

biorefinery concept since its fractions may have market potential (Vinoth Kumar et al., 2016). 

Lignocellulosic materials (LCM), which include grass species, wood, agro-industrial 

residues and forests, are considered the raw material for a sustainable economy, being the most 

abundant renewable biomass source in Nature (Nygaard et al., 2016). Corn cob, wheat straw 

and sugarcane bagasse (SCB) are examples of agro-industrial residues with great potential to 

generate high value-added products, which would probably improve the sustainability of the 

processes where they are generated.  

Brazil is the world's largest producer of sugarcane, with a production of 757 million 

ton/year, which represents 40% of world production (Statista, 2022). Considering that a ton of 

sugarcane results in 300 kg of bagasse (Nikodinovic-Runic et al., 2013), there is an annual 

generation of this residue of 227 million tons, a very abundant source of renewable biomass. 

The major components of SCB are lignin, cellulose, and hemicellulose, three components that 

has a variety of application and potential to obtain high value products. 

 

1.2 HEMICELLULOSE AND XYLOOLIGOSACHARIDES 

Hemicellulose is one of the main components of the cell walls in LCM and presents 

differences in its composition and structure depending on its source. It is a branched 

heteropolymer, and its main chain may consist of one or two types of sugars, hexoses (glucose, 

mannose, galactose) or pentoses (xylose and arabinose), and its branches are generally 

composed of uronic acids, such as 4-O -methyl-D-glucuronic and D-galacturonic acid. Some 

main chain sugars may also contain acetyl groups, mostly attached to the C2 carbons. The 

presence of galacto-glucomannan-type hemicellulose is predominant in softwoods with small 

amounts of arabino-glucoxylan, while hardwoods have a predominance of glucoxylan-type 
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hemicelluloses with small amounts of glucomann (Chen, 2014; Fengel and Wegener, 1989; 

Hon, 1995).  

SCB, classified as grass, has hemicellulose of the arabinoxylan type, with the main chain 

formed by xylose units joined by β-1,4 bonds and the branch chains by α-1,3 bonds (Figure 

1)(Hon, 1995). About 87% of SCB hemicellulose is composed of xylose, which has a ratio of 

12:1 for arabinose and 8.8:1 for acetyl groups (Hon, 1995; Rocha et al., 2015) as illustrated in 

Figure 1. 

The abundance of SCB together with its xylan-rich hemicellulose makes this LCM a 

potential source to obtain xylose and/or xylo-oligosaccharide (XOS). Xylose, a monomeric unit 

derived from xylan, can be used in (bio)chemical processes to obtain products such as xylitol 

and ethanol (Felipe et al., 1997; Gírio et al., 2010). XOS can be used in several areas such as 

the paper industry, production of biofilms with oxygen barrier properties, emulsifiers and 

adhesives (Du et al., 2018; Lima et al., 2003; Kamm, B and Kamm, M, 2004; Vázquez et al., 

2000). However, its use as a food additive compound is growing attention due to its prebiotic 

properties. This is due to XOS being a selective substrate for certain groups of bifidobacterium, 

making it an emerging prebiotic in the scenario of functional dietary fibers (Gobinath et al., 

2010; Mäkeläinen et al., 2010b). 

 

1.2.1 XOS EXTRACTION 

XOS can be extracted from LCMs mainly through chemical or chemical/enzymatic 

processes (Figure 2). 

Figure 1. Structure of the xylan present in the SCB, adapted from (Buckeridge and de Souza, 2014) 
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1.2.1.1 CHEMICAL METHODS 

The chemical process for extraction of XOS focuses on the solubilization of the 

hemicellulose fraction of the xylan-rich LCM through reactions in acid or alkaline medium, 

depending on the desired strategy. On hemicellulose, alkaline processes result in saponification 

of the side groups of the main chain, thus generating a material that is more soluble at neutral 

pH and without ramifications, but with a high degree of polymerization (Qing et al., 2013). In 

order to obtain a prebiotic compound, this xylan chain needs to undergo a breaking process, 

which can occur chemically or enzymatically (van Craeyveld et al., 2008). 

To extract XOS, acid hydrolysis occurs under mild conditions to decrease the release of 

monomers and carbohydrate degradation products, such as hydroxy-methylfurfural (HMF) and 

furfural (Hu and Ragauskas, 2012). These degradation products are considered impurities and 

inhibitors for many fermentation microorganisms and, if present, a purification step would be 

required (Zabed et al., 2016). Compared to the process in alkaline medium, a hydrothermal 

treatment in dilute acid medium shows the advantage of not needing a post-treatment to 

decrease DP of the XOS, in addition to obtaining a branched XOS, which has the potential to 

have distinct activity as a prebiotic agent (Kabel et al., 2002). 

 

1.2.1.2 CHEMICAL-ENZYMATIC METHOD 

The enzymatic process is more focused on the enzymatic cleavage of xylan chains 

extracted by chemical treatment, usually alkaline method. Therefore, xylan is extracted from 

LCM by chemical treatment and then hydrolyzed to oligomers using enzymes of the endo-

xylanase class (EC 3.2.1.8) (Brienzo, 2010; Carvalho et al., 2013; Jayapal et al., 2013; Qing et 

al., 2013; Zhang et al., 2011). 

Figure 2. Methods of xylooligosaccharides extraction from biomass rich in xylan 



23 

 

Endo-xylanases can act on the xylan chain in several ways. They are specific for the 

decrease of xylan DP, preferentially acting on the β-1,4 bonds of the xylan chain. When 

necessary, auxiliary enzymes can be used for better hydrolysis of the xylan. In xylans obtained 

by treatment in an acid medium, which probably have substituent groups in their hydroxyl 

groups, auxiliary enzymes should be used, such as acetyl-xylan esterase that can specifically 

remove the substituent acetyl groups from the xylan backbone (Zhang et al., 2011).  

In relation to chemical processes, the production of XOS by enzymatic hydrolysis has 

the advantages of being able to work with milder process conditions, such as temperature, in 

addition to acting specifically on xylan chains without the formation of sugar degradation 

products, such as furfural, thus facilitating the purification process (Carvalho et al., 2013; Qing 

et al., 2013). As disadvantages, the enzymatic production of XOS has a longer reaction time 

and the use of enzymes, which potentially generates higher costs (Qing et al., 2013). However, 

it is important to point out that the XOS obtained from these two processes may have different 

structural characteristics, which may be favorable or unfavorable for their use. 

 

1.2.2 BIOREFINERY FOR XOS EXTRACTION 

As an LCM, SCB is constitute of three major components: hemicellulose, lignin and 

cellulose. The extraction of XOS from the hemicellulose fraction results in a material rich in 

lignin and cellulose (cellulolignin), which is a potential source to obtain other high value 

products. Cellulose is commonly used in the pulp and paper industry, however other processes 

can use this material, such as cellulose derivatives like cellulose acetate, carboxymethyl 

cellulose (Svetlov, 2019), or products from nanocellulose, such as nanocomposites, films for 

food packaging, development of matrices for medicine, among others (Kiziltas et al., 2013; Lee 

et al., 2014; Lin and Dufresne, 2014; Liu et al., 2019; Siró and Plackett, 2010). Lignin is usutally 

burned to generate heat due to its high calorific value, however there are the possibility to obtain 

products with high value such as films with ultraviolet blocking properties, polymers and 

nanocomposites (Tian et al., 2017). 

The XOS fractions used in this thesis originate from two works that explored the 

extraction of XOS by hydrothermal process within a biorefinery concept, using all major SCB 

fractions to generate high value products or fuel ((Marcondes, 2018; Pereira et al., 2021). The 

first work investigated the integration of a two-stage hydrothermal treatment for production of 

xylooligosaccharides (XOS), a high-value product, into the isolation process of cellulose 
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nanofibrils (CNF) from sugarcane bagasse (Figure 3). For this, a design of experiment was 

carried out varying the process conditions (time, temperature and acid concentration) in a bench 

scale pressure vessel reactor (Parr 2 L). The optimized condition for the highest yield of XOS 

was obtained. Within the concept of biorefinery, the other fractions of SCB were used to 

generate co-products such as CNF (Marcondes, 2018). In the second work, an integrated 

biorefining strategy was applied to fractionate SCB into its major constituents, cellulose, lignin 

and hemicellulose. A hemicellulosic hydrolysate was obtained from a steam explosion process 

in a pilot scale and the cellulignin residue was used to obtain lignin nanoparticles, ethanol and 

CNF (Figure 4). 

The hemicellulosic fractions from both studies were used to evaluate the prebiotic 

potential, either by isolated strains of bifidobacterium or by fecal fermentation. 

Figure 3. Overall mass balance for the proposed integrated process for production of hemicellulose-

derived high-value products (XOS and xylose) to the isolation process of CNF from sugarcane bagasse, with an 

initial dry mass of 1 Kg. The process also allowed the recovery of lignin (Marcondes et al., 2020) 
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1.2.3 INDUSTRIAL PRODUCTION 

 Industrially, XOS is extracted by two main companies, the Chinese Shangdong 

Longlive Biotechnology and the American Prenexus Health (Santibáñez et al., 2021). The 

Chinese company uses corn cob as a raw material and uses a chemical treatment to remove the 

xylan polymer chain and the depolymerization of this chain using enzymes as a XOS extraction 

strategy, obtaining linear XOS with a degree of polymerization mostly between two and six 

xylose units (NutraSource, 2013). The American company, on the other hand, uses sugarcane 

bagasse and a hydrothermal self-hydrolysis process for the extraction of XOS, having as a final 

XOS product with a degree of polymerization between three and thirteen xylose units (Carlson, 

2018). Both the Chinese and American processes result in linear XOS in the form of white 

powder, high purity (up to 95%) and use malto dextrin as a diluent. However, they present 

Figure 4. Overall mass balance for the proposed integrated process for production of hemicellulose-

derived high-value products (XOS), lignin nanoparticles (LNP), cellulosic ethanol and cellulose nanofibrils (CNF) 

from sugarcane bagasse, with an initial dry mass of 1 Kg (Pereira et al., 2021). 
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process steps considered to be expensive, such as enzymatic hydrolysis (in the case of the 

Chinese company) and purification, clarification, and drying processes (Santibáñez et al., 

2021). 

 

1.2.4 MARKET 

The value of the XOS market is estimated at $30 million for 2022, with a growth forecast 

of 1.5% per year reaching a potential of $33 million in 2028 (QYReaseach, 2022). The average 

value of commercial XOS is in the range of U$ 25-50/Kg, depending on the level of purity 

(Santibáñez et al., 2021). The animal feed industry represents almost half of this market (49%), 

followed by medicine and health (25%) and food and beverage (23%) (Ahmad, 2019). 

 

1.3 PREBIOTICS 

The term prebiotic was first used in the academic literature by Gibson and Roberfroid, 

1995, as a “non-digestible food ingredient that beneficially affects the host by selectively 

stimulating the growth and activity of one or a limited group of bacteria in the colon, thereby 

conferring improvement in health” (Gibson and Roberfroid, 1995). However, one of the first 

studies on the influence of the microbiota by ingestion of carbohydrates was in 1921, which 

analyzed the change in the microbiota after ingestion of carbohydrates lactose and dextrin 

together with Bacterium acidophilus (Rettger and Cheplin, 1921). Although the largest class of 

prebiotics are oligosaccharides such as fructooligosaccharides (FOS), galactooligosaccharides 

(GOS), XOS, inulin and its derivatives (Gibson et al., 2017), not all carbohydrates can be 

classified as prebiotics as they need to follow certain requirements such as: 

1. It cannot be hydrolyzed or absorbed by the upper part of the 

gastrointestinal system; 

2. Be selective for one or a limited group of beneficial bacteria present in 

the colon, thus stimulating their growth or metabolic activity; 

3. Be able, through the selective stimulus of bacteria, to change the 

composition of the microbiota in a way that is healthier for the host; 

4. Induce luminal or systemic effects beneficial to the health of the host. 

(Gibson and Roberfroid, 1995). 

 

By these definitions, carbohydrates such as pectin, celluloses and xylans cannot be 

classified as prebiotics, since they serve as a substrate for a large group of bacteria in the 

intestine, having no selectivity (Gibson et al., 2017). 
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Over the years, the definition and requirements have changed in order to complement 

and update the term prebiotic. In 2008, the FAO (Food and Agriculture Organization of the 

United Nations) met to discuss the term prebiotic and how to classify a component as prebiotic 

or not (Pineiro et al., 2008). From this meeting, it was defined that a prebiotic is a non-viable 

food that confers a benefit on the health of the host, improvement is associated with modulation 

of the microbiota, and also defined some terms of this definition:  

1. Component: not an organism or drug; a substance that can be 

characterized chemically; in most cases this will be a food grade 

component.  

2. Health benefit: measurable and not due to absorption of the 

component into the bloodstream or due to the component acting alone, 

and over-riding any adverse effects. 

3. Modulation: show that the sole presence of the component and 

the formulation in which it is being delivered changes the composition or 

activities of the microbiota in the target host. Mechanisms might include 

fermentation, receptor blockage, or others. 

(Pineiro et al., 2008). 

 

One of the most prominent contests of ISAPP (International scientific association for 

probiotic and prebiotic) about this new definition of prebiotics is the term related to the 

selectivity of the compound by bacteria beneficial to health, because it can include compounds 

such as antibiotics could be classified as prebiotics (Gibson et al., 2010). In order to update the 

term prebiotic and its use, a ISAPP meeting was held in 2008 in London (Ontario, Canada), and 

it was defined that a prebiotic is “a selectively fermented ingredient that results in specific 

changes in the composition and/or activity of the gastrointestinal microbiota, thus conferring 

benefit(s) upon host health” (Gibson et al., 2010). However, this definition limited the use of 

the term prebiotic to intestinal microbiota, leaving out, for example, oral, vaginal, skin and other 

sites. To redefine this term, another ISAPP meeting was held on 9 December 2016 in London, 

UK, and prebiotic was defined as “a substrate that is selectively used by the host 

microorganisms, conferring health benefits”, thus encompassing the various sites of the human 

body (Gibson et al., 2017). 

Before characterizing a compound as prebiotic, it is necessary to define who is its host 

and in which site it is acting. For example, cellulose can be considered a prebiotic if we are 

referring to ruminants as a host, but the same cannot be said for humans (ben David et al., 2015). 

Xylitol can be considered a prebiotic in the oral cavity but the same is not true in the intestinal 

microbiota (Söderling et al., 2011; Uebanso et al., 2017). 
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Focused more on the intestinal microbiota, the most studied and consolidated prebiotics 

are fructooligosacharides (FOS), galactooligosacharides (GOS) and inulin derivatives, being 

responsible for most studies at the most diverse levels, such as in vitro, in microbiota simulators, 

in animals and in humans (Grajek et al., 2005; Rastall and Gibson, 2015). One of least studied 

prebiotics is XOS, which has been gaining prominence among the oligosaccharides with 

prebiotic properties. Although most tests with XOS are in vitro, there is already evidence that 

this oligosaccharide has a greater specificity for certain groups of bacteria, such as the group 

bifidobacterium. In vivo human trials have shown that doses of 1.4 and 2.8 g per day of XOS 

significantly increase the population of bifidobacterium and bacteroides fragilis when 

compared to placebo trials, with the population of lactobacillus not being significantly affected 

(Finegold et al., 2014). In another trial, administration of XOS (8 g/day) resulted in an increase 

in the population of bifidobacterium in the stool, increased mean daily bowel movements and 

the level of happiness and social behavior of patients (Childs et al., 2014). 

 

1.4 SHOR-CHAIN FATTY ACIDS IMPORTANCE 

Prebiotics act on the gut microbiota in the role of selectively stimulating bacteria that 

result in health improvement. Normally, these bacteria metabolize these compounds and 

Figure 5. Metabolic pathways responsible for the biosynthesis of the main microbial metabolites resulting 

from carbohydrate fermentation and cross-feeding of bacteria (Louis et al., 2014). 
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generate precursors for vitamins, proteins, etc. Most metabolic pathways lead from 

carbohydrate consumption to short-chain fatty acid (SCFA) release, as illustrated in Figure 5. 

One of the most studied genera as a probiotic microorganism, the bifidobacterium, has 

a different metabolic pathway, known as the “fructose-6-phosphate shift” or “bifid shunt” 

(Figure 6), since bypasses the traditional heterolactic pathway of consuming glucose in the 

fructose-6-phosphate molecule to generate 25% more ATP molecules. This higher yield in ATP 

generation allows these bacteria to achieve better energy performance in a carbohydrate-scarce 

environment (Pokusaeva et al., 2011). 

The release of SCFAs into the microbiota affects local microbial composition and 

metabolism in several ways. First, SCFA released by fermentation by bifidobacterium are 

absorbed by the host system, with an equilibrium formed by the bicarbonate released by 

conocytes (Figure 7) resulting in a pH value dependent on the efficiency of this equilibrium. 

The closer to the end of the intestine, the higher the pH found and this difference in pH results 

in different microbial composition in different parts of the intestine (den Besten et al., 2013). 

For example, regions with a pH close to 5.5 have an average composition of 20% of bacteria 

that produce buritrate, while at pH above 6.5 this population is close to being null and the 

population of bacteria that produce acetate and propionate become dominant (Walker et al., 

Figure 6. Schematic of the common metabolic pathway of bifidobacterium, known as "fructose 6-

phosphate shift" or "bifid shift" (Pokusaeva et al., 2011). 
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2005). Potentially pathogenic bacteria, such as Escherichia coli K12 and Salmonella spp, when 

subjected to a pH close to 5, generated by propyl acid (a SCFA), had a population reduction of 

about 90% after 1 h (Cherrington et al., 1991). As the microbial population in the microbiota is 

vast, SCFA can serve as substrates for other bacteria in a cross-feeding system, which consists 

of the product of the metabolism of one bacterium serving as a substrate for the metabolism of 

another bacterium present in the environment (Lee et al., 2018)(Figure 9). Faecalibacterium 

prausnitzii, Eubacterium and Roseburia are genera of bacteria that produce buritrate in the 

human microbiota and have their accentuated growth in the presence of acetate, which can be 

exogenously inserted or generated by the activity of bifidobacterium, demonstrating the cross-

feeding system in the microbiota. (Duncan et al., 2004; Rivière et al., 2016). 

SCFAs also play a signaling role for some metabolism and immune system regulators, 

resulting in health improvements (Shapiro et al., 2014). For example, some G protein-coupled 

receptors, which are cellular interacting proteins, are sensitive to the presence of SCFAs, such 

as GPR41 and GPR43, also known as free fatty acids Ffar3 and Ffar3 (“free fatty acid”). 

respectively (Poul et al., 2003). The interaction of GPR43 or GPR41 receptors and SCFA 

potentiates the activation of leukocytes and the inflammatory response of the immune system, 

in addition to increasing intracellular calcium levels (Maslowski et al., 2009; Poul et al., 2003). 

Figure 7. Schematic overview of the proposed transport mechanisms of SCFAs in colonocytes. Across the 

apical membrane, the major part of SCFAs is transported in the dissociated form by an HCO3 exchanger of unknown 

identity (?) or by one of the known symporters, MCT1 or SMCT1.A small part may be transported via passive 

diffusion (spiral). The part of SCFAs that is not oxidized by the colonocytes is transported across the basolateral 

membrane. The basolateral transport can be mediated by an unknown HCO 3exchanger, MCT4, or MCT5 (den 

Besten et al., 2013). 
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When subjected to induced colitis, mice that received a diet with SCFA had a better anti-

inflammatory system response caused by the SCFA interaction with the GPR43 receptor that 

express the T cells responsible for the immune system (Smith et al., 2013). 

SCFA exert a great influence on the accumulation of fat in various organs of the human 

body, as illustrated in Figure 8, resulting in a mechanism to combat obesity. In liver and 

muscles, SCFAs increase the expression of AMPK (5' adenosine monophosphate-activated), 

which triggers the expression of PGC-1α (Peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha), that controls a series of transcription factors, resulting in decreased 

accumulation of fat in these organs (den Besten et al., 2013). In brown adipose tissue, SCFA 

increase the expression of PGC-1α and UCP-1 (uncoupling protein), increasing thermogenesis 

and decreasing fat accumulation (Gao et al., 2009). In white adipose tissue, activation of GPR43 

by SCFAs acts on energy metabolism by suppressing insulin signaling in adipocytes, which 

inhibits fat accumulation in adipose tissue and promotes glucose and unincorporated lipid 

metabolism (Kimura et al., 2013). Through the GPR43 regulator, SCFA increase the expression 

of leptin, which in the bloodstream stimulates the oxidation of fats in various organs, such as 

muscles and liver (den Besten et al., 2013). 

Figure 8. Schematic overview of the proposed mechanisms by which SCFAs increase fatty acid oxidation 

in liver, muscle, and brown adipose tissue. In muscle and liver, SCFAs phosphorylate and activate AMPK 

(pAMPK) directly by increasing the AMP/ATP ATP ratio and indirectly via the Ffar2-leptin pathway in white 

adipose tissue. In white adipose tissue, SCFAs decrease insulin sensitivity via Ffar2 and thereby decrease fat 

storage. In addi-tion, binding of SCFAs to Ffar2 leads to the release of the G i/o protein, the subsequent inhibition 

of adeny-late cyclase (AC), and an increase of the ATP/cAMP ratio. This, in turn, leads to the inhibition of PKA 

and the subsequent inhibition of HSL, leading to a decreased lipolysis and reduced plasma free fatty acids. (den 

Besten et al., 2013) 
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1.5 MECHANISMS OF XOS UTILIZATION BY BIFIDOBACTERIUM  

The use of XOS by bacteria of the human intestinal microbiota is practically done by 

bifidobacterium, which has a very specific prebiotic in relation to other bacterial genera, such 

as lactobacillus (Mäkeläinen et al., 2010b). As previously mentioned, bifidobacterium use a 

specific metabolic pathway, the bifid-shunt, which has the compound xylulose 5P as a gateway 

to the use of XOS as a prebiotic. XOS is first hydrolyzed to xylose through xylanases, which 

are synthesized by the bacterium itself, and then the xylose produced is taken to xylulose 5P, 

which integrates with the bifid shift pathway (O’Callaghan and van Sinderen, 2016). 

Transcriptome analyzes show that B. adolecentis in the presence of XOS, in relation to 

the presence of xylose, increases the expression of some genes related to carbohydrate transport 

and metabolism, such as the ABC transport system, xylosidases, galactosidases, glucosidases 

and amylases (Yang et al., 2019). A model of XOS consumption by the bifidobacterium genus 

can be based on transcriptome analyzes (Figure 10). The presence of XOS increases the 

expression of the genes responsible for transporting the carbohydrate into the cell, where it will 

undergo the actions of xylanases, which also have their expression increased, and will result in 

xylose. This xylose will be converted to 5P xylulose and will enter the bifid bypass pathway 

(Andersen et al., 2013; Gilad et al., 2010). 

 

 

Figure 9. Cross-feeding effect between Bifidobacterium and butyrate-producing bacteria. 

Bifidobacterium utilizes supplemented prebiotics, which stimulates their growth. Acetate produced by 

Bifidobacterium becomes a carbon source for butyrate-producing microbe, stimulating their growth and 

butyrate-producing activities and, in turn, modulating the microbiome function and improving gut health (Lee 

et al., 2018). 
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Figure 10. Proposed model for the catabolism of XOS in B. animalis subsp. Lactis BB-12 comprising the 

following steps. 1, binding of XOS at the cell surface by a sugar-binding protein. 2, transport of XOS by an ABC 

transport system. 3, degradation of XOS to D-xylose (by a combined action of an endo-1,4-β-xylanase and aβ-

xylosidase). 4, conversion of D-xylose to xylulose-5-P, a key metabolite of the fructose-6-P shunt. A, endo-1,4-β-

xylanase; B,β-xylosidase; C, xylose isomerase; D, xylulose kinase. The numbers indicate the respective genes in 

the genome of BB-12, omittingthe “BIF_0(Gilad et al., 2010). 
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CHAPTER 2: FEASIBILITY OF DIRECT USE OF HEMICELLULOSE 

HYDROLYZATE AS A PREBIOTIC COMPOUND IN IN VITRO TESTS 

2.1 ABSTRACT 

Xylooligosaccharides (XOS) can be extracted in different ways, and this results in 

structural differences that can influence their prebiotic capacity. This work aimed to evaluate 

the prebiotic potential of XOS contained in the hemicellulosic hydrolysates obtained from 

sugarcane bagasse by hydrothermal treatment under different process conditions and within 

biorefinery concept. For this, anaerobic fermentation was carried out using three probiotic 

microorganisms (B. adolecentis, B. infantis and B. lactis). First, the hydrolysates were 

characterized in relation to their carbohydrates, degree of polymerization, short-chain fatty acid 

(SCFA), hydroxymethylfurfural and furfural. As a control carbohydrate source for comparison, 

two commercial prebiotics, XOS and FOS, and glucose were used. The presence of compounds 

such as HMF and furfural were not inhibitory to the growth of bifidobacterium, and the levels 

of substituent acetyl groups had a moderate impact on the levels of SCFA released. It was 

possible to notice a significant difference between the growth of probiotic strains on the 

different carbohydrate’s sources, with some hydrolysates promoting the growth and release of 

SCFA at levels close or superior to commercial XOS. The size of the XOS chain had an 

influence on its ability to be used as a carbon source, with XOS with DP superior to six showing 

lower performance than with DP two to six. This chapter may point out that process conditions 

that result in higher XOS extraction and selectivity of XOS to xylose do not necessarily present 

XOS with better prebiotic properties, being the XOS structure more important. 

 

2.2 INTRODUCTION 

Enzymatic processes preceded by alkaline extraction are the most applied methods for 

XOS production (Carvalho et al., 2013). However, an alternative route is the production by 

hydrothermal processes in an acid medium, which are potentially more economical due they do 

not use enzymes and obtain the product of interest in a smaller number of steps (Otieno and 

Ahring, 2012). 

 Among the disadvantages of using a hydrothermal process to produce XOS is the 

formation of sugar degradation products such as hydroxy-methylfurural and furfural from the 

degradation of glucose and xylose, respectively (Akpinar et al., 2010). Commonly, hydroxy-

methylfurfural and furfural compounds are known as inhibitors, probably because their 
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presence is inhibitory, at certain concentrations, for aerobic fermentations (Klinke et al., 2004). 

However, there has been no studies that has inferred this inhibitory property to intestinal 

microbiota. Thus, this is a disadvantage not yet confirmed. In fact, there is a work that analyzed 

foods that were heat treated, thus generating compounds such as furfural and hydroxy-

methylfurfural through Mailard reactions, and, after statistical analysis, the authors found a 

positive correlation between the presence of these degradation compounds and the development 

of some bacteria that exert positive functions in the human microbiota  (Pérez-Burillo et al., 

2018). In this respect, it may be that these degradation compounds, within ranges to be 

determined, present in hemicellulose hydrolysates obtained by hydrothermal treatment, do not 

cause an adverse effect to human health, and may be part of prebiotic compounds. 

Another potential advantage of using the hydrothermal process is the possibility of 

obtaining XOS with distinct structures, for example with varying degrees of polymerization 

(DP). This is relevant because diversity of structures, such as DP and acetyl groups, can provide 

different prebiotic effects (Mäkeläinen et al., 2010b). The XOS extraction process conditions 

can also be manipulated to obtain a higher yield of XOS (Carvalho et al., 2018; Marcondes et 

al., 2020; Schell et al., 2003) 

For a compound to be considered prebiotic, it is necessary to verify if this compound 

was selective for part of the target microbiota and that its administration results in an 

improvement in health, and this verification is only done with in vivo tests (Rowland et al., 

2018). However, preliminary tests can be performed to verify potential prebiotics among the 

compounds, such as, for example, the ability to serve as a selective substrate for certain genera 

of bacteria that are already consolidated as probiotics (eg lactobacillus and bifidobacterium). 

In addition, the characterization of a compound to be evaluated for its prebiotic property needs 

to be carried out, such as the origin of the material, production method, chemical and structural 

characteristics, purity, concentration and the amount to be used per application (Pineiro et al., 

2008).  

Bifidobacterium, together with Lactobacillus, are the genera most recognized as 

probiotics and for this reason they are the most used for in vitro tests to analyze prebiotic 

potential (Moura et al., 2007). Using the specific metabolic pathway for Bifidobacterium, the 

bifido-shunt, this microorganism has SCFA as main metabolic products, such as acetic acid and 

lactic acid. Although the dynamics of interaction between Bifidobacterium and other bacteria 

in the microbiota and the host itself is not perfectly clear, several studies have indicated that the 

development of Bifidobacterium cause inhibitory effects to some potentially pathogenic 
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bacteria due to the production of SCFA, antibacterial peptides, inhibitors of quorum-sensing or 

by stimulating the immune system (Hidalgo-Cantabrana et al., 2017). 

Considering the possible advantages of extracting XOS from SCB by hydrothermal 

processes mentioned above, a study was carried out by applying a designer of experiment with 

the process conditions (time, temperature, and acid concentration) of XOS extraction on a bench 

scale in a pressure vessel reactor, thus obtaining several hemicellulosic hydrolysates with 

different chemical compositions and structural characteristics of XOS (Marcondes, 2018). 

Thus, this chapter evaluates the prebiotic potential of these hydrolysates through anaerobic 

fermentation with isolated strains of Bifidobacterium. 

 

2.3 MATERIALS AND METHODS 

 

2.3.1 MATERIALS 

The SCB hemicellulose hydrolysates used in this work were obtained in a previous work 

(Marcondes et al., 2020). Briefly, hydrothermal treatments under different process conditions 

following a statistical design of experiments were applied to maximize the extraction of XOS 

by varying temperature (150-190 ºC), time (5-45 min) and concentration of sulfuric acid (0-0.1 

% w /w). The treatments were carried out in a stainless-steel pressured reaction vessel (Parr - 

2L).  

The isolated strains of B. lactis, infantis and adolecentis were obtained from a 

commercial source (THT Belgian company). Glucose (Sigma-Aldrich), commercial FOS 

(NEWNUTRITION) and commercial XOS (PrecticX 95P) were used as controls. 

 

2.3.2 QUANTIFICATION OF CARBOHYDRATES AND SHORT CHAIN 

FATTY ACIDS 

The characterization of the hemicellulosic hydrolysates was performed in previous 

studies (Marcondes, 2018) and is described in Table 1. The previous hydrolysates were named 

PHX, where X is the number of the respective process condition described in the previous work, 

and the fermentation medium using the respective hydrolysates was named HX. 
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The culture media, before and after fermentation, was carried out according to the 

protocol of NREL (Sluiter et al., 2008) in relation to carbohydrates (total monomeric and 

oligomeric), SCFA, such as acetic to lactic acid, and pentose carbohydrate degradation products 

(furfural) using high performance liquid chromatography (HPLC). Briefly, monomeric 

carbohydrates and SCFA were quantified using an HPX-87H separation column (Bio-rad) at 

45°C, eluted with 5 mmol/L sulfuric acid at 0.6 mL/min, with the refractive index detector. To 

quantify total XOS (XT), an acid hydrolysis step (4% w/w H2SO4) was carried out for 1 h at 

121 ºC to hydrolyze all oligomers to monomers, which were as mentioned above. The 

difference between the monomers obtained after hydrolysis in acidic medium and that 

quantified before acid hydrolysis was referred to as the amount of total oligomers. A correction 

factor of 0.88 was used to account for the hydration of xylose obtained in the hydrolysis of the 

oligomers. This technique also allowed to quantify how many acetyl groups were released in 

acid hydrolysis, with a correction factor of 0.983 (Sluiter et al., 2008). For the determination of 

furfural, a Resolve 5µm Spherical C18 column (3.9 x 300 mm) at 25 °C was used, with a mobile 

phase of aceto-nitrile solution and water (1:8) with 1% acetic acid (v/v), using the SPD-10A 

UV-VIS ultraviolet detector (Esteve and Carvalho, 2011). 

The characterization of the XOS also included the determination of the DP, which was 

analyzed as described in (Vacilotto et al., 2022). Briefly, a high-performance anion exchange 

chromatography (HPAEC) system Dionex ICS-5000 (Thermo Scientific, Waltham, USA), 

coupled with an ion exchange column CarboPAC1 (250 mm × 2 mm) (Thermo Scientific, 

Waltham, USA) was set up with flow rate of 0.3 mL/min at 30 °C, injection volume equal to 1 

μL, and 100 mM NaOH (buffer A) and 500 mM sodium acetate with 100 mM NaOH (buffer 

B) as buffers for the elution. The available standards for calculating the DP were xylobiose, 

xylotriose, xylotetraose, xylopentonse and xylohexose, represented by Xyl2, Xyl3, Xyl4, Xyl5 

and Xyl6, respectively. The sum of fractions Xyl2 to Xyl6 and the XOS with DP higher than 

six are named XOS(2-6) and XOS>6, respectively.   

 

2.3.3 IN VITRO ASSAYS 

To assess the suitability of XOS present in the hydrolysates as a prebiotic compound, 

fermentation was performed with probiotic microorganisms, specifically Bifidobacterium 

lactis, infantis and adolescents. Fermentation was carried out at 37 ºC, similar to that of the 

human body, and the incubation time was 3 days in an anaerobic condition. To ensure anaerobic 
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condition of the process, fermentation took place in tubes that provided a 5 cm column of liquid, 

with sterile culture medium. Although the sterilization process (121 ºC for 15 min) also acts as 

a process for removing oxygen, the tubes cannot be shaken after this step. Therefore, rezasurin 

(0.01% w/v) was used as an anaerobic indicator and all culture media did not show the reddish 

color that is characteristic of medium with oxygen in the presence of the indicator, thus 

establishing that the proposed procedure was suitable for anaerobic environments. 

An adaptation of Bifidobacterium medium (DSMZ 58) was used to grow 

Bifidobacterium, with the composition per liter of: 50 g of casein peptone; 25 g of yeast extract; 

25 g of meat extract; 10 g of K2HPO4; 1 g MgSO4 x 7 H2O; 0.25 g MnSO4 x H2O; 5 g of NaCl, 

2.5 g of cysteine-HCl x H2O and 40 ml of resazurin (0.025% w/v). The hydrolysates were used 

as carbon sources, standardizing the XT concentration at 3 g/L. The pH of the media was 

adjusted to 7.2 with 0.5 M NaOH or 1M HCl solution, before the autoclave sterilization process 

at 121 ºC for 15 min. Glucose, XOS and commercial FOS were used as comparative growth 

carbohydrates for the probiotic bacteria (3 g/L), with a concentration fixed at 3 g/L for the XT.  

To assess the prebiotic activity, three parameters were used: cell growth, measured by 

optical density at a wavelength of 650 nm (OD650) (Palframan et al., 2003); variation in the pH 

of the medium and the formation of SCFA.  

 

2.3.4 XYLANASE ACTIVITY 

To determine whether the bacteria secreted enzymes to help metabolize XOS, the 

activity of xylanases and β-xylosidase in the culture medium was verified. For this, the culture 

medium after the fermentation process was first centrifuged at 400 g for 10 min to precipitate 

the bacterial cells. The liquid fractions were collected and assayed for the enzymatic activities.  

Endoxylanase activity was detected according to a procedure adapted from (Tanaka et 

al., 1981). Standard birch xylan substrate solution (Sigma, 1 % w/w in 0.05 M citrate-phosphate 

buffer pH 6.0 solution) in a 1:1 ratio with the liquid sample (100 µL of each) was added in a 

conical tube (volume 2 mL), allowing to react for 12 h at 37 °C and 100 rpm. Blank solutions 

for each carbon source were performed simultaneously with the samples without the presence 

of substrate (xylan). Another blank solution was prepared only with the presence of substrate 

and buffer. After the reaction period, 300 µL of DNS reagent solution (3,5-dinitrosalicylic acid), 

prepared according to (Miller, 1959) were added into the medium to stop the reaction. Xylose 
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solutions were used to prepare the standard curve and were mixed with DNS in the same 

proportion as the samples. The samples and standards were boiled in a water bath for 5 min. 

200 µL of the solutions were added to a 96-well flat-bottom plate for reading in a 

spectrophotometer (Epoch2 – Biotech) at 540 nm. 

For the β-xylosidase activity, the method was adapted from the procedure of (Tan et al., 

1998), where the enzyme acts on the p-nitrophenyl-β-xylopyranoside (pNPX) substrate 

releasing p-nitrophenol (pNP), which is analyzed by spectrometry. For this, 0.5 µL of pNPX 

(Sgima, 0.1 % w/v in 0.05 M citrate-phosphate buffer pH 6.0) and 0.5 µL of the sample were 

mixed in a 96-well plate and incubated for 12 h at 37 °C under stirring at 100 rpm. Substrate 

blank for each carbon source was performed by replacing pNPX with buffer. Sample blanks 

were performed by replacing the sample volume for buffer and pNP was used to standard curve. 

After the incubation period, the reaction was stopped by adding 200 µL of sodium bicarbonate 

(10 % w/w in distilled water) and the absorbance was read at 410 nm.  

 

2.4 RESULTS AND DISCUSSION 

2.4.1 CHARACTERIZATION OF HYDROLYSATES 

The study that generated the hydrolysates used in this research was carried out in order 

to study the process conditions aiming extract XOS with at high yield (Marcondes, 2018). A 

statistical design of experiment was used, which varied temperature, time, and sulfuric acid 

concentration in a pressure vessel reactor (PAR – 2 L). As different process conditions can 

result in XOS with different structures (Carvalho et al., 2018),  several hemicellulosic 

hydrolysates were generated with different compositions between oligomers and monomers 

(Table 1), in addition to obtaining XOS with different structures (i.e, DP).  

The low concentration of glucose in relation to the products of hemicellulose hydrolysis 

(xylose, arabinose and acetyl groups) evidences the high selectivity of the process for the 

extraction of hemicellulose, which was in accordance with the objective of the work to obtain 

processes that were within the concept of fractionation of biorefinery (Marcondes, 2018). This 

was possible due to the choice of working ranges, which sought not to be highly severe in order 

not to reduce the selectivity of the process and not to high obtain xylose as the main product. 

The products of xylan extraction and hydrolysis are predominant, with the xylose released in 

dilute acid hydrolysis (post hydrolysis) representing the concentration of XOS in the 
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hydrolysates. The substituent groups of XOS are understood as arabinose and acetic acid 

released in the post-hydrolysis process, with arabinose coming from arabinosyl groups and 

acetic acid from acetyl groups (Marcondes, 2018). 

All hydrolysates that showed a minimum concentration of 5 g/L of XT (PH3, PH4, PH5, 

PH7, PH8, PH10, PH11, PH13, PH16, PH18 and PH19 – Table 1), including the optimized 

condition for XOS extraction (OT), were explored in this chapter aiming to study the influence 

of these structural differences on the prebiotic capacity of XOS through fermentation of isolated 

strains of bifidobacterium. 

Table 1. Chemical characterization of hemicellulose hydrolysates; Post hydrolysis*: process of breaking 

carbohydrate chains with release of monomers and substituent groups; Hydr. #: Code of each hydrolysate obtained 

in the work Marcondes et. Al. 2020. 

 

2.4.2 CHARACTERIZATION OF FERMENTATION MEDIUM 

The characterization of the hydrolysates in the fermentation  process(HX) was 

performed after the sterilization step, once the conditions applied of 121 ºC during 15 min can 

 Components [g/L] 

 before post hydrolysis * post hydrolysis * 

Hydr. 

#s Glucose Xylose Arabinose 

Acetic 

acid Glucose Xylose Arabinose 

Acetic 

acid 

PH1 0.12 3.84 0.23 1.59 0.72 2.02 0.19 0.74 

PH2 0.02 0.39 0.46 0.42 0.74 2.03 0.40 0.06 

PH3 0.02 2.09 0.60 1.16 1.21 13.16 0.56 1.57 

PH4 0.02 0.57 0.92 0.49 0.60 5.83 0.52 0.70 

PH5 0.02 0.59 0.84 0.76 0.87 10.69 0.79 1.06 

PH6 1.93 5.62 0.58 3.35 0.92 0.38 0.18 0.22 

PH7 0.52 8.16 1.69 1.49 0.93 8.59 0.12 1.29 

PH8 0.19 8.33 1.66 1.26 1.24 9.72 0.13 1.59 

PH9 1.26 13.57 1.57 2.60 0.77 0.32 0.00 0.49 

PH10 0.21 7.84 1.62 1.44 1.21 10.07 0.20 1.42 

PH11 0.40 10.44 1.69 1.57 0.87 6.55 0.21 0.97 

PH12 0.25 5.50 1.53 1.10 0.91 8.87 0.38 1.01 

PH13 0.15 6.33 1.49 1.01 1.15 10.49 0.28 1.50 

PH14 1.24 14.95 1.66 2.51 0.57 1.49 0.00 0.54 

PH15 0.13 1.89 1.04 0.54 0.48 3.75 0.43 0.40 

PH16 0.16 6.69 1.51 1.01 1.07 9.91 0.25 1.55 

PH17 1.63 3.09 0.21 4.24 1.06 0.12 0.19 0.11 

PH18 0.66 8.92 1.30 1.95 0.61 6.05 0.00 0.81 

PH19 0.12 3.78 1.41 0.63 0.98 11.72 0.39 1.55 

POT 0.02 0.21 0.45 0.28 0.69 5.21 0.23 0.54 
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change chemical structure of the XOS and our objective was to evaluate the structure (DP and 

DS) of XOS available for Bifidobacterium in the fermentation process (Table 2). 

Only two HX showed selectivity of XOS for xylose lower than 1 (H11 and H18), i.e., it 

resulted in the extraction of more xylose than XOS (Table 2). The hydrolysate generated at the 

optimized condition (OT) was the one that presented the highest selectivity, which was the 

objective of the experimental design applied in the previous study aimed at XOS extraction 

from sugarcane bagasse (Marcondes et al., 2020). The commercial XOS had the highest 

selectivity, as it has undergone purification and fractionation processes that result in the removal 

of monomers. The XOS’ DP distribution, within range xylobiose to xylohexaose, of most HX 

(H3, H7, H8, H10, H12, H19) has a high correlation (R2>0.9) to commercial XOS’ DP 

distribution, however they also contained xylose, acetyl groups and furfural, even at low 

concentration, which are not found in the commercial XOS (Table 2). The high correlation 

between the proportions of XOS(2-6) compared to commercial XOS has a moderate inverse 

correlation with the selectivity of each fraction (R2=-0.82), meaning that with higher selectivity 

generates lower similarity with the commercial XOS. 

2.4.3 BIFIDOBACTERIUM GROWTH 

Optical density is one of the most common means for determining bacterial growth in 

liquid media due to its rapid performance. However, this method measures the increase in the 

total turbidity of the medium, encompassing active and dead cells and other compounds present 

in the medium, such as products that may have been generated in the fermentation process. 

Based on this, it is interesting to analyze the increase in optical density together with other 

parameters, according to the biochemical process being studied. In the case of fermentation 

with bifidobacterium, whose main products excreted in the medium are acetic and lactic acid, 

parameters such as the decrease of the medium pH and concentration of substrate and products 

at the end of the process can be considered. 

On non-XOS carbon sources, there was a greater growth of B. adolecentis and B. 

infantis when compared to B. lactis (Figure 11). In general, B. infantis was the Bifidobacterium 

that grew best on different carbon sources while B. lactis was the worst. The XOS carbon source 

that resulted in lower growth measured by OD650 was the same that presents low amount of 

XOS(2-6) (H4, H5 and OT), but the level of correlation between these two variables was not high 

(R2<0.491). In fact, no structural characteristic had a high correlation with the optical density 
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variable (Table 3), indicating that components other than the chemical composition of the 

hemicellulosic fraction of the hydrolysate could be affecting the development of 

bifidobacterium. 

B. adolecentis and infantis showed similar decrease in pH levels in most carbon sources, 

while B. lactis showed lower decrease in pH among bifidobacterium in practically all carbon 

sources (Figure 12), a result also found by (Mäkeläinen et al., 2010b). On the other hand, 

(Mäkeläinen et al., 2010b) reported that XOS was more effective for the growth of B. lactis, a 

fact that was not confirmed in this work. Even though there was not a high correlation between 

the structural characteristics of the XOS with the decrease in pH, it is possible to notice that the 

lower values of XOS(DP 2-6) resulted in a smaller decrease in pH. 

The decrease in pH at the end of the fermentation process is an indirect indication of the 

metabolism of the microorganism that has acids as its product and is another way of analyzing 

microbial activity. It can be noted that the decrease in pH was similar among the hydrolysates 

(Figure 12), except for H4, H5 and OT, that did not decrease so much. This result was expected 

as these hydrolysates showed lower values of OD650, and consequently less metabolic activity 
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Figure 11. Growth of B. adolecentis, infantis and lactis by different carbon sources, expressed in Optical 

Density at 650 mm wavelength (OD650). 



 

 

 Table 2. Characterization of fermentation medium with different hydrolysates at the beginning of the process. 

 

* Commercial XOS; ** percentage of each degree of polymerization in the XOS fractions within XOS 2-6 – Xyl2 (xylobiose); Xyl3 (xylotriose); Xyl4 (xylotetraose); 

Xyl5 (xylopentaose), Xyl6 (xylohexaose); *** Weight of furfural/acetyl relative to xylose units on XOS.). 

 

 

 

 

 

 

 

Xylan’s Components 
(% w/w) 

XOS* fermentation medium with different hydrolysates 

3H 4H 5H 7H 8H 10H 11H 12H 13H 16H 18H 19H OT 

ratio XOS/xylose 100.01 4.82 8.36 11.50 1.71 2.11 1.82 0.79 2.05 1.32 1.70 0.85 3.96 9.31 

XT 99.01 82.83 89.32 92.00 63.11 67.85 64.56 44.25 67.25 56.93 63.01 45.87 79.83 90.30 

X(2-6) 65.75 80.50 0.00 6.91 37.15 36.63 19.95 32.05 25.32 28.64 37.09 66.27 13.53 4.43 

X
O

S 
 

co
m

p
o

n
e

n
t 

(%
 

w
/w

)*
* 

Xyl2 40.24 34.43 67.12 25.45 46.71 41.34 40.35 51.45 35.66 41.73 44.50 59.72 32.50 39.36 

Xyl3 36.21 25.26 18.49 18.45 24.95 24.82 25.02 20.80 23.01 25.61 21.83 22.44 23.15 18.47 

Xyl4 16.94 18.97 11.64 20.25 16.15 17.81 17.85 16.08 18.66 17.82 15.76 14.02 19.80 14.06 

Xyl5 6.47 14.88 2.74 21.63 9.08 11.28 11.70 9.65 14.57 11.00 14.14 3.82 15.70 23.69 

Xyl6 0.15 6.46 0.00 14.21 3.11 4.76 5.08 2.02 8.10 3.84 3.77 0.00 8.85 4.42 

Acetyl***   0.12 0.12 0.10 0.15 0.16 0.14 0.15 0.11 0.14 0.16 0.13 0.13 0.10 

Furfural***   0.02 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.03 0.00   

XOS consumption 76.00 61.22 13.40 34.47 56.45 57.87 55.48 72.17 72.96 59.55 50.15 60.25 52.25 18.93 
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Table 3. Correlation factors between the structural characteristics of XOS and the metabolism parameters of Bifidobacterium. Adol: Bifidobacterium adolecentis; 

Inf.: Bifidobacterium Infantis; Lac.: Bifidobacterium lactis. 

 

*Percentage of each degree of polymerization in the XOS fractions within XOS(2-6) – Xyl2 (xylobiose); Xyl3 (xylotriose); Xyl4 (xylotetraose); Xyl5 (xylopentaose), 

Xyl6 (xylohexaose). Color legends: correlation factor ranging from -1 (red) to +1 (green). 

Xylan’s 

Components (% 

w/w) 

DO650 pH Acetic acid Lactic acid Lactic + acetic acid 

Adol. Inf. Lac. Adol. Inf. Lac. Adol. Inf. Lac. Adol. Inf. Lac. Adol. Inf. Lac. 

Ratio XOS/xylose -0.70 -0.68 -0.74 -0.73 -0.79 -0.62 -0.73 -0.87 -0.65 -0.83 -0.83 -0.86 -0.84 -0.86 -0.84 

XT -0.73 -0.74 -0.62 -0.59 -0.70 -0.42 -0.66 -0.89 -0.45 -0.88 -0.92 -0.78 -0.84 -0.92 -0.71 

XOS(2-6) 0.36 0.49 0.41 0.56 0.57 0.54 0.36 0.64 0.54 0.44 0.58 0.64 0.43 0.61 0.65 

X
O

S
 

co
m

p
o
n
en

t 
(%

 

w
/w

)*
 

Xyl2 0.04 0.23 -0.06 -0.43 -0.31 -0.54 -0.06 0.15 -0.36 0.20 0.27 0.07 0.08 0.23 -0.10 

Xyl3 0.37 0.30 0.48 0.78 0.74 0.69 0.46 0.63 0.65 0.45 0.52 0.62 0.49 0.57 0.68 

Xyl4 0.12 0.01 0.26 0.66 0.59 0.67 0.25 0.15 0.39 0.05 0.03 0.17 0.16 0.07 0.27 

Xyl5 -0.14 -0.38 -0.20 0.03 -0.08 0.21 -0.18 -0.43 0.17 -0.37 -0.49 -0.31 -0.30 -0.47 -0.13 

Xyl6 -0.24 -0.30 -0.04 0.22 0.13 0.32 -0.03 -0.31 0.06 -0.35 -0.42 -0.26 -0.22 -0.38 -0.14 

Acetyl*** 0.63 0.42 0.51 0.51 0.54 0.28 0.34 0.74 0.36 0.74 0.66 0.74 0.61 0.70 0.64 

Furfural*** 0.04 0.60 0.31 0.21 0.30 0.21 0.15 0.51 0.37 0.27 0.53 0.41 0.23 0.53 0.42 

XOS consumption 0.72 0.64 0.74 0.90 0.93 0.83 0.83 0.84 0.68 0.78 0.80 0.81 0.87 0.82 0.82 

4
4
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As with the OD650 data, the decrease in pH was greater for B. infantis, adolecentis and 

lactis, respectively. The decrease in pH is a result of the accumulation of SCFA that are released 

as metabolites of Bifidobacterium. It is possible to notice that the hydrolysates that had the worst 

performance in releasing SCFA were the same ones that resulted in less cell growth and a lower 

decrease in pH of the medium (Figure 13). HX with XOS(2-6) values greater than 10% performed 

at the same level or higher when compared to commercial XOS or non-XOS carbon source, mainly 

for lactic acid release by B. infantis. Hydrolysates that showed higher selectivity of XOS in relation 

to xylose showed an inverse correlation with the release of acetic and lactic acid (Table 3), which 

may indicate that the high concentration of SCFA may come from the higher concentration of 

monomer (xylose) in the culture medium.  

There was a good correlation (R2 < 0.7) between the presence of acetyl groups and the 

release of lactic acid, which may raise the hypothesis that the release of acetic acid in the medium 

from the XOS molecules could shifted the balance of Bifidobacterium metabolism to the formation 
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Figure 12. Decrease in pH value at the end of fermentation by different Bifidobacterium using different 

carbon sources from previous work (Marcondes et al., 2020). 
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of lactic acid. However, it is necessary a more in-depth study of the metabolic pathways and their 

possible deviations caused by external factors. 

XOS consumption occurred in all carbon sources that contained XOS (Figure 14). Although 

in different amounts, in percentage, the consumption of XOS was similar among commercial XOS 

and the H11 and H12 hydrolysates. Accompanying the lower growth, the H4, H5 and OT resulted 

in lower consumption of XT. The other hydrolysates showed similar consumption ranges, close to 

55%. The low consumption of XT was not related to the presence of acetyl groups (R2 = 0.47) 

however it has a positive correlation with all parameters that represent bifidobacterium metabolism 

as pH decrease (R2 > 0.83), growth by OD650 (R
2 = 0.64) and release of SCFA (R2 = 0.68) (Table 

3). When compared with XT and XOS/xylose selectivity, the consumption of XOS presented an 

inverse correlation (R2 = -0.74 and -0.82, respectively), reinforcing that the treatments, within the 

Figure 13. Release of SCFA, acetic and lactic acid in the culture medium after anaerobic fermentation by 

bifiddobacteria Adol: B adolecentisl Inf.: B. Infantis; Lactis: B. lactis. Carbon source from previous works (Marcondes 

et al., 2020). 

XO
S

FO
S

G
LU

C
O
SE

H
03

H
04

H
05

H
07

H
08

H
10

H
11

H
12

H
13

H
16

H
18

H
19 O

T

0,0

0,5

1,0

1,5

2,0

2,5

3,0

C
o

n
c
e
n

tr
a

ti
o
n

 (
g

/l
)

Carbon source

 Adol. acetic

 Adol. lact

 Inf. acetic

 Inf. lact

 Lactis acetic

 Lactis lact



47 

 

conditions studied, with the highest selectivity and yield did not result in an XOS hydrolysate 

suitable to be consumed by the bifidobacterium studied. 

Among the monomers, glucose was consumed from all carbon sources. Xylose and 

arabinose had a low consumption rate, and, in some cases, these monomers were released into the 

medium (Table 4). This release may have occurred due to the hydrolysis of XOS before being 

metabolized by the bacteria, releasing monomers (xylose) and side groups (arabinose and acetic 

acid). To verify if Bifidobacterium would have secreted enzymes to break down XOS and thus 

metabolize the depolymerization products, the presence of the xylan degrading activities 

endoxylanase activity and β-xylosidase were performed (Figure 15).  

In all carbon sources that contain XOS or xylose, endoxylanase activity, that act on xylan 

chains with the objective of hydrolyzing them to smaller chains, was detected. Β-xylosidase 

activity, which is related to hydrolysis of xylobiose and xylotriose releasing xylose monomers, was 

detected in only five carbon sources and at very low levels (Figure 15). Considering that not all 

hydrolysates showed β-xylosidase activity but showed growth and XOS consumption (Figure 14), 

Figure 14. Total XOS consumption during fermentation with B. Adolecentis 
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it is reasonable to say that B. adolecentis can use more than one mechanism for XOS consumption 

in addition to hydrolyze it outside the cell into a monomer for its consumption. (Yang et al., 2019) 

studied the behavior of B. adolecentis in the presence of XOS and xylose and observed that there 

was a significant increase in the expression of several genes related to the ABC transport of xylo-

oligomers in the presence of XOS, evidencing that the bacterium adapts to the use of the oligomer 

without first degrading it into monomer in the external environment, performing this function only 

inside the cell. This behavior may explain the fact that even in the absence of β-xylosidase activity, 

XOS was consumed by B. adolecentis. However, this mechanism may not be efficient for XOS 

with very high DP since hemicellulosic hydrolysates with high fractions higher than xylohexaose 

showed lower growth and release of SCFA (Figure 13). 

Table 4. Balance of monomeric carbohydrates after fermentation with B. adolecentis in different carbon 

sources. Balance considered the carbohydrate concentration before fermentation subtracted from the carbohydrate at 

the end of fermentation.  

ND: not detected; SD: standard deviation.; Negative values mean that the monomers were released into the 

fermented medium. Carbon source from previous works (Marcondes et al., 2020). 

 

Regarding the presence of degradation compounds, HMF and furfural, there was no 

correlation between the presence of these compounds and the growth of Bifidobacterium, both by 

OD650 nm and decreases in pH. Interesting, the furfural compound, most present in the 

hemicellulosic hydrolysate, does not have the median lethal dose (LD50, or LD50) values, which 

Carbon 

source 

Monomeric carbohydrates (g/L) 

Xylose SD Arabinose SD 

XOS -0,58 0,09 ND ND 

H03 0,08 0,08 0,07 0,02 

H04 0,01 0,00 0,06 0,01 

H05 -0,21 0,01 0,04 0,01 

H07 0,76 0,06 0,12 0,02 

H08 0,32 0,13 0,03 0,03 

H10 0,41 0,51 -0,05 0,06 

H11 1,88 0,03 0,16 0,03 

H12 -1,13 0,01 -0,03 0,01 

H13 0,34 0,04 0,11 0,03 

H16 0,40 0,11 0,06 0,03 

H18 1,66 0,11 0,15 0,02 

H19 -0,14 0,03 0,01 0,01 

OT -0,24 0,01 0,01 0,00 
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is the lethal dose to eliminate 50% of the test population, known to humans. However, for rats the 

value is 122 mg/Kg, 950 mg/Kg for puppies and 400 mg/Kg for mice (Database, 2019). In addition, 

furfural is normally found in heat-processed foods and consumed daily in the human diet. Thus, 

further studies on the influence of these degradation compounds need to be developed to clarify 

their real impact on human health, and so far, it is not evidence that their presence is a disadvantage 

for the use of hydrothermal treatment to produce XOS. 

 

2.5 CONCLUSION 

It is possible to state that the hemicellulosic hydrolysate, obtained by hydrothermal 

treatment of sugarcane bagasse and with DP distribution similar to XOS commercial, can be used 

as a carbohydrate source for the development of B. adolecentis, B. infantis and B. lactis. The main 

products of carbohydrate fermentation by bifidobacterium were acetic and latic acids, showing 

high a correlation with XOS consumption. Apparently, Bifidobacterium use another method than 

the excretion of xylan-depolymerizing enzymes to metabolize XOS. The presence of the 

carbohydrate-degrading compounds furfural and HMF did not affect the growth of 

Figure 15. Enzymatic activities of endoxylanase and β-xylosidase in the culture medium after the 

fermentation process by B. adolecentis 
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Bifidobacterium, as the acetyl groups attached to XOS. These findings indicate that XOS obtained 

by hydrothermal treatment of sugarcane bagasse has the potential to be considered prebiotic 

compounds, since they can be used as a substrate by Bifidobacterium. However, it was shown that 

XOS with a long chain (higher than xylohexaose) resulted in lower metabolic activity of the studied 

Bifidobacterium. 
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CHAPTER 3: ANALYSIS OF THE PREBIOTIC POTENTIAL OF XOS 

EXTRACTED FROM SUGARCANE BAGASSE ON A PILOT SCALE WITHIN A 

BIOREFINERY CONCEPT 

3.1 ABSTRACT 

This chapter aims to explore the prebiotic potential of XOS extracted on a pilot scale, which 

is part of the published article entitled “High yield biorefinery products from sugarcane bagasse: 

Prebiotic xylooligosaccharides, cellulosic ethanol, cellulose nanofibrils and lignin nanoparticles”. 

Based on previous studies, it was possible to conclude that XOS extraction conditions with high 

selectivity (xylooligosaccharides > xylose) resulted in XOS with lower prebiotic activity, possibly 

due to the high concentration of XOS with size greater than six xylose units. This led us to explore 

process conditions for extracting XOS with lower selectivity but with higher concentration of 

XOS(2-6), a process condition also suitable for increasing the efficiency of ethanol production. 

Therefore, in this chapter XOS was extracted within a pilot scale biorefinery concept with medium 

selectivity but high concentration of XOS(2-6). This XOS was evaluated for its prebiotic potential 

using isolated strains of Bifidobacterium. The results showed that the XOS extracted in this way 

has the potential to be used as a prebiotic since it showed similar efficiency to commercial XOS as 

a source of substrate for the Bifidobacterium studied. 

 

3.2 INTRODUCTION 

This chapter is part of the article “High yield biorefinery products from sugarcane bagasse: 

Prebiotic xylooligosaccharides, cellulosic ethanol, cellulose nanofibrils and lignin nanoparticles” 

(Bioresource Technology – Volume 342, December 2021, 125970).  

Over the last two decades, intensive efforts have been dedicated worldwide to the 

development of technologies for the biotechnological conversion of lignocellulosic feedstock into 

cellulosic ethanol as a biofuel. However, although the purchase price of cellulosic feedstock is 

generally competitive with petroleum on an energy basis, the cost of conversion using present’s 

technology is high. The main economic obstacle to cost-competitive cellulosic biofuel production 

is the cost of conversion, rather than the cost of feedstock (Lynd et al., 2017).  
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The key factor responsible for the high cost of processing cellulosic biomass using current 

technology is the recalcitrance of lignocellulose, that is, the difficulty of its conversion to reactive 

intermediates (fermentable sugars). Such recalcitrance barrier is manifested in costs associated with 

the two unit operations aimed at rendering cellulosic biomass fermentable: thermochemical 

pretreatment and enzymatic hydrolysis (Lynd et al., 2017). Therefore, production of cellulosic 

ethanol as a single-product is still not cost-competitive in large scale (Xu et al., 2019) and 

commercial projects are limited to the remaining first few plants at different stages of development 

and commercialization (Rosales-Calderon and Arantes, 2019). Thus, the production of co-products 

alongside cellulosic ethanol, the so called biorefinery concept, has been recognized as the most 

promising strategy that can benefit not only process economics but environmental performance as 

well (Mussatto and Bikaki, 2016; Rosales-Calderon and Arantes, 2019).  

A biorefinery integrates different technologies to selectively fractionate lignocellulose 

biomass in its major constituents (cellulose, hemicellulose, and lignin) and to convert them into a 

spectrum of bio-based products (chemicals, food and feed ingredients, materials) and bioenergy 

(biofuels) (Demirbas, 2010). In this context, the selective fractionation of hemicellulose and lignin 

in a cellulosic ethanol-driven biorefinery also offers various advantages for production of cellulosic 

ethanol. For example, residual hemicellulose associated with the cellulose has been widely 

demonstrated to have a significant negative effect on the enzymatic hydrolysis as it decreases the 

access of enzymes to cellulose and its solubilization during hydrolysis can require various 

hemicellulose-degrading enzymes, which are highly dependent on the lignocellulose type, 

pretreatment technology and its severity (Hu et al., 2013; Öhgren et al., 2007). In addition, pentose 

sugars (mainly xylose) released from residual hemicelluloses during enzymatic hydrolysis are not 

fermentable with typical industrial ethanol producing Saccharomyces cerevisiae, thus requiring an 

efficient recombinant strain engineered with pentose metabolism to produce ethanol (Lynd et al., 

2017). Therefore, efficient fractionation of hemicellulose prior to cellulose hydrolysis can 

eliminate the necessity for laborious design and expensive development of custom-made enzyme 

preparations and overcome the limited cellulose accessibility, consequently enhancing cellulose 

hydrolysis efficiency. 

To fractionate and recover, at high yield, hemicellulose from lignocellulose, hydrolysis 

under acid condition is required and hydrothermal treatments using only water (liquid hot water) 
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or steam (steam explosion), also known as autohydrolysis pretreatments, have been considered the 

most attractive options (Duque et al., 2016; Ramos et al., 2020).  First because they are 

environmentally friendly, relatively inexpensive (no need for chemicals and there are no major 

corrosion issues due to the mild acidic medium) and have been successfully applied to a wide 

variety of lignocellulosic biomass (Mosier et al., 2005). Another benefit is that the mild condition 

widely employed to minimize the formation of sugar degradation products while still solubilizing 

sufficiently amount of hemicellulose, breaks down the hemicellulose chains generating a 

hemicellulose-rich hydrolysate high in oligomers of varying degree of polymerization (Carvalho 

et al., 2018; Marcondes et al., 2020; Mosier et al., 2005). This in fact creates an opportunity to, in 

a single process step, selectively fractionate hemicellulose directly into a marketable product since 

oligomers can be used in different areas with significant economic value (i.e., pharmaceutical 

products, food ingredients, fuels, chemicals, and bioplastics) (Lara-Flores et al., 2018). 

In this work, an integrated biorefining strategy was applied to sugarcane bagasse (SCB) to 

selectively fractionate it into its main constituents and allow production of high value biorefinery 

products. First, SCB was pretreated by uncatalyzed steam explosion using a continuous pilot-scale 

reactor to solubilize hemicellulose while generating a XOS-rich hydrolysate, whose in vitro 

efficacy as prebiotic towards different probiotic bacteria was evaluated without further purification. 

 

3.3 MATERIALS AND METHODS 

 

3.3.1 XOS EXTRACTION 

The SCB, kindly supplied by the Brazilian National Biorenewables Laboratory – LNBR 

(Campinas/SP, Brazil), was processed in a continuous steam explosion pilot unit 

(ADVANCEbio®) at the pilot plant of the LNBR according to Rocha et al. (2012). Briefly, the 

reactor was fed simultaneously with bagasse at a rate of 11.7 kg/h and saturated steam at a rate of 

25−30 kg/h at 15 bar (approximately 190 °C), with a residence time of 15 min, depressurized and 

automatically discharged.  

To extract the XOS produced during steam explosion, the steam exploded bagasse was 

added into a tumbling reactor at a 20% w/v for 30 min and 30°C. Then, the mixture was vacuum 
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filtered over a 25-mesh membrane and the filtrate collected, hereafter referred to as SCB-XOS 

hydrolysate. To increase the removal of saccharides, distilled water (equivalent to the total weight 

of the mixture) was used to wash the solid fraction by filtration and the diluted filtrate, hereafter 

referred to as washing liquor (WL), was collected and used for mass balance purpose. The solid 

fraction, containing mainly cellulose and lignin, was collected and utilized for lignin fractionation. 

3.3.2 CHARACTERIZATION OF THE LIQUID FRACTIONS  

Chemical characterization of liquid fractions was carried out according to the following 

National Renewable Energy Laboratory (NREL, USA) analytical protocol: NREL/TP-510−42623 

for the liquids fraction (Sluiter et al., 2008). Acid-soluble lignin was determined at 205 nm 

considering a absorptivity constant of 105 L.g−1 cm−1 (Dence, 1992). Monomeric sugars, short 

chain fatty acid (SCFA) and ethanol were quantified by high pressure liquid chromatography 

(Waters® HPLC) using an HPX-87H (Bio-rad) column at 45 °C, eluted with 5 mmol/L sulfuric 

acid at 0.6 mL/min and a detector of refractive index at 35 °C. Furfural was determined using an 

ultraviolet detector at 210 nm wavelength. For the determination of the total oligomeric sugars, a 

post-hydrolysis step in dilute acid (4% w/w H2SO4) was carried out at 121 °C for 1 h to 

depolymerize all the oligomers to their corresponding monomers, according to protocol NREL/TP-

510−42623. The cooled samples were filtered and analyzed by HPLC. The quantification of the 

oligomeric sugars was made by the difference between the amount of sugars obtained in the post-

hydrolysis stage and the sugars obtained directly in the liquid fractions. 

To determine the xylooligomers, two coupled columns were used, Bio-Rad HPX-87C and 

Bio-Rad HPX-42A, with 0.5 mL/min deionized water flow at 65 ºC and a refractive index detector. 

The standards for the calculation of oligomers were xylobiose, xylotriose, xylotetraose, 

xylopentose and xylohexose. 

 

3.3.3 IN VITRO PREBIOTIC ASSAY 

To assess the suitability of the XOS hydrolysate as a prebiotic compound without any 

purification step, four probiotic bacteria were used: Bifidobacterium lactis, Bifidobacterium 

infantile, Bifidobacterium adolecentis and Bifidobacterium breves (THT, Gembloux, Belgium). 

Fermentation was carried out at 37 ºC (temperature similar to that of the human body) for three 

days under anaerobic condition. The Bifidobacterium medium (“German Collection of 
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Microorganisms and Cell Cultures GmbH: List of Media for Microorganisms,” n.d.) used as the 

base medium consisted of (per liter): 10 g of casein peptone, 5 g yeast extract, 5 g of meat extract, 

2 g of K2HPO4, 0.2 g MgSO4.7H2O, 0.05 g MnSO4. H2O, 1 g of NaCl, 0.5 g of cysteine-HCl.H2O 

and 8.0 mL of resazurin (0.025% w/v). The final concentration of SCB-XOS in the assays was 5 

g/L. Xylose (sigma-aldrich), glucose (sigma-aldrich), commercial XOS (PrecticX 95 P) and 

commercial fructooligosaccharides (FOS) were used as comparative carbohydrates, also at 5 g/L. 

The pH of the media was adjusted to 7.2 with 0.5 M NaOH solution before sterilization in autoclave 

(121 ºC for 15 min). Three parameters were used to assess the prebiotic activity: cell growth, 

measured by optical density at 650 nm (Mäkeläinen et al., 2010b); final medium pH, an indicator 

that the bacteria generated short-chain fatty acids; and the production of short-chain fatty acids 

(acetic and lactic acid). 

 

3.4 RESULTS AND DISCUSSION 

Even though the applied hydrothermal treatment has not been optimized for selective 

extraction of XOS from the SCB, but rather to benefit cellulosic ethanol production (Rocha et al., 

2012), it was possible to obtain a XOS-rich hydrolysate with a ratio of oligomers to xylose 

(selectivity) of 2:1 (Table 5). In general, this SCB-XOS has a composition similar to that of the 

commercial XOS, however, for SCB-XOS it is worth highlighting the higher concentration of 

xylobiose and xylotriose and practically no oligomers with size greater than six xylose units (Table 

5). Unlike commercial XOS, side groups such as arabinose and acetyl were observed in SCB-XOS, 

which can result in differentiated prebiotic activities (Aachary and Prapulla, 2011). In addition, the 

concentration of glucose oligomers and monomers derived from cellulose hydrolysis were very 

low. 

The presence of non-saccharide compounds such as phenolics and sugar degradation 

products (furfural and hydroxymethylfurfural – HMF) in the SCB-XOS hydrolysate was very low 

(Table 5), which is likely due to the mild conditions of the steam explosion treatment. Indeed, these 

are commonly considered as undesired and toxic compounds, constituting one of the major 

disadvantages of the hydrothermal extraction method to produce XOS as compared to enzymatic 

treatments (Kumar et al., 2021). However, negative effects related to the presence of these 

compounds in a XOS hydrolysate for probiotic bacteria has not yet been demonstrated. Instead, it 
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has recently been shown a positive relationship between the presence of sugar degradation (furfural 

and HMF) in foods, like bread and raw banana, thermally treated and the development of bacteria 

that play positive roles in the human microbiota (Pérez-Burillo et al., 2018)  

Table 5. Characterization of the xylooligosaccharide-rich hydrolysate extracted from sugarcane bagasse 

(SCB-XOS), XOS*: commercial XOS and the washing liquor (WL). 

 

To assess the potential to modulate the intestinal microbiota, the SCB-XOS used as a 

substrate for in vitro assays with four different bacteria considered beneficial to human health, B. 

lactis, B. adolescentis, B. infantis and B. breves (Mäkeläinen et al., 2010b). We emphasize that the 

focus of this study was not to prove the effectiveness of XOS as a prebiotic, as this has already 

been well established (Aachary and Prapulla, 2011), but rather to assess the  prebiotic potential of 

the produced SCB-XOS (without any purification step – containing xylose, minor quantities of 

phenolics and sugar degradation compounds as well as XOS with varying degree of 

polymerization) obtained via steam explosion from SCB in a biorefinery concept on a pilot scale 

as compared to commercial prebiotic XOS produced by chemical extraction of xylan followed by 

enzymatic treatments. 

When xylose was used as the sole carbon source, xylose consumption varied depending on 

the Bifidobacterium (Figure 16). B. lactis practically did not consume xylose, resulting in no 

bacterial growth and no change in the pH of the medium, while B. infantis consumed part of the 

 Compounds 
SCB-XOS WL XOS* 

Concentration [ g/L] 

Monomers 

Glucose 1.05 0.18 ND 

Xylose 8.13 2.61 ND 

Arabinose 0.94 0.22 ND 

Total oligomers 
Glucose 3.00 1.24 ND 

Xylose 16.19 6.17 ND 

Side groups 
Acetic acid 3.70 1.60 ND 

Arabinose 0.07 0.14 ND 

Xylose oligomers 

Xylobiose 6.50 2.59 2.99 

Xylotriose 4.06 1.58 2.39 

Xylotetraose 1.77 0.86 1.85 

Xylopentose 2.12 0.49 1.01 

Xylohexose 0.72 0.41 1.26 

Others 
Soluble lignin 1.51 1.32 ND 

Furfural 0.031 0.007 ND 
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xylose and the other Bifidobacterium consumed all xylose. For the Bifidobacterium that consumed 

xylose, acetic acid was the predominant metabolite in relation to lactic acid (Figure 16C). The use 

of xylose as a carbon source for Bifidobacterium was carried out because xylose was found in the 

SCB-XOS. However, it is important to mention that xylose is unlikely to reach the intestinal 

microbiota, as it is absorbed by the small intestine (Craig and Atkinson, 1988), but if it reaches the 

gut microbiota, it is possible to verify that it would serve as a carbohydrate for some 

Bifidobacterium. 

Glucose, used as a comparative sugar, was the carbohydrate source that best stimulated the 

growth of the Bifidobacterium, even compared with commercial prebiotic, as can be seen for the 

generation of the greatest cell mass, the highest reduction in final pH, in addition to being 

practically all consumed (Figure 16). Compared to SCB-XOS and commercial XOS, commercial 

Figure 16. Metabolic parameters and carbohydrate consumption by Bifidobacterium over 72 h. A – final cell 

concentration (g/L) calculated by optical density at 600 nm; B – pH after prebiotic fermentation; C – Short chain fatty 

acid released during prebiotic fermentation; D – consumption of carbohydrate after prebiotic fermentation. 
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FOS, used as a comparative prebiotic, promoted similar growth of B. lactis and B. breves, but a 

higher growth of B. adolescentis and a lower growth of B. infantis. 

SCB-XOS showed similar bacterial growth development and pH reduction to the 

commercial XOS, which was used as a prebiotic for comparison (Figure 16A-B). The amount of 

lactic acid secreted in the medium was higher with SCB-XOS for three of the Bifidobacterium (B. 

lactis, B. infantis and B. adolecentis), while with commercial XOS the production of acetic acid 

was more pronounced for all Bifidobacterium (Figure 16C). For three of the Bifidobacterium 

studied (B.infantis, B. adolecentis and B. breves), XOS consumption was slightly higher in 

commercial XOS than in SCB-XOS, while for B. lactis, XOS consumption was similar (Figure 

16D).  

The results from the in vitro prebiotic assays with the four Bifidobacterium evidence that 

the metabolism data using as-produced SCB-XOS and commercial prebiotics (XOS and FOS) were 

very similar, even though the SCB-XOS contained other compounds (monomers, sugar 

degradation compounds and phenolics) in addition to xylooligomers with varying degree of 

polymerization. The production of lactic and acetic acids indicates that XOS from SCB has the 

potential to benefit human health since these acids released by Bifidobacterium are considered 

responsible for improving the functioning and regulation of the human microbiota (Aachary and 

Prapulla, 2011). 

 

3.5 CONCLUSION 

The XOS extracted on a pilot scale by the steam explosion process showed a prebiotic 

potential similar to the commercial XOS when compared to the suitability of being a carbon source 

for the Bifidobacterium studied. This work reinforces what was noted in the previous chapter, in 

which XOS extracted at median selectivity showed prebiotic activity equal to or greater than 

commercial XOS, but now obtained on a pilot scale and within a biorefinery concept. 
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CHAPTER 4: INFLUENCE OF STRUCTURAL PROPERTIES OF XOS ON ITS 

POTENTIAL AS A PREBIOTIC COMPOUND IN HUMAN FECAL FERMENTATION. 

4.1 RESUME 

Moving forward in the studies of the potential properties of XOS extracted from sugarcane 

bagasse, this chapter is dedicated to analyzing the influence of the XOS structure, the degree of 

polymerization (DP), on its prebiotic potential through fecal fermentation. For this, XOS with 

different DP was obtain by a process for fractionation of XOS-SCB using a chromatographic 

column permeated with Bio-gel P-2, where two new fractions of XOS were obtained, one enriched 

with shorter chains (XOS-short) and another enriched with longer chains (XOS-long). Commercial 

XOS, XOS-SCB and the two new XOS fractions were subjected to human fecal fermentation from 

three donors. Fermentation was carried out in an agitated anaerobic system, at constant temperature 

of 37 ºC, and samples were taken at 0, 4, 8 and 24 h. The results on the pH profile and ammonia 

accumulation in the fermentation medium did not indicate an influence of the XOS DP on the 

metabolism of the bacteria, with the difference among individuals being a more relevant factor. 

Cytotoxicity analysis showed that XOS-Long and the fermentation product of XOS-SCB have an 

adverse effect on cell viability, while all XOS from sugarcane bagasse present a protective action 

against the cell membrane damage, both before fermentation as after 24 hours of fermentation. 

 

4.2 INTRODUCTION 

The structural properties of oligosaccharides can be extremely important for their use, since 

their structure can influence their prebiotic activity (Sanz et al., 2005; van Craeyveld et al., 2008). 

Sanz et al. studied the influence of linkages on glycoside groups in disaccharides and concluded 

that 1-2, 1-4 and 1-6 linkages generated higher prebiotic activity, especially Kojibiose and 

sophorose, and that disaccharides containing mannose showed low prebiotic levels, except for 6α-

mannobiose. Craeyveld et al. (2008) studied the effect of the arabinoxylan-oligosaccharides 

(AXOS) structure on the prebiotic effect in rats, considering the average degree of polymerization 

(avDP)), evidencing that an avDP value ≤5 stimulates a growth of Bifidobacterium while an avDP 

value > 12 does not stimulate the growth of these same bacteria (van Craeyveld et al., 2008).  

 



60 

 

Although there is no consensus on which DP range XOS has the best prebiotic properties, 

some studies indicated the limited size of XOS that can exert a prebiotic activated, as XOS with 

DP < 12 (van Craeyveld et al., 2008) and XOS < 5 (Mäkeläinen et al., 2010b), and further research 

on the influence of XOS structure on prebiotic activity should be carried out. This observation was 

also demonstrate about the limited size to be a carbon source to Bifidobacterium in the previous 

chapter (chapter 2), when XOS with DP greater than six (XOS(>6)) resulted in lower growth of 

isolated strains of Bifidobacterium as compared to hemicellulosic hydrolysates with higher 

concentration of XOS(2-6).  

The structural differences of XOS, such as DP, have been shown to significantly influence 

the growth of isolated bacterial strains (Mäkeläinen et al., 2010b). This may be a relevant factor 

when one wants to obtain a prebiotic compound with specific actions.  

One of the most used techniques for fractionation of oligomers in relation to their size, 

which reflects the DP, are the gel permeation chromatographic. Although this technique has a 

limitation of use due to its high cost in large-scale production (Manisseri and Gudipati, 2010), it 

allows the separation of oligomers into fractions with different DP, depending on the pore size of 

the bio-gel column used (Palaniappan et al., 2021).  

To study the influence of the DP of XOS extracted from SCB on prebiotic activity using 

human fecal samples, in an attempt to study the prebiotic potential in an environment closer to the 

human microbiota, in this chapter XOS-SCB was submitted to a fraction process by liquid 

permeation chromatography technique in Bio-Gel P-2, obtain two major new fractions, one with 

short-chain XOS (XOS-short) and other with long-chain XOS (XOS-long).  

 

4.3 MATERIALS AND METHODS 

 

4.3.1 MATERIALS 

The xylooligosaccharides used were from a commercial source (PrecticX 95P) and from 

sugarcane bagasse (XOS-SCB) as reported in previous work (Pereira et al., 2021) and used in the 

chapter 3.  
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4.3.2 PURIFICATION AND FRACTION OF XOS 

Preliminary tests for the fractionation of XOS-SCB was carried out with a 25 cm x 1 cm 

(80 mL) column packed with Bio-gel P-2 at a 1 ml/min flow, with fractions being collected every 

2 min. After this validation step, the XOS-SCB hydrolysate was fractionated on a Bio-Gel P-2 

column 45 × 1.5 cm (320 mL) eluted with ultra-pure water at a flow rate of 0.5 mL/min. Fractions 

were collected with the aid of an automatic collector programmed to collect fractions every 10 min. 

A total sample volume of 5.0 mL was used for each run on the column. After each fractionation 

cycle, the column was eluted with ultra-pure water until it was fully restored. Each fraction was 

subjected to characterization to determine the DP of the XOS obtained. 

XOS fraction with short-chain (xylobiose and xylotriose) was pooled together as well as 

XOS fraction with long-chain (xylotetraose until xylohexaose), being named XOS-short and XOS-

long, respectively. These new samples were concentrated by a combination of vacuum evaporation 

system at 70 °C and lyophilization, and storage at -20 ºC until further use. 

 

4.3.3 XOS’ DEGREE OF POLIMERIZATION 

The characterization of XOS DP was performed by two techniques due to availability of 

equipment. The first was applied to the characterization of XOS-SCB and its fractionation in a Bio-

gel P-2 column. The second technique was used to confirm the efficiency of the fractionation 

system by gel permeation chromatography. 

First technique: To determine the DP of the xylooligomers in the fractions collected after 

gel permeation chromatography, two coupled columns were used (Bio-Rad HPX-87C and Bio-Rad 

HPX-42A), with 0.5 mL/min deionized water flow at 65 °C and a refractive index detector. The 

standards for the calculation of oligomers were xylobiose, xylotriose, xylotetraose, xylopentose, 

and xylohexaose. 

Second technique: The XOS-SCB, XOS-Long and XOS-Short were resuspended in pure 

water was analyzed as describe in (Vacilotto et al., 2022). Briefly, samples were analyzed using 

the high-performance anion exchange chromatography (HPAEC) system Dionex ICS-5000, 

coupled with an ion exchange column CarboPAC1 (250 mm × 2 mm) (Thermo Scientific, 

Waltham, USA). Running conditions were as follow: flow rate of 0.3 mL/min at 30 °C, injection 

volume equal to 1 μL, 100 mM NaOH (buffer A) and 500 mM sodium acetate with 100 mM NaOH 
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(buffer B) as buffers used in the elution. The standards used was xylose xylobiose, xylotriose, 

xylotetraose, xylopentose, and xylohexaose. 

 

4.3.4 FECAL FERMENTATION 

 

4.3.4.1 FECAL SAMPLES PREPARATION 

Three independent biological triplicates were performed, using fecal samples from three 

healthy donors. The samples were collected with the approval of the Swedish Ethical Review 

Authority (Dnr 2022-01696-01), and all participants signed an informed consent prior to the 

initiation of the experiment. The participants had not used antibiotics or fiber supplementation in 

the previous six months of the sample collection. Fresh fecal samples were collected and kept in 

an anaerobic environment with the aid of an anaerobic punch (Oxoid AnaeroGen W-zip compact 

gas generator system, #12201972 - AN0010W) until homogenized in a sterile 50 mM PBS buffer 

in a ratio of 200 g/L. The slurry was prepared just prior to inoculation in the bioreactors. 

 

4.3.4.2 FERMENTATION 

The basal medium ingredients in pure water per liter were 2 g of Peptone water, 2 g NaCl, 

0.04 of K2HPO4, 0.04 g of KH2PO4, 0.01 g of MgSO4.7H2O, 0.04 g of CaCl2.6H2O, 2 g of NaHCO3, 

2 mL of Tween 80, 0.05 g of Haemin (Sigma, #51280), 10 µL of Vitamin K1 (Sigma, #V3501), 1 

g of Cysteine.HCl (Sigma, #C7477) and 0.5 g of Bile salts (Sigma, #48305). The correspondent 

substrates (1 % w/w) and 100 mL of the basal medium, previously bubbled with sterile nitrogen, 

were mixed in the anaerobic chamber (37oC; 10% H2, 80% N2, 10% CO2; Ruskinn, UK) and 

inoculated with 10 % v/v of fecal slurry, reaching a final fecal concentration of 2 % w/v. Fecal 

fermentation was carried out in a Gas Endeavor system using 500 mL bottles during 24 h, with 

stirring at 100 rpm. Aliquots of the samples were collected at 0, 4, 8 and 24 h, centrifuged and both 

supernatant and pellet were storage at -80 oC until further use. 
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4.3.5 METABOLITES ANALYSIS 

Ammonia was analyzed using a “Ammonia assay Kit” from Megazyme (Product code: K-

AMIAR) strictly following the manufacturer’s protocol (Megazyme, 2020) 

 

4.3.6 CYTOTOXICITY 

 

4.3.6.1 CELLS CULTIVATION 

Caco-2 cells were kindly provided by Dr Ignacio Rangel and were cultured according 

ATCC guidelines. Briefly, cells were cultured in DMEM containing penicillin and streptomycin 

with 10% FBS at 37 °C in a humidified atmosphere of 5% CO2. Cells were passed to new culture 

plates by using trypsin/EDTA when they reached 70–90% of confluence. Before treatments, cells 

were added to the culture plates at the desired concentration and left overnight on the 

incubator. Supernatants from the fermentation were filtered (0.22 µm), sPBS was used as 

negative control and Triton-X (0.2% - final concentration) as positive control. 

 

4.3.6.2 IN VITRO TOXICOLOGY ASSAY BASED IN RESAZURIN 

“In Vitro Toxicology Assay Kit, Resazurin based” (Sigma, n.d.) was used to determine the 

toxicology assay for Caco-2. Briefly, cells were plated on a 96-well cell culture plates at a density 

of 1 × 104 cells/well (180 μL) overnight. Twenty uL of tsPBS (0.5% Triton X-100 and 0.1% 

saponin in PBS – Control) or 20 µl of the filtered supernatants samples from the fermentation was 

added in the cells which were incubated for 24 h. A blank containing complete medium without 

cells was also used. After incubation, 20 uL of resazurin dye solution was added into each well. 

Plates were incubated for more 3 h and plates were measured by fluorescence at a wavelength of 

590 nm using an excitation wavelength of 560 nm. Cells viability at each incubation time was 

expressed in relation to the untreated cells (negative control). 

The relative percentage of viable cells (VC) for each sample in relation to the positive 

control was used according to equation 1, with the positive control being defined as 100%. 
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𝑉𝐶 =
𝐹𝑙𝑢𝑠𝑎𝑚𝑝𝑙𝑒

𝐹𝑙𝑢𝑛𝑐
𝑥100                                                              (1) 

Where VC is the viable cells in each sample, Flusample is the fluorescence of the sample and 

Flunc is the fluorescence of negative control. 

 

4.3.6.3 LDH ASSAY 

Cells were plated overnight as described for resazurin assay, including the same treatments 

and controls, and LDH was measured by using the “lactate dehydrogenase assay kit – Sigma” 

following the manufacturer’s instructions (Sigma-Aldrich, n.d.). Briefly, after incubation, 

supernatants (20 µL) were transferred to 96-well cell culture plates, mixed with LDH Assay Buffer 

and Master Mix Reaction. A LDH standard curve was used, as well as the positive control provided 

in the assay kit. The plates were mix using a horizontal shaker, incubated at 37 oC and the 

absorbance was read at 450 nm. The final measurement is when the most active sample is near or 

exceeds the end of the linear range of the standard curve. A factor (F) was used to compare the 

samples to negative control as show in equation 2. 

𝐹 =
𝐴𝐷𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝐷𝑝𝑐
                                                             (2) 

ADsample is the difference between absorbance at Tfinal and T0 (blank) of the samples and 

ADpc is the difference between absorbance at Tfinal and T0 (blank) of the positive control. 

 

4.4 RESULTS AND DISCUSS 

 

4.4.1 PURIFICATION STEP 

The fractionation technique by gel permeation chromatography exploits the difference 

among the sizes of the molecules of the components to be fractionated. In this technique, there is a 

stationary phase, which is composed of a porous gel, and a mobile phase that is the eluent. The 

principle of the technique is based on the ability of smaller molecules to permeate the stationary 

phase within its pores, resulting in a longer retention time in the column, while larger molecules 
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have a shorter retention time because they are not able to enter the pores. This difference in 

retention time is then used to fractionate the materials (Takeuchi et al., 1983). According to the 

manufacturer, Bio-gel P2 has a working range for the separation of molecules with sizes of 100-

1900 MW (Bio-Rad, n.d.) which would be suitable for the separation of XOS with sizes up to six 

xylose units (xylohexaose, MW = 810) and even xylose monomer (MW=100). 

To verify the suitability of Bio-gel P2 for the separation of XOS contained in XOS-SCB, a 

validation test was carried out in a small column (25 cm x 1 cm) and each fraction was collected 

and characterized in terms of monomers and oligomers (Figure 17). As expected, the 

xylooligosaccharides were eluted earlier than the xylose since they have higher molar mass than 

xylose. Up to 45 min, only the xylooligomers were eluted, indicating high purity in relation to the 

presence of monomers. However, from this time onwards the elution of oligomers decreased, and 

the elution of monomers increased. As a validation experiment, these results showed that it was 

possible to fractionate XOS using Bio-gel P2. Then, a larger volume column (45 cm x 1.5 cm, 320 

mL)) was packed using this gel. 

In a column with a volume four times greater than the one used in the preliminary tests, the 

fractionation was performed at the same the flow rate but increasing the amount of sample to be 

fractionated. It was possible to collect samples with a high degree of purity for xylose, xylobiose, 

a mixture of xylobiose with xylotriose and mixtures of XOS with sizes greater than xylotriose 

(Figure 18). It was observed that the difference between the molar mass of the compounds to be 
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Figure 17. Fractionation profile of hemicellulosic hydrolyzate by liquid chromatography on a Bio-gel P2 column 

under the following conditions: Flow 1mL/min, sample volume 2 mL, collection every 2 min. Column 80 ml. 
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fractionated had a great impact on the purity of each fraction obtained, and the separation of 

compounds with a lower molar mass presented greater purity than those with a higher molar mass. 

As a comparison, separating xylose (MW=150 g/mol) from xylobiose (MW=282.25 g/mol) was 

much more efficient since the difference between the molar mass of the two compounds is 88% in 

relation to the molar mass of the smallest compound (xylose). For xylotriose (MW=414.4 g/mol) 

and xylobiose, the difference between the masses in relation to xylobiose is 50%, which already 

reduces the separation efficiency between the compounds. Thus, the lower this percentage in 

difference, the more difficult the separation is, as can be seen in the separation between 

xylohexaose (MW= 810.7 g/mol) and xylopentose (MW=678.6 g/mol), with a difference of 19.5% 

and has a lower fractionation efficiency. Other peaks for compounds with a molar mass greater 

than the molar mass of xylohexaose were also observed (Figure 18). However, there were no 

standards for the quantification of these compounds. 
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Figure 18. Chromatograms showing the elution profile for the fractionation of XOS-SCB by a Bio-gel P-2 

chromatographic column. Characterization by high performance chromatography using two coupled columns (Bio-Rad HPX-87C 

and Bio-Rad HPX-42A). 
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The chromatograms for each collected fraction also show an area attached to the main peak 

of the compounds forming a kind of “shoulder peak”. This may be due to the presence of substituent 

groups in the main chain of the XOS, such as acetyl group, as their presence increase the molar 

weigh. However, the presence of such groups was not performed. 

 

By grouping the eluted fractions with the most similar XOS DP, it was possible to separate 

the XOS-SCB into two main fractions, the first with short-chain XOS (XOS-short) and the second 

with long-chain XOS (XOS-long). The composition of these two new fractions was further 

confirmed (Figure 19). 

The eluted fractions containing short and long XOS showed much higher purity than XOS-

SCB relative to XOS than xylose. This is because the fraction containing monomers was easily 

discarded and only fractions containing XOS was grouped (Table 6). XOS-short fraction was 

mostly composed of xylobiose and xylotriose while the XOS-long fraction was poor in xylobiose 

and had more XOS with DP up to 6 xylose units. This higher purity allows to better study the 

0 5 10 15 20 25 30 35

0

1000

2000

3000

4000

5000

6000

S
ig

n
a

l 
(n

C
)

Time (min)

 XOS-SCB

 XOS-Short

 XOS-Long

xy
lo
se

xy
lo
bi
os

e

xy
lo
tri

os
e

xy
lo
te

tra
os

e

xy
lo
pe

nt
ao

se

xy
lo
he

xa
os

e

Figure 19. Chromatogram of the XOS-SCB in natura and after the fractionation process, such as fractions 

with XOS short-chain (XOS-Short) and fractions with XOS long-chain (XOS-long). Characterization by high-
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influence of the XOS DP as a prebiotic, since there is no interference of monomers in the probiotic 

fermentation.  

Together, these results show the potential of XOS fractionation using Bio-gel P-2 as a 

chromatographic column. Although it is known that the fractionation process could be improved, 

this would require a detailed study of the experimental conditions (i.e., flow rate, temperature, 

fraction collect time and volume of samples). 

Other compounds present in XOS-SCB, such as degradation compounds (i.e., furfural and 

HMF) or lignin (polyphenols) were not quantified in this work but may still be present in these 

XOS fractions.  

Table 6. Degree of polymerization of XOS extracted from SCB before and after fractionation process by gel 

permeation chromatography, expressed as % w/w. Xylobiose, Xylotriose, Xylotetraose, Xylopentaose and 

Xylohexaose are expressed in relation to Total XOS. 

 

4.4.2 FECAL FERMENTATION 

Fecal fermentation of commercial XOS, in vivo (Chung et al., 2007) and in vitro (Chen et 

al., 2016), results in a pH decrease due to the production of SCFA. This has been proposed as a 

mechanism of action for the effect of bifidobacterium on the intestinal bacteria (Chung et al., 2007). 

The decrease in pH was also obtained in this work, regardless of the donor of the fecal sample 

(Figure 20). According to statistical analysis of Tukey’s test, difference between commercial XOS 

and the different XOS fractions was observed, evidencing that the DP of XOS did not impact the 

final pH value of fecal fermentation. The greatest impact on the pH profile during fermentation 

was related to the different donors, which can be explained by the difference in the composition of 

the microbiota of each individual, with a population of different bacteria.  

Xylan’s 

components 

XOS 

XOS commercial XOS-SCB XOS-Long XOS-Short 

Xylose 0,05 39,10 0,02 6,74 

Total XOS 99,05 60,90 99,98 93,26 

Xylobiose 31,47 30,37 9,08 72,63 

Xylotriose 25,16 24,03 32,61 24,94 

Xylotretraose 19,47 20,58 32,28 2,42 

Xylopentose 10,63 16,14 18,02 0,00 

Xylohexaose 13,26 8,88 8,01 0,00 
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Ammonia is a metabolite released mainly by the fermentation of proteins and their 

derivatives in the fecal microbiota and the process of deamination (Diether and Willing, 2019; 

Tomé, 2021). From Figure 21, it is possible to notice that the highest values of ammonia 

accumulation occur in the control, a culture medium that does not contain any carbohydrate. This 

is due the fermentation of the protein itself that makes up the culture medium. In culture media 

containing XOS, the accumulation of ammonia is lower because there is a greater microbial growth 

due to the use of XOS as a carbon source, evidenced by the decrease in pH. This results in a greater 

need for nitrogen sources for the growth of bacteria, being the ammonia an important source of 

nitrogen for microorganisms (Tomé, 2021). As the pH values, the release of ammonia in the 

medium does not present a significant difference between the different carbon sources but it is 

more influenced by the individuality of the donors. 

A greater diversity in the DP of XOS may provide better growth of Bifidobacterium in 

relation to the XOS with a lower variety of DP, which indicates that a mixture of XOS with different 
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DP can be more effective than a mixture of defined DP (Mäkeläinen et al., 2010a).  Other work 

indicates that XOS with DP2-3 have better prebiotic properties (Moura et al., 2007).  However, our 

study showed that there was no significant difference in prebiotic property between short-chain 

XOS (Xlobiose-xylotriose) and Xos-Long (xylotriose-xylohexaose). 

 

4.4.3 TOXICITY 

The accumulation of metabolites in the distal colon, as well as variations in pH, can cause 

toxic effects on the cells of the intestinal wall, which are some of the conditions that can trigger 

disturbances in human health (Fung et al., 2013). Caco-2 is an entero-epithelial cell that has the 

particularity of being self-differentiate in enterocyte-like cells (e.g., polarization, tight junctions 

and protein expression) and mimic the intestinal epithelial barrier in in vitro cultures after 21 day-

cultivation, making this cell a good choice for simulating an in vivo environment (Castiaux et al., 

2016). The toxicity test using resazurin, also known as the Alamar Blue test, monitors the reducing 

environment of the living cell. It is based on the property of the blue-colored resazurin being 

nonfluorescent, whereas in its reduced form, called resorufin, it is pink and highly red fluorescent. 

With fluorometric methods, it is possible to estimate the number of viables cells by measuring the 

reduction of resazurin into resorufin (Walzl et al., 2014). The main agent that can reduce resazurin 

is a mitochondrial NADPH reductase, however other enzymes such as diaphorases and flavin 

reductase found in the cytoplasm and mitochondria can also play a reducing role in the reagent. 

Therefore, there is no specificity of resazurin to detect the interruption of electron transport and 

mitochondrial dysfunction, and it may also detect other impairments of cellular metabolism 

(Rampersad, 2012). This chosen assay has a good benefit/time, it is not toxic or radioactive, it is 

safe for the user and the environment, it has high sensitivity and linearity, it does not involve cell 

lysis, it is ideal for use in post-measurement functional assays, and it is flexible as it can be used 

with different cell models. However, several studies have adopted the use of more than one toxicity 

assessment technique to obtain a better understanding of the toxicity effects of the compounds 

(Rampersad, 2012).  

The other method used was the indirect detection of cell membrane damage by the LDH 

test. LDH is an enzyme present in the cytosol of intact cells, but it is released to the outside of the 

cell when it suffers plasma membrane damage. In this context, it is possible to relate the amount 
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of LDH released in the medium to the severity of cell damage that a culture medium can cause to 

the membrane of Caco-2 cells (Shima et al., 1999).  

The XOS fractions before fermentation did not show significant differences in relation to 

cell viability, except for XOS-long that had a negative impact (Figure 22 A). When there was 

fermentation, only the experiment with XOS-SCB (X2) had a slight negative impact on cell 

viability, while the other sources of XOS from sugarcane bagasse had a slightly positive impact. 

In the LDH assay (Figure X), all hydrolysates containing XOS from sugarcane bagasse, before and 

after fermentation, had a positive impact on the test. That is, they had lower relative amounts of 

LDH released in the medium (Figure 22 B). Together, the results of both tests indicate that XOS 

from sugarcane bagasse, either by its DP or by the presence of other compounds in the hydrolysate, 

has a cell membrane protection action. However, the cell viability assay points to a lower cell 

viability when it comes from XOS-Long or the product of fermentation using XOS-SCB, which 

may represent that the decrease in this cell viability is due to factors other than cell membrane 

damage. 
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Figure 22. Cytotoxicity assays - A: Analyze viable cells by resazurin test; B – Analysis of cell membrane 

damage by quantification of LDH (lactate dehydrogenase) released in the medium. PosCTRL: Positive control with 

agent tsPBS (0.5% Triton X-100 and 0.1% saponin in PBS); NegCTRl: negative control containing only basal 

medium. 
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4.5 CONCLUSION 

Gel permeation chromatography was efficient in the separation of xylan derivatives, mainly 

for the separation of monomeric and oligomeric compounds. Consequently, it allowed to obtain 

two distinct groups of XOS, one with a short-chain (XOS-short) and one with long-chain (XOS-

long). The use of XOS-SCB and these different fractions in human fecal fermentation showed that 

in the cellular metabolism there was no difference in the fermentation profile with the responses 

studied (pH and ammonia), but that XOS fractions from sugarcane bagasse have a potential to 

protect against damage in the cell membrane. 
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CHAPTER 5: POTENTIAL OF XOS TO ATTENUATE THE ADVERSE 

EFFECTS OF FECAL FERMENTATION OF PROTEINS 

5.1 ABSTRACT 

XOS-SCB, both fractionated and obtained directly from the extraction process of sugarcane 

bagasse, proved to be as efficient as commercial XOS in terms of pH profile and ammonia 

concentration in the medium when administered as a carbon source in human fecal fermentation, 

as shown in previous chapter. In the literature there are also several works that show the benefit of 

its use in human health due to its high selectivity for Bifidobacterium and the generation of SCFA. 

However, their benefits can go further as XOS could also have the potential to act to attenuate the 

adverse effects of high concentration of proteins derivates in the cecal environment, what can 

prevention some diseases such as colorectal cancer (CRC). This work sought to evaluate the ability 

of XOS, both commercial and XOS-SCB, to attenuate the adverse effects of high protein derivates 

concentration in the cecal medium by fecal fermentation, such as the accumulation of ammonia 

and the high pH in the medium. Therefore, high concentration of proteins, from animal and plant 

sources, were pre-digested following the INFOGEST protocol and batch fecal fermentations were 

performed with different XOS supplements, both from commercial sources and XOS-SCB, and 

microbial functionality was determined by measuring fermentation characteristics such as 

ammonia concentration, pH variation and cytotoxicity analysis with Caco-2 cells. Supplementation 

of both XOS was effective to decrease the concentration of ammonia and the final pH of the fecal 

fermentation when compared with the fermentation of protein derivatives, with emphasis on the 

XOS-SCB which presented values closer to the fecal fermentation of media without addition of 

protein. Cytotoxic analyzes showed that the metabolites generated after fermentation showed a 

decrease in cell viability only for fermentations containing XOS-SCB, but on the other hand, cell 

membrane integrity was higher in the presence of the same XOS-SCB. This work shows that there 

is great potential in the use of XOS, both from a commercial source as XOS-SCB, to attenuate the 

effect of high-protein diets that can cause CRC precursor cells. 

 

5.2 INTRODUCTION 

Until this chapter, all studies have focused on the most classic prebiotic property of 

oligosaccharides, which is the property of being selective for Bifidobacterium and generating 
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higher levels of SCFA that results in lower pH values. In fact, most studies in the literature on the 

prebiotic properties of XOS have focused on the use of XOS to improve the levels of 

Bifidobacterium and short-chain fatty acids (SCFA) production, both in vitro and in vivo, and little 

has been explored its use to attenuate the harmful effect of protein fecal fermentation of proteins 

derivates (Han et al., 2020; Kajihara et al., 2000; Li et al., 2022), which can add another great 

benefit to the use of XOS in health.  

Proteins are an essential component of the human diet as they are crucial for the synthesis 

of body tissues proteins, regulatory proteins, and different amino acid-derived metabolites. The 

digestion of protein by the gastrointestinal system aims to allow the absorption of protein 

components by the body and, under normal conditions, approximately 95% of ingested protein are 

absorbed and transferred into the bloodstream (Tomé, 2021). However, some factor as the quality 

and quantity of the ingested protein or problems during the digestion process can result in a lower 

absorption of these proteins and their derivatives, generating a high availability of proteins in the 

distal colon, in addition to the endogenous proteins themselves (Dave et al., 2016).  

Due the slow transit time and limited host absorption of the protein when it reaches the 

distal colon, there are a facility to intense microbial proteolysis and accumulation of metabolic end 

products (Diether and Willing, 2019), and the bacterial activity in distal colon not only produces 

metabolites beneficial to intestinal tract but also produces substances harmful to human health 

(Zhang et al., 2020). Ammonia is one of the metabolites that accumulate when there is a large 

availability of proteins and their derivatives in the distal colon, that is a result from the cumulative 

effects of enterocyte metabolism, microbial deamination, and microbial protein synthesis (Diether 

and Willing, 2019). Long exposure time of the luminal environment to components such as 

ammonia can cause health damage. Normal colonocytes from luminal environment, when exposed 

for a long time to cytotoxic agents such as ammonia, can result in a cellular response to adapt and 

result in colorectal cancer (CRC) cells (Fung et al., 2013). Another factor that can increase the risk 

of CRC is the high pH of the environment, with most cases of CRC occurring in the distal colon, 

the region of the intestine that has the highest pH values. Environments with a more acidic pH, 

below 5.5, favor the development of bacteria that result in health improvements, such as butyrate 

producing Roseburia species and inducing apoptosis of cancerous cells (Duncan et al., 2021; Fung 

et al., 2013). 
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It is observed that diets high in protein and low in carbohydrate can result in cellular 

damage, increasing the risk of CRC. However, this damage can be reversed feeding fermentable 

fiber like resistant starch or arabinoxylan (Fung et al., 2013; Lutz and Schlatter, 1992). 

In this context, considering the benefits that non-digestible carbohydrates can bring to 

human health, this study aimed to evaluate the potential of using xylooligosaccharides, from 

different source (commercial and from sugarcane bagasse), to attenuate the harmful effects of 

protein fermentation in the distal colon. 

 

5.3 METHODS 

 

5.3.1 MATERIALS 

Two commercial protein sources were used. The first was from a vegetable source (Pea 

Protein 88%, Piscane C9- Cosucra) and the second from an animal source (Casein 77.5%, 

MYPROTEIN). The commercial, purified XOS was the XOS 95% (PrecticX 95P). XOS produced 

at a pilot-scale continuous reactor for hydrothermal processing from sugarcane bagasse (XOS-

SCB) in a previous work (Pereira et al., 2021) was also utilized. The characterization results of this 

XOS were made in the previous chapter (4) and is summarized at  Table 7. 

 Table 7. Degree of polymerization of XOS from commercial source PrecticX and from sugarcane bagasse 

XOS-SCB). Xyl1: xylose; Xyl2: Xylobiose; Xyl3: Xylotriose, Xyl4: Xylotetraose; Xyl5: Xylopentaose and Xyl6: 

Xylohexaose. 

 

5.3.2 PROTEIN DIGESTION 

To simulate the human digestive system (oral, gastric and intestine phase), the protocol 

adapted from INFOGEST (Brodkorb et al., 2019) was used. The procedure for the digestive system 

was performed in a shaker with a temperature of 37 °C at agitation of 100 rpm and the solution to 

Fraction Xylan components (% w/w) 

Xyl1 Xyl2 Xyl3 Xyl4 Xyl5 Xyl6 Total 

XOS 

XOS 

commercial 

- 29,9 23,9 18,5 10,1 12,6 95,00 

XOS-SCB 39,08 18,50 14,64 12,54 9,83 5,41 60,92 
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simulate each digestive phase (simulated Salivary fluid – SSF; gastric fluid – SGF; Intestinal fluid 

- SIF) was done exactly as the INFOGEST protocol. The enzymes and bile activities assays are 

given in the supplementary material. To simulate the oral phase, 13.2 g of pure protein (15.0 g of 

Pea Protein and 17.0 g of Casein) was added into a 250 mL bottle and diluted with 24.0 mL de 

SSF, 150 µL of CaCl2 and 20.0 mL of H20 (final volume of 60 mL) and left to mix for 2 min. To 

simulate the gastric phase, 48.0 mL of SGF was added in the mixture from oral phase and the pH 

was adjusted to 3 using 6M HCl. Then, 30 µL of CaCl2, 3 mL of Rabbit gastric extract (7200 U 

Lipase and 240000 U Pepsin - Lipolytech, cat. no. RGE 25-100MG) and H20 were added to reach 

a final volume of 120 mL. The mixture was left to mix for 2 h. To simulate the intestinal phase, 

51.0 mL of SIF and 15 mL of 2.4 mmol Ox bile solution (Sigma - Aldrich, cat. No. 70168) were 

added at the mixture from gastric phase and let to mixed for 30 min to achieve complete bile 

solubilization. 240 µL of CaCl2 was added and the pH was adjusted to 7 with 6N NaOH. Thirty 

mL of pancreatin (24000 U Trypsin - Sigma-Aldrich, cat. no. P7545) was added to the mixtures 

and the final volume was adjusted to 240 mL with H2O. After 2 hours of agitation, the samples 

were freeze dried and kept at -20°C until further use. 

 

5.3.3 FECAL FERMENTATION 

 

5.3.3.1 FECAL SAMPLES PREPARATION 

Three independent biological triplicates were performed, using fecal samples from three 

healthy donors. The samples were collected with the approval of the Swedish Ethical Review 

Authority (Dnr 2022-01696-01), and all participants signed an informed consent prior to the 

initiation of the experiment. The participants had not used antibiotics or fiber supplementation in 

the previous six months of the sample collection. Fresh fecal samples were collected and kept in 

an anaerobic environment with the aid of an anaerobic punch (Oxoid AnaeroGen W-zip compact 

gas generator system, #12201972 - AN0010W) until homogenized in a sterile 50 mM PBS buffer 

in a ratio of 200 g/L. The slurry was prepared just prior to inoculation in the bioreactors. 
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5.3.3.2 FECAL FERMENTATION 

The basal medium ingredients in pure water per liter were 2 g of Peptone water, 2 g NaCl, 

0.04 of K2HPO4, 0.04 g of KH2PO4, 0.01 g of MgSO4.7H2O, 0.04 g of CaCl2.6H2O, 2 g of NaHCO3, 

2 mL of Tween 80, 0.05 g of Haemin (Sigma, #51280), 10 µL of Vitamin K1 (Sigma, #V3501), 1 

g of Cysteine.HCl (Sigma, #C7477) and 0.5 g of Bile salts (Sigma, #48305). The basal medium, 

previously bubbled with sterile nitrogen, and the substrates, added as the Table 8, were mixed in 

the anaerobic chamber (37oC; 10% H2, 80% N2, 10% CO2; Ruskinn, UK) and inoculated with 10 

% v/v of fecal slurry, reaching a final fecal concentration of 2 % w/v. Fecal fermentation was 

carried out in a Gas Endeavor system using 500 mL bottles during 24 h, with stirring at 100 rpm. 

Aliquots of the samples were collected at 0, 4, 8 and 24 h, centrifuged and both supernatant and 

pellet were storage at -80 oC until further use. 

Table 8. Designer of experiment showing the fraction of each component in each fermentation 

 

5.3.4 METABOLITES ANALYSIS 

Ammonia was analyzed using a “Ammonia assay Kit” from Megazyme (Product code: K-

AMIAR) strictly following the manufacturer's protocol (Megazyme, 2020). 

 

5.3.5 CYTOTOXICITY 

 

5.3.5.1 CELL CULTURE 

Caco-2 cells were kindly provided by Dr Ignacio Rangel and were cultured according 

ATCC guidelines. Briefly, cells were cultured in DMEM containing penicillin and streptomycin 

with 10% FBS at 37 °C in a humidified atmosphere of 5% CO2. Cells were passed to new culture 

                  Code 

Substrate 

Addition of each component to the basal culture medium (% w/w) 

CTRL P1 P2 X1 X2 P1X1 P1X2 P2X1 P2X2 

Casein Protein 0 1 0 0 0 1 1 0 0 

Pea protein 0 0 1 0 0 0 0 1 1 

XOS 

commercial 

0 0 0 1 0 1 0 1 0 

XOS-SCB 0 0 0 0 1 0 1 0 1 



78 

 

plates by using trypsin/EDTA when they reached 70–90% of confluence. Before treatments, cells 

were added to the culture plates at the desired concentration and left overnight on the 

incubator. Supernatants from the fermentation were filtered (0.22 µm), sPBS was used as 

negative control and Triton-X (0.2% - final concentration) as positive control. 

 

5.3.5.2 CELLS CULTIVATION 

Living cells maintain a reducing environment within their cytoplasm and mitochondria, in 

which resazurin (blue and non-fluorescent) is reduced by dehydrogenase enzymes to form the red 

fluorescent dye resorufin (Rampersad, 2012). “In Vitro Toxicology Assay Kit, Resazurin based” 

(Sigma, n.d.) was used to determine the toxicology assay for Caco-2. Briefly, cells were plated on 

a 96-well cell culture plates at a density of 1 × 104 cells/well (180 μL) overnight. Twenty uL of t 

sPBS (control) or 20 µl of the filtered supernatants samples from the fermentation was added in 

the cells which were incubated for 24 h. A blank containing complete medium without cells was 

also used. After incubation, 20 uL of resazurin dye solution was added into each well. Plates were 

incubated for more 3 h and plates were measured by fluorescence at a wavelength of 590 nm using 

an excitation wavelength of 560 nm. Cells viability at each incubation time was expressed in 

relation to the untreated cells (negative control). 

The relative percentage of viable cells (VC) for each sample in relation to the positive 

control was used according to equation 3, with the positive control being defined as 100%. 

𝑉𝐶 =
𝐹𝑙𝑢𝑠𝑎𝑚𝑝𝑙𝑒

𝐹𝑙𝑢𝑛𝑐
𝑥100                                                              (3) 

Where VC is the viable cells in each sample, Flusample is the fluorescence of the sample and 

Flunc is the fluorescence of negative control. 

 

5.3.5.3 LDH ASSAY 

LDH is released in the cell culture medium in proportion to the cell membrane damage and 

this released LDH is measured by an indirect method. LDH catalyzes the conversion of pyruvate 

to lactate and consequently reduces NAD+ to NADH, so diaphorase uses NADH to reduce the 
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tetrazolium salt to a red formazan product, which can be quantified by spectrometry at 450 nm 

(Forest et al., 2015).  

Cells were plated overnight as described for resazurin assay, including the same treatments 

and controls, and LDH was measured by using the “lactate dehydrogenase assay kit – Sigma” 

following the manufacturer's instructions (Sigma-Aldrich, n.d.). Briefly, after incubation, 

supernatants (20 µL) were transferred to 96-well cell culture plates, mixed with LDH Assay Buffer 

and Master Mix Reaction. A LDH standard curve was used, as well as the positive control provided 

in the assay kit. The plates were mix using a horizontal shaker, incubated at 37 oC and the 

absorbance was read at 450 nm. The final measurement is when the most active sample is near or 

exceeds the end of the linear range of the standard curve. A factor (F) was used to compare the 

samples to negative control as show in equation 4. 

𝐹 =
𝐴𝐷𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝐷𝑝𝑐
                                                             (4) 

ADsample is the difference between absorbance at Tfinal and T0 (blank) of the samples and 

ADpc is the difference between absorbance at Tfinal and T0 (blank) of the positive control. 

 

5.4 RESULTS AND DISCUSS 

 

5.4.1 FECAL FERMENTATION 

Regardless of the donors of the fecal samples, fecal fermentation using only protein 

derivatives, both from animal and vegetable sources, showed an initial pH reduction and an 

increase in pH throughout the fermentation (Figure 23). In this scenario, there is a limitation of the 

carbon source, and the first step of catabolism of the amino acids and peptides is their deamination, 

most of them generating free ammonia and their respective keto acids or saturated fatty acids, 

which are precursors for the synthesis of SCFA (Tomé, 2021). After the amino acids most 

susceptible to be precursors of SCFA are metabolized, and a scenario with scarcity of 

carbohydrates, there is fermentation of the remaining protein residues, resulting in the consumption 

of SCFA for the metabolism of these bacteria and the release of nitrogenous compounds, such as 

free ammonia, leading in an increase of the pH value (Duncan et al., 2021; Windey et al., 2012).  
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In a scenario of low amount of proteins but abundant in carbohydrates (XOS), it is possible 

to notice that the pH remained low throughout the fermentation (Figure 23). This result can be 

related to an in vivo study where the administration of XOS (5 g/day) resulted in a decrease in fecal 

pH (Okazaki et al., 1990). It is possible that this may have occured because the release of 

nitrogenous compounds is lower as needed to be taken up by the cell’s metabolism, coming only 

from the basal medium, and there is an accumulation of SCFA in the medium that reduces the pH. 

The same low pH value is observed when there is a mixture of protein and carbohydrate, as seen 

in experiments P1X1, P1X2, P2X2 and P2X3. XOS is a substrate for the microbiota bacteria, which 

generates enough SCFA to reduce the pH, and probably the free ammonia released during the 

deamination step or metabolism of peptides and amino acids is used for cell development as a 

source of nitrogen. 

The hypothesis above is in line with the results obtained with the concentration of free 

ammonia in the medium (Figure 24). When there was just nitrogen source from the basal 

fermentation medium, experiments containing only XOS result in practically no-free ammonia 

concentrations, which can be explained by the fact that all nitrogen were used for cell growth. On 

the other hand, when the culture medium was supplemented only with a protein source, there was 

a higher accumulation of free ammonia. This can be explained by the high availability of amino 

acids and a shortage of energy source to use all this substrate for cell growth.  When there was a 

higher balance between protein and carbohydrate sources, with the mix of XOS and proteins, there 

was a higher balance between free ammonia in the medium, which may represent that part of the 

free ammonia released in the experiment was used as a source of nitrogen for cell growth, since 
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Figure 23. pH variation during fecal fermentation with samples from three different donors 
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there was greater availability of energy sources for the cell due to the presence of XOS as a carbon 

source. 

The use of XOS has already been reported to be beneficial in reducing the level of ammonia 

in the blood of patients with liver cirrhosis, and, although the mechanism behind this still remains 

unclear, XOS may exert its effect by inhibiting enteric colonization of ammonia-producing 

anaerobes such as Bacteroides (Kajihara et al., 2000). In vivo studies in broilers have shown that 

the administration of XOS results in a greater utilization of nitrogen sources and a lower 

concentration of free ammonia in the fecal samples (Li et al., 2022), while a recent in vitro study 

with swine fecal samples have reported that the use of XOS as a carbon source results in lower pH 

values and ammonia concentration (Han et al., 2020), results that , although performed within the 

scope of animals, highlight the potential benefit of the use of XOS to attenuate the high pH value 

and concentration of free ammonia resulting from the intestinal fermentation of protein residues. 

Regarding the studied metabolite and pH profile, it is evident that the addition of XOS 

(commercial and XOS-SCB) into a culture medium rich in protein derivatives can attenuate the 

harmful effect of high pH and free ammonia concentration in the medium. However, the XOS-

SCB displayed a more accentuated benefit mainly in the levels of free ammonia concentration, 

with values very close to the XOS without the presence of proteins. Although the concentration of 

commercial XOS and XOS-SCB was similar, the chemical composition of the mixture containing 

XOS-SCB is more complex, containing monomers of xylose, furfural from sugar degradation and 

polyphenols from lignin degradation (Pereira et al., 2021), which may have positively affected the 

fecal fermentation when analyzing the pH and final free ammonia concentration. 
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5.4.2 TOXICIT 

There was no statistical difference for the cell viability test (resazurin) in any case for the 3 

donors when referring to the same substrate, but at least for 1 of the donors there was a statistical 

difference for each substrate (Figure 25 A) All fermentations with proteins and/or commercial XOS 

did not present values lower than the negative control, indicating that there was no reduction in cell 

viability by the metabolites from their fermentations. In fact, it has been reported that cancer cells 

can develop after long periods of exposure to an environment containing toxic metabolites (Fung 

et al., 2013) and that this test may not be efficient to note these mutations. The other metabolites 

from this fermentation also showed no adverse effect on cell viability measured by this method. In 

contrast, XOS-SCB (X2), used either alone or in mixture with the different proteins, was the only 

compound that showed a reduction in the cell viability of Caco-2 in at least one of the donors, with 

its maximum reduction in 30 % cell viability, which is very close to the positive control.  

As mentioned, the composition of XOS-SCB is more complex than that of commercial 

XOS as it has not undergone purification steps and has compounds such as furfural and polyphenols 

(Pereira et al., 2021). Although it has been shown that furfural results in the accumulation of 

reactive oxygen species (ROS) in Saccharomyces cerevisiae and this can be related to cell damage 

(Allen et al., 2010), there is no study that has explored this issue in depth with intestinal wall cells. 

Figure 25. Cytotoxicity tests. A: Analyze viable cells by resazurin test; B – Analysis of cell membrane damage 

by quantification of LDH (lactate dehydrogenase) released in the medium. PosCTRL: Positive control with agent Triton 

-X; NegCTRl: negative control containing only basal medium. 
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In fact, there are studies that have shown that the presence of furfural in the diet can improve the 

regulation of the intestinal microbiota, favoring the development of beneficial bacteria to health 

(Pérez-Burillo et al., 2018) and this can have an impact on the improvement of the barrier properties 

of the intestinal wall. One hypothesis for the reduction in the detection of viable cells may be the 

presence of polyphenols from lignin degradation, which have an antioxidant propriety (Pandey and 

Rizvi, 2009) and may reduce resazurin, thus reducing the sensitivity of the method and causing 

interference in the result.  

For the analysis aiming to evaluate cell membrane damage by detecting the LDH released 

in the medium (Figure 25 B), there was only a statistical difference in the positive control and in 

the fermentations that used XOS-SCB (X2), both alone and in the mixture, regardless of the donors. 

Fermentations involving X2 resulted in lower values of LDH compared to other fermentations and 

controls, thus indicating a possible protection of the cell membrane by the metabolites present in 

the medium. These results are contrary to those found in the cell viability tests. This may raise two 

hypotheses such as: 1- The lower cell viability value of the resazurin test is more affected by the 

presence of antioxidant compounds (polyphenols) than a lower cell viability; 2 - There was actually 

less cell viability caused by the use of XOS-SCB, but the reason is not associated with cell 

membrane damage or. In both cytotoxicity tests applied (cells viability or evaluation of cell 

damage) there is a reaction that involves the reduction of agents mediated by NADH (Forest et al., 

2015; O’Brien et al., 2000) and if the culture medium somehow interfered with this reaction, the 

tests are no longer accurate. Therefore, follow up studies focusing on the influence of the cell-free 

culture medium with the resazurin and LDH reagent should be carried out to better elucidate this 

issue. In any case, other techniques must be applied to assess the toxicity that the medium after 

fermentation presents to Caco-2 cells. 

 

5.5. CONCLUSION 

XOS supplementation, from commercial source and XOS-SCB, showed potential to 

attenuate two of the major consequence of a diet rich in protein and poor in carbohydrate, that is 

the high value of pH and ammonia concentration in the fecal medium. However, further studies are 

needed to analyze the cytotoxicity of the metabolites generated after fermentation. 
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6 CONCLUSIONS AND FUTURE PERSPECTIVES 

This set of works that make up the thesis allowed us to explore the prebiotic potential, both 

with isolated strains of Bifidobacterium and in human fecal fermentations, of XOS extracted from 

SCB by a hydrothermal process within a biorefinery concept. 

Bench a pilot scale hemicellulosic hydrolysates were suitable as a carbon source for isolated 

strains of Bifidobacterium, regardless of their chemical composition but containing XOS with DP 

equal to or less than six xylose units. Fractionation of XOS-SCB by gel permeation was efficient 

to obtain fractions with high purity of XOS with short chains or long chains, however the fecal 

fermentation of these different fractions of XOS and XOS-SCB did not show significant 

differences in relation to the pH of the medium and ammonia accumulation, indicating that this 

purification may not be necessary for better prebiotic effects. 

The exploration of the prebiotic potential of XOS to attenuate the adverse effects of fecal 

fermentation of high loads of proteins and derivatives proved to be effective in detecting that the 

addition of XOS resulted in a decrease in pH and ammonia accumulation in the fermentation 

medium. 

In conclusion, it is possible to state that XOS extracted by hydrothermal process under the 

conditions studied here within the biorefinery concept presents characteristics to be a potential 

prebiotic compound within the fermentation test applied, since its chemical characteristics 

encompass a degree of polymerization of up to six xylose units. 

Unfortunately, it was not possible to perform the analysis of SCFA and microbial 

composition of samples from fecal fermentations. However, these samples are stored at -80 ºC for 

future analysis, which results will allow to deepen the understanding of the use of XOS as a carbon 

source for this pool of bacteria. 

Once the prebiotic potential of the XOS studied herein is evident and the economic potential 

of the XOS extraction process to be more attractive than other process approaches, the application 

of these compounds in more advanced tests such as in microbiota simulators or in vivo tests are 

required so that there is the possibility of this XOS reaching the market with a high value product. 
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SUPPLEMENTARY MATERIAL 

Report of Enzymatic actives and bile acid concentration 

Analyst: Wilian Fioreli Marcondes 

Protocols: INFOGEST (Brodkorb et al., 2019) 

 

Pepsin activity: 03/03/2022 

Enzyme: Pepsin from porcine 

Lot: SLCJ3493 

 

 

 

 

 

 

Trypsin activity: 03/03/2022 

Enzyme: Pancreatin from porcine pancreas 

Lot: PCode 1003351804 

 

Bile acid concentration: 03/03/2022 

Pepsin 

concentrations 

(µg/mL) = µg 

in assay 

Test 

(A 280 nm) 

Blank 

(A 280 

nm) 

Δ A Test 

(280 nm) 

Activity 

(U/mg) 

0.5 0.648 0.635 0.013 2600.0 

1.5 0.68 0.639 0.041 2733.3 

2 0.699 0.651 0.048 2400.0 

2.5 0.702 0.642 0.060 2400.0 

Average 2533.3 

St dev 163.3 

% St der 6.4 

Concentrations 

tested 

(mg/mL) 

Volume of 

enzyme 

solution 

(mL) 

0 
Blank 

Slope 

Enzyme 

Slope 

Trypsin 

activity 

(U/mg) 

0.400 

0.100 

0.04000 

0 

0.01541733 2.14130 

0.667 0.06667 0.02611749 2.17646 

0.200 0.02000 0.00633027 1.75841 

    Average 2.025 

    St dev 0.232 

    % St dev 11.446 
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Lot: BCBQ8807V 

 

Stock 

[g/mL] 

0.01 
      

Dilution rate 100 100 100 
    

 Fluorescence     

Blank 14254 15435 14685 
    

sample 18236 19593 19025 
    

Standart 67392 70253 75639 
    

        

[µM/mL] 162.015 164.1532 153.319 
 

Average St der % St der 

[mM/g] 16.2015 16.41532 15.3319 16.20 0.574 3.54 


