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A. LITERATURE RIVIEW  

Background of Prebiotics  

The Prebiotic concept was introduced by Gibson & Roberfoid (1995) as “non-

digestible food ingredients that beneficially affect the host by selectively stimulating the 

growth and/or activity of one or a limited number of bacteria in the colon, and thus 

improves host health”.  Later the concept was updated to “a selectively fermented 

ingredient that allows specific changes, both in the composition and/or activity in the 

gastrointestinal microflora that confers benefits upon host well-being and health” (Gibson 

et al., 2004). Lastly during the 2008 International Scientific Association for Probiotics 

and Prebiotics (ISAPP) meeting, a prebiotic was defined as “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” (ISAPP 2008). 

The “Prebiotic effect” refers to the pathological and physiological effects both in 

experimental and human intervention studies specifically linked-to or at least correlated 

with selective changes in gut microbiota composition (Roberfroid et al. 2010). 

A.1   Chemistry of Prebiotics  

The human small intestine produces enzymes that are specific for α-glycosidic 

linkages. Prebiotics are carbohydrates with molecular structures resistant to the digestive 

enzymes due to the β-configuration of their glycosidic bonds, thus reaching the colon 

where they serve as fermentation substrates for selected colonic microbiota. Not all 

dietary carbohydrates are prebiotics, and resistance to digestion alone is not the sole 

criteria to classify a carbohydrate as a prebiotic. Roberforid (2007) suggested certain 

requirements for a prebiotic: 1) resist digestion and absorbtion in the upper 
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gastrointestinal tract; 2) be a suitable susbtrate for selected bateria in the colon i.e., 

bifidobacteria and lactobacilli; 3) contribute to the growth of selected gastrointestinal 

bacteria towards a healthier composition contributing to host’s health and well-being.  

The majority of scientific data regarding prebiotic effects include inulin-type fructans and 

galactooligosaccharides (Roberfroid et al. 2010).  

A.1.1   Fructooligosaccharides 

Fructooligosaccharides (FOS) belong to a heterogeneous group of carbohydrates 

with the characteristic of having fructose residues as the majority of their monomers.  

Commercially available FOS are produced enzymatically from natural disaccharides or 

polysaccharides and consist of molecular chains with a degree of polymerization (DP) 

lower than 9 (Nguyeh et al., 1999). One type of FOS is derived from the partial 

enzymatic hydrolysis of inulin using endo-inulinase but it can also be synthesized from 

sucrose by a transfructosylation processes with the enzyme β-fructofuranosidase from 

Aspergillus niger (Yun 1996; Frank 2002).  The main FOS consist of 1-kestose (GF2), 

nystose (GF3) and 1F β-fructofuranosylnystose (GF4), which are oligomers of one 

glucose unit and two, three and four fructose units, respectively (Figure 1). The fructosyl-

glucose linkage is always α-(1→2) and the fructosyl-fructose linkages are -(2→1) 

(Antosova et al. 1999; Birkett et al. 2009). 
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Figure 1. Structure of the commercial fructooligosacharides. (Source: Hussein et 

al. (1998)). 
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A.1.2   Inulin  

Inulin is a type of fructan widely found in nature for plant energy storage (Niness 

1999). From a structural point of view, it is a polysaccharide of D-fructofuranose units β-

(2→1) linked with a D-glucosyl residue at the end of the chain (Figure 2) (Ueno et al. 

2011). Depending on the source, the degree of polymerization ranges from 20 to 60 

(Roberforid 2007; Böhm et al. 2005). These carbohydrates have been classified as non-

digestible oligosaccharides due to their resistance to human enzyme hydrolysis as 

demonstrated in both in vitro and in vivo methods (Cherbut 2002; Roberfoid et al. 1998). 

 

 

Figure 2.  Structure of inulin. (Source: Ueno et al. (2011)). 
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A.1.3   Galactooligosaccharides 

Galactooligosaccharides (GOS) are derived from soya beans and lactose and are 

one of the most commonly produced prebiotics (Nauta et al. 2009). GOS are comprised 

of different short chain polysaccharides, each of which contain galactose as monomers 

bonded by β-(1→3), β-(1→4), or β-(1→6) linkages with a terminal glucose (Figure 3). 

These oligosaccharides are enzymatically produced by transglycosylation of lactose using 

β-galactosidase (Bankova et al. 2006; Berreteau et al. 2006). 

 

 

 

Figure 3.  Structure of the commercial GOS (adopted from Dr Jens Walter, 

Department of Food Science and Technology, University of Nebraska, Nutraceuticals 

notes).  
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A.2   Health Promoting Properties of Prebiotics 

Several potential health benefits have been attributed to these non-absorbable 

carbohydrates, which include increasing of fecal bulk, promoting growth of selective but 

beneficial microorganisms of the human microflora, lowering of serum cholesterol, 

improving mineral absorption and enhancing immune function (Crittenden et al. 2006; 

Roberfroid et al. 2010). As an outcome to these benefits, there is interest in prebiotics as 

preventative interventions for health related conditions or even serious diseases, 

including ulcerative colitis, colon cancer, coronary heart disease, and osteoporosis. The 

mechanisms by which these events occur are not entirely understood and are still under 

scientific debate (Roberfroid et al. 2010). However some of the proposed health 

promoting mechanisms of prebiotics are depicted in Figure 4, and include: 1.) growth 

stimulation of endogenous beneficial bacteria in the gut, hence promoting colonization 

resistance against pathogenic bacteria by nutrient and niche competition; 2.) selective 

fermentation of the prebiotics to short chain fatty acids (SCFA) resulting in increased 

absorption of essential minerals, and lipogenisis regulation in the host and lower 

intestinal pH antigenic for some pathogenic bacteria; 3.) promotion of colonic peristalsis 

by increasing stool weight and bulk, which in turn shortens transit time and alleviates 

constipation.  
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Figure 4. Proposed mechanism by selective fermentation of prebiotics and 

subsequent production of short chain fatty acids resulting in improved bowel habit, 

increased dietary mineral absorption, and lower risks of colon cancer. (Source: Crittenden 

et al. (2006)). 
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A.2.1   FOS Health Promoting Properties 

FOS are recognized as a prebiotic because it meets all the required criteria. FOS 

thus reaches the colon without being metabolized and are then fermented by the colonic 

microbiota to lactate and SCFA (Niness 1999; Nguyeh et al. 1999). Several in vitro 

studies have demostrated that FOS is selectively fermented by the health promoting 

bacteria, bifidobacteria and lactobacilli (Bouhnik et al. 2007; Kapl (Kaplan & Hutkins, 

2003)an et al. 2003; Macfarlane et al. 2008). In particular, a number of human studies 

have shown the bifidogenic effect of FOS at doses ranging from 1 to 31 g/day (Thuoty et 

al. 2001; Buddington et al. 1996; Menne et al. 2000; Bouhnik et al. 2007).   

Studies have also shown that FOS are not utilized by harmful bacterial, e.g., 

Escherichia coli or Clostridium dificile (Hidaka et al. 1986). In a 48-hour incubation 

study with mixed fecal flora, Rousseau et al. (2005) demostrated that the pathogenic 

microorganisms Candida albicans and Gardnerella vaginalis, which are often causers of 

urogenital infections, did not utilize FOS. The inhibition of such pathogenic bacterial 

growth by FOS has been attributed to SCFA  production and lower intestinal pH (Birkett 

et al. 2009). Other studies involving animals fed FOS followed by exposure to pathogens 

showed similar protective effects. For example, Brunce et al. (1995) determined that the 

mortality and morbidity of piglets supplemented with FOS for 6 days were reduced 

compared to a control group given enterotoxigenic E. Coli K88 alone.  In addition, 

piglets fed FOS (7.5 g/L) for 14 days resulted in a significant reduction in the severety of 

Salmonella typhimuriumin infections  (Correa-Matos et al. 2003).  
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FOS supplementation has further been associated with modulating and 

strengthening the immune function. Guigoz et al. (2002) showed that consumption of 8 g 

of FOS per day by elderly people reduced the inflammatory response. Moreover, the 

addition of FOS and GOS (8 g/L in a 9:1 ratio) to an infant formula induced beneficial 

antibody profiles by significantly reducing plasma levels of IgE, IgG1, IgG2 and IgG3, in 

infants at a high risk for allergies (van Hoffen et al., 2009).  Early exposure of non-

breast-fed infants to a formula of FOS-GOS (6 g/L) significantly increased secretory 

immunoglobulin after 16 weeks, thereby enhancing the maturation and development of 

the gastrointestinal immune defense (Bakker-Zierikzee et al. 2006; Scholtens et al. 2008).  

Using a randomized, placebo-controlled trial with health infants, Bruzzese et al. 

(2005) reported that supplementation of infant formula with FOS and GOS had a 

prophylactic effect in the incidence of gastroenteritis and diarrhea.  Likewise, Lindsay et 

al. (2005) encountered a positive therapeutic effect by patients with Crohn’s disease after 

receiving 15 g of FOS for 3 weeks. Treatment of 5 g of FOS in patients with minor 

functional bowel disorders during a 6 week period significantly reduced the incidence of 

digestive disorders by 46.3% and associated symptoms (Paineau et al. 2008). 

Several research groups have shown that FOS fermentation in the colon increases 

the colorectal absorption of calcium, iron, and magnesium in rats (Ohta et al. 1995; 

Lopez et al. 2000).  Similar effects have been reported in humans (Ohta et al. 1998; 

Tahiri et al. 2001; Fukushima et al. 2002; Uenishi et al. 2002; van den Heuvel et al. 

2009). In particular, Bouhnick et al. (2007) showed that FOS fermentation in the colon 

produces SFCA resulting in a lower intestinal pH, thus increasing mineral solubility. It 

has also been proposed that FOS aids in rebalancing lipid homeostasis and leads to higher 
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cholesterol excretion (Bouhnik et al. 2007). Although the mechanisms causing these 

responses are not fully understood, it has been attributed to 1.) decreases in the daily 

energy intakes due to lower calorie value of FOS when used as a sweetener; 2.) beneficial 

changes in the intestinal microflora influencing lipid absorption and metabolism; 3.) 

binding of FOS to lipids preventing cholesterol absorption at the intestinal mucosal; and 

4.) increased synthesis of fermentation by products (SCFA), which may decrease 

cholesterol synthesis in the liver (Yamashita et al. 1984; Kok et al. 1996; Delzenne & 

Kok 2001). 

Lastly, research in animal models has revealed that FOS has significant 

anticarcinogenic properties, including prevention of colon cancer (Pool- Zobel et al. 

2002), lower incidence of tumors, metastases and inhibition of malignant tumor growth 

(Taper et al. 1999).  

A.2.2   Inulin Health Promoting Properties  

According to several research groups inulin is fermented in the colon producing 

lactate and SCFA thereby evoking beneficial changes in the intestinal microflora and 

improving mucosal integrity (Roberfoid et al. 1998; Jenkins et al. 1999; Gibson 2000).  

The prebiotic effect of inulin has been shown to stimulate the growth of Bifidobacterium 

and reduce the Enterobacteriacea populations in both human and animal studies (Gibson 

et al., 1995; Kleessen et al. 1997; Kolida et al. 2007; Ramnani et al. 2010). It has also 

been proposed that inulin aids in the survival and implantation of probiotic bacteria 

providing a symbiotic effect (Niness 1999).  

Recent data indicate that inulin consumption beneficially modulates the immune 

system, including the gut-associated lymphoid tissues (Schley et al. 2002).  Watzl et al. 
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(2005) fed rats an inulin enriched diet (10%) resulting in a significant higher levels of the 

anti-inflammatory cytokine interlukin-10. A prospective randomized, placebo controlled 

pilot trial performed by Casellas et al. (2007) showed beneficial effects on symptoms and 

reduced intestinal inflammation in patients with ulcerative colitis when administrated 4 g 

of inulin 3 times a day for 14 days.  Additionally Furrie et al. (2005) tested the effects of 

a symbiotic therapy on patients with ulcerative colitis by combining inulin (6 g) with the 

probiotic bacteria Bifidobacterium longum (2 x 10
11

) twice a day for 4 weeks. This study 

indicated a reduction in the ulcerative colitis symptoms and a significant decrease in the 

mucosal anti-inflammatory cytokines.  

Other studies have shown anti-cancer responses to dietary treatment with inulin, 

such as reducing the incidence and growth of malignant tumors and decreasing 

metastases (Taper et al. 1999).  Inulin consumption has been linked to promoting satiety 

and lowering total energy intake, which has the potential of translating into a supplement 

for weight management (Archer et al. 2004). For instance, consumption of 16 g/day of 

inulin increased satiety and reduced hunger in humans (Cani et al. 2006). Research 

groups have reported that inulin consumption resulted in increased fecal biomass and 

water content in stools, thus improving laxation and reducing constipation (Gibson et al. 

1995; Kleessen et al. 1997). Den Hond et al. (2000) investigated the effect of inulin on 

bowel function in healthy volunteers with low stool frequency, and determined that 

administration of 15 g/day for 2 weeks significantly increased stool frequency.  

Furthermore, fermentation of inulin by the gastrointestinal microflora has been associated 

with greater intestinal absorption of minerals. Coundray et al. (1997) confirmed that 

ingestion of inulin (40 g/day) by young men for a 28 day period significantly increased 
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calcium. Similarly, Younes et al. (2001) showed a significant increase in the calcium and 

magnesium absorption in rats fed a high-inulin diet (100 g/kg) for 21 days. Lastly, 

improved blood lipid profiles were reported in response to inulin consumption (Williams 

1999; Causey et al. 2000).  For example, the latter group showed a significant reducction 

in serum tryglycerides (by 40 mg/dl).   

A.2.3   GOS Health Promoting Properties 

GOS are completely fermented in the human colon producing SCFA (Alles et al. 

1999) and their bifidogenic effect has been demonstrated throughout the literature 

(Alander et al. 2001; Ben et al. 2004; Bouhnik et al. 2004; Vulevic et al. 2008). Davis et 

al. (2010) tested the bifidogenic effect of different doses of GOS in healthy adults and 

showed a significant increase at 5 g and 10 g. Silk et al. (2009) demonstrated that 

consumption of GOS at doses ranging 3.5-7 g/day enhanced fecal bifidobacteria and 

alleviated the symptoms of patients with irritable bowel syndrome. Additionally, GOS 

intake prevented the incidence and symptoms of travelers’ diarrhea (Drakoularakou et al. 

2010).  

Studies have confirmed the anti-adherent activity of commercially available GOS 

against several infectious bacteria in the gastrointestinal tract.  It has been proposed that 

GOS acts as molecular decoys that mimic the carbohydrate binding sites recognized by 

the pathogen in epithelial cells (Figure 5). Specifically, pathogens bind to the GOS rather 

than to the host cells and are thus displaced from the gastrointestinal tract without causing 

infection (Shoeaf et al. 2008). Other researchers have shown that GOS inhibited the 

adherence of Escherichia coli, Salmonella enterica serovar Typhimurium and two 
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different strains of Cronobacter sakazakii to tissue culture cells at a concentration of 16 

mg/ml (Shoaf et al. 2006; Searle et al. 2009; Quintero et al. 2011).    

Reports have shown that the consumption of GOS increases calcium absorption 

using rats as the model system (Chonan et al. 1995; Chonan et al. 1996) but humans 

subjects produced opposite outcomes.  van den Heuvel et al. (1998) investigated the 

effect on calcium and iron absorption in young healthy subjects fed 15 g/d GOS but 

increases absorption of either mineral did not occur. In a second study, the same research 

group reported that GOS consumption by postmenopausal women (20 g/d) for 9 days 

resulted in higher true calcium absorption (van den Heuvel et al. 2000).  

Vulevic et al. (2008) showed beneficial immune effects of GOS consumption with 

44 elderly subjects who received a 5.5 g/day treatment. The results indicated a significant 

increase in phagocytosis and natural killer activities, as well as elevated production of 

anti-inflammatory cytokines with a concomitant reduction in pro-inflammatory 

cytokines. In particular, GOS have attracted attention due to similarities to human milk 

oligosaccharides (Alander et al. 2001; Moro & Arslanoglu 2005 Sangwan et al. 2011) 

that play an important role in infants’ immune system development and modulation of 

their intestinal microflora.  

GOS has also been linked to lower bacterial enzyme activities involved in the 

formation of carcinogenic compounds and to lower levels of secondary bile acids linked 

to increased colon cancer risk (Ito et al. 1993; Rowland et al. 1993). Administration of 

GOS has shown protective properties against colo-rectal cancer by reducing the number 

of tumors in a rat model system (Wijnands et al. 1999). 
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Figure 5. Schematic illustration of the adherence (A) and anti-adhesive agents: 

probiotics (B) adhesion analogs (C), and receptor analogs (D). (Source: Shoaf et al.  

(2008)). 
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A.3   Prebiotics in Foods 

Some prebiotics, such as inulin and oligofructose, occur naturally in foods 

(Roberfroid 2002) but are increasingly used as functional ingredients for a variety of 

processed foods (Roberfroid et al. 2010).  However, during processing carbohydrates 

undergo different changes, such as Maillard-reaction, caramelization and hydrolysis 

(Matusek et al. 2008; Birkett et al. 2009). Certainly, oligosaccharides that have been 

enzymatically or chemically hydrolyzed are not expected to retain prebiotic activity 

considering that released sugars would be absorbed in the intestinal tract or metabolized 

by the general commensal flora. Thus, the interaction of the prebiotic with the 

surrounding matrix and the effect that processing might have on their structure must be 

considered (Huebner et al. 2008).   

A.3.1   FOS in Foods  

FOS are extensively distributed in the plant kingdom, particularly in banana, 

wheat, barley, onion, garlic, asparagus and Jerusalem artichoke (Campbell et al. 1997; 

Roberfroid 2002). FOS has been used in the food industry to manufacture pastry, frozen 

deserts and dairy products; contributing to both body, texture and as a low calorie 

sweetener (Campbell et al. 1997; Niness 1999; Sangeethat et al. 2005). Although little 

data exist on the physio-chemical characteristics and other stability properties of FOS in 

processed foods (Yun 1996), Mujoo et al. (2003) showed that added kestose and nystose 

levels decreased after the bread baking process.  According to results reported by Courtin 

et al. (2009), a reduction of 60-67% (w/w) of the glycosidic linkages β-(2→1) occurred 

between fructose units at low pH (2.0 and 3.0) and after incubation at 100  °C for 60 

minutes (Figure 6).  Other experiments have shown significant degradation of FOS under 
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acidic conditions (pH 2-4) and high temperature 70-120  °C (L'homme et al. 2003; 

Matusek et al. 2008). 

Figure 6. Percentages of glycosidic linkages los by hydrolysis in FOS incubated 

for different time periods (0, 5, 15, 20, 30 and 60 min) at 100 °C.  (Source: (Courtin et al. 

(2009)) 
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A.3.2   Inulin in Foods 

Inulin is found naturally in a variety of plants and in some bacteria and fungi, thus 

inulin has always been part of the human diet. Common sources include chicory roots 

(Cichorium intybus), Jerusalem artichoke, leaks, onion, garlic and asparagus (Frank, 

2002).  Inulin can also be enzymatically synthesized from sucrose (Niness 1999; Frank 

2002; Roberfroid 2002) 

In the food industry, inulin is widely used for both its nutritional and functional 

properties (Frank 2002). It is often used in the production of low glycemic index foods 

intended for diabetics and hydrolyzed to produce fructose syrups (Hofer et al. 1999). 

Furthermore, inulin improves physical and organoleptic properties of low fat foods and 

can be used as a fat replacer. Inulin is added to foods as a prebiotic ingredient and to 

enrich the fiber content of products without sacrificing mouth feel and or producing off-

flavors (Niness 1999; Frank 2002). Nevertheless, Böhm et al. (2005) showed that dry 

thermal treatment of inulin caused significant degradation of the long fructose chains 

leading to the formation of smaller molecules such as di-D fructose and dianhydrides 

(Figure 7). Losses of the initial inulin content in bakery products during the dough 

development and the baking process has been reported (Pranznik et al. 2002).  
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Figure 7. Degradation of inulin from chicory during thermal treatment up to 60 

minutes at temperatures between 100 and 195 °C. (Adapted from Böhm et al. (2005)). 
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A.3.3  GOS in Foods  

Products containing GOS were first launched in Japan in the late 1980s (Nauta et 

al. 2009). GOS has since been recognized as a stable, soluble and functional ingredient, 

suitable as an ingredient for a number of foods and beverages, including dairy products, 

bakery products, breakfast cereals, beverages, snack bars infant formulas, functional 

foods, and clinical nutrition formulas (FDA 2007; Sangwan et al. 2011). GOS have a 

very stable shelf life even at low pH and high temperature conditions (Figure 8) due to 

the presence of β-type linkages (FDA 2007; Nauta et al. 2009; Sangwan et al. 2011). In 

food products requiring heat treatment, GOS remains stable at temperatures up to 100 and 

120 °C and pH values of 3-7 (FDA 2007). 

GOS are increasingly applied as ingredients for infant formula and growing-up-

milks as a means to mimic the biological functions of human milk oligosaccharides 

(Napol et al. 2003; Nauta et al. 2009; Sangwan et al. 2011). The amount of supplemented 

GOS varies by product but current infant formulas typically contain up to 8 g GOS per l  

(FDA 2007), which is based in part on the amount of complex oligosaccharides in mature 

human milk (5-8 g/l) (Kuz et al. 2000).  Results from studies by Savino et al. (2003) and 

Moro et al. (2002) indicated that infant formula supplemented with up to 7.2 g GOS per l 

was well tolerated by healthy term infants without causing any adverse effects.  GOS are 

also incorporated into symbiotic formulations to enhance the survival, colonization and 

functionality of probiotics (Kukkonen et al. 2008; Piirainen et al. 2008).  
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Figure 8.  Stability of Vivinal ® GOS at low pH and 85 °C for 5 minutes. Source: 

(Friesland Foods Domo, GRASS notice FDA (2007)). 
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A.4   Prebiotic Analysis  

As stated previously, carbohydrates can undergo different changes, including 

Maillard-reactions, caramelization and hydrolysis; hence the supplemented prebiotics 

could lose their effect by breaking down or changing during processing (Matusek et al. 

2008). Although different analytical methods to detect and characterize non-digestible 

carbohydrates are reported throughout the literature, the vast majority have only been 

applied to the analysis of pure prebiotics and not to prebiotics supplemented in different 

complex foods matrices. Therefore, it is necessary to develop selective analytical 

methods, capable of accurately measuring prebiotics in the presence of complex food 

matrices.  

A.4.1   FOS Analysis  

Several methods to detect and quantitate FOS have been discussed in the 

literature, including thin layer chromatography (Park et al. 2001), gas chromatography 

with mass spectrometry detection and nuclear magnetic resonance (Hayashi et al. 2000). 

Nevertheless, high performance liquid chromatography (HPLC) using both polar and 

non-polar resin based columns with refractive index detection is the prevalent technique 

for FOS analyses (Sangeethat et al. 2005).  Anion exchange chromatography methods 

using an alkaline mobile phase and pulsed electrochemical detection (Shiomi et al. 1991; 

Campbel et al. 1997) as well as, cation-exchange chromatography using water as the 

eluent and Ca
2+

 as the counter ion (Antosova et al. 1999) have also been established. 
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A.4.2    Inulin Analysis  

Presently inulin can be legally labeled as “dietary fiber”, but the official method 

for analysis of “dietary fiber” is unable to detect it (Frank 2002). For this reason, liquid 

chromatography methods with refractive index detection have been developed for its 

detection and quantification, both directly and indirectly after hydrolysis to fructose 

(Zuleta et al. 2001; Vendrell-Pascuas et al. 2000; Wang et al. 2010). However, 

colorimetric methods for fructans based on acidic or enzymatic hydrolysis are more 

commonly used due to their simplicity and low costs (Hofer et al. 1999; Korakli et al. 

2003; Wang et al. 2010). The official AOAC method for the measurement of fructans is a 

colorimetric method where fructans are hydrolyzed to fructose and then measured after 

reaction with p-hydroxybenzoic acid hydrazide (AOAC 2002). 

A.4.3    GOS Analysis   

Several analytical methods have been published pertaining to the identification 

and quantification of GOS, including UV spectroscopy (Dias et al. 2008), capillary 

electrophoresis (Albrecht et al. 2010), HPLC with refractive index detection (Albayrak & 

Yiang 2002), and thin layer chromatography (Sanz et al. 2005; Splechtna et al. 2006). 

The existing official method for the determination of trans-galactooligosaccharides in 

food products (AOAC 2001.2) is based on high performance anion-exchange 

chromatography with pulsed amperometric detection of galactose after hydrolysis of 

GOS with β-galactosidase (de Slegte 2002).  
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B. OBJECTIVES AND SPECIFIC AIMS  

Stability of prebiotics during food processing is a very important requirement 

given that prebiotics are biologically active compounds in terms of their health promoting 

properties. As the complexity of the food matrix may also affect the ability to test for 

prebiotics, product specific analytical methods are needed to monitor different types of 

processed food. Therefore the objective of this project was to adapt or develop, validate, 

and then apply analytical methods that are capable of monitoring prebiotics in different 

types of processed food matrices, including breakfast cereal, cookie, muffin, sports drink 

and a nutritional granola bar.  The objective of this project was satisfied by completing 

the following specific aims. 

Specific Aim 1:  To develop and/or adapt extraction and product specific 

analytical procedures for measuring FOS, GOS and inulin in the different food matrices. 

Specific Aim 2:  To validate the methods established from Specific Aim 1 for 

each food matrix. 

Specific Aim 3:  To apply the validated method to the food matrices prepared 

with 1% of the prebiotic under standard unit preparation procedures.  

Specific aim 4: To assess the chemical fate of FOS, GOS and inulin in prototype 

of extruded cereal and a sports drink prepared under different processing / formulation 

parameters. 
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C. MATERIALS AND METHODS  

C.1 Specific aim 1: Develop and/or adapt extraction and 

analytical procedures 

Processed foods used for this study included extruded ready-to-eat breakfast 

cereal, muffin, cookie, and nutritional bar, which were provided by Dr. Randy Wehling 

(Department of Food Science and Technology, University of Nebraska). The 

formulations of each product are shown in Tables 1-5.  Supplemented products were 

prepared with the following prebiotics: 1) Galactooligosacharides (GTC nutrition), 

90%db. 2) Short-chain fructooligosaccharides powder (NutraFlora®) (GF2 33.8%, GF3 

50.1%, and GF4 11.6%) 3) Inulin (ORAFTI) ≥ 92.2% oligofructose, DP between 2 and 8.  

 

 

 

Table 1.   Extruded Ready-to-eat Breakfast Cereal Formulation 

 

Component g/batch 

Oat flour 800 

Corn flour 1010 

Sucrose (granulated table sugar) 160 

Salt 20 

Calcium carbonate 10 

Prebiotic 20 

*Refer to Figure 13 for processing parameters. 
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Table 2.  Cookie Formulation 

 

Component g/batch 

Shortening 64 

Sugar 130 

Salt, USP 2.1 

Bicarbonate of Soda, USP 2.5 

Dextrose solution (8.1g dextrose hydrous, 

USP in 150 ml water) 

33 

Distilled water 16 

Flour14% mb 225 

*Baked in an industrial rotating oven at 204 ° C for 10 min. 

 

 

 

 

 

 

Table 3.  Muffin Formulation 

 

Component g/batch 

All-purpose flour (Bleached wheat flour, maltea 

barley flour, niacin, iron, thiamin, mononitrate, 

riboflavin, folic acid) 

250 

Granulated sucrose 75 

Baking powder (Baking soda, corn starch, 

sodium aluminium sulfate, calcium sulfate, 

monocalcium phosphate) 

15 

Salt 3.1 

Eggs (whole, slightly beaten) 50 

Milk (fluid) 200 

Butter(melted) 75 

Distilled water 50 

Prebiotic 7.5 

*Baked in a conventional oven at 240 ° C for 20 min.  
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       Table 6. Optimization conditions for extracting FOS in the different food products 

 
Food Product 

 

Amount of 

sub-sample analyzed 

 

Extraction Solvent 

Further procedures 

for extraction 

optimization. 

 

Extruded cereal 
 

10.00 ± 0.05 g 

 

20.0 ± 0.1  ml of 1:1 

water: ethanol 

 

Concentrated to a 

final volume of 1 ml. 

 

Muffins 

 

1.00 ± 0.05 g 

 

2.0 ± 0.1  ml of water 

 

- 

 

Cookies 

 

10.00 ± 0.05 

 

20.0 ± 0.1 ml of water 

 

-Pellet extracted an 

additional time with 

10 ml of water. 

 

Nutrition bar 

 

10.00 ± 0.05 g 

 

10.0 ± 0.1  ml of  water 

Concentrated to a 

final volume of 1 ml. 

 

Sports drink 

 

1.00 ± 0.05 ml 

 

No extraction needed. 

 

- 

 

 

Table 6.  Optimization conditions for extracting inulin in the different food products 

 
Food 

Product 

 

Amount of sub-

sample analyzed 

Volume 

of extraction solvent 

(water) indicated by 

the protocol 

Volume 

of extraction solvent 

used for assay 

optimization. 

Extruded cereal 1.00 ± 0.05  g 100 ± 0.1 ml 50 ± 0.1 ml 

 

Muffins 

 

1.00 ± 0.05  g 

 

100 ± 0.1 ml 

 

50 ± 0.1 ml 

 

Cookies 

 

1.00 ± 0.05 g 

 

100 ± 0.1 ml 

 

Optimization was not 

achieved. 

 

Nutrition bar 

 

1.00 ± 0.05 g 

 

100 ± 0.1 ml 

 

50 ± 0.1 ml 

 

Sports drink 

 

1.00 ± 0.05 ml 

 

100 ± 0.1 ml 

 

50 ± 0.1 ml 
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Figure 15. GC chromatogram of breakfast cereal control. Peaks: Fructose (ret 

time 9.19 min), glucose (10.78 min), myo-inositol (11.23 min) 

 

 

Figure 16. GC chromatogram of breakfast cereal spiked with 1% GOS.  Peaks 

fructose (ret time 9.264 min), galactose (10.05 min), glucose (ret time 10.82 min) myo-

inositol (11.308 min). 
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D.2 Specific Aim 2:  Method Validation  

Selective and sensitive analytical methods for the quantitative evaluation of 

prebiotics in different food matrices are critical to evaluate their stability during different 

food preparation procedures. Therefore, the analytical methods optimized in Specific 

Aim 1 were validated to ensure reliable and reproducible measurement of each prebiotic 

in each food matrix. Method validation included accuracy, precision, linearity, limit of 

detection, limit of quantitation and selectivity (AOAC, 1998). 

D.2.1 FOS 

Linearity of the FOS assay was evaluated with each food product to confirm the 

performance of the method and the equipment. FOS standards ranging from 0.25-7.5 

mg/ml resulted in consistently linear calibration curves with strong correlations (r > 0.90) 

for kestose, nystose and 1-fructofuranosyl nystose (Table 9). These calibration curves 

were then used to determine limits of detection and quantitiation. The results showed that 

both parameters were lower than 1% for all the food products. The sports drink exhibited 

the lowest limits of detection and quantitation at 0.008% and 0.014%, respectively. On 

the other hand, the remaining food products produced detection limits from 0.14-0.21% 

and quantitation limits from 0.43- 0.75%.  

Effects from differences in food matrices were predominantly reflected in method 

accuracy and precision. Method precision was determined by calculating the percent 

relative standard deviation (% RSD) of spiked samples (n=5) below (0.5%) and above 

(2%) the target amount to be supplemented in the food products (1%) (Table 9).  The 

sports drink showed the highest precision (1-4%) while the breakfast cereal exhibited the 

lowest precision (18-27%). The complexity of the matrix and the presence of interfering 
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compounds in the breakfast cereal, as opposed to a liquid matrix requiring minimum 

clean-up and handling steps, might have contributed to the differences in precision 

between the breakfast cereal and the sports drink.  Moreover, variability decreased as the 

% prebiotic increased for all the food products with the notable exception of the cookie.  

In this case, the lowest %RSD (2%) occurred for the 0.5% spiked prebiotic sample as 

opposed to a %RSD of 19% when spiked with 2% prebiotic. The high sucrose content in 

the cookie probably increased the amount of solutes in the extraction solvent allowing 

lower amounts of prebiotic (i.e. 0.5%) to be extracted and dissolved.  Higher amounts 

(i.e. 2%) might have caused the solvent to reach or to be close to the saturation point 

resulting in partial extractions of the prebiotic. One possible solution would be to increase 

the volume and/or the temperature of solvent to prevent saturation. Moreover, method 

accuracy, as determined by percent recoveries of spiked prebiotic in the control samples, 

was between 80 and 100% for the cookie, sports drink and muffin.  For food products 

with less than 90% recovery, as is the case of breakfast cereal and nutritional bar, a 

correction factor was applied to the final results when analyzing prebiotic supplemented 

food products after processing. 
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D.2.2 Inulin 

As shown in Table 10, method linearity of the inulin assay was evaluated by 

constructing a 5 point calibration curve with standards ranging from 3-30 mg/ml. 

Calibration curves were re-evaluated with each food product analysis generating 

regression lines with strong correlation coefficients (r > 0.99). In addition, method 

precision was determined by again analyzing the %RSD of the control samples (n=5) 

spiked with 0.5%, 1%, and 2% inulin (w/v). For the 1% spiked samples, %RSD ranged 

between 5-18% for all the products.  The sports drink produced the lowest %RSD (3-8%) 

whereas %RSD were the highest for the cookies (5-32%) and breakfast cereal (7-30%).  

The lowest limit of detection (0.14%) resulted for sports drink while the 

nutritional bar exhibited the highest limit of detection (2.55%). A similar trend occurred 

for the limit of quantification with the lowest values produced for the sports drink 

(0.24%) and the highest for the nutrition bar (4.64%). With the exception of sports drink, 

both limits of detection and quantitation were over the target amount of prebiotic to be 

supplemented in the food products (1%).  However, this problem was addressed during 

the method optimization as the matrix response was taken into account when calculating 

the amount of inulin present in the samples (Table 6).  Because the percent recoveries 

were above 110% for both the spiked breakfast cereal and the muffin, a correction factor 

was applied when calculating the amount of inulin present in the supplemented products 

after processing. 
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Table 9. Method performance characteristics for inulin in different food products 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Breakfast 

cereal Cookie Muffin 
Nutrition 

bar Sports drink 
Linearity (regression 

analysis 

 
Inulin:3-30 mg/ml  
(n=5) 
 

 

 
y = 0.0149x 

+ 0.0013 
r = 0.9989 

 

 
y= 0.0081x 

+ 0.0044 
r = 0.9994 

 

 
y = 0.0157x 

+0.0058 
r =0.9994 

 

 
y = 0.0157x 

+0.0058 
r = 0.9994 

 

 
y = 0.0148x 

- 0.0001 
r² = 0.9994 

Precision (RSD % ) 
 

   
 

Standard: 0.5% (n=5) 30.18 31.63 10.70 25.24 3.08 

Standard: 1% (n=5) 14.74 4.97 16.88 9.06 5.84 

Standard: 2% (n=5) 7.19 29.49 8.66 16.34 8.35 

  
 

   
Detection limit  (%) 1.44 2.14 1.20 2.55 0.144 

  
    Quantitation limit (%) 4.43 3.50 2.42 4.65 0.42 

      

Accuracy/specificity 

(%recovery)      
Standard: 0.5% (n=5) 107.20 125.41 160.09 103.31 106.65 

Standard: 1% (n=5) 115.20 99.04 121.20 107.48 103.60 

Standard: 2% (n=5) 117.43 109.45 104.79 113.30 99.49 
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D.2.3 GOS 

The linearity of the assay and r values of the GOS method were confirmed by 

constructing 5 point calibration curves with galactose, glucose, and myo-inositol each 

ranging in concentration  from 1-20 mg/ml (Table 11).  Linear regions were obtained for 

each standard at the cited concentration range with coefficient correlations greater than 

0.99.  

Additionally, overall method precision was high as indicated by low %RSD 

values for samples (n=5) spiked with each of three levels of GOS (0.5%, 1%, and 2% 

(w/w), and (w/v) in the sports drink.  Method precision for the sport drink at 1% GOS 

was 2%, whereas a %RSD of 7% and 6% resulted for the 0.5% and 2% GOS spiked 

drink, respectively.  Likewise the breakfast cereal exhibited a %RSD of 8% for the 0.5% 

and 1% spiked base formula with a slightly lower %RSD (5%) for the 2% GOS spiked 

sample.  

Limits of detection for GOS were 0.024% in the sports drink and 0.032% in the 

breakfast cereal. The lowest quantitatable percent of GOS was 0.024% for the sports 

drink and 0.093% for the breakfast cereal.  As these values were below the amount of 

prebiotic supplemented in the food matrices, the method was considered suitable to apply 

to the supplemented food systems. Furthermore, the method presented high percent 

recoveries for both the breakfast cereal (98%) and sports drink (91%) indicating a high 

accuracy and specificity of the assay.  A summary of all the method performance results 

are shown in Table 11.  
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Table 11.  Method performance characteristics for GOS in different food products 

 Breakfast cereal Sports drink 

Linearity (regression analysis 
  

Galactose: 1- 20 mg/ml (n=3) 
y = 361610x - 30357 

r = 0.9985 

y = 361610x – 30357 

r = 0.9985 

Glucose 1- 20 mg/ml (n=3) 
y = 306002x + 59647 

r = 0.9992 

y = 306002x + 59647 

r = 0.9992 

myo-inositol: 1- 20 mg/ml  (n=3) 
y = 461702x - 61489 

r = 0.9984 

y = 461702x - 61489 

r = 0.9998 

Precision (RSD % ) 
  

Standard: 0.5% (n=5) 7.68 6.99 
Standard: 1% (n=5) 8.32 1.63 
Standard: 2% (n=5) 4.7 6.45 

Detection limit (%) 
  

GOS 0.032 0.024 

Quantitation limit(%) 0.093 0.024 
GOS 

  
Accuracy/specificity (%recovery) 

  
Standard: 0.5% (n=5) 132.60 86.68 
Standard: 1% (n=5) 97.71 91.42 
Standard: 2% (n=5) 101.54 91.59 
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Table 12.  Percent recoveries of 1% GOS supplemented food products after processing 

 

Sample 

GOS content 

 

 Supplemented with 1% 

GOS 

% Recovery 

 

Extruded cereal 

 

1.06 ± 0.034 

 

106% 

 

Sports drink 

 

1.07 ±0.078 

 

107% 
Results shown as MEAN ± STD (n=3) 

 

 

 

 

 

Figure 19.  Percent GOS after processing of food products supplemented of 1% 

prebiotic. Results shown as MEAN ± STD (n=3). 
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D.4. Specific aim 4. Chemical fate of FOS, GOS and inulin 

during various processing treatments 

To further evaluate the chemical stability of prebiotics in the breakfast cereal, 

different screw speeds and barrel temperatures were used during the extrusion. 

Specifically, 120 °C and 170 °C were used for the low and high barrel temperatures; and 

120 rpm and 220 rpm were used for the low and high screw speeds.  (Refer to Figure 13 

for d). Three trials for each prebiotic were conducted using a split plot design where one 

optimal condition was held (i.e. barrel temperature or screw speed), while the other 

condition was varied.     

To determine the effects of pH and reducing sugar content on stability of the 

prebiotics in sports drinks, various sweetener ratios of sucrose: corn syrup solids (1:1, 

1:2, 2:1) were tested at different pH values (3.0, 3.4 and 4.0). The experiment was 

completely randomized with a split-plot design, where the sweetener composition was 

held and pH was varied for each trial (n=3).   

D.4.1 Chemical fate of FOS in the breakfast cereal 

As shown in Figure 20, extrusion in general reduced the levels of supplemented 

FOS in the breakfast cereal. During optimum extruding conditions less than 50% of the 

initial supplemented FOS was recovered.  A similar tendency occurred regardless of the 

extruding condition but the lowest FOS levels were recovered when extrusion was held at 

the highest temperature (170 °C).  

Several mechanisms could be involved in the degradation of FOS.  For example, 

the higher screw speed exposes the FOS to sheer stress. At lower screw speeds the 

pressure within the extruder is increased due to higher screw fill, hence that product is 
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exposed to high temperature and pressure for a longer time, resulting in chemical bond 

breakage of the macromolecules (Guadalberto et al. 1997). Furthermore, liability of FOS 

to heat hydrolysis has been well demonstrated in previous studies (L'Homme et al. 2003; 

Matusek  et al.  2009; Kewicki 2007). 

D.4.2 Chemical fate of inulin in breakfast cereal  

Optimal and low temperature extruding conditions did not significantly affect 

inulin levels in the supplemented breakfast cereal. However, variations in screw speeds 

resulted in recoveries of 25% and 34% at 120 rpm and 170 rpm, respectively (Figure 23). 

Additionally, low levels of inulin (35%) were recovered after high temperature (170 °C) 

extruding conditions. Although Böhm et al. (2005) showed that thermal treatment of 

inulin at temperatures between 135 and 195 °C can induce significant degradation, there 

remains a significant lack of scientific information on the thermal stability of inulin 

during extrusion.    

D.4.3 Chemical fate of GOS in breakfast cereal  

Based on the results obtained from this study, GOS was stable at all extrusion 

conditions with 99% recoveries for the product processed under the optimal processing 

conditions.  As shown in recoveries of 115%, 105% and 102% occurred at high screw 

speed, low screw speed and low barrel temperatures, respectively.  The lowest levels 

(81%) were recovered when the breakfast cereal was extruded at the highest temperature 

but the results were not significantly different (p>0.05) from the optimal conditions.   
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 Figure 20. FOS recovery in breakfast cereal supplemented with 1% FOS and 

extruded under different screw and temperature conditions. Results shown as MEAN ± 

STD (n=3). Bars with different letters are statistically different (p>0.05) using Tukey 

HSD test. 
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Figure 23. Inulin recovery in breakfast cereal supplemented with 1% Inulin and 

extruded under different screw and temperature conditions .Results shown as MEAN ± 

STD (n=3). Bars with different letters are statistically different (p>0.05) using Tukey 

HSD test. 

 

 

 

 

 

 

 



65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. GOS recovery in breakfast cereal supplemented with 1% GOS and 

extruded under different screw and temperature conditions. Results shown as MEAN ± 

STD (n=3). Bars with different letters are statistically different (p>0.05) using Tukey 

HSD test. 
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D.4.4 Chemical fate of FOS in sports drink 

FOS was more stable as the pH increased in the sports drink, regardless of the 

sweeter composition (Figure 23). Although a percent recovery of 97% resulted for the 

supplemented FOS at pH 4.0 and lower reducing sugar content (S:CSS 2:1), the results 

were not significantly different (p>0.05) from the other sweetener ratios. At pH 3 and pH 

3.5, recoveries of less than 70% independent of the sweetener composition were 

obtained. Nevertheless, percent recovery (37%) was significantly (p<0.05) decreased at 

pH 3 and equal amounts of sucrose and corn syrup solids. Previous studies have reported 

low FOS stability at elevated temperatures and low pH (Blecker et al. 2002; L'Homme et 

al. 2003; Matusek et al. 2009; Kewicki 2007), fructose furanosyl residues in the FOS are 

believed to be prone to the acid hydrolysis (Voragen 1998).   

D.4.5 Chemical fate of inulin in sports drink 

Compared to FOS, inulin was more stable regardless of the pH or sweetener 

composition (Figure 24.).  The lowest inulin recovered (90%) resulted at pH 3 with added 

sucrose and corn syrup solids at 1:1 ratio.  This result was statistically different (p>0.05) 

form those obtained for the pH 3.5 and pH 4.0 formulations at the same sweetener 

compositions but no significant differences occurred for the other treatments.  Christian 

et al. (2000) reported degradation of inulin at high temperature (160 ᵒC) in the presence 

of citric acid.  According to L'Homme et al. (2003) hydrolisis is caused by the 

protonation of oxygen in the glycosidic bond.  
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D.4.6 Chemical fate of GOS in sports drink 

As shown in Figure 23, supplemented GOS was stable at all pH values and/or 

sweetener conditions.  Overall, GOS had the greatest stability in the sports drink among 

the studied prebiotics with recoveries > 95% at pH 3 and pH 3.5. Lower levels were 

recovered at pH 4 but were not significantly different (p>0.05) from the other treatments.  

Stability of GOS at high temperatures and acid conditions has been evaluated and 

confirmed by several authors. Kewicki (2007) reported that GOS had not undergone 

hydrolysis at pH 3 with heating at 100 ᵒC for 10 min, and only low losses occurred (5%) 

when the pH was dropped to 2.0. The presence of the different β-bonds was attributed to 

GOS thermostability at low pH (Voragen 1998). Hence, the results obtained from this 

study are in very good agreement with the literature.   
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Figure 21. FOS recovery in sports drink supplemented with 1% FOS prepared 

and under different pH and sweetener ratios. Results shown as MEAN ± STD (n=3). Bars 

with different letters are statistically different (p>0.05) using Tukey HSD test. 
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Figure 22. Inulin recovery in sports drink supplemented with 1% inulin and 

prepared under different pH and sweetener ratios. Results shown as MEAN ± STD (n=3). 

Bars with different letters are statistically different (p>0.05) using Tukey HSD test. 
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Figure 23. GOS recovery in sports drink supplemented with 1% GOS and 

prepared under different pH and sweetener ratios. Results shown as MEAN ± STD (n=3). 

Bars with different letters are statistically different (p>0.05) using Tukey HSD test 
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E. CONCLUSIONS  

There is an increasing interest in the use of prebiotics as food ingredients capable 

of modifying the intestinal microbiota as a means to confer beneficial health effects.  

Therefore, it is essential that prebiotics remain stable under typical food manufacturing 

and processing conditions. In this project, methods for extracting and analyzing 3 

commonly studied prebiotics (inulin, FOS and GOS) were initially developed and 

validated for different processed prototype food products. Depending on the complexity 

of the food matrix, optimized extraction procedures were required.  When the method 

accuracy was below 90% or above 110%, correction factors were applied for the analysis 

of some supplement products. Method accuracy was determined via a spiked recovery 

approach, which is not a typical step for food based ingredients. Results indicated that 

method’s precision (%RSD) decreased as the matrix complexity increased but linear 

calibration curves with strong correlation coefficients (r
 
> 0.90) were generated for each 

method. 

Optimized methods for monitoring FOS and GOS presented low detection and 

quantitation limits, resulting in reliable techniques to analyze low amounts of the 

prebiotics in the presence of complex matrices. On the other hand the enzymatic-

spectrophotometric method to analyze inulin presented high detection and quantitation 

limits and accuracy was affected by compounds present in the food matrix. Hence, 

additional research is needed to develop a robust and high throughput method to monitor 

inulin in the presence of complex food matrices.  
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Finally, degradation of FOS and inulin must be considered when added as a 

prebiotic ingredient into thermally treated foods, especially in presence of acid. On the 

other hand, this study showed that GOS was stable to high temperature and low pH. 
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