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DEVELOPMENT OF A NOVEL PROBIOTIC-FORTIFIED SOY ENERGY BAR 
CONTAINING DECREASED α-GALACTOSIDES 

Mo Chen 

Azlin Mustapha, Thesis Supervisor 

ABSTRACT 

Soy foods are more and more accepted as healthy foods.  Specifically, soy energy 

bars share a main branch of the soy foods market in the U.S.  However, intestinal bloating 

and flatulence induced by consumption of soy foods often compromise their favorable 

properties.  This is due to the presence of indigestible oligosaccharides (α-galactosides), 

mainly raffinose and stachyose.  This research was aimed to develop innovative soy 

energy bars containing functional probiotics, which could be used to fortify soy foods and 

to reduce α-galactosides upon consumption.   

Firstly, a dry powder ingredient containing functional probiotics was developed.  

The probiotics, Lactobacillus acidophilus LA-2 and Lactobacillus fermentum ATCC 

14931, were able to produce α-galactosidase, the specific enzyme that hydrolyzes raffinose 

and stachyose, in quite high levels, at 4.1 × 10-3 and 2.5 × 10-3 U/mg, respectively.  Further, 

the enzyme activity was significantly induced (P ≤ 0.05) to 5.0 × 10-3 and 4.1 × 10-3 U/mg 

for L. acidophilus LA-2 and L. fermentum ATCC 14931, respectively, by growing the cells 

in the presence of raffinose.  Microencapsulation was applied to protect the probiotics, 

and it was demonstrated that the combination of κ-carrageenan and inulin with the 

proportion of 1.9:0.1 (w:w) as wall materials, significantly retained the viability of the 

probiotics through freeze-drying (P ≤ 0.05).  The microencapsulated cells were 
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subsequently frozen at -20oC overnight and freeze-dried.  Scanning electron microscopic 

images confirmed that the morphology of the microcapsules was well preserved after 

freeze-drying. 

Further, innovative soy energy bars containing microencapsulated L. acidophilus 

LA-2 were manufactured and their shelf life was analyzed during a ten-week storage under 

vacuum packaging in the dark at both 4oC and room temperature.  Compared with room 

temperature storage, the 4oC storage condition preserved the soy energy bars with their 

original properties better.  Over time, no significant changes were found in pH, moisture 

content, yellowness and viability of the probioitcs for the innovative soy energy bar stored 

at 4oC (P ≤ 0.05).  Although a significant increase in water activity, texture and redness, 

and a significant decrease in lightness were found for the bars stored at both 4oC and room 

temperature over time, the changes caused by 4oC storage was much slower than that 

caused by room temperature storage (P ≤ 0.05). 
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CHAPTER 1 

INTRODUCTION 

Soy materials have a high content of polyunsaturated fats, fiber, minerals and 

vitamins, a low content of saturated fat, and a well-balanced protein composition.  

Soy-derived food products (soy foods) have been indicated to have many health benefits, 

and have been more and more accepted as functional foods recently.  Specifically, the US 

Food and Drug Administration (FDA) approved labeling for foods containing soy protein 

as protective against coronary heart disease in 1999 (FDA 1999).  

In the soy foods market, soy food sales have increased from $300 million to $3.9 

billion from 1992 to 2006 (Soyfoods Association of North America 2007).  However, 

from 2004 to 2006, there was barely any growth in soy food sales.  Sales of soy energy 

bars, specifically, decreased by 20.4%.  One concern is that the non-digestible soy 

oligosaccharides (SOS), mainly stachyose and raffinose, could cause undesirable intestinal 

symptoms, such as bloating, cramping and flatulence.   

On the other hand, SOS can function as prebiotics to promote the growth of certain 

probiotics.  This is only if these probioitcs are able to produce α-galactosidase, the specific 

enzyme that hydrolyzes SOS.  Adding such probiotics to soy foods would help in SOS 

digestion and may confer other probiotic health benefits to consumers. 

Probiotics suffer from the mechanical pressures and chemical reactions that occur 

during food processing and storage, as well as the low pH in gastric juices after ingestion.  

Thus, a desired viability of probiotics is not guaranteed.  Microencapsulation can provide 

probiotic protection during processing, storage and gastric juice digestion.  Controlled 
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release of probiotics conducted by microencapsulation can also maintain high viability of 

probiotics during their passage through the human gastrointestinal tract.  Freeze drying is 

a comparatively efficient drying method for drying probiotics, as far as the viability of 

probiotics is concerned.   

The objectives of this study are: 

(1) To select specific strain(s) of probiotics that can produce high levels of               

α-galactosidase. 

(2) To microencapsulate the probiotics and optimize wall materials for 

microencapsulation. 

(3) To optimize freezing conditions before freezing drying. 

(4) To testing the viability of the microencapsulated probiotics during storage. 

(5) To manufacture an innovative soy energy bar, which contains 

microencapsulated probiotics. 

(6) To conduct shelf life analysis of the soy energy bar. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Soy foods and their health benefits  

Consumption of soy foods is beneficial to health because soy foods have a high 

content of polyunsaturated fats, fiber, vitamins and minerals, and a low content of saturated 

fat.  Using soy foods to replace foods high in animal protein that contain saturated fat and 

cholesterol may confer benefits to cardiovascular health.  In addition, soy protein could be 

used to increase total dietary protein intake and reduce carbohydrate or fat intake (Sacks 

and others 2006).  

2.1.1 Soy foods market 

Soy derived food products have been gradually accepted by customers for their 

health benefits.  It is reported that soy food sales have increased from $300 million to $3.9 

billion from 1992 to 2006 (Soyfoods Association of North America 2007).  Specifically, 

dramatic sales growth arose after the US Food and Drug Administration (FDA) approved 

labeling for foods containing soy protein as protective against coronary heart disease in 

1999 (FDA 1999).   

Traditional soy foods, such as tofu, soy sauce, soymilk and tempeh, are commonly 

consumed in Asian countries.  However, currently in the US food market, three quarters 

of the sales of soy foods and drinks are from supermarkets, according to the Soy-based 

Food and Drink Report (the Mintel June 2006).  Newly developed commercial soy food 

categories include soy-based drinks, drinkable cultured soy, soy dairy free frozen desserts, 
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soymilk powder, soy entrees, pastas, soy burger and snack foods, among which soy energy 

bar, soymilk and meat alternatives have weighed the most of the recent sales (Table 2.1).   

 

Table 2.1 Sales of soy foods from 2004 to 2006. 

 

Product 2004 Sales 2005 Sales 2006 Sales 
Increase from 

2005 to 2006 

Tofu $261 $258 $250 -3% 

Soymilk $745 $832 $892 7.2% 

Meat alternatives $547 $554 $568 2.5% 

Energy bars $870 $709 $692 -2.4% 

Soy cheese, 

yogurt, ice cream 
$217 $215 $214 -0.3% 

Other1 $1,356 $1,350 $1,356 0.4% 

Total $3,996 $3,918 $3,972 1.4% 

1baked goods, entrees, cereal, pasta, meal replacement, powdered soy beverages, chips, 

snack foods, low-carb food (Soyfoods: The U.S. Market 2007, Soyatech, Inc.).  

 

2.1.2 Soy protein and soy isoflavones 

Among all the soy components, soy protein and soy isoflavones have previously 

gained great attention for their potential role in health improvement.  According to more 

recent studies, it is the diet with soy protein containing isoflavones that might benefit the 

cardiovascular system (Cassidy and others 2006).  However, soy protein itself is still not 

confirmed to have clinically important favorable effects over other proteins on LDL 

cholesterol and other cardiovascular disease risk factors, including HDL cholesterol, 
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triglycerides, lipoprotein(a), and blood pressure.  Also, extracted soy isoflavones have not 

been proven to have effects in cardiovascular health.  Also, it is inconclusive that intake of 

soy isoflavones could lead to a reduced risk of breast cancer and slowed postmenopausal 

bone loss (Sacks and others 2006; Cotterchio and others 2008). 

2.1.3 Soy oligosaccharides and soy fiber 

2.1.3.1 Soy oligosaccharides 

Soy naturally contains the carbohydrates, α-galactosides, which are mainly 

stachyose and raffinose.  Stachyose (α-D-Gal-(1-6)-α-D-Gal-(1-6)-α-D-Glu- (1-2)-β- 

D-Fru) is a tetrasaccharide, while raffinose (α-D-Gal-(1-6)-α-D-Glu- (1-2)-β-D-Fru) is a 

trisacccharide (Figure 2.1).  These soy oligosaccharides are non-digestible 

oligosaccharides (NDOs) that cannot be digested by the human gastrointestinal tract 

because humans do not have the specific enzyme, α-galactosidase (α-gal), to hydrolyze 

α-galactosides.  The α-gal enzyme [E.C. 3.2.1.22], also named α-D-galactoside 

galactohydrolase, catalyzes the hydrolysis of the terminal linked α-galactose moiety from 

galactose-containing oligosaccharides. 
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         Stachyose                                  Raffinose 

 

Figure 2.1 Stachyose and raffinose.  Stachyose, also named 
O-α-D-galactopyranosyl-(1→6)-O-α-D-Galactopyranosyl-(1-6)-O-α-D- 
Glucopyranosyl-(1-2)-β-D-Fructofuranoside, is a tetrasaccharide; 
raffinose, also named O-α-D-Galactopyranosyl-(1-6)-O-α-D- 
Glucopyranosyl-(1-2)-β-D-Fructofuranoside is a trisacccharide.  They 
are major components of soy oligosaccharides, both belonging to the 
α-galactosides. 

 

The indigestibility of these oligosaccharides then leads to their delivery to the 

cecum and colon, where they are rapidly fermented by indigenous bacteria and cause gas 

production (methane, hydrogen and carbon dioxide), resulting in undesirable symptoms, 

such as bloating and flatulence (Anderson and others 1991).  The discomfort and social 

embarrassment associated with these undesirable intestinal symptoms can hamper the 

acceptability of soy-derived food products (Suarez and others 1999).   

Many attempts have been reported to lower the levels of the oligosaccharides in soy 

products.  One method is ethanol extraction (Coon and others 1988).  It is reported that 

stachyose and raffinose intakes by dogs decreased dramatically (P ≤ 0.001) when 

substituting conventional soybean meal (SBM) with low oligosaccharide SBM, in which 

the content of soy oligosaccharides had been decreased by ethanol extraction (Zuo and 
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others 1996).  Also, soy flour derived from genetically modified low-oligosaccharide 

soybeans resulted in less gas production in subjects than that derived from conventional 

soybeans (Suarez and others 1999).  In the soybean market, DuPont has already developed 

genetically modified soybeans with low oligosaccharides.  These cultivars gave an 

increase of 3% in amino acid digestibility and 5% in dry matter digestibility (Leske and 

others 1995).  In addition, a patent has been issued on the method for manufacturing a soy 

protein product that is supplemented with the α-gal enzyme (Monagle 2004).  However, in 

that case, the beneficial effects associated with consumption of soy oligosaccharides were 

diminished (Swennen and others 2006).  The soy α-galactosides belong to the 

non-digestible oligosaccharides (NDOs), which are generally considered as dietary fiber.  

They are available in Japan as commercial sweeteners, which have been used as dietary 

supplements and in functional foods (Hayakawa and others 1990).  They possess 

favorable effects on fecal bulking.  Also, they have been found to exert benefits in 

metabolism, including reduction of serum cholesterol, improved glucose tolerance (Gibson 

and others 1995) and mineral absorption (Van der Heuvel and others 1998).  Moreover, 

soy oligosaccharides may have additional properties, specifically, as prebiotics.  They 

have been indicated to be fermented by colonic bacteria to produce short chain fatty acids, 

which are associated with host health (Gibson and others 1995; Kapadia and others 1995).     

The role of soy oligosaccharides in the promotion of probiotics in the colon is still 

under study.  Soy oligosaccharides could be readily fermented by bifidobacteria after they 

reach the colon (Hayakawa and others 1990; Oku and others 1994).  Selective 

fermentation of soy oligosaccharides by bifidobacteria has also been observed in vivo 

(Saito and others 1992).  Further, human studies that involved feeding volunteers 
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raffinose and soy oligosaccharides also found a significant increase in the number of fecal 

bifidobacteria and decrease in undesirable bacteria, including Bacteroides spp., clostridia 

and peptostreptococci (Benno and others 1987; Hayakawa and others 1990).  The 

potential efficacy of soy oligosaccharides in promoting lactobacilli has been reported by 

Hayakawa and others (1990).  Also, by feeding mice with the soybean oligosaccharide 

followed by the probiotic strains (Lactobacillus acidophilus LAFTI® L10, 

Bifidobacterium lactis LAFTI® B94 or Lactobacillus casei LAFTI® L26), the soy 

oligosacchardies were found to extensively increase the survival and retention time of the 

probiotics in vivo (Su and others 2007).     

2.1.3.2 Soy fiber 

Soy contains both soluble fiber and insoluble fiber.  The soluble soy fiber is also 

called soy oligosaccharides, while the insoluble soy fiber is soy polysaccharides.  Soy 

fiber can be extracted from the soybean hull, which is typically removed during the 

processing of soy foods or soy food ingredients.  As a result, soybean hulls can be further 

processed to develop a fiber additive, which can be incorporated into high-fiber and 

reduced-calorie food products, such as cereals, breads, snacks, and beverages.  Soy flours 

(traditional, not GMOs), which are produced by grinding dehulled defatted soybean flakes, 

also contain a certain amount of soluble and insoluble fibers (Table 2.2), and they are 

primarily used in baked foods. 

Soy fiber possesses the benefits associated with both soluble and insoluble fibers.  

In addition to the benefits from soy oligosaccharides, soy fiber has been found in 

underdeveloped countries to be able to reduce the duration of watery stools during acute 

diarrhea caused by bacterial and viral pathogens.  A clinical pediatric study in the U.S. has 
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further demonstrated that a formula supplemented with soy fiber might shorten the 

duration of diarrheal symptoms in infants older than 6 months with acute diarrhea 

(Vanderhoof, 1997).  However, insoluble soy polysaccharides, on the other hand, were 

concluded to have little impact on bowel function of the healthy subjects, in that soy 

polysaccharides did not significantly alter whole-gut transit time or stool wet weight even 

though they significantly improved bowel frequency (Kapadia and others 1995). 

Insoluble soy polysaccharides also affect mineral absorption and retention during 

food digestion.  A clinical nutritional study (Taper and others 1988) on young men 

indicated that a liquid-formula diet supplemented with 20 g of soy polysaccharides 

significantly improved the retention of copper, iron, zinc, and magnesium, while a diet 

supplemented with 40 g of soy polysaccharides could have a deleterious effect on mineral 

retention in persons consuming the diet as their sole nutritional source.  Therefore, a 

proper amount of insoluble soy fiber consumption is recommended. 
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Table 2.2 Composition of conventional soy flours.1 

 

Component Percentage 

Fat 19.07 

Protein 43.89 

Crude fiber 0.19 

Moisture 4.54 

Ash 5.27 

Nitrogen-free extract 27.04 

Total dietary fiber 10.87 

Stachyose 3.33 

Raffinose 0.51 

Galactinol 0.0 

Sucrose 6.37 
1 Derived from Suarez and others 1999. 

2.2 Functional soy foods 

2.2.1 Probiotics 

2.2.1.1 Conception and controversies of probiotics 

Probiotics are living microbial food supplements that beneficially affect the host by 

improving its intestinal microbial balance (Gibson and Roberfroid 1995).  So far, most 

probiotics belong to the genera Lactobacillus and Bifidobacterium (Krishnakumar and 

Gordon 2001).  Probiotics also include some yeasts, such as Saccharomyces spp. and 

certain strains of Escherichia coli (Table 2.3). 
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Table 2.3 Probiotic strains1 

 
Probiotic genus Probiotic species 

Lactobacillus acidophilus 

Lactobacillus amylovorous 

Lactobacillus casei 

Lactobacillus crispatus 

Lactobacillus delbrueckii 

Lactobacillus gasseri 

Lactobacillus johnsonii 

Lactobacillus paracasei 

Lactobacillus plantarum 

Lactobacillus reuteri 

Lactobacillus 

Lactobacillus rhamnosus 

Bifidobacterium adolescentis 

Bifidobacterium animalis 

Bifidobacterium bifidum 

Bifidobacterium breve 

Bifidobacterium infantis 

Bifidobacterium lactis 

Bifidobacterium longum 

Bifidobacterium 

Bacillus cereus var. toyoi 

Escherichia coli strain Nissle Other bacteria 

Propioniobacterium freudenreichii 

Saccharomyces cerevisiae Yeasts 

Saccharomyces boulardii 

1 Derived from Mäkinen and Bigret 1993 and Holzapfel and others 2001. 
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Intake of probiotics is claimed to result in numerous health benefits.  Their 

benefits include alleviation of lactose intolerance (de Vrese and others 2001), lowering of 

serum cholesterol (Taylor and Williams 1998), reduction of diarrhea (Rani and Khetarpaul 

1998), expression of anti-cancer activities (McIntosh 1996; Wollowski and others 2001), 

and efficient mineral absorption and metabolism.  Also, consumption of probiotics helps 

to stimulate the immune system and to prevent the colonization of pathogens in the 

gastrointestinal tract (Jijion and others 2004; O’Hara and others 2006).  In vivo studies 

using rodent models of infections demonstrated that intake of probiotics leads to 

improvement of infections caused by Citrobacter rodentium (Johnson-Henry and others 

2005), Salmonella Typhimurium (Silva and others 2004), and Listeria monocytogenes 

(Corr and others 2007).  Further, a human study has also reported that the consumption of 

probiotics plays a role in the eradication of Helicobacter pylori in infected patients (Felley 

and others 2001).  On the other hand, in vitro studies have indicated that probiotics might 

have anti-pathogenic effects (Mack and others 1999), which might be obtained by 

decreasing luminal pH by the production of SCFAs (acetic acid, lactic acid or propionic 

acid), rendering vital nutrients unavailable to pathogens, producing hydrogen peroxide, 

changing the redox potential of the intestinal environment, or producing inhibitory 

substances like bacteriocins (Kailasapathy and others 2000).  In addition, intake of 

probiotic cultures could reduce gastrointestinal tract symptoms, including constipation and 

bloating (Nobaek and others 2000).  In order to exert health benefits, probiotic bacteria are 

recommended to be at a level of at least 107 CFU of live microorganisms per milliliter or 

gram of product at the time of consumption (Guarner and Schaafsma 1998). 
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However, the efficacy of the exogenous probiotics in heath promotion is currently 

questioned.  The most fundamental rationale for exogenous probiotics to exert their health 

benefits is that they have to attach and adhere to the large intestinal epithelium in adequate 

amounts.  However, they are confronted with harsh physiological and chemical barriers 

during their passage through the gastrointestinal tract, such as low pH of gastric juice, as 

well as secretions from the small intestine, such as bile acids and pancreatic enzymes.  

Also, these exogenous probiotics have to compete for colonization sites and nutrients with 

resident species in the cecum and colon, and the colonization efficacy is also influenced by 

the size of the inoculum, physiological state of the probiotic bacteria, the buffering 

capacity of the delivery food and so forth (Conway and others 1987).  Therefore, it is 

difficult to evaluate at what level the orally consumed exogenous probiotics contribute to 

health promotion.  In addition, survival and bioactivity of the probiotics during the 

processing and storage of food products is also a big concern for the development of such 

functional foods (Anal and Singh 2007) 

Potential ways to improve probiotic effects gained by oral consumption of 

probiotics might be intake of prebiotics with probiotics, or microencapsulation of 

probiotics in food products. 

2.2.1.2 Specific probiotic additive in non-fermented soy foods to reduce the    

α-galactosides in vivo 
 

Many species of lactobacilli and bifidobacteria are able to produce α-gal [EC 

3.2.1.22], the enzyme that can break down the non-digestible oligosaccharides in soy foods.  

As a result, using such probiotic strains might be an alternative way to decrease or 

eliminate intestinal distresses associated with the ingestion of soy foods.  At the same time, 
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the health benefits associated with consumption of probiotics could be enhanced since the 

growth and/or activity of such probiotics are strengthened by employing soy 

oligosaccharides as prebiotics.  The capability for α-gal production by Lactobacillus 

brevis and L. buchneri has led to their use in soybean fermentations (Cruz and others 1981).  

Also, by adding the α-gal-producing probiotics into non-fermented soy-derived foods, they 

can help utilize the soy oligosaccharides during digestion.  The probiotic species that can 

produce α-gal include Lactobacillus acidophilus, L. plantarum, L. fermentum, L. brevis, L. 

buchneri, Bifidobacterium adolescentis, B. bifidum, B. longum biovar longum, B. breve, 

and B. adolescentis.  Studies have already been conducted on L. acidophilus, L. plantarum, 

L. fermentum, B. adolescentis, B. bifidum, B. breve and B. longum biovar longum for 

isolation and sequencing of the α-gal (Brenda Database 2008).  In addition, the 

heterofermentative species of probiotic strains are more desirable as supplements in 

soy-derived food products, because they digest α-galactosides without producing gas 

(Table 2.4). 

It has been reported that the α-gal from lactobacilli was active only between pH 4.5 

and 8.0, and its activity declined sharply as the pH of the media reached 4.5 (Mital and 

Steinkraus 1975).  For example, the maximum activity of the α-gal from L. fermentum is 

within the pH range of 5.2-5.9 (Kandler and others 1986)). 
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Table 2.4  Species of Lactobacillus that produce α-galactosidase1. 

 

Lactobacillus species Raffinose 
fermentation 

Physiological characteristic 

L. agilis + 

L. murinus + 

L. plantarum + 

Facultatively heterofermentative 

L. brevis d2 

L. buchneri d2 

L. fermentum + 

L. reuteri + 

Obligately heterofermentative 

L. acidophilus d2 

L. animalis + 

L. gasseri d2 

L. ruminis + 

L. salivarius + 

L. vitulinus + 

Obligately homofermentative 

1According to Kandler and others (1986). 

2“d” indicates 11%~89% positive. 

 

2.2.2 Non-digestible oligosaccharides, prebiotics and dietary fiber 

Non-digestible oligosaccharides (NDOs) are the oligosaccharides that resist 

hydrolysis by human salivary and gastrointestinal digestive enzymes.  NDOs are water 
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soluble.  Generally, their degree of polymerization (DP) is within the range of 3 to 10 

(Voragen 1998).  Also, there are cases where the DP rises up to 60, like inulin (Roberfroid 

2007), or down to 2, like lactulose (Conway 2001).  Most of the commercial NDOs 

products are mixture of oligosaccharides with variable DP, the parent polysaccharides, 

and/or di- and mono-saccharides (Crittenden and Playne 1996; Roberfroid 2007). 

NDOs have been commercialized as alternative sweeteners since 1980s.  Various 

NDOs have been developed in Japan, including isomaltooligosaccharides, cyclodextrins, 

gentiooligosaccharides, fructooligosaccharides, palatinose (also called isomaltulose), 

glycosylsucrose, lactulose, xylooligosaccharides, lactosucrose, raffinose, stachyose, 

galactooligosaccharides, and soybean oligosaccharides (Teruo 2003).  In European 

countries and the U.S., several NDOs are produced, which are inulin-type fructans, 

fructooligosaccharides, isomaltooligosaccharides, and galactooligosaccharides, 

respectiveely, and they are developed mainly for prebiotic use. 

Prebiotics are short-chain carbohydrates that can selectively stimulate the activity 

and/or the growth of indigenous probiotic bifidobacteria and lactobacilli, thus conferring 

health benefits to the host (Gibson and Roberfroid 1995).  They escape digestion in the 

upper gastrointestinal tract and reach the large intestine virtually intact, where they are 

selectively fermented and act as prebiotics.  For example, inulin, in a pig model, begins to 

be digested by indigenous microbes when it reaches the ileum, cecum and proximal colon, 

with the cecum being the major degradation site (Yasuda and others 2007).  In addition, 

prebiotics could be fermented by probiotic bacteria to produce short-chain fatty acids, such 

as acetate and butyrate, which help to inhibit mucosal inflammation and impact on the 

epithelial and dendritic cell function (Millard and others 2002).  Moreover, prebiotics 
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could also be supplemented in functional foods together with probiotics, to enhance the 

properties of such exogenous probiotics and help their colonization. 

So far, the inulin-type fructans, namely inulin and FOS, are the most studied and 

well-established prebiotics.  There are a series of studies investigating the effects of inulin 

and FOS on human gut microbiota (Hidaka and others 1991; Gibson and Roberfroid 1995; 

Buddington and others 1996; Kleessen and others 1997; Menne and others 2000).  These 

studies indicated that a selective prebiotic stimulation of growth of beneficial flora, namely 

bifidobacteria, and, to a lesser extent, lactobacilli and possibly other species, such as the 

Clostridium coccoides-Eubacterium rectale cluster known to be butyrate producers, does 

indeed occur (Kleessen and others 2001; Apajalahti and others 2002).  Furthermore, the 

prebiotic effects of inulin-type fructans can also be observed with both luminal and 

mucosal-associated microflora.  Besides inulin and FOS, other NODs have also been 

considered as potential prebiotics, including lactosucrose, lactulose, lactilol, soy 

oligosaccharides, isomalto-oligosaccharides, pyrodextrins, xylo-oligosaccharides and 

transgalacto-oligosaccharides. 

The combination of prebiotics and probiotics, which is termed synbiotics, has also 

gained great attention in that they might have synergistic effects on health of the host.  

Animal studies that concentrated on functions of immune cells indicated that consumption 

of synbiotics had different effects than those of the individual prebiotics or probiotic 

supplements.  It is reported that while the probiotic supplements (Lactobacillus 

rhamnosus GG and Bifidobacterium lactis Bb12) modestly affected immune functions and 

the prebiotic supplements (oligofructose-enriched inulin) primarily acted at the level of the 

gut-associated lymphoid tissue. The intake of the synbiotics combination ended up with 
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systemic immunomodulatory effects (Roller and others 2004).  However, on the other 

hand, clinical nutritional studies (De Preter and others 2008) reported no synergistic effects 

when the prebiotic lactulose and oligofructose-enriched inulin were incorporated with the 

probiotics, Lactobacillus casei Shirota and Bifidobacteirum breve, compared with each 

prebiotic compound alone, in decreasing the enzyme activity of β-glucuronidase, which 

catalyzes the production of toxic and carcinogenic metabolites. 

Dietary fiber (DF) is another concept that has been associated with health benefits 

and functional foods.  In 2000, the latest definition of DF was created by a committee 

appointed by the American Association of Cereal Chemists (AACC).  That is, DF is 

considered to be the edible parts of plants or analogous carbohydrates that are resistant to 

digestion and absorption in the human small intestine with partial or complete fermentation 

in the large intestine (AACC 2001).  Under this definition, DF includes NDOs, non-starch 

polysaccharides, lignin, substances associated with the non-starch polysaccharide-lignin 

complex in plants, as well as other analogous carbohydrates (Tungland and Meyer 2002).  

So far, insufficient intake of DF has been proven to be associated with coronary heart 

disease (Jenkins and others 2002), constipation (Wolf and others 2003) and diabetes (Lu 

and others 2000).  

2.3 Microencapsulation of probiotics  

Microencapsulation is a process by which tiny particles, such as chemicals and 

bacteria, are surrounded by a coating in order to gain additional properties.  Basically, a 

microcapsule consists of an internal phase (also called core) and an external phase (also 

called wall or coating).  The diameters of most microcapsules are within the range from a 

few micrometers to a few millimeters.   
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In the field of food science, microencapsulation could be applied to keep flavors 

from oxidation and other chemical reactions from occurring during a product’s shelf life.  

Microencapsulation is also used to maintain a high viability of commercially supplemented 

probiotics against generated heat through food processing (Ding and Shah 2007), as well as 

freezing or frozen temperatures during storage (Tsen and others 2007a, 2007b).  It also 

promotes the survival and functioning of probiotics during their transit through the 

gastrointestinal tract, according to previous research on survival of bifidobacteria in 

simulated gastrointestinal system (Rao and others 1989).   

Formation of microcapsules can be conducted by emulsion (also named phase 

separation) and extrusion.  Compared with emulsion, microcapsules formed by extrusion 

are more uniformly shaped, but they are also of much larger sizes, which are not desirable 

as far as the texture of food products is concerned.  

Efficient delivery of live bacterial cells to the lower part of a human gastrointestinal 

tract by microencapsulation is challenging.  The microcapsules incorporated into food 

products might be disrupted by heat during food processing.  Microcapsules can be 

fractured, following ingestion, by many factors during their gastrointestinal passage, 

including low pH, enzymatic reaction, chemical reaction, diffusion, mechanical pressure 

and other physiological and biochemical stresses.  Further, controlled-release of 

encapsulated probiotics might also be desired.  Generally, the microcapsule wall should 

have sufficient permeability for nutrients, and secretion and excretion products to pass 

through.  They should also provide immunoprotection to the enclosed bacteria, that is, to 

prevent the entry of hostile molecules or cells generated from the host’s immune response.  
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Microencapsulation of probiotics has been extensively studied.  Different wall 

materials and different combinations of wall materials have been evaluated for their ability 

to protect various probiotic strains in vitro and in vivo.   

Skeletons of the most used microencapsulation wall materials are alginate and 

κ-carrageenan.  According to Choi and others (2005), κ-carrageenan and Na-alginate were 

selected as the best carriers for gelation among different materials tested, for 

microencapsulating Bacillus sp. strain KS1A-9.  Also, the gel of 1.5% Na-alginate was 

observed to have the best morphology with circular hardness polymatrix and high viable 

counts (Choi and others 2005).  Alginate and alginate with starch have been found to be 

capable of protecting probiotics against the low pH in gastric juice (Ding and Shah 2007; 

Muthukumarassamy and others 2006).  Alginate could also protect probiotics against 

short-termed heat in food processing and bile salts in the small intestine, to a lesser degree 

(Ding and Shah 2007).  Alginate microcapsules cannot resist bile salts well, because the 

calcium ion, another key component in constructing an alginate matrix, can be gradually 

sequestered through digestion in human small intestine, thus the encapsulated probiotics 

are gradually released from the microcapsules.  Microcapsules based on κ-carrageenan 

have been reported to exert a significantly higher viability to the probiotics in yogurt 

(Adhikari and others 2003), and they might have an enhanced strength if combined with 

locust bean gum (Audet and others 1990, 1991).   

More complicated trials of wall materials have been constructed.  Incorporation of 

prebiotics into microcapsule walls is one aspect.  By using alginate together with 

prebiotics as the wall materials, Chen and others (2006) demonstrated that the optimal 

combination of encapsulating materials for the probiotic microcapsules was 3% sodium 
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alginate blended with 1% peptides, 3% fructooligosaccharides (FOS), and 0% 

isomaltooligosaccharides (IMO).  Another study that co-encapsulated the prebiotic 

raftilose with probiotics found great enhancement in the survival of probiotics in yogurt 

(Anjani and others 2004).  Multilayered microencapsulation methods have also been 

extensively studied, among which the alginate-coated gelatin microspheres (Annan and 

others 2008) and alginate-polylysine-pectinate-polylysine-alginate (APPPA) (Ouyang and 

others 2004) have been indicated as efficient in protecting probiotics through 

gastrointestinal transit.  In addition, there are microencapsulation studies on gelatin, 

agarose (Norton and others 1993; Esquisabel and others 2002; Losgen and others 1978), 

and cellulose acetate phthalate (Rao and others 1989).   

2.4 Freeze-drying 

Freeze drying is a hydration technique in which the moisture (H2O) in the specimen 

is removed by sublimation from a solid phase directly to vapor phase without the initial 

transformation to liquid phase.  As a result, the morphology of the specimen structure is 

assumed to be well preserved.  The process of freeze-drying is conducted under vacuum 

conditions.  As one of the drying methods commonly employed in the food industry, 

freeze-drying confers great benefits by allowing for longer preservation and easier 

transportation of food ingredients.  On the other hand, freeze-drying is energy consuming.  

The counts of both microencapsulated and unencapsulated probiotics were reduced 

moderately through freeze-drying (Kim and others 2006; Reid and others 2005), which 

could be solved by increasing the original load of probiotics during the procedure of 

microencapsulation. 
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2.5 SEM 

The scanning electron microscope (SEM) is a type of microscope that produces an 

image of specimens by using a high energy beam of electrons.  It permits the observation 

and characterization of heterogeneous organic and inorganic materials at a nanometer to 

micrometer scale.  By using SEM, one is able to obtain three-dimensional-like images of 

the surfaces of a wide range of materials. 

Imaging of biological samples by conventional SEM is more challenging than 

imaging of inorganic samples, because the high vacuum conditions required by 

conventional SEM imaging causes a rapid evaporation of moisture from biological 

samples.  The Cryo-SEM system used to be the most common way to image biological 

samples.  However, it takes a long time to adjust the SEM system to reach the necessary 

freezing conditions.  Currently, the environmental SEM (ESEM) allows for much easier 

imaging of biological samples.  ESEM allows samples to be observed in low-pressure 

gaseous environments and high relative humidity (up to 100%).  Further, by setting the 

SEM system at low-vacuum conditions, carbohydrate samples can be imaged after 

pre-fixation.  
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Preliminary screening of probiotic bacteria for α-galactosidase production 

Nine strains of probiotic lactic acid bacteria from our culture collection were 

screened for the ability to produce α-galactosidase, including Lactobacillus acidophilus 

LA-2, Lactobacillus acidophilus NCFM, Lactobacillus acidophilus ADH, Lactobacillus 

fermentum ATCC 9338, Lactobacillus fermentum ATCC 14931, Lactobacillus bulgaricus 

LB-12, Lactobacillus paracasei, Lactobacillus rhamnosus GG, and Bifidobacterium 

animalis B6.  

3.1.1 Modified agar plate screening 

Each strain was plated on modified MRS agar containing only stachyose, raffinose, 

fructooligosaccharide (FOS), or inulin as the sole source of carbohydrate, and the pH 

indicator dye, bromcresol purple (0.2 g/L).  Plates were anaerobically incubated at 37oC 

for 24 to 48 h.  The strains that effectively fermented these sugars lowered the pH of the 

medium and caused a color change of the agar from purple to yellow.  Strains that were 

positive for both raffinose and stachyose indicated the greatest possibility for 

α-galactosidase (α-gal) production.  Strains that were positive for the prebiotics inulin and 

FOS showed that these two prebiotics are able to be consumed by the probiotics. 

3.1.2 Specific substrate screening 

Positive strains were further confirmed by plating on MRS agar containing 40 

µg/ml 5-bromo-4-chloro-3-indolyl-α-D-galactopyranoside (X-α-Gal) (MP Biochem., 

Solon, OH), which is a specific chromogenic substrate for α-gal.  The X-α-Gal stock 
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solution (20 mg/ml) was made in N,N-dimethylformamide (Fisher Scientific, Fair Lawn, 

NJ).  Plates were incubated anaerobically at 37oC for 12-16 h and stored for 2 to 3 h at 4oC.  

Colonies that were positive for α-gal showed up as blue colonies. 

3.2 Measurement of α-galactosidase activity in selected probiotic strains 

The positive strains selected above were grown in MRS broth for 12-18 h until an 

optical density at 600 nm of 7.5 was reached.  Cells were harvested by centrifuging 1 ml 

of the culture at 3,000 x g for 15 min at 4°C, washed twice with McIlvaine buffer 

(Na2HPO4-citric acid, pH 5.8) (McIlvaine 1921) and resuspended in lysis buffer 

(McIlvaine buffer enriched with 0.1 mM phenylmethanesulfonyl fluoride (PMSF, 

AppliChem GmbH, Darm Stadt, Germany) as a protease inhibitor, and 1.0 mM 

dithiothreitol (DTT, Promega Corporation, Madison, WI) as an antioxidant reagent).  L. 

acidophilus LA-2 (15 ml) was finally suspended in 1.5 ml lysis buffer, while 15 ml of L. 

fermentum ATCC 14931 was finally suspended in 0.6 ml lysis buffer.  A 0.6 ml cell 

suspension was then transferred to a 1.5 ml screw-cap microcentrifuge tube for disruption 

with 300 mg sterile glass beads (0.10 to 0.11 mm; Sigma-Aldrich, St. Louis, MO).  A 

Bead-Beater (Biospec Prodcuts, Bartlesville, OK) cell disrupter was used to break down 

the cells (4-1 min bead-beating with 2 min interval on ice water).  Then, by centrifugation 

at 10,000 x g for 5 min at 4°C, the supernatant was immediately collected for enzyme 

activity tests.   

In order to determine the α-gal activity, both the enzyme-substrate reaction and 

protein concentration of the supernatant were measured.  The enzyme-substrate reaction 

for α-gal was determined by a standard assay, which is based on the measurement of 

p-nitrophenol (pNP) released from p-nitrophenyl-α-D-galactopyranoside (pNPG) (Fisher 
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Scientific, Pittsburgh, PA) by the action of α-gal at a certain temperature, according to the 

method of Church and others (1980).  The assay for α-gal was performed at 37oC for 15 

min.  The reaction system consisted of 0.1 ml cell lysis supernatant, 0.05 ml pNPG 

substrate (stock solution of 0.01 M), and 0.05 ml McIlvaine buffer (0.1 M, pH 5.8).  The 

reaction system was terminated after 15 min of incubation with 0.8 ml, 1 M sodium 

carbonate solution, and the absorbance of pNP was measured spectrophotometrically at 

400 nm (Cary Model 50 UV-Vis, Varian, Inc. Corporate, Palo Alto, CA).  One unit of 

α-gal (U) was defined as the amount of enzyme that releases 1.0 µmol of p-nitrophenol 

(pNP) from pNPG per min under the assay conditions.  The control group consisted of 0.1 

ml denaturized cell lysis supernatant, 0.05 ml McIlvaine buffer (0.1 M, pH 5.8), 0.05 ml 

pNPG substrate and 0.8 ml, 1 M sodium carbonate.  A standard curve was simultaneously 

plotted each time when conducting the standard assay for α-gal.  The standard curve 

system consisted of 0.2 ml pNP with the concentration of from 50 µM to 300 µM, and 0.8 

ml of 1 M sodium carbonate.  Protein concentration was determined using the Total 

Protein Kit (Sigma-Aldrich, Inc., St. Louis, MO), according to Micro Lowry (Lowry and 

others 1951), Ohnishi and Barr modification (Ohnishi and Barr 1978).  The cell lysis 

supernatant was diluted 10 times before conducting the test.  The light absorbance of 

protein was measured spectrophotometrically at 700 nm (Cary 50 UV-Vis 

spectrophotometer, Varian, Inc. Corporate, Palo Alto, CA).  Finally, the results of α-gal 

activity were calculated and expressed as U/mg. 

3.3 Induction of α-galactosidase production by selected probiotics  

It is reported that α-gal production can be enhanced in the presence of certain 

sugars (Silvestroni and others 2002).  When Lactobacillus plantarum ATCC 8014 was 
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grown in MRS at 30oC and 37oC in the presence of different sugars, it was found that 

certain sugars increased α-gal activity in this organism.  Raffinose exhibited the strongest 

induction, followed by galactose, melibiose and lactose (Silvestroni and others 2002).  

The enzyme activity of Bifidobacterium breve grown on raffinose was greatly and 

specifically increased 30-fold than when this strain was grown on glucose, while melibiose 

was also effective for the production of the enzyme in this strain (Xiao and others 2004).  

In this study, raffinose was employed to induce the production of α-gal in the selected 

probiotics L. acidophilus LA-2 and L. fermentum ATCC 14931.  MRS broth containing 

2% raffinose (Raff) was used as the induction medium.  The enzyme activity of α-gal in 

the selected probiotics incubated in MRS and Raff were respectively tested after a 12-18 h 

anaerobic incubation under 37oC.  The α-gal enzyme assay was performed four separate 

times, and two repetitions were conducted at each time.   

3.4 Production of freeze-dried microencapsulated L. acidophilus LA-2  

3.4.1 Microencapsulation of L. acidophilus LA-2 

L. acidophilus LA-2 grown in Raff was demonstrated to have the highest α-gal 

activity.  The microencapsulation method was modified based upon the method of Sheu 

and Marshall (1993).  L. acidophilus LA-2 was grown in Raff for 24 h.  The culture was 

harvested by centrifugation at 3,000 x g for 15 min.  Cell pellets were washed twice in 

sterile saline (0.9% NaCl) under the same centrifugation conditions, and resuspended in a 

cryoprotectant solution (5% trehalose (Tokyo Chemical Industry Co. LTD., Tokyo, Japan) 

+ 5% sucrose (Fisher Scientific) to reach ca. 1.0~3.0 × 109 CFU/ml.  κ-Carrageenan 

(GRINDSTED® Carrageenan CW 950, Danisco USA Inc., St. Louis, MO) was employed 

as the skeleton of wall material for the microencapsulation.  κ-carrageenan (2%) was 
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dissolved in sterile saline (0.9% NaCl solution) to improve its dispersibility (Nilsson and 

others 1983).  The κ-carrageenan solution was heated until boiling, and then cooled down 

to 50oC.  The solution was boiled but not sterilized, since sterilization prevents 

encapsulation.  A 2-ml cell suspension was injected into 5 ml of the κ-carrageenan 

solution by a syringe through a 27G1/2 needle (PrecisionGlide®, Franklin Lakes, NJ) while 

stirring, and the temperature was kept at 50oC ± 3oC.  Vegetable oil (Wesson®, ConAgra 

Foods, Inc., Omaha, NE) was separately mixed with 0.1% (v/v) Tween 80 (Fisher 

Scientific) homogeneously as an emulsifier.  Then, 10 ml of this oil emulsifier was 

quickly added to the cell/κ-carrageenan mix.  The system was then stirred for another 5 

min at 50oC ± 3oC, in order to allow for emulsification and encapsulation to occur.  Then, 

0.3 M KCl was quickly added down the side of the beaker to break the emulsion, and all the 

components in the beaker was completely transferred to a 50-ml centrifuge tube by rinsing 

with 0.3 M KCl solution until the total volume reached 50 ml.  After a gentle 

centrifugation at 1,000 x g for 5 min, the oil phase, which was clearly discernible as the top 

layer, was removed by aspiration, and the micro-capsules were harvested from the KCl 

solution.  The micro-capsules were then washed twice in 0.3M KCl solution using the 

same centrifugation conditions, suspended in 10 ml of the cryoprotectant solution (5% 

trehalose + 5% sucrose solution) and stored at -20oC overnight before freeze-drying. 

In addition to κ-carrageenan alone, the combination of κ-carrageenan with the 

prebiotics, inulin (Now Foods, Bloomingdale, IL) and fructooligosaccharides (FOS) were 

also tested.  Specifically, for the κ-carrageenan/inulin combination, different proportions 

of κ-carrageenan and inulin were tested for their capability in maintaining the viability of 

the probiotics through freeze-drying.  The viability of probiotics was expressed as the 
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percentage of log10 counts right after freeze-drying over the original log10 counts before 

microencapsulation and freeze-drying.  Comparison and optimization of different 

combinations of wall materials were done twice for microencapsulation of L. acidophilus 

LA-2. 

3.4.2 Freeze-drying of the microencapsulated L. acidophilus LA-2 

In order to keep a high viability of the probiotics through freeze-drying, different 

freezing methods before freeze-drying were tested, including -20oC freezing, -80oC 

freezing and dry ice freezing.  Samples were then kept frozen overnight, and freeze-dried 

for 48 h using a pilot scale freeze dryer (LabConco Corp., Kansas City, MO).  After 

freeze-drying, the samples were vacuum packaged in embossed vacuum pouches (Doug 

Care Equipment Inc., Springville, CA) using a vacuum packager (Model: FOODSAVER 

BAGVAC, Tilia International Inc., San Francisco, CA).  The three freezing methods 

before the freeze-drying step were compared employing the viability of the probiotics as 

the index.  Comparison and optimization of different freezing conditions before freeze 

drying were replicated two times as above. 

3.4.3 SEM imaging of the microencapsulated L. acidophilus LA-2 

The micro-capsules of L. acidophilus LA-2 were viewed under a FEI Quanta 600 

Environmental Scanning Electric Microscope (FEI Company, Hillsboro, Oregon), before 

and after freeze-drying, in order to check the effects of freeze drying on morphology of the 

micro-capsules. 
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3.4.3.1 Preparation of micro-capsules of L. acidophilus LA-2  

L. acidophilus LA-2 was microencapsulated using the method described in 3.4.1.  

To make the wet sample (micro-capsules of the probiotic before freeze-drying), the 

micro-capsules were suspended in 0.3 M KCl and kept at -4oC.  To make the dry sample 

(micro-capsules of the probiotic after freeze-drying), the micro-capsules were freeze-dried 

and vacuum packaged as described in 3.4.2 and kept in a desiccator in the dark at 4oC. 

3.4.3.2 Preparation of wet sample for SEM imaging 

The wet sample was removed from the collection vial, and rinsed with ultrapure 

MiliQ water 3 times for 5 min each to wash off the KCl.  The sample was then transferred 

to a filter paper that had been rinsed with MiliQ water, and dispersed under a microscope.  

The small part of the filter paper that contained the sample was cut and placed in a sample 

mounting cup for the cold stage. 

3.4.3.3 Preparation of dry sample for SEM imaging 

a.  Primary fixation:  

The dry sample was removed from the collection vial and placed in 1.5 ml of the 

primary fixative: 2% glutaraldehyde, 2% paraformaldehyde and 0.1% Ruthenium 

Red in 0.1 M NaCacodylate buffer, pH 7.35.  It was then placed on a rocker for 15 

min.  

b.  Ultrapure water rinsing: 

The sample was rinsed with MiliQ water 3 times for 5 min each.  
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c.  Dehydration with ethanol: 

The sample was dehydrated in a graded ethanol series (ethanol concentration: 20%, 

50%, 70%, 90%, 3 × 100%, v:v) using Pelco Microwave Sample Processing 

System under vacuum at 100 W for 40 s each. 

d.  Critical point dry:  

After the third 100% ethanol dehydration, the sample was dried by employing 

Tousimis Auto-Samdri 815 automatic critical point dryer (Tousimis Research 

Corporation, Rockville, MD).   

e.  Specimen mounting: 

The desiccated sample was mounted onto a pin type SEM stub. 

3.4.3.4 Analytical conditions 

This project employed FEI Quanta 600 Environmental SEM for all analyses 

conducted.  The environmental mode was used to view the wet sample by setting the 

voltage at 20.0 kV, the humidity at 100% and the spot size at 1.  The low vacuum mode 

was used to view the dry sample, with the voltage of 10.0 kV and spot size of 4.   

3.4.4 Microbial shelf life of freeze-dried microencapsulated L. acidophilus LA-2 and     

freeze-dried non-encapsulated L. acidophilus LA-2 

Freeze-dried powder of microencapsulated and non-encapsulated cells of L. 

acidophilus LA-2 was made as described above.  The powder was stored in vacuum 

packaged bags in the dark (wrapped in aluminum foil) at 4oC for up to 8 weeks.  

Enumeration of the probiotics was conducted every two weeks.  The viability of the 

probiotics was expressed as the percentage of log10 counts at a certain time after 

freeze-drying over the original log10 counts tested at day 0 after freeze-drying. 
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3.5 Soy energy bar manufacturing 

3.5.1 Raw materials 

The soy energy bar formulation is shown in Table 3.1. 

 
Table 3.1  Soy energy bar formulation. 

 

Ingredient Weight (g) 

Soy flour 32.5 

Soy protein isolate 130 

Non-fat dry milk (NFDM) 25 

Gum guar bland 41 

Oil (canola oil) 22.5 

Vanilla 10 

Citric acid (40%) 10 

Probiotics1 or control2 80 

Brown sugar 130 

High fructose corn syrup 
(HFCS) 240 

Water 30 

1The composition of the micro-capsule is κ-carrageenan and inulin (1.9:0.1, w/w) 
2In control, the proportion of sucrose: trehalose is 1: 1 (w/w). 

 

Raw materials used for the soy energy bar manufacturing included soy flour 

(Missouri Soybean Merchandising Council, Jefferson City, MO), soy protein isolate 

PRO-FAMr 873 (ADM, Decatur, IL), non-fat dry milk (NDFM, Nestle Inc., Solon, OH), 

high fructose corn syrup (HFCS, International Food Products, St. Louis, MO), dark brown 
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sugar (C&H Sugar, Crokett, CA), Gum guar bland (Sigma-Aldrich, Inc., St. Louis, MO), 

Crisco canola oil (The J.M. Smucker Company, Orrville, OH), 40% citric acid (Sensient 

Flavors Inc., Amboy, IL), and vanilla extract (McComick & Co., Inc., Hunt Valley, MD).  

All ingredients were stored at room temperature before use.   
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Table 3.2 Approximate composition of soy protein isolate. 
 

Component Percentage (%) 

Moisture, max. 6 

Protein, min. 90 

Fat (acid hydrolysis), max. 4 

Ash, max. 5 

Total isoflavones, min. 0.2 
 

Table 3.3 Approximate composition of non-fat dry milk. 
 

Component Percentage (%) 

Moisture 3.2 

Lactose 52 

Protein 36.2 

Fat 0.8 

Ash 7.9 
 

Table 3.4 Approximate composition of soy flour. 
 

Component Percentage (%) 

Moisture 8 

Protein 48 

Carbohydrates 30 

Fat 8 

Ash 6 
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3.5.2 Soy energy bar manufacture 

Soy flour, soy protein isolate (SPI), and NFDM were mixed in the proportion of 

1.3:5.2:1.0, and baked in an oven at 88oC (190oF) for 3 h.  A KitchenAid mixer (Model 

K45SS, KichenAid Inc., St. Joseph, MI) was used to blend the sterilized mixture at low 

speed (2) for 2 min together with gum guar bland, canola oil, 40% citric acid, vanilla 

extract and the freeze-dried microencapsulated probiotics in the proportion of 

4.1:2.25:1.0:1.0:8.0.  HFCS, brown sugar and water were mixed in a proportion of 

2.4:1.3:0.3 and heated up to 85oC for 15 s and removed from the hot plate.  The sugar 

mixture was cooled down until it reached 65oC, and poured on the previous soy energy bar 

mixture.  Then, all the ingredients were blended for 5 min on high speed (6) and vacuum 

packaged in embossed vacuum pouches (Doug Care Equipment Inc., Springville, CA) 

using a vacuum packager (Model: FOODSAVER BAGVAC, Tilia International Inc., San 

Francisco, CA).  The vacuum-packaged soy energy bar samples were stored in the dark at 

4oC and room temperature (19oC ± 1oC).  Chemical, microbial and physical tests were 

performed every 2 weeks from week 0 to the end of 10 weeks.  Three batches of the 

probiotic soy energy bars and the control bars were made and tested, respectively.   

3.5.3 Shelf life analysis  

The shelf life of the soy energy bar was analyzed for pH, moisture content, water 

activity, probiotic viability, color and texture.  A soy energy bar without probiotic 

supplementation served as the control.  For each of the parameters, triplicates of sample 

and control were tested.   
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3.5.3.1 pH  

pH is a measure of the acidity or alkalinity of a solution, which is arbitrarily defined 

as pH = –log10[H+].  A pH level of 7.0 is defined as “neutral” at 25°C.  Most bacteria are 

favored by around neutral pH, which is pH 6.5~7.0.  However, some microorganisms are 

more tolerant to lower pH, including lactic acid bacteria, some yeasts and molds.  In this 

study, the pH of the soy energy bars was measured using an Accumet® AP61 portable pH 

meter (Fisher Scientific, Fair Lawn, NJ).  Each sample was diluted in distilled water at a 

rate of 1:9 and homogenized in a stomacher (Stomacher Lab-Blender 400, Tekmar 

Company, Cincinati, OH) for 5 min.   

3.5.3.2 Moisture content 

Moisture is very important in food quality, preservation, as well as resistance to 

deterioration.  According to Bradley (2003), the moisture content is defined as: 

% moisture = 100×
samplewetofWeight

sampleinwaterofWeight  

To calculate the moisture content, the forced draft oven method (Bradley 2003) was 

used.  The weight of the soy energy bars were tested before (Wbef) and after (Waft) drying 

for 24 h at 85oC in a drying oven (Isotemp oven, Model 655F, Fisher Scientific), and their 

moisture content was calculated by: 

% moisture = 100×
−

samplewetofWeight
WW aftbef  

 

3.5.3.3 Water activity (Aw)  

Aw is defined as the vapor pressure of water divided by that of pure water at the 

same temperature.  In a food matrix, Aw is generally considered as the amount of “free” 
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water that is not bound to other substances in the food product.  Aw is very important in 

determining quality and safety of food products.  As a potential energy measurement, it is 

a driving force for water movement from regions of high Aw to low Aw.  This dynamic 

property of Aw thus leads to moisture migration in multi-domain foods.  Proper Aw values 

are able to help limit moisture migration between different food ingredients within a food 

matrix.   

Since microbial cells contain highly concentrated solutes and are surrounded by 

semi-permeable membranes, the osmotic effect on the free energy of the water is important 

for determining microbial water relations and their growth rates.  Aw might be the most 

important factor in controlling spoilage, compared to temperature, pH and several other 

factors that can influence if, and how fast, microorganisms will grow in a food product.  

Generally, the lower the Aw is, the more difficult it is for the microorganisms grow.  Most 

bacteria do not grow at Aw below 0.91, and most molds cease to grow at Aw below 0.80.  

Also, the growth of certain pathogenic bacteria is inhibited at specific Aw values.  By 

measuring Aw, it is possible to predict which microorganisms will and will not be potential 

sources of spoilage.  Further, it is water activity, not moisture content, that determines the 

lower limit of available water for microbial growth.   

In this study, Aw of the samples was measured in an Aqualab water activity 

analyzer (Model CX-2, Decagon Devices Inc., Pullman, WA) at 19oC ± 2oC.  

3.5.3.4 Microbial analysis 

Duplicates of each treatment were diluted in peptone water and stomached for 10 

min in the stomacher.  Dilutions were plated in MRS agar plates and incubated 

anearobically for 48 h at 37oC.  Plates were counted and results were reported as CFU/g.   
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The counts of the microencapsulated L. acidophilus LA-2 were expressed as log10 

CFU/g.  The viability of the microencapsulated probiotics LA-2 in soy energy bars was 

expressed as: 

Viability = %100
0log

log

10

10 ×
productionbartheafterDayatCounting

productionbartheaftertimecertainatCounting  

 

3.5.3.5 Color analysis 

Color of the soy energy bars was measured using a colorimeter (Chroma Meter 

CR-400/40, Konica Minolta Photo Imaging U.S.A., Inc., Mahwah, NJ).  The L*a*b 

reading styles were recorded.  “L” stands for lightness with its value ranging from 0 

(darkness) to 100 (lightness); “+a” stands for redness and “-a” for greenness; “+b” stands 

for yellowness and “-b” for blueness.  For each sample or control, three readings were 

recorded, which was done by rotating the bar 120 degrees between readings. 

3.5.3.6 Texture analysis 

A puncture test was conducted to measure the consistency of the soy energy bars 

using Stevens LFRA Texture Analyzer (Texture Technologies Corp., Scardale, NY).  The 

test was done using a ball probe (¼ inch diameter) at room temperature.  The consistency 

of the bars was defined as the maximum force (grams) necessary to travel through the bar 

(thickness 8 mm) at a speed of 2 mm/sec assuring the complete penetration of the probe.  

Each sample was punctured three times in different parts of the sample to assure the 

homogeneity of the sample. 

3.6. Statistical analysis 

All data were analyzed using the Statistical Analysis System (SAS 9.1, 2004).  

The data obtained were analyzed at a 5% level of significance (α).   
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The α-gal activity of L. acidophilus LA-2 (LA-2) and L. fermentum ATCC 14931 

(FER) were analyzed using the repeated measures ANOVA by SAS General Linear Model 

(GLM) Procedure.   

The viability of freeze-dried microencapsulated LA-2 employing different 

microencapsulation materials and using different freezing methods before freeze-drying 

were analyzed using one-way ANOVA by SAS GLM Procedure.  

The viability of freeze-dried microencapsulated LA-2 and non-encapsulated LA-2 

with the prolonging of time were analyzed using split-plot repeated measures ANOVA by 

the Mixed Procedure, with one between-subjects factor (two groups) and one 

within-subjects factor (five trials).  Inference about the difference between treatment 

means were analyzed using Fisher's Least Significant Difference (LSD) test.  Significant 

difference was analyzed among the observations at different trials within each group, as 

well as among different groups at each trial.   

The parameters (moisture content, pH, water activity, microbial evaluation, color 

and texture consistency) for shelf life testing of the soy energy bars were analyzed using 

split-plot repeated measures ANOVA by the Mixed Procedure, with one between-subjects 

factor (two groups for microbial evaluation, and four groups for the others) and one 

within-subjects factor (six trials).  Inference about the difference between treatment 

means were analyzed using Fisher's LSD test.  Significant difference was analyzed among 

the observations at trials within group, as well as among different groups at each trial.   
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Preliminary screening of the probiotics for α-galactosidase production 

4.1.1 Capability of the probiotics in fermentation of oligosaccharides  

Modified agar plates were used for primary screening of α-galactosidase (α-gal) 

production by the probiotics.  The dye, bromcresol purple, worked as a pH indicator, the 

color of which changes from yellow at pH 5.2 to purple at pH 6.8.  If the probiotics were 

able to dissect the end unit of D-galactose at the beginning, they could continue to ferment 

the monosaccharide, which is galactose, and the disaccharide, which is sucrose, to produce 

acids, which turn the agar medium from purple to yellow.  Therefore, positive results were 

demonstrated by a yellow color after anaerobic incubation.  Results of the agar plate 

screening (Table 4.1) showed that all the probiotic strains tested were able to ferment FOS 

and inulin, both of which are regarded as prebiotics.  Among the nine probiotic strains, L. 

acidophilus LA-2 and L. fermentum ATCC 14931 were able to utilize the α-galactosides in 

soy food materials (raffinose and stachyose), which indicated that they might produce 

α-galactosidase during their metabolism (Figure 4.1).  This might also indicate that the 

soy oligosaccharides could work as prebiotics for certain probiotics.   
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Table 4.1 Screening of probiotics for α-galactosidase production and capability of 
prebiotic fermentation using modified MRS agar plates. 

 
Raffinose Stachyose Inulin FOS Probiotic 

Rep1 Rep2 Rep1 Rep2 Rep1 Rep2 Rep1 Rep2
24 h +++ +++ ++++ ++++ + ++ +++ +++Lactobacillus 

acidophilus 
LA-2 28 h +++ +++ ++++ ++++ ++ ++ +++ +++

24 h - - - - - + + ++ Lactobacillus 
acidophilus 
NCFM 28 h - - - - + + ++ ++ 

24 h - - - - + + + + Lactobacillus 
acidophilus 
ADH 28 h - - - - + + ++ ++ 

24 h - - - - - - + ++ Lactobacillus 
fermentum 
ATCC 9338 28 h - - - - - + ++ ++ 

24 h + + - - + + +++ +++Lactobacillus 
fermentum 
ATCC 14931 28 h +++ +++ - - ++ ++ ++++ ++++

24 h - - - - + + + ++ Lactobacillus 
bulgaricus 
LB-12 28 h - - - - + + + ++ 

24 h - - - - +++ +++ +++ +++Lactobacillus 
paracasei 

28 h - - - - +++ +++ +++ +++

24 h - - - - + + + + Lactobacillus 
rhamnosus GG 

28 h - - - - + + ++ ++ 

24 h - - - - + + + ++ Bifidobacterium 
animalis B6 

28 h - - - - + + ++ ++ 

++++: entire plate was completely yellow 

+++: entire plate was yellow but less yellow than ++++ 

++: entire plate was mildly yellow or yellow purple 

+: entire plate was clear purple or slightly clear purple, and tended to become slightly 

yellow 

-: purple similar to control 
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Figure 4.1 Modified agar plates screening. 

 

4.1.2 Specific substrate screening 

X-α-Gal is a specific substrate for the enzyme, α-gal.  When grown on MRS agar 

plates supplemented with X-α-Gal, the colonies of L. acidophilus LA-2 and L. fermentum 

ATCC 14931 turned blue, indicating positive fermentation of the substrate.  Therefore, it 

was confirmed that both L. acidophilus LA-2 and L. fermentum ATCC 14931 could 

produce the α-gal enzyme.  This was also reported in the Brenda Database 

(http://www.brenda.uni-koeln.de/ index.php4). 

 
  

  
 

Figure 4.2  Specific substrate screening. 
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4.2 Enzyme activity of crude α-galactosidase in probiotics 

The enzyme activity of crude α-gal in the probiotic strains, L. acidophilus LA-2 and 

L. fermentum ATCC 14931, was measured.  Two types of media, MRS broth and 

modified MRS broth (MRS broth supplemented with 2% raffinose), were employed to 

grow the probiotics in before the measurement.  The α-gal activity test for each 

medium-strain combination was conducted four times, with two repetitions at each time.  

Statistical analysis indicated a significant interaction effect (medium*strain) on α-gal 

activity (P ≤ 0.05).  Results of comparison between each pair of the factor level means 

were shown in Table 4.2 and Figure 4.3.  In all the figures of this thesis, error bars 

represent standard errors of the means.  The results of α-gal activity test showed that L. 

acidophilus LA-2 incubated in MRS broth supplemented with 2% raffinose produced 

significantly higher levels of α-gal than L. acidophilus LA-2 incubated in MRS broth, and 

L. fermentum ATCC 14931 incubated in MRS broth and MRS broth enriched with 2% 

raffinose (P ≤ 0.05), and therefore was selected as the culture to be incorporated into the 

soy energy bars in this study. 
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Table 4.2 Enzyme activity of crude α-galactosidase. 
 

Strain Medium Crude α-galactosidase activity (U/mg) 

LA-2 MRS 4.12 × 10-3b 

LA-2 RAFF 4.99 × 10-3a 

FER MRS 2.49 × 10-3c 

FER RAFF 4.07 × 10-3b 

(1) a, b, c: Same letter within the column shows no significant difference at P ≤ 0.05 

(2) LA-2: L. acidophilus LA-2 

(3) FER: L. fermentum ATCC 14931 

(4) MRS: incubated in MRS broth 

(5) RAFF: incubated in MRS broth enriched with 2% raffinose 
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Figure 4.3  Enzyme activity of crude α-galactosidase from L. acidophilus LA-2 (LA-2) 
and L. fermentum ATCC 14931 (FER) incubated in MRS broth (MRS) 
or MRS broth enriched with 2% raffinose (RAFF).   
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4.3 Microencapsulation 

4.3.1 Optimization of freezing methods 

4.3.1.1 Different freezing methods used on microencapsulated L. acidophilus LA-2 

Freezing of microencapsulated L. acidophilus LA-2 was conducted before the 

freeze drying step.  Generally, the lower the freezing temperature, the faster the freezing 

speed, and the less damage to the samples.  This is because a fast freezing speed leads to 

quick transformation of moisture content from water to ice, and as a result, most ice 

granules generated are quite small and not able to cause damage of cell membranes and cell 

walls of the original sample components.  In this project, two repetitions were conducted 

on three different freezing conditions, respectively, -20oC freezing, -80oC freezing (deep 

freezing) and dry ice freezing.  However, the result was not in accordance with the general 

theory.  Statistical analysis showed the freezing conditions did not have a significant 

effect on the viability of microencapsulated L. acidophilus LA-2 through freeze drying (P 

≤ 0.05).  Comparison of each pair of the factor level means showed that the -20oC freezing 

maintained a significantly higher level of cell viability than -80oC freezing, while dry ice 

freezing did not have a significant difference with the other two freezing conditions, as far 

as the viability of microencapsulated L. acidophilus LA-2 through freeze drying was 

concerned (P ≤ 0.05) (Table 4.3 and Figure 4.4).  However, the -20oC freezing consumed 

less energy and was more convenient than dry ice freezing.  Therefore, the -20oC freezing 

was selected as the freezing condition for the samples prior to freeze drying. 
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Table 4.3 Viability of microencapsulated L. acidophilus LA-2 through freeze 
drying using different freezing methods. 

 

Freezing method Viability 

-20oC 94.84%a 

-80oC 84.05%b 

Dry ice 90.95%ab 

(1) Microencapsulated LA-2: microencapsulated in 2% κ-carrageenan 

(2) Viability = %100
...log
...log

10

10 ×
DFandFafterCounting
DFandFbeforeCounting  

(3) F.: freezing; F.D.; freeze drying 

(4) a, b: Same letter within the column shows no significant difference at P ≤ 0.05 
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Figure 4.4  Viability of microencapsulated L. acidophilus LA-2 through freeze 

drying using -20oC freezing condition ( ), -80oC freezing condition ( ) 
and dry ice freezing method ( ).   
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4.3.1.2 Different freezing methods used on non-encapsulated L. acidophilus LA-2 

The three different freezing methods were also tested on non-encapsulated L. 

acidophilus LA-2, with two repetitions for each freezing condition. Statistical analysis 

showed the freezing conditions had a significant effect on the viability of non-encapsulated 

L. acidophilus LA-2 through freeze drying (P ≤ 0.05).  Comparison of each pair of the 

factor level means showed that both -20oC freezing and -80oC freezing maintained 

significantly higher levels of viability than dry ice freezing (P ≤ 0.05) (Table 4.4 and 

Figure 4.5).  However, the -20oC freezing condition consumed less energy and was more 

convenient than the -80oC freezing condition.  Therefore, the -20oC freezing was selected 

as the freezing condition for the samples prior to freeze drying. 

 
 

Table 4.4  Viability of non-encapsulated L. acidophilus LA-2 through freeze drying 
using different freezing methods. 

 

Freezing method Viability 

-20oC 99.27%a 

-80oC 98.87%a 

Dry ice 94.56%b 

(1) Non-encapsulated LA-2: naked cells in cryoprotectant (5% trehalose + 5% sucrose) 

(2) Viability = %100
...log
...log

10

10 ×
DFandFafterCounting
DFandFbeforeCounting  

(3) F.: freezing; F.D.; freeze drying 

(4) a, b: Same letter within the column shows no significant difference at P ≤ 0.05 
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Figure 4.5  Viability of non-encapsulated L. acidophilus LA-2 through freeze drying 

using -20oC freezing condition ( ), -80oC freezing condition ( ) and dry 
ice freezing method ( ). 

 

4.3.2 Optimization of wall materials for microencapsulation of L. acidophilus LA-2 

Microencapsulation wall materials were composed of κ-carrageenan and inulin in 

different proportions.  Gelation of κ-carrageenan solutions was generally employed in 

microencapsulation, and inulin was incorporated as a prebiotic.  Five different proportion 

levels of κ-carrageenan and inulin were tested for their capability in maintaining viability 

of microencapsulated L. acidophilus LA-2 through freeze drying, and four repetitions for 

each level were conducted.  Statistical analysis showed that wall materials had a 

significant effect on the viability of microencapsulated L. acidophilus LA-2 through freeze 

drying.  The combination, κ-carrageenan:inulin (1.9:0.1, w:w) maintained a significantly 

higher probiotic viability than the other ratios of κ-carrageenan:inulin tested (P ≤ 0.05) 

(Table 4.5 and Figure 4.6). 
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Table 4.5 Viability of microencapsulated L. acidophilus LA-2 through freeze 
drying employing different wall materials. 

 

Wall material Viability 

Car2.0: Inu0.0 92.19%b 

Car1.9: Inu0.1 97.15%a 

Car1.8: Inu0.2 94.04%b 

Car1.5: Inu0.5 94.02%b 

Car1.0: Inu1.0 92.96%b 

(1) Car2.0:Inu0.0: the wall material was composed of κ-carrageenan and inulin at 2.0:0.0 

(2) Car1.9:In0.1: the wall material was composed of κ-carrageenan and inulin at 1.9:0.1 

(3) Car1.8:In0.2: the wall material was composed of κ-carrageenan and inulin at 1.8:0.2 

(4) Car1.5:In0.5: the wall material was composed of κ-carrageenan and inulin at 1.5:0.5 

(5) Car1.0:In1.0: the wall material was composed of κ-carrageenan and inulin at 1.0:1.0 

(6) a, b: Same letter within a column shows no significant difference at P ≤ 0.05 
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Figure 4.6  Viability of microencapsulated L. acidophilus LA-2 through freeze 

drying employing a combination of κ-carrageenan and inulin in the 
proportion of 2.0:0.0 ( ), 1.9:0.1 ( ), 1.8:0.2 ( ), 1.5:0.5 ( ), and 1.0: 
1.0 ( ), respectively, as wall materials. 

 
 

4.3.3 Viability of freeze-dried microencapsulated and non-encapsulated L. 
acidophilus LA-2 during a two-month storage  

Freeze dried microencapsulated and non-encapsulated L. acidophilus LA-2 were 

vacuum packaged and stored at 4oC in the dark for two months.  Enumeration was 

conducted every two weeks, and results are shown in Table 4.6 and Figure 4.7.  Statistical 

analysis showed that there was a significant interaction effect (trt*wk) on viability of the 

microencapsulated and non-encapsulated L. acidophilus LA-2 (P ≤ 0.05).  Further, all 

pairwise comparisons among treatment means were evaluated using Fisher’s LSD 

procedure.  The results showed that there was no significant difference between the 

viability of microencapsulated and non-encapsulated L. acidophilus LA-2 at each time 

point (P ≤ 0.05).  Also, no significant decrease was observed in the viability of either 
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microencapsulated or non-encapsulated L. acidophilus LA-2 during the two-month storage 

(P ≤ 0.05).  These results indicated that microencapsulation did not have superior effects 

over non-encapsulation in maintaining the viability of L. acidophilus LA-2 under such 

storage conditions.  A longer period of storage might be necessary to detect any 

differences.  Khalil and others (1998) reported that bifidobacteria encapsulated in calcium 

alginate led to better viability when incorporated in mayonnaise during 16 weeks of storage, 

while Adhikari (2000) found that microencapsulation of B. longum cells led to improved 

viability in yogurt.  However, the improvement in viability of the microencapsulated 

probiotics in these studies was attributed to protection against the acidity of vinegar in 

mayonnaise (Khalil and others 1998) and the low pH in yogurt (Adhikari, 2000).  In the 

soy energy bars in this study, the pH was close to neutral, resulting in a less harsh condition 

that could adversely affect the viability of the non-encapsulated probiotics.   

 
Table 4.6  Viability of freeze-dried microencapsulated and non-encapsulated L. 

acidophilus LA-2 stored in vacuum package in the dark at 4oC for two 
months. 

 
 Week 0 Week 2 Week 3 Week 6 Week 8 

Non-encap X99.98%ab X101.02%c X99.65%ab X99.37%a X100.92%bc

Microencap X100.00%a Y99.02%a X100.06%a X99.76%a X99.88%a 

(1) The wall material for microencapsulated L. acidophilus LA-2 was composed of 

κ-carrageenan and inulin at 1.9:0.1 

(2) a, b, c: Same letter within the same row shows no significant difference at P ≤ 0.05 

(3) X, Y: Same letter within the same column shows no significant difference at P ≤ 0.05 
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Figure 4.7 Viability of freeze-dried microencapsulated ( ) and non-encapsulated L. 
acidophilus LA-2 ( ) stored under vacuum at 4oC in the dark for two 
months. 

 
 

4.3.4 Imaging of microencapsulated L. acidophilus LA-2 using scanning electron 
microscope (SEM) 

4.3.4.1 Imaging of microencapsulated L. acidophilus LA-2 before freeze drying  

The microencapsulated L. acidophilus LA-2 before freeze drying was analyzed by 

the Environmental mode of the SEM.  A montage of the whole specimen was constructed 

(Figure 4.8), and the micro-capsules were imaged at higher magnifications (Figure 4.9).  

The size of the micro-capsules were mostly within the range of 10-100 µm in diameter.  

Also, naked cells of the probiotic L. acidophilus LA-2 were occasionally found around the 

wet micro-capsules (Figure 4.10).  Therefore, the viability reduction through 

microencapsulation might be due to the loss of probiotics to a certain degree, which was 
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caused by incompleteness in encapsulation of the probiotics and the subsequent washing of 

the micro-capsules. 

 

 

 
 

Figure 4.8 Montage of the wet sample on filter paper. 
 
 
 

  
 

Figure 4.9 Micro-capsules of L. acidophilus LA-2 before freeze-drying. 
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Figure 4.10  Naked cells of L. acidophilus LA-2 around the wet micro-capsules. 
 
 

4.3.4.2 Imaging of the microencapsulated L. acidophilus LA-2 after freeze drying  

The microencapsulated L. acidophilus LA-2 after freeze drying was analyzed by 

the Low Vacuum mode of the SEM (Figure 4.11).  It was found that the morphology of 

the micro-capsules was well retained through freeze-drying.  The naked cells of the 

probiotic L. acidophilus LA-2 were occasionally found around the dry micro-capsules 

(Figure 4.12).  

Naked cells 
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Figure 4.11  Micro-capsules of L. acidophilus LA-2 after freeze-drying. 

 
 

 

 

Figure 4.12  Naked cells of L. acidophilus LA-2 around the dry micro-capsules. 

 

 

 

Naked cells
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4.3.4.3 Imaging of the freeze-dried microencapsulated L. acidophilus LA-2 in the soy  
energy bars 

The surface of the soy energy bar was analyzed at the Low Vacuum Mode of SEM 

(Figure 4.13).   

 

  
 

 
 

Figure 4.13  Soy energy bar supplemented with freeze-dried micro-capsules of L. 
acidophilus LA-2. 
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The freeze-dried micro-capsules of L. acidophilus LA-2 were emerged or 

submerged in the soy energy bar, by comparison with the control bar (Figure 4.14) and the 

soy bar supplemented with freeze-dried non-encapsulated L. acidophilus LA-2 (Figure 

4.15). 

 

  
 

Figure 4.14  Soy energy bar control (no probiotics added to the control). 
 
 

   
 

Figure 4.15  Soy energy bar supplemented with freeze-dried non-encapsulated L. 
acidophilus LA-2. 
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4.4 Shelf life 
The soy energy bars supplemented with microencapsulated L. acidophilus LA-2 were 

considered as the test sample; while that without L. acidophilus LA-2 was considered as the 

control.  Four treatments were established, which were, respectively, “sample stored at 4oC”, 

“sample stored at room temperature (19oC ± 2oC)”, “control stored at 4oC” and “control stored 

at room (19oC ± 2oC)”.  All samples and controls were vacuum packaged and stored in dark 

for up to ten weeks.  All the microbial, chemical and physical parameters were measured 

every two weeks.  Triplicate batches of the soy energy bars were produced and tests for all the 

parameters were conducted for each fixed effects at each time point.   

4.4.1 pH 

The pH of the soy energy bars during a ten-week storage period is shown in Table 4.7 

and Figure 4.16.  Statistical analysis showed that storage time (wk) had a significant main 

effect on the pH value (P ≤ 0.05).  Further, all pairwise comparisons among treatment means 

were evaluated using Fisher’s LSD procedure.  The results showed the pH of sample or 

control stored at 4oC did not change significantly over time (P ≤ 0.05).  However, the pH of 

the sample or control stored at room temperature decreased significantly over time (P ≤ 0.05).  

At any time point within the ten-week storage, the soy energy bars had no significantly 

different pH values between the sample and control stored at the same temperature, or between 

the samples (or controls) stored at 4oC and room temperature (P ≤ 0.05).  The increase in pH 

of the sample and control stored at room temperature might be due to degradation of proteins 

into amino acids within the soy energy bars.  A longer period of storage was needed for further 

evaluation of pH changes.  Compared to previous research in our group (Simoes, 2006), a 
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smaller degree of reduction in pH was found with the prolonging of storage time, for both the 

4oC and room temperature storage conditions.   

 

Table 4.7 pH of soy energy bars during ten-week storage. 
 

 Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 

4oC control X5.67a X5.66a X5.69a X5.68a X5.65a X5.68a 

4oC sample X5.64ab X5.62ab X5.65a X5.59b X5.64ab XY5.60ab 

R.T. control X5.67a X5.64ab X5.64ab X5.60b X5.62ab XY5.61b 

R.T. sample X5.64a X5.64a X5.61ab X5.60ab X5.58b Y5.56b 
a, b: Same letter within the same row shows no significant difference at P ≤ 0.05 
X, Y: Same letter within the same column shows no significant difference at P ≤ 0.05 
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Figure 4.16  pH of soy energy bar sample stored at 4oC ( ) and room temperature ( ), 

and soy energy bar control stored at 4oC ( ) and room temperature ( ) 
for ten weeks. 
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4.4.2 Moisture content 

Results of the moisture content of the soy energy bars during a ten-week storage are 

shown in Table 4.8 and Figure 4.17.  Statistical analysis showed that there were neither 

significant interaction effect (trt*wk), nor significant main effects of treatment (trt) or storage 

time (wk) on moisture content (P ≤ 0.05).  The results were in accordance with that of our 

previous research (Simoes, 2006). 

 

Table 4.8  Moisture of soy energy bars during ten-week storage. 
 

 Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 

4oC control 10.01% 10.01% 10.25% 10.75% 11.30% 10.92% 

4oC sample 9.21% 11.09% 10.48% 11.16% 10.15% 10.52% 

R.T. control 10.01% 9.83% 10.49% 10.67% 11.26% 10.69% 

R.T. sample 9.21% 11.20% 10.74% 10.46% 10.45% 10.43% 

 

 
 



60 

4.00%
5.00%
6.00%
7.00%
8.00%
9.00%

10.00%
11.00%
12.00%
13.00%
14.00%

Week 0 Week 2 Week 4 Week 6 Week 8 Week 10

Storage time

M
oi

stu
re

 
Figure 4.17  Moisture of soy energy bar sample stored at 4oC ( ) and room temperature 

( ), and soy energy bar control stored at 4oC ( ) and room temperature 
( ) for ten weeks. 

 

4.4.3 Water activity (Aw) 

Results of the water activity of the soy energy bars during a ten-week storage are shown 

in Table 4.9 and Figure 4.18.  Storage time was indicated to have a significant main effect in 

water activity (P ≤ 0.05).  Further, all pairwise comparisons among treatment means were 

evaluated using Fisher’s LSD procedure.  It was shown that water activity increased 

significantly over time for all of the four treatments (P ≤ 0.05).  However, there was no 

significant difference in water activity between the sample and control stored at the same 

temperature, or between samples (or controls) stored at 4oC and room temperature within the 

ten-week storage (P ≤ 0.05).  Increase in water activity with the prolonging of storage 

indicated moisture migration among different ingredients within the soy energy bar, thus 
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further improvement in the soy energy bar formulation might be necessary.  Moisture 

migration in the soy energy bar was mainly caused by the part of bound water that used to bind 

the sugar.  Sucrose, which was from dark brown sugar, has a higher capability in holding 

water molecules than fructose, which was from high fructose corn syrup.  Therefore, water 

migration could be reduced by replacing fructose with sucrose.  However, addition of sucrose 

might cause crunchiness to the texture of soy energy bar, which might be another issue in food 

manufacturing.   

 

Table 4.9  Water activity of soy energy bars during ten-week storage. 
 

 Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 

4oC control X0.462a X0.471a X0.521bc X0.536bc X0.517b X0.561c 

4oC sample X0.421a X0.478b X0.531c X0.548c X0.537c X0.537c 

R.T. control X0.462a X0.529b X0.558bc X0.560bc X0.559bc X0.578c 

R.T. sample X0.421a X0.465b X0.544c X0.559c X0.543c X0.552c 

a, b, c: Same letter within the same row shows no significant difference at P ≤ 0.05 
X: Same letter within the same column shows no significant difference at P ≤ 0.05 
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Figure 4.18  Water activity of soy energy bar sample stored at 4oC ( ) and room 

temperature ( ), and soy energy bar control stored at 4oC ( ) and room 
temperature ( ) for ten weeks. 

 

4.4.4 Microbial analysis 

Results of the probiotic log10 counts in the soy energy bars during a ten-week storage 

are shown in Table 4.10 and Figure 4.19.  Statistical analysis showed there was a significant 

interaction (trt*wk) effect on log10 counts of microencapsulated L. acidophilus LA-2 in the soy 

energy bars (P ≤ 0.05).  Further, all pairwise comparisons among treatment means were 

evaluated using Fisher’s LSD procedure.  The results indicated no significant difference on 

log10 counts of microencapsulated L. acidophilus LA-2 in sample stored at 4oC over time, but a 

significant decrease for sample stored at room temperature (P ≤ 0.05).  Such trends of 

decrease have also been found in our previous research (Simoes, 2006).  A significant 

difference in the log10 counts of L. acidophilus LA-2 between the 4oC storage and room 
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temperature storage started to emerge after eight-weeks (P ≤ 0.05), when the viability of L. 

acidophilus LA-2 was reduced by 10.06%. 

 

Table 4.10  Log10 counts of L. acidophilus LA-2 soy energy bars during ten-week 
storage. 

 

 Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 

4oC sample X8.70a X8.62a X8.69a X8.69a X8.73a X8.73a 

R.T. sample X8.70a X8.63ab X8.40b X8.44b Y7.86c Y7.32d 

a, b, c, d: Same letter within the same row shows no significant difference at P ≤ 0.05 
X, Y: Same letter within the same column shows no significant difference at P ≤ 0.05 
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Figure 4.19  Log10 counts of L. acidophilus LA-2 in soy energy bar sample stored at 4oC 

( ) and room temperature ( ).  Counts in the control were less than 102 
CFU/g. 
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4.4.5 Color analysis 

Color of the bars was described in terms of lightness (L value), redness (a value) and 

yellowness (b value).  Triplicate tests were conducted for each fixed level at each time point, 

and the value of each observation was averaged by three readings taken at a 120o angle with 

each other.   

4.4.5.1 Lightness 

The L value represents the lightness, ranging from 0 (darkness) to 100 (brightness).  

Results are shown in Table 4.11 and Figure 4.20.  Statistical analysis showed that there was a 

significant interaction (trt*wk) effect on the L value of the soy energy bars (P ≤ 0.05).  Further, 

all pairwise comparisons among treatment means were evaluated using Fisher’s LSD 

procedure.  The results indicated that the L value of all four treatments decreased significantly 

over time (P ≤ 0.05).  Also, at each time point, no significant difference in the L value between 

the sample and control stored at the same temperature (P ≤ 0.05) was observed.  However, the 

sample (or control) stored at room temperature showed significantly lower L value than the 

sample (or control) stored at 4oC at each time point after two weeks of storage (P ≤ 0.05), 

indicating that the 4oC storage condition was more efficient in preserving the lightness of the 

soy energy bar during its shelf life.  These results supported those of Simoes (2006). 
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Table 4.11  L value of color analysis during ten-week storage. 
 

 Week 0 Week 2 Week 4 Week 6 Week 8 Week 10

4oC control X63.95a X63.27ab X62.58ab X62.65ab X62.65ab X62.24b 

4oC sample X62.84a XY62.29ab X62.15ab X61.78ab X61.74ab X61.08b 

R.T. control X63.95a Y60.82b Y59.58bc Y59.36c Y58.71c Y58.66c 

R.T. sample X62.84a Y60.08b Y59.54bc Y59.05bc Y58.32c Y58.18c 

a, b, c: Same letter within the same row shows no significant difference at P ≤ 0.05 
X, Y: Same letter within the same column shows no significant difference at P ≤ 0.05 
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Figure 4.20  L Value of color analysis of soy energy bar sample stored at 4oC ( ) and 

room temperature ( ), and soy energy bar control stored at 4oC ( ) and 
room temperature ( ) for ten weeks. 
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4.4.5.2 Redness 

A positive a value represents redness, while a negative a value represents greenness.  

Results are shown in Table 4.12 and Figure 4.21.  Statistical analysis showed that there was a 

significant interaction (trt*wk) effect on the a value of the soy energy bars (P ≤ 0.05).  Further, 

all pairwise comparisons among treatment means were evaluated using Fisher’s LSD 

procedure.  The results indicated that the a value of all four treatments increased significantly 

over time (P ≤ 0.05).  At each time point, there was generally no significant difference in the a 

value between the sample and control stored at the same temperature (P ≤ 0.05).  However, 

the sample (or control) stored at room temperature showed significantly higher a value than the 

sample (or control) stored at 4oC at each time point after a two-week storage (P ≤ 0.05), 

indicating that the 4oC storage condition was more efficient in preserving the redness of soy 

energy bar during its shelf life.  Similar results were also found by Simoes (2006). 

 

Table 4.12  a value of color analysis during ten-week storage. 
 

 Week 0 Week 2 Week 4 Week 6 Week 8 Week 10

4oC control X2.94a X3.45ab X3.71bc X4.09c X4.19c X3.94bc 

4oC sample Y3.86a XY3.77a X3.92ab X4.30ab X4.67c X4.44bc 

R.T. control X2.94a YZ4.29b Y4.97c Y5.26c Y5.51c Y5.44c 

R.T. sample Y3.86a Z4.67b Y5.21bc Y5.50c Y5.43c Y5.54c 

a, b, c: Same letter within the same row shows no significant difference at P ≤ 0.05 
X, Y, Z: Same letter within the same column shows no significant difference at P ≤ 0.05 
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Figure 4.21  a Value of color analysis of soy energy bar sample stored at 4oC ( ) and 

room temperature ( ), and soy energy bar control stored at 4oC ( ) and 
room temperature ( ) for ten weeks. 
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4.4.5.3 Yellowness 

A positive b value represents yellowness, while a negative b value represents blueness.  

Results are shown in Table 4.13 and Figure 4.22.  Statistical analysis showed that there was a 

significant interaction (trt*wk) effect on the b value of the soy energy bars (P ≤ 0.05).  Further, 

all pairwise comparisons among treatment means were evaluated using Fisher’s LSD 

procedure.  The results showed that the b value of the samples had no significant changes over 

time, either at 4oC or at room temperature (P ≤ 0.05).  However, b value of the controls 

significantly increased over time (P ≤ 0.05) at both storage conditions.  At each time point, 

there was generally no significant difference in the b value between the sample and control 

stored at the same temperature (P ≤ 0.05), or between the samples (or controls) stored at 

different temperatures.   

 

Table 4.13  b value of color analysis during ten-week storage. 
 

 Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 

4oC control X18.36a  X18.94a  XY19.53b X19.44b  X19.18b  X19.16b  

4oC sample X19.01a  X18.57a  X18.76a  X19.05a  X18.98a  X19.00a  

R.T. control X18.36a  X19.51b  Y19.84b  X19.70b  X19.88b  X19.94b  

R.T. sample X19.01a  X19.03a  XY19.42a X19.18a  X19.42a  X19.32a  

a, b: Same letter within the same row shows no significant difference at P ≤ 0.05 
X, Y: Same letter within the same column shows no significant difference at P ≤ 0.05 
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Figure 4.22  b Value of color analysis soy energy bar sample stored at 4oC ( ) and room 
temperature ( ), and soy energy bar control stored at 4oC ( ) and room 
temperature ( ) for ten weeks. 

 
 

The changes in colors of the treatments with prolonged storage were also called 

“browning”.  It might be mainly caused by Maillard reaction, a non-enzymatic browning.   

Maillard reaction is a term indicating all the modifications involving free or 

protein-linked amino acids and sugars that affect to a great extent the sensory and nutritional 

characteristics of foods (Arnoldi 2001).  Maillard reaction is associated with the structures of 

amino acids and sugars, temperature, pH, and water activity.  It does not require high 

temperature, and amino acids and sugars stored at refrigerated temperature even showed signs 

of non-enzymatic browning during storage (Whitfield 1992).  However, the speed of 

browning is comparatively slower at lower temperature.  It seldom occurs at low pH.  A 

water activity of around 0.65-0.75 would be most favorable for Maillard reaction (Ledl and 
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others 1990).  As a result, although the soy energy bars were vacuum packaged, browning still 

occurred during storage. 

In the soy energy bars, the browning might be mainly caused by the components of the 

reducing sugar fructose and the soy protein.  In order to avoid Maillard reaction, non-reducing 

sugar could be employed to substitute fructose, including sucrose.  In such condition, 

however, texture should be another concern because sucrose leads to crunchiness of the soy 

energy bars.  

4.4.6 Texture analysis 

Results of texture of the soy energy bars during a ten-week storage are shown in Table 

4.14 and Figure 4.23, which reflect the hardness of the bars.  Hardness of the protein bars was 

described in terms of the maximum force (grams) necessary for the texture analyzer probe to travel 

through the bar.  Statistical analysis showed that there was a significant interaction (trt*wk) 

effect on texture of the soy energy bars (P ≤ 0.05).  Further, all pairwise comparisons among 

treatment means were evaluated using Fisher’s LSD procedure.  The results indicated that 

texture increased significantly over time for all the four fixed effects, except the sample stored 

at 4oC (P ≤ 0.05).  Also, at each time point within the ten-week storage period, there was no 

significant difference in texture between the sample and control stored at the same temperature 

(P ≤ 0.05).  However, the sample (or control) stored at room temperature had a significantly 

higher level of hardness than the sample (or control) stored at 4oC at each time point after four 

weeks (or eight weeks) of storage, indicating that the 4oC condition was more efficient in 

maintaining the original hardness of the soy energy bars during storage.  Increase in the 

hardness of the bars with prolonged storage might be associated with the increase in water 



71 

activity over time, because more bound water in the soy energy bar components was 

transformed to free water, thus, causing the hardening of the bars.   

It was noteworthy to mention that quite a high level of standard error occurred in the 

texture values.  As far as the power of statistical analysis is considered, more repetitions of 

such tests are needed for further confirmation of this result.   

 
 
Table 4.14  Texture analysis during ten-week storage. 

 

 Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 

4oC control X200a X222ab X308ab X366ab X309ab X428b 

4oC sample X244a X342a X334a X296a X397a X346a 

R.T. control X200a X463b XY695c XY723cd Y913d Y902d 

R.T. sample X244a X528b Y835c Y905c Y1024c Y1019c 

a, b, c, d: Same letter within the same row shows no significant difference at P ≤ 0.05 
X, Y: Same letter within the same column shows no significant difference at P ≤ 0.05 
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Figure 4.23  Texture analysis of soy energy bar sample stored at 4oC ( ) and room 
temperature ( ), and soy energy bar control stored at 4oC ( ) and room 
temperature ( ) for ten weeks. 
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CHAPTER 5 

CONCLUSIONS AND FURTHER DIRECTIONS 

Among the nine strains of probiotics screened, L. acidophilus LA-2 had the highest 

α-galactosidase activity when induced by raffinose.  Among -20oC, -80oC and dry ice 

freezing before freeze drying, the -20oC freezing condition was the most efficient way at 

maintaining the viability of the probiotics.  κ-Carrageenan and inulin, combined at a 

proportion of 1.9:0.1 (w:w), were able to keep the viability of microencapsulated L. 

acidophilus LA-2 at a significantly higher level than the other combinations tested (P ≤ 

0.05).  Morphology of the micro-capsules was well maintained by freeze drying.  

Viability of freeze-dried microencapsulated LA-2 was well retained within a two-month 

storage by vacuum packaging and dark storage at 4oC.   

The shelf life of the innovative soy energy and control bars were evaluated with 

respect to pH, moisture content, water activity, probiotic numbers, color and texture.  

Storage time was tested for up to ten weeks under two different storage conditions.  With 

the prolonging of storage time, no significant changes in pH, moisture, viability of the 

probiotics for the bars (both sample and control) stored at 4oC (P ≤ 0.05) were observed.  

However, the bars (both sample and control) stored at room temperature had significant 

decreases in pH and viability of the probiotics over time, and significant increases in 

moisture over time (P ≤ 0.05).  Generally, water activity, lightness and redness, and 

texture were significantly different for the bars (both sample and control) stored at both 

4oC and room temperature, with respective increases in water activity, texture and redness, 

and decrease in lightness (P ≤ 0.05).  However, in these parameters, the bars (both sample 
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and control) stored at both 4oC had a significantly slower changes than that stored at room 

temperature (P ≤ 0.05).  Storage time had no significant effects on yellowness of the 

sample bars stored at either 4oC or room temperature, but yellowness of the control bars 

stored at either 4oC or room temperature was significantly increased over time (P ≤ 0.05).  

In conclusion, 4oC storage with vacuum packaging and darkness was a better storage 

condition for the innovative probiotic soy energy bar in this study.   

Further studies might concentrate on other microencapsulation wall materials.  

Also, other packaging materials and methods might be studied with respect to keeping a 

constant texture during the early times of shelf life.  In order to be sure that the innovative 

soy energy bar could be accepted by consumers, it is also necessary to conduct sensory 

tests that compare the innovative soy energy bar with the bar containing non-encapsulated 

probiotics, as well as that without probiotics.  Finally, simulation of the human 

gastrointestinal system in digesting the soy energy bars containing microencapsulated 

probiotics might be employed to demonstrate the health benefits of such a bar over the 

control (including soy energy bars with non-encapsulated probiotics and soy energy bar 

without probiotics). 
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APPENDIX A 

Analysis of variance (ANOVA) Programs for SAS 
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A.1. α-Galactosidase activity test 

 
options ls=100 ps=70; 
data one; 
input med$ strain$  rep1-rep4; 
datalines; 
… 
… 
… 
 
proc print; 
 
data two; set one; 
enzact=rep1; rep=1; output; 
enzact=rep2; rep=2; output; 
enzact=rep3; rep=3; output; 
enzact=rep4; rep=4; output; 
 
proc glm;  
class med strain rep; 
model  enzact=med|strain rep(med strain); 
test h=med|strain e=rep(med strain); 
means  med|strain; 
lsmeans  med|strain/s p e=rep(med strain); 
 
run; 
 
 
 

A.2. Freezing methods comparison 

 
data one; 
input trt$ r1 r2; 
datalines; 
… 
… 
… 
 
proc print; 
 
 
data two; set one; 
temp=r1; rep=1; output; 
temp=r2; rep=2; output; 
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proc glm; class trt; 
model temp=trt; 
means trt; 
lsmeans trt/s p; 
 
run; 
 
 
 

A.3. Micro-capsule wall materials optimization 

 
data one; 
input trt$ r1 r2; 
datalines; 
… 
… 
… 
 
proc print; 
 
data two; set one; 
vi=r1; rep=1; output; 
vi=r2; rep=2; output; 
proc glm; class trt; 
model vi=trt; 
means trt; 
lsmeans trt/s p; 
 
run; 
 
 
 
A.4. Viability of microencapsulated and non-encapsulated L. acidophilus LA-2 within 2 

months storage 

 
options ls=100 ps=70; 
data one; 
input trt$ rep w0 w2 w4 w6 w8; 
datalines; 
… 
… 
… 
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proc print; 
 
title 'Viability of cap & non-cap LA-2 within 2 months'; 
data two; set one; 
lgvia=w0; wk=0; output; 
lgvia=w2; wk=2; output; 
lgvia=w4; wk=4; output; 
lgvia=w6; wk=6; output; 
lgvia=w8; wk=8; output; 
drop w0 w2 w4 w6 w8; 
proc print; 
 
proc mixed; class rep trt wk; 
model lgvia=trt|wk; 
repeated wk/sub=rep(trt) type=cs; 
lsmeans trt|wk/pdiff; 
 
run; 
 
 

A.5. Shelf life of soy energy bar 

 
A.5.1. pH  

 
options ls=100 ps=70; 
data one; 
input trt$ rep w0 w2 w4 w6 w8 w10; 
datalines; 
… 
… 
… 
 
proc print; 
title 'pH'; 
 
data two; set one; 
pH=w0; wk=0; output; 
pH=w2; wk=2; output; 
pH=w4; wk=4; output; 
pH=w6; wk=6; output; 
pH=w8; wk=8; output; 
pH=w10; wk=10; output; 
drop w0 w2 w4 w6 w8 w10; 
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proc print; 
 
proc mixed; class rep trt wk; 
model pH=trt|wk; 
repeated wk/sub=rep(trt) type=cs; 
lsmeans trt|wk/pdiff; 
 
run; 
 
 
 

A.5.2. Moisture content 

 
options ls=100 ps=70; 
data one; 
input trt$ rep w0 w2 w4 w6 w8 w10; 
datalines; 
… 
… 
… 
 
proc print; 
title 'Moisture'; 
 
data two; set one; 
moi=w0; wk=0; output; 
moi=w2; wk=2; output; 
moi=w4; wk=4; output; 
moi=w6; wk=6; output; 
moi=w8; wk=8; output; 
moi=w10; wk=10; output; 
drop w0 w2 w4 w6 w8 w10; 
proc print; 
 
proc mixed; class rep trt wk; 
model moi=trt|wk; 
repeated wk/sub=rep(trt) type=cs; 
lsmeans trt|wk/pdiff; 
 
run; 
 
 
 

A.5.3. Water activity 
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options ls=100 ps=70; 
data one; 
input trt$ rep w0 w2 w4 w6 w8 w10; 
datalines; 
… 
… 
… 
 
proc print; 
title 'Water Activity'; 
 
data two; set one; 
Aw=w0; wk=0; output; 
Aw=w2; wk=2; output; 
Aw=w4; wk=4; output; 
Aw=w6; wk=6; output; 
Aw=w8; wk=8; output; 
Aw=w10; wk=10; output; 
drop w0 w2 w4 w6 w8 w10; 
proc print; 
 
proc mixed; class rep trt wk; 
model Aw=trt|wk; 
repeated wk/sub=rep(trt) type=cs; 
lsmeans trt|wk/pdiff; 
 
run; 
 
 
 

A.5.4. Microbial Analysis (Log10 counts) 

 
 
options ls=100 ps=70; 
data one; 
input trt$ rep w0 w2 w4 w6 w8 w10; 
datalines; 
… 
… 
… 
 
proc print; 
 
title 'Log10 Counts'; 
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data two; set one; 
lgcnt=w0; wk=0; output; 
lgcnt=w2; wk=2; output; 
lgcnt=w4; wk=4; output; 
lgcnt=w6; wk=6; output; 
lgcnt=w8; wk=8; output; 
lgcnt=w10; wk=10; output; 
drop w0 w2 w4 w6 w8 w10; 
proc print; 
 
proc mixed; class rep trt wk; 
model lgcnt=trt|wk; 
repeated wk/sub=rep(trt) type=cs; 
lsmeans trt|wk/pdiff; 
 
run; 
 
 
 

A.5.5. Color analysis 

 
A.5.5.1 L value 

 
 
options  ls=100 ps=70; 
data one; 
input trt$ rep w0 w2 w4 w6 w8 w10; 
datalines; 
… 
… 
… 
 
proc print; 
run; 
 
title 'Color L'; 
 
data two; set one; 
L=w0; wk=0; output; 
L=w2; wk=2; output; 
L=w4; wk=4; output; 
L=w6; wk=6; output; 
L=w8; wk=8; output; 
L=w10; wk=10; output; 
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drop w0 w4 w6 w8 w10; 
proc print; 
 
proc mixed; class rep trt wk; 
model L=trt|wk; 
repeated wk/sub=rep(trt) type=cs; 
lsmeans trt|wk/pdiff; 
 
run; 
 
 
 

A.5.5.2 a value 
 
 
options ls=100 ps=70; 
data one; 
input trt$ rep w0 w2 w4 w6 w8 w10; 
datalines; 
… 
… 
… 
 
proc print; 
 
title 'Color a'; 
 
data two; set one; 
a=w0; wk=0; output; 
a=w2; wk=2; output; 
a=w4; wk=4; output; 
a=w6; wk=6; output; 
a=w8; wk=8; output; 
a=w10; wk=10; output; 
drop w0 w2 w4 w6 w8 w10; 
proc print; 
 
proc mixed; class rep trt wk; 
model a=trt|wk; 
repeated wk/sub=rep(trt) type=cs; 
lsmeans trt|wk/pdiff; 
 
run; 
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A.5.5.3 b value 
 
 
options ls=100 ps=70; 
data one; 
input trt$ rep w0 w2 w4 w6 w8 w10; 
datalines; 
… 
… 
… 
 
proc print; 
 
title 'Color b'; 
 
data two; set one; 
b=w0; wk=0; output; 
b=w2; wk=2; output; 
b=w4; wk=4; output; 
b=w6; wk=6; output; 
b=w8; wk=8; output; 
b=w10; wk=10; output; 
drop w0 w2 w4 w6 w8 w10; 
proc print; 
 
proc mixed; class rep trt wk; 
model b=trt|wk; 
repeated wk/sub=rep(trt) type=cs; 
lsmeans trt|wk/pdiff; 
 
run; 
 
 
 

A.5.6 Texture 

 
 
options ls=100 ps=70; 
data one; 
input trt$ rep w0 w2 w4 w6 w8 w10; 
datalines; 
… 
… 
… 
 



84 

proc print; 
title 'Texture'; 
 
data two; set one; 
Texture=w0; wk=0; output; 
Texture=w2; wk=2; output; 
Texture=w4; wk=4; output; 
Texture=w6; wk=6; output; 
Texture=w8; wk=8; output; 
Texture=w10; wk=10; output; 
drop w0 w2 w4 w6 w8 w10; 
proc print; 
 
proc mixed; class rep trt wk; 
model Texture=trt|wk; 
repeated wk/sub=rep(trt) type=cs; 
lsmeans trt|wk/pdiff; 
 
run; 
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APPENDIX B 

The Mixed Procedure and GLM Analysis of variance (ANOVA) Output 
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B.1. α-Galactosidase activity test 

The GLM Procedure 

Dependent Variable: enzact 

Source DF Sum of Squares Mean Squares F value Pr > F 

Model 15 0.00003349 0.00000223 62.40 <.0001 

Error 16 0.00000057 0.00000004   

Corrected Total 31 0.00003406    

 

R-Square Coeff Var Root MSE enzact Mean 

0.983192 4.828572 0.000189 0.003918 

 

Source DF Type I SS Mean Square F Value Pr > F 

med 1 0.00001203 0.00001203 336.20 <.0001 

strain 1 0.00001295 0.00001295 362.03 <.0001 

med*strain 1 0.00000099 0.00000099 27.58 <.0001 

rep(med*strain) 12 0.00000752 0.00000063 17.51 <.0001 

 

Source DF Type III SS Mean Square F Value Pr > F 

med 1 0.00001203 0.00001203 336.20 <.0001 

strain 1 0.00001295 0.00001295 362.03 <.0001 

med*strain 1 0.00000099 0.00000099 27.58 <.0001 

rep(med*strain) 12 0.00000752 0.00000063 17.51 <.0001 
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med strain LSMEAN Number

MRS     FER 1 

MRS     LA2 2 

RAFF    FER 3 

RAFF    LA2 4 

 

Least Squares Means for effect med*strain 

Pr > |t| for H0: LSMean(i)=LSMean(j) 

Dependent Variable: enzact 

i/j 1 2 3 4 

1  0.0015 0.0018 <.0001 

2 0.0015  0.9089 0.0472 

3 0.0018 0.9089  0.0382 

4 <.0001 0.0472 0.0382  
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B.2. Freezing methods comparison 

Microencapsulated LA-2 

The GLM Procedure 

Dependent Variable: temp 

Source DF Sum of Squares Mean Squares F value Pr > F 

Model 2 119.4241000 59.7120500 8.35 0.0594 

Error 3 21.4462500 7.1487500   

Corrected Total 5 140.8703500    

 

R-Square Coeff Var Root MSE temp Mean 

0.847759 2.972611 2.673715 89.94500 

 

Source DF Type I SS Mean Square F Value Pr > F 

trt 2 119.4241000  59.7120500  8.35 0.0594 

 

Source DF Type III SS Mean Square F Value Pr > F 

trt 2 119.4241000 59.7120500 8.35 0.0594 

 

trt LSMEAN Number

Dry 1 

T20 2 

T80 3 
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Least Squares Means for effect trt 

Pr > |t| for H0: LSMean(i)=LSMean(j) 

Dependent Variable: temp 

i/j 1 2 3 

1  0.2412 0.0819 

2 0.2412  0.0274 

3 0.0819 0.0274  

 

 

Non-encapsulated LA-2 

The GLM Procedure 

Dependent Variable: temp 

Source DF Sum of Squares Mean Squares F value Pr > F 

Model 2 27.31423333 13.65711667 14.80 0.0279 

Error 3 2.76910000 0.92303333   

Corrected Total 5 30.08333333    

                                                    

R-Square Coeff Var Root MSE temp Mean 

0.907952   0.984741 0.960746 97.56333 

 

Source DF Type I SS Mean Square F Value Pr > F 

trt 2 27.31423333 13.65711667 14.80 0.0279 

 

Source DF Type III SS Mean Square F Value Pr > F 

trt 2 27.31423333 13.65711667 14.80 0.0279 
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trt LSMEAN Number

Dry 1 

T20 2 

T80 3 

 

Least Squares Means for effect trt 

Pr > |t| for H0: LSMean(i)=LSMean(j) 

Dependent Variable: temp 

i/j 1 2 3 

1  0.0162 0.0207 

2 0.0162  0.7017 

3 0.0207 0.7017  
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B.3. Micro-capsule wall materials optimization 

The GLM Procedure 

Dependent Variable: vi 

Source DF Sum of Squares Mean Squares F value Pr > F 

Model 4 57.1326200 14.2831550 4.95 0.0096 

Error 15 43.3118750 2.8874583   

Corrected Total 19 100.4444950    

 

R-Square Coeff Var Root MSE vi Mean 

0.568798 1.806360 1.699252 94.07050 

 

Source DF Type I SS Mean Square F Value Pr > F 

trt 4 57.13262000 14.28315500 4.95 0.0096 

 

Source DF Type III SS Mean Square F Value Pr > F 

trt 4 57.13262000  14.28315500 4.95 0.0096 

 

 LSMEAN Number

C1 1 

C1.5 2 

C1.8 3 

C1.9 4 

C2 5 
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Least Squares Means for effect trt 

Pr > |t| for H0: LSMean(i)=LSMean(j) 

Dependent Variable: vi 

i/j 1 2 3 4 5 

1    0.3894 0.3829 0.0033 0.5339 

2 0.3894  0.9902 0.0198 0.1486 

3 0.3829 0.9902  0.0203 0.1455 

4 0.0033 0.0198 0.0203  0.0009 

5 0.5339 0.1486 0.1455 0.0009  
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B.4. Viability of microencapsulated and non-encapsulated L. acidophilus LA-2 within 2 

months storage 

The Mixed Procedure 

Model Information 

Data Set WORK.TWO 

Dependent Variable lgvia 

Covariance Structure Compound Symmetry 

Subject Effect           rep(trt) 

Estimation Method        REML 

Residual Variance Method     Profile 

Fixed Effects SE Method      Model-Based 

Degrees of Freedom Method Between-Within 

 

Class Level Information 

Class Levels Values 

rep 2 1 2 3 

trt 3 microcap noncap

wk 5 0 2 4 6 8 

 

Dimensions 

Covariance Parameters 2 

Columns in X 18 

Columns in Z 0 

Subjects 6 
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Max Obs Per Subject 5 

 

Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 58.14312363  

1 1 57.72337878 0.00000000 

 

Convergence criteria met. 

Covariance Parameter Estimates 

Cov Parm Subject Estimate 

CS rep(trt) 0.06930 

Residual  0.5495 

 

Fit Statistics 

-2 Res Log Likelihood 57.7 

AIC (smaller is better) 61.7 

AICC (smaller is better) 62.4 

BIC (smaller is better) 61.3 

 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

trt 1 4 1.65 0.2689 

wk 4 16 0.99 0.4418 

trt*wk 4 16 3.03 0.0488 
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B.5. Shelf life of soy energy bar 

B.5.1. pH  

The Mixed Procedure 

Model Information 

Data Set WORK.TWO 

Dependent Variable pH 

Covariance Structure Compound Symmetry 

Subject Effect           rep(trt) 

Estimation Method       REML 

Residual Variance Method     Profile 

Fixed Effects SE Method      Model-Based 

Degrees of Freedom Method Between-Within 

 

Class Level Information 

Class Levels Values 

rep 3 1 2 3 

trt 4 4ctr 4sam rctr rsam 

wk 6 0 2 4 6 8 10 

 

Dimensions 

Covariance Parameters 2 

Columns in X 35 

Columns in Z 0 

Subjects 12 
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Max Obs Per Subject 6 

 

Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 -92.97705248  

1 1 -138.07321997 0.00000000 

 

Convergence criteria met. 

Covariance Parameter Estimates 

Cov Parm Subject Estimate 

CS rep(trt) 0.003720 

Residual  0.001152 

 

Fit Statistics 

-2 Res Log Likelihood -138.1 

AIC (smaller is better) -134.1 

AICC (smaller is better) -133.8 

BIC (smaller is better) -133.1 

 

  Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

trt 3 8 0.62 0.6217 

wk 5 40 3.37 0.0123 

trt*wk 15 40 1.14 0.3589 
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B.5.2. Moisture content 

The Mixed Procedure 

Model Information 

Data Set WORK.TWO 

Dependent Variable moi 

Covariance Structure Compound Symmetry 

Subject Effect           rep(trt) 

Estimation Method        REML 

Residual Variance Method     Profile 

Fixed Effects SE Method      Model-Based 

Degrees of Freedom Method Between-Within 

 

Class Level Information 

Class Levels Values 

rep 3 1 2 3 

trt 4 4ctr 4sam rctr rsam 

wk 6 0 2 4 6 8 10 

 

Dimensions 

Covariance Parameters 2 

Columns in X 35 

Columns in Z 0 

Subjects 12 

Max Obs Per Subject 6 
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Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 179.52165431  

1 1 175.30528984 0.00000000 

 

Convergence criteria met. 

Covariance Parameter Estimates 

Cov Parm Subject Estimate 

CS rep(trt) 0.3224 

Residual  1.1007 

 

Fit Statistics 

-2 Res Log Likelihood 175.3 

AIC (smaller is better) 179.3 

AICC (smaller is better) 179.6 

BIC (smaller is better) 180.3 

 

  Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

trt 3 8 0.02 0.9962 

wk 5 40 2.09 0.0865 

trt*wk 15 40 0.66 0.8057 
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B.5.3. Water activity 

The Mixed Procedure 

Model Information 

Data Set WORK.TWO 

Dependent Variable Aw 

Covariance Structure Compound Symmetry 

Subject Effect           rep(trt) 

Estimation Method        REML 

Residual Variance Method     Profile 

Fixed Effects SE Method      Model-Based 

Degrees of Freedom Method Between-Within 

 

Class Level Information 

Class Levels Values 

rep 3 1 2 3 

trt 4 4ctr 4sam rctr rsam 

wk 6 0 2 4 6 8 10 

 

Dimensions 

Covariance Parameters 2 

Columns in X 35 

Columns in Z 0 

Subjects 12 

Max Obs Per Subject 6 
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Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 -148.46362527  

1 1 -173.17455072 0.00000000 

 

Convergence criteria met. 

Covariance Parameter Estimates 

Cov Parm Subject Estimate 

CS rep(trt) 0.000905 

Residual  0.000628 

 

Fit Statistics 

-2 Res Log Likelihood -173.2 

AIC (smaller is better) -169.2 

AICC (smaller is better) -168.9 

BIC (smaller is better) -168.2 

 

  Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

trt 3 8 0.67 0.5931 

wk 5 40 39.63 <.0001 

trt*wk 15 40 1.01 0.4677 
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B.5.4. Microbial analysis 

Log10 Counts 

The Mixed Procedure 

Model Information 

Data Set WORK.TWO 

Dependent Variable lgcnt 

Covariance Structure Compound Symmetry 

Subject Effect           rep(trt) 

Estimation Method        REML 

Residual Variance Method     Profile 

Fixed Effects SE Method      Model-Based 

Degrees of Freedom Method Between-Within 

 

Class Level Information 

Class Levels Values 

rep 3 1 2 3 

trt 2 4sam rsam  

wk 6 0 2 4 6 8 10 

 

Dimensions 

Covariance Parameters 2 

Columns in X 21 

Columns in Z 0 

Subjects 6 



103 

Max Obs Per Subject 6 

 

Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 3.11514075  

1 1 -5.38417577 0.00000000 

 

Convergence criteria met. 

Covariance Parameter Estimates 

Cov Parm Subject Estimate 

CS rep(trt) 0.01884 

Residual  0.01965 

 

Fit Statistics 

-2 Res Log Likelihood -5.4 

AIC (smaller is better) -1.4 

AICC (smaller is better) -0.8 

BIC (smaller is better) -1.8 

 

  Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

trt 1 4 12.90 0.0229 

wk 5 20 14.96 <.0001 

trt*wk 5 20 18.69 <.0001 
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B.5.5. Color analysis 

B5.5.1 L Value 

The Mixed Procedure 

Model Information 

Data Set WORK.TWO 

Dependent Variable L 

Covariance Structure Compound Symmetry 

Subject Effect           rep(trt) 

Estimation Method        REML 

Residual Variance Method     Profile 

Fixed Effects SE Method      Model-Based 

Degrees of Freedom Method Between-Within 

 

Class Level Information 

Class Levels Values 

rep 3 1 2 3 

trt 2 4sam rsam rctr rsam

wk 6 0 2 4 6 8 10 

 

Dimensions 

Covariance Parameters 2 

Columns in X 35 

Columns in Z 0 

Subjects 12 
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Max Obs Per Subject 6 

 

Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 193.21897149  

1 1 167.50213658 0.00000000 

 

Convergence criteria met. 

Covariance Parameter Estimates 

Cov Parm Subject Estimate 

CS rep(trt) 1.1391 

Residual  0.7540 

 

Fit Statistics 

-2 Res Log Likelihood 167.5 

AIC (smaller is better) 171.5 

AICC (smaller is better) 171.8 

BIC (smaller is better) 172.8 

 

  Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

trt 3 8 5.41 0.0250 

wk 5 40 23.34 <.0001 

trt*wk 15 40 2.41 0.0135 

 



106 

B5.5.2 a Value 

The Mixed Procedure 

Model Information 

Data Set WORK.TWO 

Dependent Variable a 

Covariance Structure Compound Symmetry 

Subject Effect           rep(trt) 

Estimation Method        REML 

Residual Variance Method     Profile 

Fixed Effects SE Method      Model-Based 

Degrees of Freedom Method Between-Within 

 

Class Level Information 

Class Levels Values 

rep 3 1 2 3 

trt 2 4sam rsam rctr rsam

wk 6 0 2 4 6 8 10 

 

Dimensions 

Covariance Parameters 2 

Columns in X 35 

Columns in Z 0 

Subjects 12 

Max Obs Per Subject 6 
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Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 61.65252242  

1 1 60.44142667 0.00000000 

 

Convergence criteria met. 

Covariance Parameter Estimates 

Cov Parm Subject Estimate 

CS rep(trt) 0.01379 

Residual  0.1083 

 

Fit Statistics 

-2 Res Log Likelihood 60.4 

AIC (smaller is better) 64.4 

AICC (smaller is better) 64.7 

BIC (smaller is better) 65.4 

 

  Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

trt 3 8 32.52 <.0001 

wk 5 40 39.13 <.0001 

trt*wk 15 40 3.10 0.0022 
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B5.5.3 b Value 

The Mixed Procedure 

Model Information 

Data Set WORK.TWO 

Dependent Variable b 

Covariance Structure Compound Symmetry 

Subject Effect           rep(trt) 

Estimation Method        REML 

Residual Variance Method     Profile 

Fixed Effects SE Method      Model-Based 

Degrees of Freedom Method Between-Within 

 

Class Level Information 

Class Levels Values 

rep 3 1 2 3 

trt 2 4sam rsam rctr rsam

wk 6 0 2 4 6 8 10 

 

Dimensions 

Covariance Parameters 2 

Columns in X 35 

Columns in Z 0 

Subjects 12 

Max Obs Per Subject 6 
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Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 114.06420333  

1 1 86.33845230 0.00000000 

 

Convergence criteria met. 

Covariance Parameter Estimates 

Cov Parm Subject Estimate 

CS rep(trt) 0.2268 

Residual  0.1371 

 

Fit Statistics 

-2 Res Log Likelihood 86.3 

AIC (smaller is better) 90.3 

AICC (smaller is better) 90.6 

BIC (smaller is better) 91.3 

 

  Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

trt 3 8 0.87 0.4943 

wk 5 40 7.15 <.0001 

trt*wk 15 40 2.02 0.0388 
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B5.6. Texture analysis 

The Mixed Procedure 

Model Information 

Data Set WORK.TWO 

Dependent Variable Texture 

Covariance Structure Compound Symmetry 

Subject Effect           rep(trt) 

Estimation Method        REML 

Residual Variance Method     Profile 

Fixed Effects SE Method     Model-Based 

Degrees of Freedom Method Between-Within 

 

Class Level Information 

Class Levels Values 

rep 3 1 2 3 

trt 2 4sam rsam rctr rsam

wk 6 0 2 4 6 8 10 

 

Dimensions 

Covariance Parameters 2 

Columns in X 35 

Columns in Z 0 

Subjects 12 

Max Obs Per Subject 6 
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Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 697.16538352  

1 1 652.32407879 0.00000000 

 

Convergence criteria met. 

Covariance Parameter Estimates 

Cov Parm Subject Estimate 

CS rep(trt) 52323 

Residual  16349 

 

Fit Statistics 

-2 Res Log Likelihood 652.3 

AIC (smaller is better) 656.3 

AICC (smaller is better) 656.6 

BIC (smaller is better) 657.3 

 

  Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

trt 3 8 2.87 0.1033 

wk 5 40 22.16 <.0001 

trt*wk 15 40 3.74 0.0004 
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APPENDIX C 

Primary data for the processing using SAS programs 
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C.1. α-Galactosidase enzyme activity test 
 

Enzyme activity of crude α-galactosidase from the probiotics 
 

Crude α-galactosidase activity (U/mg) Strain Medium  

Rep 1 Rep 2 Rep 3 Rep 4 

1 4.16×10-3 4.30×10-3 4.05×10-3 4.11×10-3 
LA-2 MRS 

2 4.07×10-3 4.09×10-3 4.19×10-3 3.96×10-3 

1 6.54×10-3 4.49×10-3 4.45×10-3 4.89×10-3 
LA-2 RAFF 

2 6.04×10-3 4.48×10-3 4.47×10-3 4.57×10-3 

1 2.01×10-3 3.30×10-3 1.83×10-3 2.65×10-3 
FER MRS 

2 2.09×10-3 3.08×10-3 1.94×10-3 3.04×10-3 

1 4.31×10-3 3.79×10-3 4.71×10-3 4.01×10-3 
FER RAFF 

2 3.90×10-3 3.62×10-3 4.18×10-3 4.04×10-3 

(1) LA-2: L. acidophilus LA-2 

(2) FER: L. fermentum ATCC 14931 

(3) MRS: incubated in MRS broth 

(4) RAFF: incubated in MRS broth enriched with 2% raffinose 
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C.2. Optimization of freezing methods 
 

Viability of microencapsulated L. acidophilus LA-2 through freeze drying using 
different freezing methods 

Viability  

Rep1 Rep2 

-20 oC 93.24% 96.44% 

-80 oC 86.80% 81.30% 

Dry ice 91.72% 90.17% 

Viability = %100
...log
...log

10

10 ×
DFandFafterCounting
DFandFbeforeCounting ; 

F.: freezing; F.D.; freeze drying; 
 

 

 

 

Viability of non-microencapsulated L. acidophilus LA-2 through freeze drying using 
different freezing methods 

Viability  

Rep1 Rep2 

-20 oC 99.58% 98.96% 

-80 oC 99.73% 98.00% 

Dry ice 95.29% 93.82% 

Viability = %100
...log
...log

10

10 ×
DFandFafterCounting
DFandFbeforeCounting ; 

F.: freezing; F.D.; freeze drying; 
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C.3. Comparison of wall materials for microencapsulation 

Viability of microencapsulated L. acidophilus LA-2 through freeze drying employing 
different wall materials 

Viability 
Wall material 

 

Rep1 Rep2 

1 92.08% 91.53% 
Car2.0: Inu0.0 

2 92.82% 92.33% 

1 97.00% 97.12% 
Car1.9: Inu0.1 

2 97.44% 97.05% 

1 94.28% 93.32% 
Car1.8: Inu0.2 

2 94.28% 94.26% 

1 95.33% 92.68% 
Car1.5: Inu0.5 

2 95.39% 92.68% 

1 95.95% 90.02% 
Car1.0: Inu1.0 

2 95.83% 90.02% 

Car2.0:Inu0.0: the wall material was composed of κ-carrageenan and inulin with the 
proportion of 2.0:0.0 

Car1.9:In0.1: the wall material was composed of κ-carrageenan and inulin with the 
proportion of 1.9:0.1 

Car1.8:In0.2: the wall material was composed of κ-carrageenan and inulin with the 
proportion of 1.8:0.2 

Car1.5:In0.5: the wall material was composed of κ-carrageenan and inulin with the 
proportion of 1.5:0.5 

Car1.0:In1.0: the wall material was composed of κ-carrageenan and inulin with the 
proportion of 1.0:1.0 
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C.4. Viability of microencapsulated and non-encapsulated L.acidophilus LA-2 druing 2 

month dark storage at 4oC  

Viability of cap & non-encap L. acidophilus LA-2 within 2 months 
 

  rep  Week 0 Week 2 Week 4 Week 6 Week 8 

non-cap 1 100.10% 102.85% 99.86% 98.83% 102.01%

non-cap 2 99.83% 100.01% 98.58% 99.66% 100.26%

non-cap 3 100.00% 100.21% 100.51% 99.62% 100.48%

microcap 1 100.00% 98.78% 99.65% 100.31% 100.24%

microcap 2 100.00% 99.50% 100.26% 100.46% 99.73% 

microcap 3 100.00% 98.77% 100.27% 98.52% 99.67% 

non-cap: non-encapsulated L. acidophilus LA-2 
microcap: microencapsulated L. acidophilus LA-2          
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C.5. Shelf life 

C.5.1. pH 

pH of soy energy bars during 10-week storage 

 rep Week 0 Week 2 Week 4 Week 6 Week 8 Week 10

4ctr 1 5.73 5.68 5.70 5.70 5.66 5.72 

4ctr 2 5.72 5.74 5.77 5.72 5.74 5.76 

4ctr 3 5.57 5.56 5.61 5.61 5.55 5.57 

4sam 1 5.66 5.56 5.65 5.67 5.65 5.62 

4sam 2 5.58 5.62 5.64 5.50 5.62 5.60 

4sam 3 5.68 5.69 5.65 5.60 5.66 5.58 

rctr 1 5.73 5.68 5.68 5.64 5.61 5.63 

rctr 2 5.72 5.71 5.73 5.69 5.67 5.67 

rctr 3 5.57 5.53 5.51 5.48 5.58 5.52 

rsam 1 5.66 5.64 5.60 5.60 5.60 5.59 

rsam 2 5.58 5.64 5.60 5.60 5.58 5.57 

rsam 3 5.68 5.64 5.64 5.61 5.56 5.51 

‘4ctr’ stands for ‘Control stored at 4oC’ 
‘4sam’ stands for ‘Sample stored at 4oC’ 
‘rctr’ stands for ‘Control stored at room temperature’ 
‘rsam’ stands for ‘Sample stored at room temperature’ 
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C.5.2. Moisture content 
 

Moisture of soy energy bars during 10-week storage 

 rep Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 

4ctr 1 9.98% 9.55% 9.44% 11.20% 10.91% 8.92% 

4ctr 2 9.19% 9.18% 10.94% 10.12% 11.40% 9.08% 

4ctr 3 10.86% 11.30% 10.38% 10.92% 11.60% 14.76% 

4sam 1 9.28% 10.27% 9.31% 11.43% 9.59% 10.89% 

4sam 2 9.32% 10.97% 10.34% 11.83% 9.18% 11.23% 

4sam 3 9.03% 12.04% 11.80% 10.22% 11.67% 9.45% 

rctr 1 9.98% 8.64% 9.93% 10.84% 10.97% 9.05% 

rctr 2 9.19% 9.55% 10.34% 10.31% 11.30% 9.29% 

rctr 3 10.86% 11.30% 11.20% 10.86% 11.50% 13.72% 

rsam 1 9.28% 10.30% 9.45% 11.06% 9.74% 10.10% 

rsam 2 9.32% 11.03% 10.56% 10.69% 10.35% 10.97% 

rsam 3 9.03% 12.28% 12.20% 9.64% 11.27% 10.21% 

‘4ctr’ stands for ‘Control stored at 4oC’ 
‘4sam’ stands for ‘Sample stored at 4oC’ 
‘rctr’ stands for ‘Control stored at room temperature’ 
‘rsam’ stands for ‘Sample stored at room temperature’ 
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C.5.3. Water activity (Aw) 
 

Water activity of soy energy bars during 10-week storage 

  rep Week 0 Week 2 Week 4 Week 6 Week 8 Week 10

4ctr 1 0.403  0.403  0.514  0.469  0.520  0.520  

4ctr 2 0.456  0.469  0.485  0.546  0.520  0.565  

4ctr 3 0.526  0.541  0.564  0.592  0.510  0.597  

4sam 1 0.393  0.446  0.488  0.527  0.522  0.471  

4sam 2 0.421  0.483  0.549  0.566  0.534  0.566  

4sam 3 0.449  0.505  0.556  0.552  0.556  0.575  

rctr 1 0.403  0.527  0.552  0.523  0.542  0.553  

rctr 2 0.456  0.509  0.538  0.565  0.566  0.583  

rctr 3 0.526  0.552  0.585  0.591  0.570  0.599  

rsam 1 0.393  0.390  0.519  0.546  0.548  0.521  

rsam 2 0.421  0.475  0.560  0.578  0.535  0.565  

rsam 3 0.449  0.531  0.553  0.554  0.546  0.570  

‘4ctr’ stands for ‘Control stored at 4oC’ 
‘4sam’ stands for ‘Sample stored at 4oC’ 
‘rctr’ stands for ‘Control stored at room temperature’ 
‘rsam’ stands for ‘Sample stored at room temperature’ 



120 

C.5.4. Microbial analysis 

Log10 counts of L. acidophilus LA-2 in soy energy bars during 10-week storage 

 rep Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 

4sam 1 8.81  8.78  8.84  8.75  8.72  8.75  

4sam 2 8.74  8.63  8.49  8.58  8.73  8.71  

4sam 3 8.57  8.46  8.74  8.75  8.75  8.72  

rsam 1 8.81  8.81  8.68  8.76  8.06  7.76  

rsam 2 8.74  8.61  8.21  8.24  7.71  7.06  

rsam 3 8.57  8.47  8.31  8.32  7.80  7.75  

‘4ctr’ stands for ‘Control stored at 4oC’ 
‘4sam’ stands for ‘Sample stored at 4oC’ 
‘rctr’ stands for ‘Control stored at room temperature’ 
‘rsam’ stands for ‘Sample stored at room temperature’ 
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C.5.5. Color analysis 

C.5.5.1 Lightness/darkness 

L value of color analysis during ten-week storage 

  rep Week 0 Week 2 Week 4 Week 6 Week 8 Week 10

4ctr 1 61.24  59.96  60.82  61.07  60.88  60.77  

4ctr 2 64.28  65.30  63.51  63.83  64.15  63.56  

4ctr 3 66.32  64.56  63.41  63.04  62.92  62.39  

4sam 1 62.88  61.89  63.06  62.59  62.62  61.49  

4sam 2 62.13  62.69  61.89  60.19  61.22  60.89  

4sam 3 63.50  62.28  61.51  62.55  61.37  60.87  

rctr 1 61.24  58.37  58.53  58.78  57.74  58.80  

rctr 2 64.28  62.96  60.95  60.19  59.77  59.77  

rctr 3 66.32  61.13  59.27  59.10  58.61  57.40  

rsam 1 62.88  60.31  59.46  59.39  58.85  58.64  

rsam 2 62.13  60.30  59.84  58.68  58.04  58.04  

rsam 3 63.50  59.64  59.33  59.07  58.08  57.86  

‘4ctr’ stands for ‘Control stored at 4oC’ 
‘4sam’ stands for ‘Sample stored at 4oC’ 
‘rctr’ stands for ‘Control stored at room temperature’ 
‘rsam’ stands for ‘Sample stored at room temperature’ 
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C.5.5.2 Redness/greenness 

a value of color analysis 

  rep Week 0 Week 2 Week 4 Week 6 Week 8 Week 10

4ctr 1 3.24  3.52  4.48  4.35  4.89  3.91  

4ctr 2 3.04  3.61  3.28  4.04  4.07  4.20  

4ctr 3 2.54  3.23  3.38  3.87  3.62  3.70  

4sam 1 4.10  3.61  3.84  4.17  4.73  4.54  

4sam 2 4.06  3.61  3.69  4.42  4.77  4.13  

4sam 3 3.43  4.10  4.23  4.30  4.50  4.64  

rctr 1 3.24  4.53  5.20  4.91  5.58  5.07  

rctr 2 3.04  4.54  4.91  5.13  5.37  5.30  

rctr 3 2.54  3.79  4.80  5.74  5.57  5.96  

rsam 1 4.10  4.60  5.11  5.05  5.26  5.37  

rsam 2 4.06  4.50  5.13  6.04  5.21  5.62  

rsam 3 3.43  4.92  5.40  5.41  5.82  5.62  

‘4ctr’ stands for ‘Control stored at 4oC’ 
‘4sam’ stands for ‘Sample stored at 4oC’ 
‘rctr’ stands for ‘Control stored at room temperature’ 
‘rsam’ stands for ‘Sample stored at room temperature’ 
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C.5.5.3 Yellowness/blueness 

b value of color analysis 

 rep Week 0 Week 2 Week 4 Week 6 Week 8 Week 10

4ctr 1 18.01  18.08  19.80  18.59  17.82  18.17  

4ctr 2 18.23  19.48  19.22  19.78  19.80  19.64  

4ctr 3 18.85  19.27  19.58  19.96  19.92  19.68  

4sam 1 18.96  18.31  18.63  18.79  19.03  18.87  

4sam 2 19.24  18.32  18.42  19.00  18.58  18.82  

4sam 3 18.82  19.08  19.23  19.35  19.34  19.31  

rctr 1 18.01  18.60  19.05  18.57  18.99  19.18  

rctr 2 18.23  20.09  19.94  20.07  20.25  20.26  

rctr 3 18.85  19.83  20.53  20.45  20.41  20.39  

rsam 1 18.96  18.93  18.73  18.96  19.29  19.43  

rsam 2 19.24  18.79  19.68  18.68  19.11  19.27  

rsam 3 18.82  19.36  19.86  19.90  19.86  19.25  

‘4ctr’ stands for ‘Control stored at 4oC’ 
‘4sam’ stands for ‘Sample stored at 4oC’ 
‘rctr’ stands for ‘Control stored at room temperature’ 
‘rsam’ stands for ‘Sample stored at room temperature’ 
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C.5.6. Texture Analysis 

Texture analysis 

 rep Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 

4ctr 1 316 365 604 764 610 899 

4ctr 2 205 209 246 255 248 301 

4ctr 3 78 91 73 79 70 83 

4sam 1 184 353 314 327 351 291 

4sam 2 156 179 229 165 211 203 

4sam 3 392 493 459 395 576 543 

rctr 1 316 764 1116 1136 1110 1149 

rctr 2 205 417 735 788 1146 1125 

rctr 3 78 208 233 246 482 433 

rsam 1 184 643 1038 1143 1144 1150 

rsam 2 156 281 795 616 786 1042 

rsam 3 392 661 671 957 1142 866 

‘4ctr’ stands for ‘Control stored at 4oC’ 
‘4sam’ stands for ‘Sample stored at 4oC’ 
‘rctr’ stands for ‘Control stored at room temperature’ 
‘rsam’ stands for ‘Sample stored at room temperature’ 
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