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ABSTRACT 
 
Effects of Starch Filler on the Physical Properties of Lyophilized Calcium-

Alginate Beads and the Viability of Encapsulated Cells 
 
Calcium-alginate hydrogel is commonly used to encapsulate live cells. However, the 
qualities of lyophilized alginate beads could be undesirable for various reasons 
which may include reduction in encapsulation performance during storage. The 
objectives of this work were to improve the qualities of the lyophilized beads and to 
establish evidence if the bead qualities had significant influence on the stability of 
encapsulated cells. The bead qualities were manipulated by incorporating corn 
starch as the solid filler at various concentrations and produced using simple 
extrusion technique and subsequently lyophilized. The degree of shrinkage of SFAB 
during lyophilization was found to be dependent on the filler concentration with the 
control beads shrunk the most, by about 40% whereas the shrinkage reduced 
where beads shrunk from 18% to 9% with additional of starch filler. Sphericity of 
SFAB was also improved with Aspect Ratio of between 1.1 and unity. The relative 
porosity reduced from 71% (control sample) to 21.7% (SFAB 60%) in a near linear 
trend and SFAB was found to have ink bottle pore shape. With incorporation of 
starch fillers, SFAB with higher starch concentration had greater mechanical 
strength but its mechanical behaviour changed from spongy to brittle with a 
breakage point observed in the stress strain curve of starch concentration above 
40%. Less hygroscopic behaviour was also observed from the lower EMC, range 
from 15% to 25% of SFAB with additional of starch compared to the control beads 
of EMC above 30%. Probiotic cells encapsulated within the alginate-starch beads 
were significantly more stable during freeze-drying process and storage, exposed to 
temperature, humidity and oxygen stresses in comparison to the cells encapsulated 
within the control beads. It is believed that with the incorporation of starch 
granules, stabilization on cells could occur in three possible mechanisms which are 
1) shielding effect by the physical packing of starch granules 2) maintaining of 
particle sphericity through the presence of starch granules and 3) alteration of 
particle hygroscopic nature with starch granules. In conclusion, the qualities of the 
alginate beads were improved by incorporating starch filler and the bead qualities 
were found to have significant influence on the cell stability.  
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ABSTRAK 
 
Hidrogel kalsium-alginat biasanya digunakan untuk mengenkapsulasikan sel hidup. 
Akan tetapi, kualiti manik setelah pengliofilian mungkin tidak sesuai atas beberapa 
sebab termasuk kejejasan prestasi enkapsulasi semasa simpanan. Objektif kajian 
ini adalah untuk meningkatkan kualiti manik dan membuktikan sama ada kualiti 
manik mempunyai kesan ketara ke atas kestabilan sel yang dienkapsulasikan. 
Kualiti manik dikawal dengan menambah isian kanji pada beberapa kepekatan dan 
dihasilkan dengan menggunakan teknik ekstrusi dan seterusnya diliofiliankan. 
Tahap pengecutan manik SFAB setelah diliofilian didapati bergantung kepada 
kandungan isian kanji dengan sampel kawalan menunjukkan pengecutan yang 
paling ketara, sebanyak 40% manakala manik dengan isian kanji hanya 
mencatatkan tahap pengecutan daripada 18% ke 9%. Kebujuran SFAB juga 
diperbaikkan dengan catatan nisbah aspek antara 1.1 dan 1. Porositi relatif 
mengurang daripada 71% (sampel kawalan) kepada 21.7% (SFAB 60%) dalam 
tren linear dan adalah didapati bahawa SFAB mempunyai bentuk liang botol 
dakwat. Dengan penambahan isian kanji, SFAB yang mempunyai kandungan kanji 
yang lebih banyak mempunyai kekuatan mekanikal yang tinggi tetapi perangai 
mekanikal berubah daripada span kepada sifat rapuh dengan titik retakan yang 
dapat dilihat dalam graf tekanan ketegangan untuk kandungan kanji melebihi 40%. 
Sifat yang kurang higroskopik juga diperhatikan untuk SFAB daripada EMC rendah 
antara 15% kepada 25% berbanding dengan sampel kawalan yang mencatat EMC 
lebih daripada 30%. Sel probiotik yang dienkapsulasikan dalam manik kanji-alginat 
juga lebih stabil semasa proses liofilian dan penyimpanan, pendedahan kepada 
gangguan suhu, kelembapan dan oksigen berbanding dengan sampel kawalan. 
Adalah dipercayai bahawa dengan penambahan granul kanji, kestabilan pada sel 
mungkin terjadi dalam tiga mekanisme iaitu 1) kesan perlindungan daripada 
pembungukan fizikal daripada siain kanji 2) pengekalan kebujuran manik melalui 
kehadiran granul kanji dan 3) perubahan sifat higroskopik semulajadi granul kanji. 
Secara kesimpulan, kualiti manik alginate dapat ditingkatkan dengan penambahan 
isian kanji dan kualiti manik didapati mempunyai kesan ketara pada kestabilan sel. 
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CHAPTER 1 

INTRODUCTION 

1.1 Research Background 

The resident microbiota of intestine is the key to human health. By being able to 

deliver them to their active site, these beneficial microbial can be excellent candidates 

for therapeutic use. To date, a lot of researches are being developed for the use of live 

cells for therapeutic purposes. Among them is the probiotics. Probiotics have gained 

recognition to play therapeutic functions such as altering immunity, lowering 

cholesterol, improving lactose tolerance and avoiding cancer (Kailasapathy and Chin, 

2000; Anal and Singh, 2007). Generally, the cells must remain stable in three pre-

action stages: processing, storage and transit through gastrointestinal-tract in order for 

these therapeutic potential cells to be efficacious. With the minimum therapeutic dose 

suggested per day at a level of 108 – 109 cfu/g (Kailasapathy, 2002), delivering 

sufficient amounts of living probiotic cells during the entire shelf-life of the product 

remains a great challenge.  

Many attempts had been tried out to stabilize the cells and encapsulation 

technique had appeared to be the potential way to enhance cells viability during 

production and storage. With the presence of surrounding physical barrier around the 

cells, encapsulation material separates and protects the cells from direct exposure to 

the harsh environment. Numerous encapsulation methods had been developed, 

namely hard capsules, compression coating, film coating (spray, fluidized-bed, dry and 

hot-melt) and entrapment in matrix (by extrusion or emulsification). Natural or 

synthetic derived encapsulation materials had also been discovered to suit different 

purposes of encapsulation. Among the available materials, encapsulation in calcium-

alginate beads, a hydrogel material, is one of the widely used biomaterials as carriers 

to encapsulate sensitive bioactive compounds for preservation purpose. This is because 

the encapsulation process could be performed in a simple, mild and safe condition.  
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1.2 Research Problem 

In order to achieve preservation and easy handling of the encapsulated bacteria, 

freeze-drying process was often adopted to produce dried particulates (Zayed and 

Roos, 2004) with high viability. During the drying process, removal of frozen water 

from the alginate hydrogel by sublimation could leave void areas within the dried 

structure. As a result, the carriers may possess several undesirable qualities such as 

distorted shape, uneven size, poor mechanical strength and high porosity. These 

inferior characteristics may not only cause difficulty in handling and processing, it may 

also affect the function and performance of encapsulation.  

 

 Filler, a solid-body additive, could be incorporated to improve the 

characteristics of freeze-dried hydrogel particulates. Tal and co-workers (1997, 1999), 

Zohar-Perez et al. (2004) and Rassis and co-workers (2002) documented well 

regarding the positive effect of starch filler which improved the mechanical strength 

and reduced structure collapse of freeze-dried alginate particulates. Jankowski and co-

workers (1997) and Sultana et al. (2000) were among the few reported on utilizing 

starch filler with calcium-alginate for cell encapsulation. However, there was still lack of 

literature mentioning about the carrier qualities in affecting encapsulation 

performance. Besides, there was no detailed study on the effect of fillers on physical 

characteristics of freeze-dried calcium-alginate beads. To date, only Tal et al. (1999), 

Zohar-Perez et al. (2004) and Rassis et al. (2002) had reported on the mechanical, 

shape and surface properties of calcium-alginate beads. However, their main concern 

was to produce porous particle for cell immobilization in water treatment and for food 

application.  

 

 Most of the literatures had shown that calcium-alginate encapsulated cells had 

better survival compared to the non-encapsulated state with incorporation of cryo-

protectants and additional coating layers. For example, calcium-alginate beads had 

been proven for stabilizing cells after freeze-drying and during exposure to simulated 

gastric fluid and bile salt solution (Kearney et al., 1990; Selmer-Olsen et al., 1999; 

Krasaekoopt et al., 2004; 2006; De Giulio et al., 2005;). Yet, limited information had 

been found on storage stability of encapsulated cells within the freeze-dried calcium-

alginate beads.  
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1.3 Research Objective 

The main objectives of this work were two fold: 1) to improve the qualities of 

lyophilized calcium-alginate particles and 2) to establish evidence if the particle 

qualities had significant influence on the stability of encapsulated probiotic cells.  

 

The specific objectives were: 

i. To study the effect of starch filler concentration on the characteristics of 

alginate particles using extrusion method. Nine characteristics studied 

include size, shape, bulk and tapped density, flowability, porosity, pore size, 

morphology, mechanical strength and hygroscopicity. 

ii. To study the effect of process variables (lyophilisation, temperature, 

humidity and oxygen) on stability of encapsulated cells.  

iii. To understand the interaction between particle characteristics and cell 

stability exposed to process variables.  

iv. To postulate the mechanisms of starch filled alginate beads in stabilization 

of encapsulated cells. 

 

1.4 Thesis Organization 

This thesis presents the study, firstly on the characteristics of starch filled alginate 

beads prior and after lyophilization process with various solid filler concentration. 

Lyophilization was selected as the preferred drying method based on its mild effect to 

probiotic cells. The second part of this thesis reports on the effects of lyophilization 

and other environment factors which influence the survival of probiotic cells 

encapsulated within the starch filled alginate beads throughout the shelf life. The 

outcome of this study could be used as a reference for further development in 

prolonging the storage of probiotic cells or any sensitive active compounds. The details 

of the thesis were reported in six chapters. Brief contents of each chapter were 

discussed as follows: 

 

 Chapter 1 presents the introduction of this thesis. Introduction chapter covers 

some background information on the advantages of probiotic cells to human health, 

current encapsulation method and materials used for storage and stabilization of this 

fastidious microbial. In addition, the research problems in achieving good preservation 
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and easy handling of the encapsulated bacteria were also highlighted. From there, an 

alternative solution was proposed for research. The research objectives were included 

into this chapter and a summary on the thesis outline was presented.  

 

Chapter 2 focuses on the literature review where the concept of probiotics is 

described first. Definition, ideal properties of classification as probiotics, therapeutic 

potential and health benefits, factors affecting efficacy and stability of probiotics are 

then discussed. This chapter later provides a literature review on encapsulation 

functions, methods and natural materials used for cell encapsulation. By understanding 

of the available methods and materials, selection of method and material suited to this 

research is discussed. Finally, the literature regarding composition and reported 

application of starch in encapsulation are reviewed.  

 

Chapter 3 is devoted to give a detailed description of the experimental 

materials and methodology used in this study. The experimental setups for preparation 

of starch filled alginate beads, methods for characterization and stability tests on 

model cells are also attached. Besides, the experimental designs and mathematical 

equations are included into this chapter. 

 

Chapter 4 presents the results and discussions on the findings of starch filled 

alginate beads characteristics at different filler concentrations. A series of physical, 

visual and mechanical characterizations are carried out and reported. This chapter 

allows the understanding of the filler concentrations in affecting the starch filled 

alginate beads quality and handibility after lyophilization process. 

 

Chapter 5 reveals the stability analysis of encapsulated model cells within the 

starch filled alginate beads after lyophilization process and subsequent storage. This 

knowledge on starch filled alginate beads characteristics in the previous chapter 

allowed further understanding on the particle qualities affecting cell stability. 

Meanwhile, three mechanisms of stabilizing the encapsulated cells were proposed. 

 

Lastly, Chapter 6 concludes on the research findings of this project and some 

recommendations for further development in this field were addressed.  
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CHAPTER 2 

 

 

LITERATURE REVIEW 

 

 

 

2.1 Concept of Probiotics 

For over thousands of years, people have been consuming fermented milk containing 

live microbe. Thus the use of live microbial food to enhance human health is not new. 

The concept of probiotic was scientifically introduced in 1907 by Eli Metchnikoff in his 

book ‘Prolongation of life”. He hypothesized that the longevity of the Bulgarians was 

resulted from their consumption of lactobacilli which contained fermented milk. His 

observation had led to the growing interest on the role of probiotics in affecting human 

or animal health since then.  

 

2.1.1 Definition of Probiotics 

‘Probiotics’ originated from the Greek word ‘for life’. With time, the definition evolved 

depending on the understanding of the mechanisms of action of their influence on the 

health and well-being of mankind. In 1989, Fuller gave a more precise definition of 

probiotics as live microbial food supplements which benefited the health of the host  by 

maintaining or improving their intestinal microbial balance (Mattila-Sandholm et al., 

2002). Thereafter, Huis in’t Veld expended the definition to 'a mono- or mixed-culture 

of live microorganisms which when applied to man or animal affected beneficially the 

host by improving the properties of the indigeneous microflora' (Shortt, 1999). Food 

and Agriculture Organization (FAO) of the United Nations and the World Health 

Organization (WHO) included the importance of ingesting adequate amount of 

probiotics by defining it as ‘live microorganisms (bacteria or yeasts), which when 

ingested or locally applied in sufficient numbers conferred one or more specified 

demonstrated health benefits for the host’ (Anal & Singh, 2007).  
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2.1.2 Criteria for Classification as Probiotics 

The basic requirements for the selection of probiotic micro-organisms are given in 

Table 2.1. It is vital that probiotic strains are originally isolated from human as most 

current successful strains are indicated to be of human origin. This could be due to 

better function of the strain in a similar environment (e.g. human gastrointestinal 

tract). Other required properties include resistance to acid and bile during passage 

through the stomach and at least temporarily to be able to colonize the intestinal tract. 

The use of probiotic bacterial cultures stimulates the growth of preferred 

microorganisms, crowds out potentially harmful bacteria and reinforces the body's 

natural defense mechanisms (Saarela et al., 2000). To impose greater probiotic effects, 

adherent strains of probiotic bacteria are favoured because they are more prone to 

become established in the intestinal tract. The mechanism of anti-pathogenic effect 

may be through decreasing the luminal pH by the production of short chain fatty acids 

such as acetic acid, lactic acid or propionic acid rendering vital nutrients unavailable to 

pathogens, altering the redox potential of the environment, producing hydrogen 

peroxide or producing bacteriocins or other inhibitory substances (Kailasapathy & Chin, 

2000). Above all, the strains should be safe and tested for human use. Safety 

assessments include studies on basic toxicology, risk of microbial invasion, degradation 

of intestinal mucosa and epidemiological data and evidence of safety (Lee & Salminen, 

1995).  

 

Table 2.1: Desirable properties of probiotic bacteria 

• Human origin. 

• Resistance to acid and bile. 

• Adherence to human intestinal cells. 

• Colonization of the human gut. 

• Production of antimicrobial substances. 

• Antagonism against carcinogenic and pathogenic bacteria. 

• Safety in food and clinical use. 

• Clinically validated and documented health effects. 

 Source:  Lee & Salminen (1995), Saarela et al., (2000). 
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2.1.3 Probiotics from Lactic Acid Bacteria  

Most studies on probiotics had focused on the lactic acid bacteria, particularly the 

genera that were of human intestinal origin, Lactobacillus, Bifidobacterium and 

Streptococcus or Enterococcus, either singly or in mixed culture (Scheinbach, 1998). 

Each genus and species had different characteristics but they were generally chained 

cocci or rod shaped gram-positive, nonmotile, nonsporulating bacteria that produced 

lactic acid as a major or sole product of fermentative metabolism (Salminen et al., 

1993).  

 

a. Genus Lactobacillus 

Lactobacilli are among the bacteria mostly commonly used as probiotics in 

human foods (Coeuret et al., 2004). Lactobacilli are distributed in various 

ecological niches throughout the gastrointestinal and genital tracts and 

constitute an important part of the indigenous microflora of man and also 

animal. Their distribution is affected by several environmental factors, which 

include pH, oxygen availability, level of specific substrates, presence of 

secretions and bacterial interactions. At present, 56 species of the genus 

Lactobacillus have been recognized (Gomes & Malcata, 1999.) and listed in 

Table 2.2. However, not all of them can be categorized as probiotics because 

some are non-human origin and there is lack of studies and documented clinical 

efficacy on each of the species. 

 

 

 

 

 

 

 

 

 

 

 

 


