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Abstract 

Efficient intracellular product release from yeast is required for the recovery of many 

bioproducts, recombinant or other. Traditionally such product release is achieved by 

non-selective, energy demanding mechanical disruption. The fine debris resulting 

from mechanical disruption is also challenging in the solid-liquid separation in 

downstream process. This study investigates the effect of the pretreatment on the 

energy efficiency of cell disruption, the extent of product release and its selective 

product release. Saccharomyces cerevisiae and Kluyveromyces lactis were used as 

the model microorganisms while disruption following pretreatment was achieved on 

exposure to ultrasound or passing through the high pressure homogenisation (HPH). 

Pretreatments were selected for their ability to weaken the yeast cell wall, rather than 

to permeabilise the cell. This allowed product release to be concentrated into the 

disruption step only, not distributed between the disruption and pretreatments steps. 

Rapid temperature treatment at 40 to 60CC, pH shock across the range pH 9 to 11 

and osmotic pressure between 0.5 MPa and 5 MPa were used as single 

pretreatment. Combined pretreatments were also considered. These were affected 

by diluting the yeast suspension into a pre-warmed pH or high osmolarity buffer. On 

dilution, the temperature was increased rapidly to 40CC, while the pH or osmotic 

pressure was increased to pH 10 or 1 MPa. 

Increase in total soluble protein release and decrease in energy requirement of 

equivalent cell disruption were obtained after a rapid shift in temperature, pH or 

osmotic pressure. The optimum ranges for pretreatment found were temperatures 

between 40 and 50CC, pH 10 and 1 MPa, respectively. Combined pretreatment 

resulted more protein released than each single pretreatment, however, the impact of 

combination compared to the heat pretreatment at 40CC was small. Improvement in 

both the rate and extent of protein release was illustrated. In all cases, the 

pretreatment by short time exposure was most efficient in ensuring cell weakening. 

Extended duration of pretreatment offered no advantage in overall protein release 

and frequently was disadvantageous owing to denaturation of protein. The selectivity 

of enzyme release achieved by pretreatment was investigated by enzyme analysis. 

The condition of pretreatment for marker enzymes release depended on the location 

of the enzyme. Harsh conditions, such as higher temperature, pH and osmotic 
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pressure and longer holding time were preferred by cytoplasmic enzymes. Longer 

sonication time and a greater number of passes were preferred by intracellular 

enzymes. The cell debris obtained on HPH following a combined pretreatment was 

analysed by the Malvern size analyser and microscopy. The micronisation of debris 

for equivalent product release could be solved by pretreatment. To sum up, the 

energy efficiency of microbial cell disruption, the ability to achieve selective product 

release and the degree of micronisation of cell debris can be manipulated by use of 

pretreatment prior to mechanical cell disruption. Heat pretreatment was more efficient 

than other single and combined pretreatments. 
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Chapter 1 

Introduction 

Chapter 1: Introduction 

Microorganisms provide a large variety of biological products of commercial interest. 

The genetic manipulation has increased the potential usage of microorganisms in the 

medical, food and chemical industry. Some microbial products can be found 

extracellularly due to the natural transport of the products from the cell to the 

environment. However, microorganisms do not excrete the majority of biological 

products into the medium. For the exploitation of intracellular products of interest, 

such as intracellular enzymes and products of recombinant DNA, cell disruption is 

typically required. 

The intracellular products are separated from the external medium by the cell wall 

and membrane, which also give shape and strength to the microorganism. The 

network components of the cell wall have to be disrupted to release the intracellular 

products. Hence, to understand the composition and structure of cell wall is important 

for analysis of cell disruption. 

Cell disruption can be broadly classified in mechanical and non-mechanical methods. 

Mechanical methods enable high recovery of the products and are preferred by the 

industry. High pressure homogenisation and bead mill are widely used on an 

industrial scale. However, several drawbacks are associated with mechanical 

methods. These techniques provide no selective release of intracellular product, 

hence, the product of interest needs to be separated from other contaminant 

products. These methods are energy-intensive. Heat removal processes are required, 

due to the dissipation of the energy expended as heat. The cells are passed 

repeatedly through the disruption equipment to increase the extent of disruption 

causing a considerable decrease in the particle size of the debris, resulting in a more 

complicated solid-liquid separation. 

Non-mechanical methods include chemical, physical and biological methods. These 

methods are less energy intensive and some have been demonstrated to achieve 
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Chapter 1: Introduction 

selective product release. However, owing to restriction of process economics or 

efficiency, they are generally limited to a small scale. Consequently, they are used in 

primarily at laboratory scale. The combination of a mechanical method and a non­

mechanical pretreatment has potential for reduction in the energy requirement. 

This study investigates the extent and selectivity of product release and minimisation 

of the energy required for mechanical cell disruption by using pretreatments. 

Moreover, it seeks to maximise the size of cell debris resulting to aid solid-liquid 

separation while still ensuring efficient product release. To achieve this, it is 

necessary to identify pretreatments to weaken cell structure while not denaturing 

product. Saccharomyces··cerevisiae and Kluyveromyces /actis were chosen as the 

model microorganism, while high pressure homogenisation and ultrasonication were 

used to achieve mechanical disruption. Pretreatments include heat, pH, osmotic 

shock and combined pretreatment. These pretreatments were implemented for the 

permeabilisation or weakening of the cell envelope prior to mechanical disruption. 

The effect of pretreatment on micronisation was studied using the Malvern size 

analyser and microscope. 

A detailed description of the cell envelop of the microorganisms and a literature 

review of cell disruption are provided in Chapter 2. The experimental procedure and 

methods are described in Chapter 3. The rate and extent of total protein release and 

enzyme release from Baker's yeast on different mechanical methods in the absence 

of pretreatment are presented in Chapter 4 to provide a benchmark for the 

comparison of combined microbial cell disruption. The effect of single pretreatment 

on the energy efficiency of cell disruption and selective product release on Baker's 

using ultrasonication is discussed in Chapter 5. The comparison of each single and 

combined pretreatment on protein and enzyme release from S. cerevisiae and K. 

/actis using high pressure homogenisation are demonstrated in Chapter 6 and 7, 

respectively. In Chapter 8, the conclusions drawn from this project and 

recommendations made for further work are presented. 

2 
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Chapter 2 

Literature Review 

2.1 INTRODUTION 

Chapter 2: Literature Review 

The requirement of microbial cell disruption has restricted large-scale production of 

commercial biotechnological products of intracellular derivation to value added 

products, owing to both the energy intensity of the disruption step and the increased 

purification challenge on release of the many intracellular constituents. Not only do 

the cell wall and membrane give shape and strength to the microorganism, but also 

form a barrier to the release of the intracellular products. Cell disruption is the most 

prominent unit for the isolation of intracellular products that are not secreted by the 

microorganism. A selective release of the desired enzyme relative to release of other 

intracellular proteins without the formation of fine cell debris would be rewarded. 

2.2 THE STRUCTURE OF YEAST 

Yeasts are typical eukarytotic microorganisms, comprised of nucleus, mitochondria, 

Golgi apparatus secretory vesicles, endoplasmic reticulum, vacuoles, ribosomes and 

microbodies. These cellular contents are encased by a cell envelop, which occupies 

about 15% of the total cell volume (Walker, 1998). The cell envelope consists of a 

rigid cell wall, a plasma membrane and a periplasmic space. The cell wall provides a 

rigid outer support while the concentration gradients between the interior and exterior 

of the cell are established across cytoplasmic membrane which provides the 

biological barrier to the cell. The cytoplasmic membrane generally is not concerned in 

disruption processes, since the primary resistance of disruption is provided by the cell 

wall. Hence, it is important to understand the composition and structure of cell wall for 

analysis of cell disruption (Harrison, 1991; Middelberg, 1995). 

3 
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Chapter 2: Literature Review 

2.2.1 Cell wall 

The yeast cell wall is generally thick, approximately 100 to 200 nm, comprising 15 to 

25 % of total dry mass of the cell (Walker, 1998). For example, Moor and Muhlethaler 

(1963) reported that the cell wall of the baker's yeast strain they studied was some 

70 nm thick during growth, with the thickness increasing with the age. The basic 

structural components are glucan, mann an and proteins (Phaff, 1971). The glucan 

and mannans account for roughly 80 to 90% of the cell wall. There are two types of 

glucan linkages, namely 13-1,6 and 13-1,3 linkages. Mannans are characterised by a 

backbone of mannose residues in a-1,6 linkage having a short oligosaccharide side 

chains composed of a-1,2 and a-1,3 lingakage. The majority of proteins complexed 

with mannans are functional enzymes rather than structural components. Chitin, a 

polymer of N-acetylglucosamine, is present in small amounts and is associated with 

bud scars. 

The cell wall is a layered structure consisting of an inner layer of glucan microfibrils 

and an outer surface of mannan-protein. The outer surface comprises cross-linked 

mannoproteins, which are linked together by hydrophobic interaction or by disulphide 

bonds. The porosity of the yeast cell wall is determined by the mannoproteins which 

are selectively permeable to solutes larger than 600 Oa. The linkage between the 

outer surface and inner fibrillar glucan network is covalent. Figure 2.1 depicts the 

structure of the yeast cell wall. The physicological functions of the yeast cell wall 

include mechanical strength, cell protection and shape maintenance. Hence, the 

resistance of yeast cell walls to disruption appears to be a function of the degree of 

cross-linking and the thickness of the structural components (Walker, 1998). 

2.2.2 Periplasm 

This cell wall-associated region between the cell wall and cytoplasmic membrane is 

3.5 to 4.5 nm thick. Mainly secreted proteins are found in the periplasmic space 

(Hunter and Asenjo, 1988; Bailey and Ollis, 1986). Invertase, a glycoprotein enzyme, 

is associated with the peri plasmic space (Tuite and Oliver, 1991; Walker, 1998). 

Since invertase is a cell wall associated protein, it can be used as an indicator of 

damage of the yeast cell wall. 

4 
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Mannan 

Cytoplasm 

Figure 2.1 Schematic structure of yeast cell wall: the outer portion contains 
mannans (M) which may be linked by phosphodiester bridges (P); the 
inner portion contains cross-linked glucans (G); proteins are linked to 
mannans and glucans and are themselves linked by disulphide bonds. 
(Lampen, 1968). 

2.2.3 Cell membrane 

The plasma membrane forms the biological barrier of the cell and is approximately 

7.5 nm thick. It is a lipid bilayer scattered with globular proteins representing a fluid 

mosaic. The lipid components are comprised mainly of phospholipids and sterols 

(Tuite and Oliver, 1991). The phospholipids confer fluidity and sterols provide rigidity 

of the membrane. The protein components present in the plasma membrane are 

involved in solute transport (ATPase and permeases), the cell wall biosynthesis, 

transmembrane signal induction and cytoskeletal anchoring. 

The main function of the membrane is to maintain concentration gradients between the 

interior and exterior of the cell. Sugars, nitrogenous sources, ions and solutes are 

selectively transported across the membrane. Other functions of the membrane include 

signal transduction, exocytosis and endocytosis (Walker, 1998). 

5 
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2.2.4 Cell wall structure and disruption 

For liberation of intracellular products, the cell wall and cytoplasmic membrane must 

be damaged such that they no longer to separate the intracellular components from 

the environment (Engler, 1985; Harrison, 1991). The major resistance to disruption is 

provided by the cell wall. The shape and strength of the cell depends on the degree 

of the cross-linking of the structural cell wall polymers. The covalent bond of the 

structural network must be overcome during the disruption. 

The nature of the yeast cell wall is greatly dependent on the type of the 

microorganism, the growth conditions including temperature of cultivation and 

nutrients available, the composition of the growth medium, growth phase and speCific 

growth rate (Suterlan, 1975; Engler and Robinson, 1981; Engler, 1985; Harrison, 

1991; Collis et al., 1995, Middelberg, 1995). 

Based on the understanding of the cell wall, altering growth conditions may affect 

thee strength of the cell wall and make the cell easier to disrupt. Similarly, certain 

pretreatments can attack the component of the cell wall specifically to weaken it, and 

therefore make the subsequent disruption easier. 

The microorganism contains a variety of proteins and enzymes. A non-selective 

disruption results the target protein liberated in a complex mixture of proteins and 

other biomolecules. Moreover, the micronisation of cell debris by the mechanical 

disruption complicates solid-liquid separation. Enzymes are located in different 

compartments of the cell such as the cell wall, periplasm, cytoplasm and cytoplasmic 

organelles. The release rate of the enzyme depends on the location of the enzyme 

and the mechanism of disruption. The cell wall bound enzyme would be expected to 

be released faster than the peri plasmic membrane followed by the total soluble 

protein, cytoplasmic enzymes, cytoplasmic membrane bound enzymes and enzymes 

enclosed in the organelles. The cell wall of microorganism broken or permeabilised in 

the first step to release the periplasmic enzymes, while the rupture of the cytoplasmic 

membrane in the second step to release the cytoplasmic enzymes would be a ideal 

disruption strategy. Huang et al. (1991) had reported using chemicals and enzymes 

for enzyme release from different location of the cell; however, the methodology 

proposed was not readily scaleable to large scale disruption. Hence, a selective 

release of the desired enzyme relative to release of other intracellular proteins 

without the formation of fine cell debris would be rewarded. 

6 
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2.3 CELL DISRUPTION 

Cell disruption is the most prominent unit for the isolation of intracellular products that 

are not secreted by the microorganism. There are two major categories of cell 

disruption, namely mechanical and non-mechanical. Several mechanical methods 

have been used to release intracellular products. These include bead mills (Schutte 

et a/., 1983; Melendres et a/., 1993; Garrido et a/. 1994), high pressure 

homogenisation (Follows et a/., 1971; Kula and Schutte, 1987; Sauer et a/., 1989) 

and cavitation (Neppiras and Hughes, 1964; Balasundaram and Pandit, 2001). Non­

mechanical methods include physical, chemical and enzymatic methods. The 

methods used for cell disruption are shown in Figure 2.2. 

Mechanical 

Bead Mill 

Cen disruption 
I 

Physical 

High pressure homogenlser 

Ultrasonlcatlon 

Hydrodynamic cavlatlon 

Decompression 

Osmotic shock 

Non-mechanlcal 

Chemical 

AntIbiotics 

Chelatlng Agents 

Temperature extremes Chaotropes 

Detergents 

Solvents 

pH extremes 

Biological 

Enzymatic methods 

Figure 2.2 Methods of microbial cell disruption (adapted from Chisti and Moo­
Young, 1986; Middelberg, 1995) 

The mechanical methods are more commonly used in commercial application than 

the non-mechanical methods, because the extent of breakage by the latter is limited. 

Further there are difficulties in removing of the exogenous chemicals or enzymes 

from the product and enzym'atic lysis may be cost prohibitive. Typically, the bead mill 

and the high-pressure homogeniser are used in the large-scale cell disruption. Non­

mechanical methods can be used in high value, low volume processes as for the 

release shear sensitive products, such as plasmid DNA. 

Mechanical cell disruption typically results in the complete disruption of cells, making 

it necessary for the target products to be separated from many other contaminants. 

Hence a selective release of the desired intracellular product relative to total release 

7 
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of cytoplasmic material would be rewarded. Although the non-mechanical methods 

are not preferred in industry as sole disruption methods, they can be used as 

pretreatment prior to mechanical methods for weakening the cell wall to allow product 

release at lower energy disruption (Harrison et a/., 1991a), and potentially to enhance 

selective product release. 

2.4 MECHANICAL METHODS 

The mechanical methods used for cell disruption are depicted in Figure 2.3. Bead mill 

and high pressure homogenisation have been most frequently used in industry. 

Common disadvantages of mechanical disruption include high capital investment and 

energy costs (Harrison, 1991; Chisti and Moo-Young, 1986). These methods offer a 

near complete liberation of the intracellular products, which complicates the 

subsequent purification of the target proteins. They are not suitable for the shear 

sensitive products due to the harsh conditions during the disruption. A significant 

amount of energy is converted to heat, hence excellent heat exchange to control the 

temperature is required (Middelberg, 1995). Micronisation of the cell debris is another 

challenge of the mechanical methods. 

r---- Bead Mill 

1---- High pressure homogenlser 
Mechanical -

1--- Ultrasonlcatlon 

1..-__ Hydrodynamic cavlation 

Figure 2.3 Mechanical methods of microbial cell disruption 

2.4.1 Ultrasonication 

Ultrasonication is one of the most used laboratory disruption methods (Engler, 1985). 

Ultrasound, sound waves of frequency higher than 15 to 20 kHz which is not audible 

to the human ear, can cause both inactivation and, at higher power acoustic power 

input, disruption of microbial cells in suspension. In principle, ultrasonic devices can 

be scaled up and operated continuously (James et a/., 1972). However, 

ultrasonication is typically ineffective for the large scale disruption because of the 

excessive heating. Most of the ultrasound energy absorbed into the cell suspension 

is converted to heat, hence good temperature control is necessary. Sonication may 

8 
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cause significant degradation of enzymes due to heat denaturation because of 

insufficient cooling in close proximity of the sonication probe (Chisti and Moo-Young, 

1985; Engler, 1985). It is also very sensitive to operating volume used. Finally, 

ultrasonic cavitation produces very fine cell debris, which may complicate 

subsequent processing, specifically solid-liquid separation (Chisti and Moo-Young, 

1986). 

In ultrasonication, the mechanism of the cell disruption is associated with the 

cavitation phenomena. The molecules of the medium compress and stretch 

alternatively when sounds waves are transmitted through a liquid medium. A cavity is 

formed when the intramolecular forces are exceeded. The formation of cavities by 
I 

ultrasound differs from hydrodynamic cavitation with the former being assymmetrical 

leading to free radical formation. Disruption is caused by shear stresses developed 

by viscous dissipative eddies arising from shock waves produced by oscillating and 

imploding cavities (Doulah, 1977). When the cavities collapse, the sonic energy 

release is converted to mechanical energy. The cell diSintegrates when the kinetic 

energy content of the cell exceeds the strength of the cell wall. 

The release kinetics of ultrasonication was found to follow first order release kinetics 

and confirmed by Kuboi et a/. (1995) in the disruption of Escherichia coli. The first 
~ 

order kinetics is discussed in Section 2.4.3.The factors that affect cell disruption 

using ultrasonication indude acoustic power input, temperature of the suspension 

and working volume. The disruption rate was found to increase linearly for E. coli with 

acoustic power increasing in the range of 20 to 80 W (Kuboi et a/., 1995) and in the 

range 100 to 200 W (Fonseca and Cabral, 2002). Similarly, James et a/. (1972) 

reported that the disruption rate was found to increase linearly with the acoustic 

power increase over the rate of 67 to 187 W when sonicating 200 ml of a 20 % 

brewer's yeast suspension. They also showed that the amount of total soluble protein 

release increased from 52 % to 63 % with the temperature increased from 17 to 30°C. 

However, increase in temperature may result in protein denaturation, which should 

generally be avoided. Therefore good temperature control is necessary (Chisti and Moo­

Young, 1986) and the upper limit of temperature of cell suspension needs to be 

considered. The summary of the effects of working volume on ultrasonication is 

shown in Table 2.1. The disruption rate decreased linearly with an increase in 

working volume. 

9 
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Table 2.1 Summary of the effect of working volume on disruption using 
ultrasonication 

Microorganism Power, Working Results Reference cell concentration volume 

140 W (20 kHz), The protein release James et a/., Baker's yeast 20 % w/v (wet wt) 
75-450 ml reported independent 1972 of the volume 

The protein release Neppiras 30 W (20 kHz), decreased from 50 % Brewer's yeast 20 % w/v (w~ wt) 
10-20ml to 25 % with volume and Hughes, 

increase 1964 

40 W (20 kHz), The disruption rate Kuboi et a/., 
Escherichia coli 2.5-10 ml decreased with 2.5 g/l (wet wt) increase in volume 1995 

2.4.2 High pressure homogenisation 

High pressure homogenisation is a widely known disruption method, and remains the 

method of choice in the bioprocess industry (Middlberg, 1995) for disruption of non­

filamentous organisms on a large scale disruption. Low pressure homogenisation, 

used for milk industry to break large fat globules to smaller ones «1 jJm) to prevent 

the separation of cream from the milk, was introduced in the 1950's (Loo et al., 1950). 

High pressure homogenisation is commonly used in food and pharmaceutical 

industries (Shutte and Kula, 1987). 

The disruption of Saccharomyces cerevisiae on exposure to high pressure 

homogenisation is well documented (Hetherington et al., 1971; Follows et al., 1971; 

Brookman, 1974; Doulah and Hammond, 1975, Limon-Lason et al., 1979; Engler and 

Robinson, 1981; Keshavarz-Moore et al., 1990). Further studies of bacterial cell 

disruption by high pressure homogenisation include Gray et al. (1972), Engler and 

Robinson (1981), Sauer et al. (1989), Harrison et al. (1991a,b), and Fonseca and 

. Cabal (2002). The homogeniser consists of a high pressure positive displacement 

piston pump and a homogeniser valve. The cell suspension is delivered by the 

positive piston pump, and forced through a spring-loaded or hydraulically-controlled 

orifice to adjust the pressure (Middelberg, 1995). The fluid flows radially across the 

valve and strikes an impact ring. The suspension exits the valve assembly and flows 

to either a second valve or to discharge. Different valve units can be used, examples 

of which are presented in Figure 2.4. The knife edged units release more proteins 

than the standard units due to the more rapid pressure drop determined by the 

narrowness of the valve opening (Chisti and Moo-Young, 1986). 
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D n 
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Figure 2.4 Various homogeniser valve designs (Middelberg, 1995). 
'Standard': flat-edge 'Standard' unit (which is typically employed for 
emulsion and dispersion application); 
'CR': knife-edge 'Cell rupture' unit; 
'CD': knife-edge 'Cell Disruption unit. 

The most widely used homogeniser is Manton-Gaulin APV deSign (Middelberg, 1995). 

Increase of the temperature of cell suspension is common, due to adiabatic 

compression in the homogeniser of about 2°C per 10 MPa of pressure (Chisti and 

MOO-Young, 1986). With increase in pressure, the number of passes required for 

equivalent disruption decreased, but the increase in temperature may result in 

increased protein denaturation, unless sufficient cooling during the disruption is 

required. 

Disruption of microbial cells in the high pressure homogeniser is accomplished by 

passing the cell suspension through an adjustable restricted orifice discharge valve. 

There are fewer operational parameters to consider than with high speed bead mills 

(Moo-Young, 1995). These parameters include operating pressure, number of passes 

of cell suspension through the valve (Engler, 1985), homogeniser design (Keshavarz­

Moore et aI., 1990a) and suspension temperature (Hetherington et aI., 1971). The 

French Press operates on the same principle as the high pressure homogeniser and 

is a batch system used for small scale operation in the laboratory. Here the valve is 

replaced by a capillary orifice and the impact ring absent. The kinetics of Baker's 

yeast cell disruption in a high pressure homogeniser was first studied by 

Hetherington et al. (1971). The process was independent of the cell concentration 

across the range 300 to 600 gIl (wet weight). The release kinetics for yeast and the 

pressure exponent described by Hetherington et al. (1971) is calculated using 

Equation 2.1 and Equation 2.2: 

R... 
kN=ln-­

R...-R 
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where 'Rm' is the maximum soluble protein available for release; 'R' is the soluble 

protein released; 'k' is the rate constant; 'N' is the number of passes through 

homogeniser; 'k" is the dimensional constant; 'P' is the operating pressure; 'a' is 

pressure exponent. The pressure exponents of different microorganisms are 

illustrated in Table 2.2. 

Table 2.2 Summary of the a (pressure exponent) with different 
microorganisms 

Microorganism Phase a Reference 
Saccharomyces cerevisiae Stationary 2.9 Hetherington et a/., 1971 
Saccharomyces cerevisiae Stationary 1.87 Enaler and Robinson 1981 
Escherichia coli Stationary 1.43' Sauer et al., 1989 
Escherichia coli (Recombinant) Stationary 1.41 
Escherichia coli Stationary 2.2 Gray et a/., 1972 
Cupriavidus necator Exponential 3.08 Harrison et a/., 1991 c 
(Alcaligenes eutrophus) Stationary 1.59 to 1.69 

The protein release is dependent on pressure, the number of passes and 

temperature. To achieve the same protein release, more passes are required at a 

lower pressure than at high pressure. A single pass is required for 75 % of total 

protein release at a pressure of 69 MPa, while the same level of disruption was 

achieved at 27.6 MPa on three passes, when disrupting Cupriavidus necator 

(Harrison et al., 1991 c). Table 2.3 illustrates the effect of operating pressure. 

11 bl 2 3 S f th ffe t f tl II d· ti a e . ummaryo ee c o opera ng pressure on ce ISrup' on 
Microorganism Pressure (Pa) Results Reference 
Baker's yeast 0-49.03 The release rate of total protein Hetherington 

increased with increase in the eta/., 1971 
pressure 

Escherichia coli 15-95 The fraction of the cells Sauer et a/., 
disrupted increased with 1989 
increase in the pressure 

Escherichia coli 19.61-49.03 The release rate of total protein Grayeta/., 
and P-galactosidase increased 1972 
with increase in the pressure 

Cupriavidus necator 0-62 Disruption was a sigmoidal Harrison et a/., 
function of the pressure 1991c 

Micronisation of cell debris results in complex downstream processing (Harrison, 

1991). It occurs even at low operating pressure, and is aggravated by an increase in 

the number of passes. The ease of disruption using high pressure homogenisation is 

related to the composition of the cell wall, cell size and shape (Engler, 1985). Yeasts 

are more difficulty to disrupt in the homogeniser than Gram-negative bacteria 

because of their cell wall structure and thickness. Disruption characteristics of a 

microoganism can be altered by changing the growth condition. Table 2.4 

summarises the effects of the growth rate on the disruption rate constant (k). 

Microbial cells with higher specific growth rate can be disrupted rapidly (Engler and 
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Robinson, 1981). Growth at a fast growth rate produced cells with weaker cell walls, 

as the cells would not have enough time to produce material for reinforcing the cell 

wall structure. Hence these cells can be disrupted easily. 

Table 2.4 Summary of the literature on the effect of growth rate (IJ) on the 
disruption rate constant (k) 

Microorganisms II (hr"') kJMPa"-) Reference 
Escherichia coli 0.35 (~max) 1.4 x 10-;' Sauer et a/., 

0.33 1.6 x 10-3 1989 
0.24 0.6 x 10-3 
0.17 0.27 x 10-3 

Escherichia coli 0.35 (~max) . 62.9 x 10-;' 
(Recombinant) 0.17 56.7 x 10-3 

Cupriavidus necator Exponential phase 1.35 x 10'" Harrison et a/., 
Later exponential phase 1.85 x 10-3 1991c 
Stationary phase 1.18 x 10-3 

Later stationary phase 2.16 x 10-3 

2.4.3. Bead mill 

The bead mill provides a simple and effective means for disrupting different types of 

microorganisms, and is widely used in large-scale cell disruption. Bead mills were 

developed in industry for fine grinding and dispersion of dyestuffs and pigments and 

their use extended to bioprocesses. Lead-free glass beads of 2.5 g/cm3 are generally 

used for microbial cell disruption (Engler, 1985). Collisions and grinding between 

stream layers of solid particles of different velocity results in disruption of the 

microbial cells (Engler, 1985; Harrison et al., 1991a). Complete diSintegration of 

mycelial microbial cells is best be achieved by bead mill, because they may block, 

the valve of the high pressure homogeniser owing to their mycelial or pellet 

morphology (Chisti and Moo-Young, 1986). 

Various designs of bead mill are available depending on the size of the unit and the 

manufacturer. Mills consist of either a vertical or a horizontal grinding chamber 

containing rotating discs or impellers mounted, concentrically or off-centred, on a 

motor driven shaft. The grinding action is provided by beads typically occupying 80 to 

85 % of the free working volume of the chamber (Chisti and Moo-Young, 1986). The 

units must be equipped with high capacity cooling systems for processing 

temperature sensitive materials. The volume of bead mill ranges between 0.6 and 

200 I. The maximum volume is limited by the heat removal required (Chriti and Moo­

Young, 1986). Horizontal units are generally preferred for cell disruption as the 

grinding action in vertical mills is reduced due to fluidising effects of the upward fluid 

flow on the beads (Engler, 1985). Figure 2.5 shows the structure of bead mill. 

13 
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Separation gap 

Cooling 

Exit Grinding beads Stirrer Perforated disc 

Figure 2.5 Bead mill with a horizontal grinding chamber (Frances, 2004) 

Currie et a/. (1972) first studied the kinetics of the cell disruption process. Cell 

disruption in the bead mill is a first order process with respect to time (Currie et a/., 

1972; Schutte and Kula, 1988; Garrido et a/., 1994) and can be described by 

Equation 2.3: 

kt =In Rm 
Rm-R 

Equation 2.3 

where 'Rn,' is the maximum soluble protein available for release; 'R' is the soluble 

protein released; 'k' is the disruption rate constant and 't' is the treatment time. The 

bead disrupts yeast cells more efficiently than bacteria (Middelberg, 1995), owing to 

the smaller size of bacterial cells. The factors that influence cell disruption in the bead 

mill include the bead size and loading, impeller design and speed, initial 

concentration of cell suspension, the type of microorganism, the nature and location 

of the product and temperature. 

In general, the release rate decreases with increasing bead size. The optimal bead 

size depends on the type of microorganism. Typically for yeast cells, approximately 

1 mm is effective for Baker's yeast, while 0.5-0.75 mm is preferred by E. coli (Schutte 

and Kula, 1988). By using larger beads, enzymes located in the peri plasmic space 

can be released preferentially whereas smaller beads are required for the release of 

cytoplasmic enzymes (Schutte et a/., 1983). 

Bead loading used also affects the disruption of cells due to the bead-bead 

interaction. Increased bead loading provides a better transfer of the disruption energy 

resulting in higher disruption efficiency. Schutte and Kula (1988) recommended that a 

14 
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80-85% bead loading for E. coli for a high extent of release and a 90 % bead loading 

for yeast. 

Increased rotational speed of the agitator leads to a higher frequency of contact 

between the attractive elements and a greater shear stress as their differential 

velocities are increased. These result in an increase in the disruption. 

The influence of the initial concentration on the release of protein was studied by 

Morgren et a/. (1974). The concentration of yeasts in 4 to 20 % wlv (wet weight) had 

no influence on the disruption rate. In contrast, the disruption rate decreased with the 

yeast concentration increase between 30 and 60 % w/v (wet weight). 

2.4.4 Hydrodynamic caviation 

The application of hydrodynamic cavitation for disruption of S. cerevisiae and C. 

necator were first investigated by Harrison and Pandit (1992), and positive results 

was shown (Harrison, 1990; Harrison and Pandit, 1992; Save et a/., 1994; Save et a/., 

1997; Kumar et a/., 2000; Balasundaram and Pandit, 2001; Balasundaram and 

Harrison, 2006). Moreover, its application on the disinfection of water also be 

demonstrated (Jyoti and Pandit, 2001; Kalumuck et aI., 2003). It is more energy 

efficient than the high pressure homogenisation and ultrasonication (Harrison and 

Pandit, 1992) with reduced energy input required for equivalent breakage and a 

decrease in energy dissipated (Save et a/., 1994). It provides a cheap and simple 

approach to cell disruption. 

A typical hydrodynamic cavitation set-up is presented in Figure 2.6. It mainly consists 

of a tank, a centrifugal pump and an orifice plate. The tank is used to hold the cell 

suspension with large volume. The pump is connected to the bottom of the tank and 

used to separate the stream into two flows. One stream passes through the orifice 

plate where the cavitation occurs, while the other one serves as a bypass to control 

the flow. To avoid air induction, both the streams are returned below the liquid level 

of the reservoir tank. Cooling coils are placed within the tank to maintain the 

temperature of the suspension, thereby preventing the denaturation of the protein. 

15 
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Figure 2.6 The hydrodynamic cavitation set up using orifice plates at pilot 
plant scale (Balasundaram and Pandit, 2001) 

The type of cavitation generated is based on its source (young, 1989). Hydrodynamic 

cavitation is caused by the pressure variation in a flowing system induced by change 

in the system geometry. However, the exact mechanism of hydrodynamic cavitation 

for disruption has not been understood. The effects of cavitation can be distinguished 

as physical and chemical. The physical effects include the generation of shock waves 

(Sundaram et a/., 2003), the water hammer effect (Brujan, 2004), and radial bubble 

motion. 

A dimensionless parameter known as the cavitation number (Cv) is used to define the 

intenSity of cavitation. Cv is the ratio of forces collapsing cavities to those initiating 

their formation. 

Cv = P3-Pv 
O.Spv2 Equation 2.4 

where 'P3' is the fully recovered downstream pressure (kPa); 'Pv' is the vapor 

pressure of the medium (kPa); 'p' is the density of the suspension medium and 'v' is 

the orifice velocity (m/s). Typically, cavitation occurs when the cavitation number is 

below 1.0 (Kalumuchk and Chahine, 2000; Gogate and Pandit, 2001; Gogate and 

Pandit, 2002). The intensity of cavitation can be varied over a wide range by 

manipulation of the operating pressure, initial concentration of the cell suspension, 

number of passes through the cavitation zone, temperature, and viscosity (Gogate 

and Pandit, 2001). 
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Harrison and Pandit (1992) showed that as the operating pressure increased from 35 

to 90 kPa, the orifice velocity increased from 8.4 to 14.2 mls while the cavitation 

number decreased from 2.79 to 0.99. The total soluble protein released decreased 

with increase in the initial concentration of cell suspension over a range between 50 

and 250 gIl (dry weight), when S. cerevisiae was disrupted by hydrodynamic 

cavitation. They also showed that increase in the number of passes through the 

orifice increased the total soluble protein released. 

Gogate and Pandit (2000) found that, at a constant operating pressure, cavitation 

number and flow area, an increase in the orifice size resulted in the number of 

cavities generated decreasing and the collapse pressure of any single cavity 

increased. 

First order disruption kinetics was used to predict total soluble protein release during 

the mechanical cell disruption process is described by Equation 2.5. 

kt = In Rm 
Rm-R 

Equation 2.5 

where 'Rm' is the maximum soluble protein available for release; 'R' is the soluble 

protein released; 'k' is the disruption rate constant and "t' is the treatment time. 

However, hydrodynamic cavitation can not disrupt a cell completely, hence the Rm 
value must be replaced by Ri, the maximum soluble protein released under a specific 

conditions (Pearce, 1993). The amount of protein released from a cell under the 

specific conditions can be represented by RlRm fraction of the total maximum Rm 

available to quantify the extent of disruption. 

2.5 NON·MECHANICAL METHODS 

The non-mechanical methods of microbial cell disruption include chemical, biological 

and physical processes. They are suitable for shear sensitive products like plasmid 

DNA. The micronisation can be minimised. Similarly, heat generation owing to 

conversion of mechanical energy to heat during disruption can be avoided. Non­

mechanical disruption has a higher potential to release protein selectively because 

selective damage of the cell wall or cytoplasmic membrane of the cells can be 

targeted. However, non-mechanical disruption is not preferred in industry, due to the 

practical and commercial limitations. Further, the removal of the exogenous 

chemicals and enzymes may complicate subsequent product purification. However, 
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these methods may be used for the production of high value, low volume products. 

Figure 2.7 summarises the non-mechanical methods used for cell disruption. 

Physical 

Decompre.slon 

Osmotic shock 

Non-mechenlcal 

Chemical 

AntIbiotic. 

Chelatlng Agents 

Temperehlre extreme. Cheotrope. 

Detergents 

Solvents 

pH extreme. 

Biological 

Enzymatic methods 

Figure 2.7 Non-mechanical methods of microbial cell disruption 

2.5.1 Physical methods 

A limited number of physical methods exist with potential process-scale application. 

These include decompression, one of the oldest techniques of cell rupture, osmotic 

shock and temperature extremes. These methods result in large cell debriS, which is 

an advantage for solid-liquid separations prior to recovery and purification of proteins, 

enzymes or other bioproducts. 

2.5.1.1 Decompression 
Decompression is based on introducing a pressurised subcritical or supercritical gas 

into the cell suspension causing cell disruption after release of the applied pressure 

by expansion. Fraser (1951) reported that E. coli disrupted at laboratory scale using 

decompression. Decompression is extremely gentle and reported to result in large 

debris which may ease consequent separation. However, it generally results in less 

disruption than high pressure homogenisation or other mechanical methods (Engler, 

1985). 

2.5.1.2 Temperature extremes 
Temperature extremes include heating and freezing. Freezing and thawing involves 

the formation and subsequent melting of ice crystals. It is commonly used on a small 

scale and gives low yields with a loss in enzyme activity. Moreover, denaturation of 

protein may result when using this technique (Engler, 1985). 
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The technique has several advantages for specific products for pilot scale use. The 

elevated temperature may kill or deactivate cells reducing or eliminating the possible 

release of recombinant organisms. If the products are not temperature sensitive, the 

preferential protease deactivation may occur, according to the Arrhenius law. This 

technique results in large cell debris which eases subsequent separation. A number 

of drawbacks exist. First, due to the denaturation of protein at high temperature, the 

temperature range and duration time of exposure to high temperature must be 

considered for temperature sensitive products. Second, killing the cells may lead to 

smaller, toughened cells, which makes consequent mechanical disruption less 

efficient (Collis et al., 1995). Third, a significant increase in viscosity owing to intact 

nucleic acid and the subsequent appearance on non-Newtonian viscoelastic behavior 

may be observed (Watson and Cumming, 1987). 

The speCific temperature range used for disruption is dependent on the type of 

microorganism, growth phase and the location of the enzymes. The periplasmic 

proteins from E. coli are released when the cells are heated to 50-55°C (Katsui et al., 

1981). The cytoplasmic protein was released within 10 min at 90°C (Watson et al., 

1987). Watson et al. also showed the Gram-positive bacteria Bacillus megaterlum 

gave only low levels of protein release even at high temperature. Unlike mechanical 

disruption, the stationary cells are more easily disrupted than the exponential cells. 

Temperature stress may be induced by step changes (heat shock) and gradual linear 

changes (heat slope). A cell volume reduction has been observed in cells submitted 

to a sub-lytic heat shock but not for cells, submitted to a sub-lytic heat slope (Gervais 

and de Maranon, 1995). 

Thermolysis has been increasingly used in large scale disruption. A production of 

poIY-J3-hydroxybutyrate (PHB) employed a heat shock technique for the disruption of 

the Gram negative bacterium C. necator at a pilot scale (Holmes and Lim, 1985; 

Harrison, 1990). Beck et al. (1978) reported a similar process for the production of 

yeast protein extracts for the food industry. 

2.5.1.3 Osmotic shock 

The intracellular medium always has a slightly higher osmotic pressure than the 

external medium, and the difference is balanced by the cell wall. A low increase rate 

of osmotic pressure maintains an important viability of the cells even across a high 

change in osmotic pressure. Gervais et al. (1992) demonstrated that the viablility of 
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yeast can be maintained at about 90 to 100 % under a slow variation in osmotic 

pressure across 108 Pa, due to modification of cytoplasmic membrane to survive 

during gradual dehydration. The same phenomenon applies on slow rehydration. Mill 

et a/. (2002) showed slow rehydration harmless to the viability of cells, since the cells 

were allowed to recovery their initial area-to-volume ratio. The drastic decrease in cell 

volume during a rapid shift in osmotic pressure may induce a mechanical effect on 

the membrane with possible disruption. 

Osmotic shock is a gentle cell lysis method, and results in large cell debris. In 

osmotic shock, cells are first equilibrated briefly at a high osmotic pressure such as 
( 

1 M sucrose or salt solution. Thereafter the medium is diluted rapidly. Water enters 

the cells, increasing the hydrostatic pressure and thereby causing the disruption of 

the cells and limited efficiency. However, it is usually restricted to small scale 

application, due to the high cost of the additives and limited efficiency. Moreover, the 

contamination of product may result because of high salt concentrations (Engler, 

1985). 

2.5.2 Biological methods 

AutolYSiS, phage lysis and lysis by addition of foreign lytic enzymes are the primary 

biological methods (Middelberg, 1995). Autolysis is easy to scale-up, The host cells 

produce lytic enzymes that increase the porosity of the cells or cause cell lysis. It is 

sometimes classified as a chemical or physical treatment, as it may be induced by 

solvent shock, pH shock and thermal shock. The phage lysis is not preferred on an 

industrial scale, due to the possibility of the premature lysis in subsequent batches 

owing to the residual phage, as well as the cellular contents being altered (Engler, 

1985). An 80 % fractional release of (3-galactosidase from E. coli was obtained after 

expression of the cloned phage proteins was induced for 2.3 hr. 

Alternatively, cell lysis can result from adding lytic enzymes (Schutte and Kula, 1990). 

The advantages of enzymatic cell lysis are biological specificity, mild operating 

conditions, low capital investment, low energy requirements and the avoidance of 

harsh physical conditions such as high shear stress or temperature (Engler, 1995; 

Harrison, 1991) which may denature products. To date enzymic lysis is a slow and 

costly process (Baldwin and Robinson, 1990). If the enzyme or enzyme cocktail can 

be immobilised or is readily produced by microorganisms, this technique would be 
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considered for large scale use (Engler, 1985). The selection of the lytic enzymes is 

dependent on the specific structure of bacterial and yeast cell walls. Three types of 

bacteriolytic enzymes have been identified: glycosidase, acetylmuramy-L-alanine 

amidase and endopeptidases (Andrew and Asenjo, 1987). Most bacteriolytic 

enzymes are not active on viable cells. Hence, the biomass requires sensitisation by 

heat inactivation, chemical pretreatment, freezing or Iyophilisation (Andrew and 

Asenjo, 1987, Golovina et a/., 1973). 

Currently, lysozyme is common bacteriolytic enzyme available commercially for large 

scale application (Harrison, 1991). It attacks 13-1,4 glucosidic linkages of 

polysaccharide chains of peptidoglycan. Gram-positive bacterial cell walls are more 

susceptible to be attacked by lysozyme, since peptidoglycan forms the outer surface 

of the cell, unlike Gram negative bacteria which have an outer membrane. A 

chelating agent EDTA or a non-ionic detergent, Triton X-100 may be employed to 

destabilise or remove the outer membrane of the Gram-negative bacteria. The 

morphological changes of the cell wall were confirmed by Andrews and Asenjo (1987) 

using light microscopy. The lysis of E. coli using the lytic enzyme system of 

Cytophaga sp. requires the removal of the outer membrane (Andrews and Asenjo, 

1987), while lysis in the absence of its removal was found for C. necator (Harrison et 

a/., 1991c). 

The application of biological methods is limited by the cost of the enzymes. The 

operating costs may be reduced by the enzyme immobilisation. However, this 

reduces contact between the enzyme and cell wall. Hence, biological disruption is 

only used on a small scale. 

2.5.3 Chemical methods 

There are many chemical methods available. They act selectively on the outer cell 

wall resulting in the selective leakage of the periplasmic constituents. The chemical 

agent may cause cell lysis releasing the product extracellularly or cells 

permeabilisation, allowing the substrate molecule to diffuse into the cell for 

conversion into product. 

2.5.3.1 pH extremes 
The alkaline lysis is an inexpensive method and can be applied in almost any scale 
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of operation. Alkaline treatment at a pH of 11.5-12.5 for 20 to 30 minutes causes cell 

lysis (Stanbury and Whitaker, 1984). Alkaline conditions are reported in the 

preparation of protein concentrates for feeds from yeasts and bacteria. The pH range 

of 11.0-11.5 is preferable (Hedenskog et a/., 1970). A 50 % release of total soluble 

protein on disruption of C. necator for the recovery of PHB was obtained by alkaline 

lysis at pH 10 and 45°C (Harrison, 1990). The acid lysis using 6 N HCI of Candida 

lipolytica has been reported by Engler (1985). This process resulted in the 

concomitant hydrolysis of protein to amino acids and required 6 to 12 hr. These 

processes are relevant where active protein molecules are not required. 

2.5.3.2 Antibiotics 

Antibiotics for Gram-negative bacteria lysis can be applied on a laboratory scale. The 

cell lysis using antibiotics is caused by a particular mechanism: inhibition of the 

synthesis of cell wall and disorganisation or distortion of the cell membrane 

(Middelberg, 1995). To inhibit cell wall synthesis, the penicillin was added during the 

growth phase to initiate cell lysis (Engler, 1985). The effect of antibiotics on the 

changing of E. coli peptidoglycan structure determined by a new chromatographic 

technique has been reported by Kohlrausch and H61tje (1991). The cell is unable to 

maintain the osmotic pressure without an intact peptidoglycan structure, and 

intracellular products are released. The cost of antibiotics is generally high and the 

effectiveness of antibiotic lysis is dependent on the state of the culture hence the use 

of antibiotics for large scale work has not been reported. 

2.5.3.3 Chelating agents - EDTA 
Ethlenediamine tetra-acetic acid (EDTA) cause the chelation of divalent cations, Mg2+ 

and Ca2+, which are necessary for the stabilisation of the outer membrane of the 

Gram-negative cell envelop. This causes removal or destabilisation of the outer 

membrane. A 33 to 50 % loss in lipopolysaccharide content and small amount of 

protein and phospholipid resulted (Felix, 1982). Although EDTA disrupted the outer 

membrane and therefore released periplasmic proteins, it is not useful for recovery of 

cytoplasmiC enzymes. The release of alkaline phosphatase from periplasm by EDTA 

has been reported by Neu and Heppel (1964). Anand et al. (2007) confirmed very low 

release on treatment with EDTA. Some 2 % total soluble protein and approximately 

2% of both the cytoplasmiC and periplasmic enzymes were released from E. coli by 

0.04 M EDTA at 3rC for 10 min with agitation at 120 rpm in a shake flask. /The low 

cytoplasmiC enzyme release was contrary previous report. 
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2.5.3.4 Chaotropes 

Chaotropic agents are describe as cell lysis mediators (Becker et a/., 1983; Hettwer 

and wang, 1989). The potency degree is: trichoroacetate > perchlorate = hiocyanate 

> nitrate > urea. These agents are known to solubilise protein from membrane 

fragments of E. coli by altering the hydrophobic interactions. Ingram (1981) reported 

that the chaotropic salts weakened hydrophobic associations to promote lysis and 

inhibited the cross-linking of the cell wall assembly. The cell structure of E. coli was 

altered by guanidine hydrochloride (G-HCI) at a concentration over 2 M, resulting in a 

substantial amount of protein release (Hettwer and Wang, 1989). They also reported 

some protein release at 0.1 M G-HCI. The chaotropes have only been used on a 

small scale, due to the cost of high concentration of chaotropic agents, dependence 

on the state of the microorganism, as well as the waste disposal of chaotropic agents. 

2.5.3.5 Solvents 
Microorganisms can be permeabilised by non-polar solvents to release intracellular 

products. Solvents such as ethanol, methanol, isopropanol and butanol can cause 

disruption of the cytoplasmic membrane. When K. fragi/is was treated with ethanol or 

isopropanol at a concentration over a range of 80 to 90 % w/v followed by the 

extraction of the product into a phosphate buffer for 20 hr, 90 % of ~-galactosidase 

was released by ethanol and 85 % on using isopropanol (Fenton, 1982). Removal of 

the solvent for prevent enzyme denaturation was required when the solvent 

concentration exceeded 80 to 90 %. Toluene is frequently employed. The results are 

dependent on the concentration of the toluene and the working temperature. When S. 

cerevisiae was treated with 2 % toluene at 40 to 45°C, the maximum release of 

intracellular enzymes pyruvate kinase, AMP deaminase and phosphofructokinase 

was obtained, while 54 % of ADH was released (Murakami et a/., 1980). Sodium 

hypochlOrite at a concentration of 30 % v/v for 90 min resulted 97 % recovery of the 

PHB from A. eutropus (Hahn et aI, 1993). The purity of the PHB was 91 %. 

2.5.3.6 Detergents 
Detergents are amphipathic molecules with a hydrophilic portion, which is ionic and a 

hydrophobic region. They are able to interact with water and lipid (Helenius and 

Simons, 1975). Detergents include anionic detergents (sodium dodecyl sulphate), 

cationic detergents (cetyltrimethylammonium bromide) and non-ionic detergents 

(Triton X-100). 
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Sodium dodecyl sulphate (SOS) induces disorganisation of the phospholipids in the 

plasma membrane, causing release of intracellular compounds. In an alkaline 

environment, the cytoplasmic membrane of E. coli was dissolved by SOS and the 

intracellular compounds released rapidly. The release time is about 30 to 40 sand 

dependent on the type of the cel!s (Woldringh and van Iterson, 1972). 

Cetyltrimethylammonium bromide (CTAB) causes permeabilisation of the cells, but 

the mechanism of the surfactant and the exact site of attachment is debated. CTAB 

has been used for the permeabilisation of both yeast and bacteria. The optimal 

conditions are: concentration over a range of 0.1 to 0.4 %, the pH between 4 and 10, 

the temperature from 24 to 37DC, with a 15 min treatment time. On permeabilisation 

of Acetobacter vinelandii using CTAB in a hexanol-octane reverse micellar system, a 

6.2 fold purification for isocitrate dehydrogenase and 7.6 fold purification of (3-

hydroxybutyrate dehydrogenease were obtained, when compared to cells exposure 

to ultrasound (Giovenco et a/., 1987). About 10 % total soluble protein was released 

from Baker's yeast on exposure to EOTA and CTAB (0.1 %) at 30DC for 15 min with 

agitation at 120 rpm in a shake flask (Anand, 2004). 

Triton X-100 acts on the cytoplasmic membrane, and results in protein release from 

both bacterial and yeast cells. Buckland et a/. (1976) reported a 2 % protein and 

70 % cholesterol oxidase release from Nocardia rhodococcus by Triton X-100. A 

maximum activity of J3-galactosidase of 40 % resulted on permeabilisation of S. 

cerevisiae by Triton X-100 at 0.3 to 1.0 % for 30 min at 30DC (Chow and Palecek, 

2004). Some 2 % protein was released from Baker's yeast by EOTA and Triton X-

100 (0.1 %) at 30DC for 1 hr with agitation at 120 rpm in a shake flask (Anand, 2004). 

2.6 COMBINED METHODS 

The various methods of disruption use different modes of action. Hence, combined 

methods to result in a higher extent of release may be beneficial. There are two ways: 

mechanical disruption with non-mechanical pretreatment and combined non­

mechanical methods. A selective product release strategy by breakage of the outer 

membrane prior to lysis of cytoplasmic membrane may be obtained by using different 

non-mechanical methods. EOTA, polymyxin and chaotropes typically affect 

destabilisation of the outer membrane. Solvent can be used to attack the cytoplasmic 

membrane. However, the combined non-mechanical methods are limited to small 
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scale due to the expensive cost of chemicals or enzymes, the removal and recovery 

of the exogenous additives, and low efficiency. 

The mechanical disruption has been used in industry. However, these processes 

have several drawbacks, including non-selective product release, high energy 

consumption and micronisation of the cell debris. An approach using non-mechanical 

pretreatment prior to mechanical disruption for improving product release, reducing 

energy requirements and enhancing selective product release is desirable. For 

example, complete cell disruption of S. cerevisiae was obtained on microfluidizer at 

95 MPa for 4 passes when the cells were pretreated by Zymolyase for 2 hr, while 

only 32 % disruption was obtained by the untreated cells (Baldwin and Robinson, 

1993). A82 % protein release was obtained using 1.5 G-HCI and 1.5 % Triton X-100 

from E. coli on high pressure homogenisation at 41 MPa for 1 pass, while a 62 % 

protein was released from untreated cells on high pressure homogenisation at the 

same pressure for 2 passes (Bailey et al., 1995). The pH pretreatment release for 13-
galactosidase release from Kluveromyces lactis on ultrasonication was studied by 

Farkade et al. (2006). The maximum activity of l3-galactosidase (95±3 U/ml, wet 

weight) was obtained on pretreating the cells at pH 4.4 for 6 h with subsequent 

exposure to ultrasound. The enzyme activity on ultrasonication without pretreatment 

was 7.2±0.6 U/ml. The pretreatment using EOTA for permeabilisation of E. coli 

resulted the maximum release on high pressure homogenisation at 13.8 MPa, while 

the maximum release of untreated cells was achieved at 34.5 MPa (Anand et al., 

2007). They also reported that the G-HCI and Triton X-100 increased intracellular 

protein release and decreased energy requirement. 

High-pressure homogenisation with and without chemical pretreatment has been 

examined for PHB recovery from C. necator (Harrison et aI., 1991a). To achieve 

complete disruption, 3 passes were required on high pressure homogenisation at 60 

to 69 MPa. Improved single pass disruption at same operating pressure was 

achieved by using alkaline pretreatment with pH 10.5 with duration less than 1 min at 

rc, but a minimum of two passes were necessary for complete protein release. 

Completely rupture on high pressure homogenisation by a single pass at 62 MPa 

was obtained when C. necator was pretreated with 0.1% w/v SOS for 20 min at 70D C. 

Osmotic pretreatment using sodium chloride or potassium chloride with concentration 

of about 0.14 M for 60 min at 60DC was less effective than SOS pretreatment. But cell 

disruption was improved relative to salt-free thermal treatment, presumably because 

of the thermal injury enhancing effect of monovalent metal ions. 
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2.7 UPSTREAM AND DOWNSTREAM PROCESSES 

Upstream and downstream processes must be considered in selection of the cell 

disruption protocol. The upstream processes involve all factors prior to disruption. As 

the major resistance to cell breakage is the strength of the cell wall, the 

microorganism type markedly influences the cell disruption (Keleman and Sharpe, 

1979). Cell disruption is more readily accomplished following the cells growing on a 

defined medium than on a complex medium (Gray et al., 1972). The resistance to cell 

disruption is decreased with increasing growth rate and dependent on the growth 

phase. The exponentially growing cells show less resistance than the stationary 

phase cells (Engler and Robinson, 1981; Sauer et al., 1988; Harrison et al., 1991b). 

When the intracellular components are the desired products, the cell disruption is 

required in the first place in the downstream processes. The considerations for the 

selection of a cell disruption approach include the tolerance of the desired product to 

conditions used, the extent of product release and the process economics 

(Johnstone-Robertson et al., 2008; Balasundaram and Harrison, 2008). The 

downstream processes, including the separation and purification of the product of 

interest, must be best balanced through the cost of the process, the extent of product 

release, the solubility of the desired product and debris, as well as the removal and 

recovery of the exogenous chemicals and enzymes. 

2.8 CONCLUSIONS 

The detail of the structure and the composition of cell envelop indicates that a 

selective product release strategy is possible for some products. Mechanical 

methods have found greater commercial application than the non-mechanical 

methods because of practical and economic limitation. However, mechanical 

processes are very non-specific and energy-intensive. The dissipation of the energy 

expended as heat to prevent product deterioration increases the energy requirement. 

The micronisation resulting in more difficult SOlid-liquid separation is another 

challenge of mechanical methods. Non-mechanical methods are less energy 

intensive and have a high potential for the selective product release. Moreover, 

micronisation of the cells can be minimised and heat generation is reduced. However, 

owing to the restrictions of process efficiency and economics, they are limited to a 

small scale. The need for the removal of the exogenous chemicals or enzymes may 

26 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 2: Literature Review 

complicate subsequent product purification. Hence, the combined use of non­

mechanical methods as pretreatment prior to mechanical disruption can be applied 

for decreased energy consumption and micronisation as well as increased selective 

product release. 

The primary objective to be investigated through this thesis, in the light of current 

literature understanding are: 

• minimise the energy required while achieving increased efficiency of product 

release through pretreatment 

• enhance selectivity of product release by mechanical methods using 

pretreatments 

• maximise the size of cell debris resulting, while still ensuring efficient product 

release 

• identify pretreatments to weaken cell structure and improve product release 

on subsequent mechanical disruption while not denaturing product 

The hypotheses developed for examination in addressing these objectives are: 

• By using the appropriate pretreatments, the energy required for product 

release by mechanical cell disruption can be minimised and micronisation 

can be avoided. 

• Selective enzyme release on mechanical disruption can be achieved by 

using pretreatments. 
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Methodology 

3.1 INTRODUCTION 

Chapter 3: Methodology 

The methodologies used in this project are presented in this chapter. The 

microorganisms and their culture condition!? are described. in Section 3.2. The 

experimental apparatus is described in Section 3.3. Procedures of pretreatment are 

described in Section 3.4. In Section 3.5, protein and enzymes assays and their 

calibration curves, size analysis, dry weight analysis and optical microscopy are 

detailed. 

3.2 MICROORGANISM 

3.2.1 Baker's yeast (Saccharomyces cerevisiae) 

Bakers yeast (Saccharomyces. cerevisiae) was obtained as a stationary phase yeast 

cream from Anchor Yeast (Cape Town, South Africa). Residual media components 

were removed from yeast suspension by centrifugation at 18,000 g for 10 min at 

room temperature in the Beckman centrifuge (Avanti-J25) with a JA-10 rotor and 

washing twice with sodium phosphate buffer (NaH2P04 , 0.5 M, pH 7). The yeast was 

stored at 4°C for a maximum of one week. 

3.2.2 Kluyveromyces lactis 

Kluyveromyces laclis CBS 2359 was obtained from the University of Free State 

(Bloemfontein, South Africa). The stock culture was maintained on an agar slant with 

YMPD medium at 4°C. YMPD medium contained malt extract (3 gIl), yeast extract 

(3 gIl), peptone (5 gIl) and glucose (10 gIl). An inoculum was prepared on the 

medium inoculated from the agar slant and grown in a shake flask at 175 rpm for 

24 hr. A 5 % (v/v) inoculum was transferred to 4 I culture medium in the New 
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Brunswick Scientific Biotlo 110 bioreactor of 7 I. The culture medium was composed 

of lactose (25g/1), yeast extract (5gll), KH2P04 (2.5 gIl), MgS04·7H20 (0.6 gIl), 

CaCI2·2H20 (0.1 g/l), FeS04·7H20 (2.5 mg/l), ZnS04·7H20 (1 mg/l), MnS04·H20 

(0.5 mg/l); CuS04·5H20 (0.25 mg/l). Following batch operation for 24 h, fed-batch 

culture using a lactose feed solution (50 gIl) enhanced biomass formation over a 

further 24 hr. The pH of the culture medium was maintained at pH 5.5 by 1 N H3P04 

or 1 N NaOH. The aeration and agitation rates were 1 wm and 600 rpm, respectively. 

All cultures were carried out at 30°C. Final dry biomass concentration reached 33 g II. 

The yeast was separated from the media by centrifugation at 18,000 g for 10 min at 

room temperature and re-suspended in sodium phosphate buffer (pH 7). The 

concentration of the yeast suspension was adjusted to 1.5 % by volume on a dry 

weight basis before mechanical cell disruption. 

3.3 MECHANICAL CELL DISRUPTION 

3.3.1 High pressure homogeniser 

The Rannie high pressure laboratory homogeniser (Model MINI-LAB, type 8.30 H), 

manufactured by APV, is shown in Figure 3.1. The working pressure of the 

homogeniser ranged between 13.8 and 69.0 MPa. A 300 ml working volume was 

used. The temperature during the disruption was maintained at 20°C by heat transfer 

through a cooling coil. An overhead stirrer was used to maintain the homogeneity of 

the yeast suspension in the reservoir during the disruption. A 1 ml sample was taken 

after each pass and centrifuged at 16,060 g for 10 min. The supernatant was 

subjected to protein and enzyme analYSis. The homogenisation conditions used with 

on each microorganism, the homogenisation pressure selected, and the 

pretreatments with which HPH was used are summarised in Table 3.1. The number 

of passes required to achieve the maximum protein release at different operating 

pressures are different, hence the method of calculation of the energy requirement 

for disruption and the specific heating is reported in Chapter 4 and Chapter 5. 
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Figure 3.1 Rannie high pressure homogenlser In the laboratory 

Table 33."_~~~~ 

Microorganism 

Baker's yeast 
IS. cef8vis,ae) 

K.laclis 

3.3.2 Ultrasonicatlon 

conditions of pretreatment and high pressure 

The VirSonic 100 ultrasonic cell disrllptor, shown in Figure 3.2. operated at 22.5 kHz 

and power settings of 40, 60 or 80 W was used. A 15 ml yeast suspension was 

sonicated on ice. A 3 or 5 min pause was given after every 3 or 5 min sonication 

period to minimise the temperature increase of cell sU5pension during sonication. 

Typically, the temperature increased to 37"C after sonication and decreased to 10"C 

after each pause. To ensure that significant denaturation did not occur under the 

ultrasound regime used (T,.., = 37"C), an equivalent experiment compared protein 

release following sonication for the same total time using 1 min sonication and 

cooli "ll cycles. This resulted in a T""" less than 20"C. Comparison of the resultant 

soluble protein concentration indicated the denaturation 01 protein was less than 4 % 

The disrupted cells were harvested by centrifU\lation at 16.060 g fo r 10 min. The 

supernatant was subjected to protein and enzyme analysis Use of sonication 

centred on finding the optimum condition of each single pretreatment, and was only 

applied to disrupt Baker's yeast (Saccharomyces cerevisiae). Table 3.2 summarises 

the experiments performed using ultrasonication to select conditions for single 

pretreatments. 
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Figure 3.2 Virsonic 100 Ultrasonication in the laboratory 

Pretreatments ~sed 

No Heat pH Osmotic 

3.4 PROCEDURE OF PRETREATMENT 

Three pretreatments were used to decrease the energy requirement of mechanical 

cell disruption and increase potential product release: heat pH and osmotic 

pretreatment Following determination of optimum conditions for each pretreatment, 

combinations were investigated. 

3.4.1 Heat pretreatment 

The heat pretreatment was carried out by either dilution or heat exchange. The 

ma~imum temperature used, heating rate and holding time at maximum temperature 

were also considered . 

3.4.1.1 Heat pretreatment using dilution 

To introduce a rapid temperature shock, the Baker's yeast suspension was diluted 

into pre-warmed buffer to achieve the deSired maximum temperature: 40, 50 and 

5O"C. The heating rate was over 20"C/s. A similar dilution into cooled buffer was 

used to return the temperature of suspension back to room temperature. The holding 

time at maximum temperature was minimised. Volumes of starting yeast buffer 

solutions were calculated to achieve the desired temperatures and a final yeast 

concentration of 1.5 % (w.-'y, dry weight). 
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3.4.1.2 Heat pretreatment using heat exchange 
To control the rate and extent of heat pretreatment, the Baker's yeast suspension 

was pumped through a heating coil with an internal diameter of 6 mm and total length 

of 250 em. The coil was immersed in a water bath, controlled to the specified 

temperature for heating of the suspension to 40, 45, 50, 52, 55 and 60°C at a flow­

rate of 0.02 lis. 

Heating rate was varied using both the heating coil and STR. The Baker's yeast 

suspension was heated from room temperature to 40°C by varying the flow rate 

through the coil from 0.003 lIs through 0.01 lIs to 0.02 lIs, corresponding to a heating 

rate of 0.5°C/s, 1.7°C/s and 3.5°C/s. The jacketed STR, agitated at 750 rpm, was 

used to provide a slow heating rate of 0.1 °C/s. 

To study the influence of holding time, the yeast suspension was preheated to 40°C 

at a heating rate of 3.5°C/s. It was then maintained at 40°C for a holding period of 5, 

10, 20 and 60 min. 

After a given heat pretreatment, the solution was pumped through the same coil, 

immersed in an ice water bath at the maximum pump speed. The temperature of the 

suspension was decreased to room temperature. In Table 3.3a, the procedure of heat 

pretreatment prior to high pressure homogenisation of both Baker's yeast and K. 

lactis was based on the optimised conditions determined by ultrasonication. Heat 

pretreatment prior to ultrasonication is summarised in Table 3.3b. These conditions 

were confirmed by varying maximum temperature and holding time across the range 

40 to 50°C, and 0 to 5 min prior to HPH. After heat pretreatment, cell suspension was 

disrupted at either 27.6 or 41.4 MPa. 

"Ii bl 3 Th h t t d t I f a e .3a e ea pre reatment proce ure prior 0 u trason ca Ion 
MicrooJlJanism Tmax Heating rate Holding time Cooling Disruption 

40,50 and Dilution 
Minimal 

Dilution 
60°C > 20°C/s > 20°C/s 

40,45,50, 3.5, 3.9, 4.3. Suspension was 
52,55 and 4.5,4.8 and Minimal disrupted at 40 W 

Baker's yeast 60°C 5.2°C/s power input for 
(S. cerevisiae) 0.1 (STR), COOling 25 min, after 

40°C 0.5,1.7 and Minimal coil given a heat 
3.5°C/s pretreatment, 

40°C 3.5°C/s 
5,10,20 and 

60 min 
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'Ii bl 33b Th h a e . e d t HPH eat pretreatment proce ure pnor 0 

Microorganism Tmu 
Heating Holding Cooling Disruption pressure 

rate time 27.6 MPa 41.4 MPa 

Baker's yeast 40°C 3.5°C/s Minimal _-.J_ 
50°C 4.3°C/s Minimal -.J -.J (S. cerevisiae) 
50°C 4.3°C/s 5min Cooling 

-.J 
40°C 3.5°C/s Minimal 

coil 
-.J K. /actis 

50°C 4.3°C/s Minimal -.J -.J 

3.4.1.3 Protein denaturation 

Typically, the energy diSSipated per pass results in a increase in suspension 

temperature of 15°C. In the absence of sufficient cooling, this heat dissipation may 

result in a temperature increase of the suspension. Here, potential for protein 

denaturation following this temperature increase was investigated. The denaturation 

of enzymes from different locations was also considered. Following yeast disruption 

at 69.0 MPa for 4 passes using high pressure homogenisation, the supematant of the 

lysate was prepared. This supematant was exposed to heat pretreatment conditions 

at 40 and 50°C. A 1 ml sample was taken at 0, 10, 20, 60, 180 and 300 s, and its 

soluble protein content analysed for comparison with the sample obtained before 

heating. 

3.4.2 pH pretreatment 

The pH pretreatment was investigated in terms of extent and duration. The pH of 

yeast suspension was elevated to a maximum pH for the pre-determined holding 

time. Further the effect of holding time of the yeast suspension at pH 10 was 

investigated over 30 s to 5 min. Through use of rigorous mixing, the duration of the 

pH increase was limited to less than 15 s. To introduce a rapid change in pH, a 

concentrated Baker's yeast suspension was diluted using a carbonate buffer (0.5 M) 

of specified pH, to achieve final suspension of pH 9, 9.5, 10, 10.5 and 11. Carbonate 

buffer of 0.05 M and 0.5 M were used to investigate the effect of osmotic pressure of 

pH buffer and its buffering capacity on subsequent mechanical disruption. 

The holding time of pH pretreatment at pH 10 using both carbonate buffers was 

studied across 5 durations: 0, 0.5, 1, 2 and 5 min. The protein denaturation 

introduced by higher pH was not considered. Following pH pretreatment, phosphate 

buffer (0.05 or 0.5 M) was added to adjust the pH of yeast suspension back to pH 7. 

The decrease in pH was achieved in less than 15 s. The final concentration of yeast 
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suspension was 1.5 % (dry weight, w/v). The procedures of pH pretreatment related 

to this study are summarised in Table 3.4. 

11 bl 3 4a Th H t tm t d a e . e PI pre rea en proce t It . ti ure pnor 0 u rasomca on 
pH Increase Holding pH decrease Conditions NaHCOa NaH2P04 (pH7) 

Microorganism pHmax time of 
O.SM O.OSM (min) O.SM O.OSM disruption 

9,9.5, Cells were 

Baker's yeast 10, 10.5 ..J Minimal ..J sonicated at 
and 11 80Wfor 

(S. cerevisiae) 10 " 0, 0.5, 1, " 21 min 
10 " 2 and 5 " 

11 bl 3 b Th H tm a e .4 e 1)1 pretrea d ent proce ure pnor to HPH 
pH Disruption pressure Holding Microorganism pHmax Increase time pH decrease 

27.6 MPa 41.4MPa 

Baker's yeast NaHC03 NaH2P04 " K./actis 
10 (0.5 M) 2 min (0.5 M, pH7) " 

3.4.3 Osmotic pretreatment 

A concentrated Baker'S yeast suspension was introduced into a glycerol or NaCI 

solution of increased osmotic pressure (0.25, 0.5, 1 and 5 MPa), and subsequently 

rehydrated by phosphate buffer (NaH2P04, 0.5 M, pH 7) to reduce the osmotic 

pressure to the starting range. The duration of both the dehydration and rehydration 

steps was less than 15 s. The ratio of the yeast and buffers was calculated to achieve 

the final concentration of the yeast suspension of 1.5 % (dry weight, w/v). Table 3.5 

shows the procedure of osmotic pretreatment. 

11b135 Th f tretm t d a e . e osmo IC pre a en proce ure 

Mechanical Microorganism Osmotic Osmotic Conditions of 
disruption buffer pressure (max) disruption 

Baker's yeast Glycerol 0.25, 0.5, 1 and Cells were disrupted at 
Sonication (S. cerevisiae) NaCI 5MPa 80 W for 21 min 

Baker's yeast Cells were disrupted at 

HPH (S. cerevisiae) NaCI 1 MPa 27.6 MPa 

K. /actis 
Cells were disrupted at 
41.4 MPa 

3.4.4 Combined pretreatment 

Yeast suspension diluted by a pre-warmed pH or osmotic buffer was used to 

introduce a combined pretreatment. On dilution, the temperature was shifted to 40°C, 

while the pH or osmotic pressure was shifted to pH 10 or 1 MPa. To eliminate the 
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protein denaturation at these extreme conditions, cooled phosphate buffer was 

introduced to return the cells to the neutralised condition. Procedures of combined 

pretreatment are listed in Table 3.6, and were used with both Baker's yeast and K. 

lactis. After exposure to the combined pretreatment, the yeast suspension was 

disrupted in the high pressure homogeniser. The operating pressure for HPH of 

Baker's yeast and K. lactis are 27.6 MPa and 41.4 MPa, respectively. 

Table 36 C . d d fS dK.l ti . omblne pretreatment proee ures 0 . eerevisiae an ae S 

Combined Trnax 
Heating Extreme condition Holding Neutralised buffer 

rate time 

Heat and pH pHmax 10; using Cooled phosphate 

Dilution carbonate buffer (0.5M~ buffer 0.5 M 

Heat and 40°C > 20°C Osmotic pressure (max) 5 min Cooled phosphate 1 MPa; using NaCI osmotic solution (1 MPa) buffer 0.05 M 

3.5 ANALYTICAL METHODS 

In order to assess the extent of cell disruption, total soluble protein release was 

measured, while the release of enzymes from different locations within the yeast cell 

was used to quantify selective product release. The total protein and enzymes 

analysed for both Baker's yeast and K. lactis are defined in Table 3.7. 

11 bl 3 7 Pt· did f h t a e . ro eln an enzymes analyse oreaeyeas 
Total Cell wall associated Perlplasmic Cytoplasmic enzyme Microorganism soluble enzyme enzyme 

protein Invertase a-glu. ADH G6PDH a -gal. 
Baker's yeast " " " " " K. lactis " " " " " 
3.5.1 Total soluble protein 

Total soluble protein was assayed according to the Bradford assay 

spectrophotometrically at 595 nm (Bradford, 1976). This method is based on the 

principle of binding of the protein molecule to the dye, Coomassie Brilliant Blue G-

250. The dye exists in two different forms. Unbound, it absorbs at 465 nm. When the 

dye binds to the protein molecule, the protein-dye complex has a strong absorption at 

595 nm. The process requires only 2 min, and the protein-dye complex remains 

stable for approximately 1 hr. The calibration curve and the exhaustive method of 

estimation are presented in Appendix A.1. The coefficient of variance for triplicate 

samples was 4.8 %. 
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3.5.2 Enzyme analysis 

3.5.2.1 Invertase (cell wall associated) 
Invertase activity was estimated by hydrolysis of sucrose, a non-reducing 

disaccharide to glucose and fructose, which are reducing monosaccharides (Gascon 

and Lampen, 1968): 

Sucrose + H20 -+ Glucose + Fructose Equation 3.1 

The activity of invertase can be measured from the amount of glucose and fructose 

formed. The dinitrosalicyclic acid (ONS) assay is performed to quantify the reducing 

sugars, glucose and fructose. The ONS assay is based on the free carbonyl groups, 

aldehyde in glucose and ketone functional group in fructose, reducing 3,5-

dinitrosalicyclic acid to 3-amino 5-nitrosalicylic acid, an orange compound. This is 

measured spectrophotometrically at 540 nm. One mole of sucrose can form two mole 

reductions of 3,5-dinitrosalicylic acid. A standard calibration curve using glucose 

concentrations was used. The unit of enzyme activity is defined as that which 

catalyses the hydrolysis of one micromole of sucrose per min at 55°C in sodium 

acetate buffer of pH 5.5. The procedure for this analysis is described in Appendix A.2. 

The coefficient of variance for triplicate samples was 6.1 %. 

3.5.2.2 a-glucosidase (peri plasmic) 

The principle of the a-glucosidase assay is based on the release of p-nitrophenol 

from p-nitrophenol-a-O-glucosides according to Oliveira et a/. (1981): 

p-nitrophenol-a-D-glucosides -+ p-nitrophenol + a-D-glucose Equation 3.2 

The reaction was terminated by the addition of 0.1 M Na2C03• The absorbance, read 

at 410 nm, was converted to p-nitrophenol concentration using a calibration curve. 

The unit of enzyme activity is defined as the amount of enzyme that produces 1 mole 

of p-nitrophenol in one minute at 30°C. The experimental protocol is described in 

Appendix A.3. The ~efficient of variance for triplicate samples was 6.7 %. 

3.5.2.3 Alcohol dehydrogenase (ADH, cytoplasmic) 
Alcohol dehydrogenase (AOH) activity was determined from the conversion of 

ethanol to acetaldehyde with stoichiometric consumption of NAO+ (Racker, 1950): 

Equation 3.3 

NAOH has a characteristic absorbance band at 340 nm. The enzyme activity is 

calculated by the rate of formation of NAOH. One unit of enzyme activity is defined as 
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the conversion of 100 moles of substrate (NAD) per minute (equivalent to llA. of 0.01) 

in 0.06 M sodium pyrophosphate at pH 8.5. The detailed method of analysis is 

included in Appendix A4. The coefficient of variance for triplicate samples was 8.5 %. 

3.5.2.4 Glucose-6-phosphate dehydrogenase (G6PDH, cytoplasmic) 
The analysis of G6PDH was based on the conversion of glucose-6-phosphate to 0-

gluconate-6-phosphate in the presence of NADP (Schutte et al., 1983): 

D-Glucose-6-phosphate + NADP+ +---+ D-Gluconate-6-phosphate + NADPH + H+ 

Equation 3.4 

The simultaneous reduction of ~-NADP to ~-NADPH is monitored by measuring the 

increase in the absorbance at 340 nm. The unit of enzyme is defined as that 

catalysing the conversion of one millimole of substrate (glucose-6-phosphate) in one 

minute under the assay conditions at pH 7.6. The comprehensive method of 

estimation is presented in Appendix AS. The coefficient of variance for triplicate 

samples was 5.5 %. 

3.5.2.5 p-galactosidase (cytoplasmic) 
The analysis of ~-galactosidase is based on the principle of release of o-nitrophenol 

(ONP) and galactose from o-nitrophenyl-~-galactoside (ONPG) at 3rC in PPB-Mn 

buffer of pH 6.6 (Flores et al., 1994): 

o-nitrophenyl-p-galactoside +---+ o-nitrophenol + galactose Equation 3.5 

The extinction coefficient of o-nitrophenol (3.1 mM-1cm-1
) is used for the calculation of 

number of moles of o-nitrophenol produced. The unit of enzyme activity is defined 

that which catalyses production of one moles of o-nitrophenol in 1 min at the pH 6.6 

and 37°C. The comprehensive method of estimation is included in Appendix A6. The 

coefficient of variance for triplicate samples was 10.2 %. 

3.5.3 Dry weight analysis 

The dry weight of yeast in suspension was measured to enable the results of total 

soluble protein or enzyme release to be presented on a specific basis i.e. 'per g dry 

weight yeast'. The cell pellet was collected from 1 cm3 suspension by centrifugation 

in an Eppendorf microfuge tube and dried at 80°C for 48 h. The analysis was carried 

out in triplicate. 
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3.5.4 The maximum total soluble protein and enzyme release 

High pressure homogenisation (HPH) was performed to establish the maximum total 

soluble protein and enzymes available for release (Rm) for both Baker's yeast and 

Kluyveromyces lactis, as described in Section 3.3.1. To determine Rm, the yeast 

suspension was passed through the high pressure homogeniser at 69.0 MPa for an 

increasing number of passes until no further protein release resulted. The number of 

passes required depended on the species of microorganism and the location of the 

enzyme. 

3.5.5 Malvern size analysis 

The Malvern Mastersizer 2000 (Malvern Instruments Ltd., UK; serial number: 33265-

44), used to determine the size of the cell, is shown in Figure 3.3. The Malvern 

Mastersizer is based on the prinCiple of laser light scattering. Samples taken after 

each pass using high pressure homogenisation with or without pretreatment (single) 

were agitated using a vortex mixer to avoid debris agglomerating. A 1 ml aliquot of 

sample was injected into the reservoir of the analyser containing particle-free water. 

The resultant suspension was mixed by agitation and sonication prior to 

measurement of the size of the cell debris. The control sample, not subjected to 

disruption, was also measured to provide a benchmark for other samples. As the size 

of the cell or cell debris is not uniform, the Malvern size analyser generates the 

particle size distribution and gives five indicator values, O[v, 0.1], O[v, 0.5], O[v, 0.9], 

0[4,3] and 0[3,2]. O[v, 0.1] and O[v, 0.9] show that the diameters below which 10 % 

and above which 90 % of the particle lie, while 0[4,3], 0[v,0.5] and 0[3,2] are the 

volume or mass moment mean, the volume median diameter and the surface area 

moment mean, respectively. The values of 0[4,3], O[v, 0.1] and O[v, 0.9] were used 

to determine the effect of combined pretreatment on the micronisation caused by 

mechanical cell disruption. Table 3.8 illustrates the setting of parameters for the 

Marlven analyser. 
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Table 3.8 The parameters of 

I
·Dlstrii>lltion.!)'pe! Range lens I 
__ V.clume I .300RF~!'2.. 

3.5.6 Optical microscopy 

Th€ physical damage of yeast cell structure caused by high pressure homogenisation 

was estimated qualitatively by observing th€ samples urlder th€ light microscope. 

Samples were diluted with phosphate buffer, stained with methylene blue, and 

subsequently viewed under a light microscope (Olympus Bx40) at 1000 X 

magnification. Micrographs were taken for yeast disrupted at 27.6, 41.4 and 

69.0 MPa at each pass with ()( without pretreatment (combined), and compared to 

th€ control sample not subjected to disruption. 

3.6 CONCLUSIONS 

Th€ aim of this study is to determine th€ effect of physicochemical pretreatments on 

the microbial cell. Specifically, reduction in energy consumption of th€ mechanical 

disruption step, reductioo in micrOl1isatiOl1 of cell debris arld enhancement of 

selective enzyme release were desired. The procedure for each at S. cerevisiae and 

K. lactis has been detailed. The two approaches to mechanical cell disruption and 

their application have been defined. The effect of different pretreatments on the 

energy coosumption and selective enzyme r~ease were detected by total soluble 

protein assay arld specific enzyme assays. The physical ce l damage was detected 

by observation by optical microscopy. This was used to observe th€ gradual cell 

degradation. 
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Chapter 4 

Cell Disruption of Baker's yeast by Different 

Mechanical Methods 

4.1 INTRODUCTION 

The results of Baker's yeast (Saccharomyces cerevisiae) disrupted by different 

mechanical methods in the absence of pretreatment are presented in this chapter to 

provide a benchmark for the comparison of combined microbial cell disruption. The 

release kinetics of each mechanical cell disruption method under different conditions 

are demonstrated. The framework of analysis is presented for use in the further 

studies. 

4.2 DISRUPTION USING HIGH PRESSURE HOMOGENISATION 

The experiments using high pressure homogenisation (HPH) for mechanical cell 

disruption on Baker's yeast are defined in Table 4.1. All experiments were performed 

using 300 ml yeast suspension with a 1.5 % (dry weight) cell concentration 

corresponding to 5 % in wet weight. The effect of operating pressure on protein 

release was investigated by disrupting the yeast suspension at five different pressure 

differences: 13.8,27.6,41.4,55.2 and 69.0 MPa. A cooling coil was used to maintain 

the recirculated suspension at 200C to avoid the protein denaturation. The total 

protein release as a function of number of passes under different operating pressures 

is presented in Figure 4.1. Data for the total soluble protein release on HPH at 

different pressures are shown in Table B.1 of Appendix B. 

Table 4.1 Experimental conditions for high pressure homogenlsatlon using 
1.5 % cell concentration (dry weight) of Baker's yeast 

Microorganism Pressure (MPa) No. of Passes Protein and enzymes measured 
13.8 Total soluble protein 

Baker's yeast 27.6 10 Invertase 
( Saccharomyces 41.4 a-glucosidase 

cerevisiae) 55.2 
5 

ADH 
69.0 G6PDH 
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Figure 4.1 Total soluble protein release from Baker's yeast (1.5 % dry weight) 
by high pressure homogenisation as a function of number of 
pass and operating pressure 

From Figure 4.1. it is seen that increased total soluble protein release resulted on an 

increase in the operating pressure. The maximum soluble protein release was 

obtained for 4 passes at 69.0 MPa. This release of 470 mgJg was used as the 

maximum soluble protein release (1'\,,) for kinetic calculat"lOns. The maximum protein 

release (R;J obtained at 13.8 MPa was 288 mg/g following 10 passes. As the 

pressure increased to 276 MPa. the Soluble protein release at 10 passes (R.) 

increased to 388 mglg. A maximum protein release of 440 mglg at 41.4 MPa was 

achieved on 8 passes. A similar protein release of 442 mglg was obtained on 

4 passes at 55.2 MPa. Therefore, the total protein release was influenced by both 

operating pressure and number of passes, synergistically. The number of passes 

required to achieve maximum protein release is reduced by increasing pressure. The 

energy requirement per gram protein release on HPH at each operating pressure is 

shown in Table 4.2. The energy input per pass at 13.8, 27.6, 41.4, 552 and 69.0 MPa 

can De est imated as 13.8, 27.6, 41.4, 55.2 and 690 kJlkg (Anand et al., 2007). The 

energy requirement per protein release increased from 0.48 kJlg (energy/protein) at 

13.8 MPa through 0.06 kJlg at 27.6 MPa to 0.75 kJlg, and decreased to 0.60 and 

0.59 kJlg when the operating pressure increased to 55.2 and 69.0 MPa, respectively, 

owing to the reduced number of passes used. This suggests that partial release of 

periplasmic enzymes is less energy intensive: 
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The effect of operating pressure and number of passes on release of specific 

enzymes is shown in Figure 4.2. Data are presented in Tables B.2 of Appendix B. 

Increasing operating pressure reduced the number of passes required to reach 

maximum enzyme release while increasing the extent of release. This is similar to the 

trends observed for total soluble protein release. The operating pressure of 69.0 MPa 

was preferred by each enzyme to achieve maximum release. The number of passes 

required for maximum release at 69 MPa was different for each enzyme. Maximum 

invertase release was achieved by pumping yeast suspension th rough homogeniser 

for 3 passes, a-glucosidase and G6PDH required 4 passes, while ADH required 

5 passes to reach maximum enzyme release. The ease of enzyme release is a 

function of the location of enzyme 

• , 
0 " ' " 
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• " 
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~ 

• " ., 
~ '" • 

" 
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" • '" 0 , 
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1 
__ ,3.8 r.P.l ____ 27.6 W. ____._ 41.4 r,p,1 
. x . M:'.~ .-,.- 69.0 t.oPa i 

__ 13.81oRr ___ 27.6 W. ..... _ 41.4 M'a 

----w---- 55.2 Wl'O ----Jl- 69.0 Wl'O 

(c) (d) 
Figure 4.2 (a) Invertase, (b) a-glucosidase, (c) ADH and (d) G6PDH released 

from Baker·s yeast (1.5 % dry weight) by high pressure 
homogeniser as a function of no. of passes and operating pressure 

Table 4.3 The maximum protein (Rml or enzyme activity available for release 
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The kinetic rate constant (kJ was determined using Equation 4.1. where 'R' is the 

protein or enzyme release obtained following 'N' passes, 'R" is ncaximum soluble 

protein available for release 

R. 
kN=ln 

Rm-R 
Equation 4.1 

The kinetic rate constant (kJ for total soluble protein release determined from the 

slope of In(R,/ (R.,-R)) as a function of number of passes as shown in Figure 4.3, and 

listed in Table 4.4. The k of total s~uble protein increased with the increase in 

operating pressure, ThrouQh the correlation coefficient R' the quality 01 the fit is 

assessed. 

Figure 4.3 

Table 4.4 

.0 

00 

" ~ 
:; , 0 

• 00 
6 B 10 

Nurob<lr o! p ..... 

• 13.a~p" _ V,6fK'a .. 41 ,411f'1! 

-- _ ..... -, 
Kinetic rate constant (k) of total soluble protein released from 
Baker's yeast by high pressure homogenlsation Is determined as 
the slope of the relationship between In{R.,.!{RM-R)) and number 
of passes 

The extent of re lease (R/R,,) was determined using Equation 4.2, where 'R: is Ihe 

maximum protein or enzyme release obtained at eoch operating pressure. 

" Extent of release - -
R. 

Equation 4.2 

The R/R~_ of total soluble protein release as a lunction of operation pressure is 

shown in Figure 4.4. The RjR~_ of total solub le protein increased with increasing 

operating pressure from ll61 at 138 MPa through 081 at 276 MPa and 0.93 at 

41.4 MPa to 0,97 at 55,2 MPa. Little further increase occurred on increase of 

operatinQ pressure in the range 41.4 to 690 MPa. However, the number of passes 

for maximLlTl protein release decreased with increasing operating pressure from 
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8 passes at 41.4 MPa Ihrough 5 passes at 55.2 MPa to 4 passes at 69.0 MPa. Hence. 

with increasing operating pressure, the kinetic rate constant and the e><lent of release 

01 tolal soluble protein increases, while the number of passes for ma~imum protein 

release decreases. 

Figure 4.4 

1.0 .... 

rs! 0 .• 

<?" 0'< 

~ . .. ti"" W." "'. (""'1 

The exlenl of release of lolal soluble prolein release from Baker's 
yeast by high pressure homogenisalion as a funclion of 
operating pressure 

Determination of the kinetic rate Constants (k) for enzyme release determined by the 

relationship between number of passes and In(R,J (R~-R)) are listed in Tal>te 4.5. The 

values of k of wall-associated and periplasmic enzymes are higher than the values of 

k 01 cytoplasmic enzymes at same operating pressure. The quality of the fit is 

assessed by the correlation coefficient R'. The kinetic rate constant and the extent of 

release lor protein and enzymes assayed released are shown in Figure 4.5. The rate 

constants increased with the increasing operating pressure. Figure 4.5a presents the 

release sequence of enzymes: cell wall associated enzyme" periplasmic enzyme" 

cytoplasmic enzyme. This is in agreement with Tomer and Asenjo (1991), Melendres 

elal. (1993) and Balasundaram and Pandit (2001). From Figure 4.5b. it is seen that 

the extent of release for total soluble protein and ceil-associated enzyme increased 

with increasing operating pressure. The values of the RiR", of invertase and Q­

glucosidase increased with the operating pressure from 138 to 41.4 MPa. With 

further increase in the pressure above 41.4 MPa, no significant increase was 

obtained. The values of the Ri Rn of ADH and G6PDH depended mOre strongly on 

the operating pressure, increasing with pressure from 13.8 MPa to 690 MPa. 

Therefore, the kinetic rate constant and the extent of release of total soluble protein 

and enzymes depend on the operating pressure, number 01 passes and enzyme 

location. 
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Figure 4.5 
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" 

1M n6 41.4 oo.? 69.0 

Ope r. ting pr . .. ", . (MP.) 
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< 
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13." ns .1.. 56.' 00 ,0 

OporoUng pre .. ur. (M"") 

(al (b) 
(a) The kinetic rate constant (k) and (b) the extent of release for 
protein and enzymes released from Baker's yeast by high 
pressure homogenisation as a function of operating pressure 

The nature of dependence of k on operating pressure is described by the power law 

where the pressure exponent (a) is determined using Equation 43. shown by 

Hetherington el al. (1971) and demonstrated in Figure 4.6 

k = k'P' Equation 4.3 

The pressure exponent of protein and enzymes studied are listed in Table 46. R' 

demonstrates the goodness of fit. The pressure exponent of total soluble protein 

determined in Figure 4.6 was 1,39 A similar value of 1.41 was reported by Anand 

(2004) for the same cell disruption. These are compared with literature values in 

Table 4.7. The difference of pressure exponents may result from use of different 

homogeniser designs. operati rg conditions and microbial specieS. The pressure 

exponent increased with increasing intracellular iocation as follows: Cell wall 

assodated enzyme ,. total soluble protein ,. peri plasmic enzyme ,. cytoplasmic 

enzyme. 
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, , 

, 

Figure 4.6 Pressure exponent of total soluble protein from Baker's yeast by 
high pressure homogenisation determined by the releationship 
between In(k) and In(P) 

Table 4.6 Pressure "pooo" of and different enzymes from Baker'S 

Table 4.7 ot the pressure exponent reported for different 

Initial cell a 

4.3 DISRUPTION OF YEAST USING ULTRASONICATION 

The ultrasonication conditions used were varied across power input, continuous 

disruption time, cooling time, total disruption time and protein and enzymes assayed, 

These are listed in Table 4.8, The effect 01 power input on total protein release was 

investigated by sGnication at three different power inputs: 40, 50 and 80 W, All 

experiments were performed using a 15 ml yeast suspension at a 1,5 % cell 

concentration (dry weight). The yeast suspension was disrupted on ice to avoid 

prolein denaturation 

'" 
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Table 4.8 Experimental conditions for sonication using 1.5 % cell 
concentration drvweiQht) of Baker's yeast .•. 

Length of Length of Number of Protein and enzymes measured 
Power sonication cooling sonication 

cycle cycle cycle Protein Invertase a-g lu "" G6PDH 
. 

'" 5 min 5 min ; , , , , , 
.. 

,"w 3 min 3 min , , 
M . 3 min 3 min l __ , , , , , ---_ .. 

The total protein release is shown as a fu r.::tion of sonication time and power input in 

Figure 4.7, Data for the total soluble protein released on uitrasonicatioo at different 

power inputs are presented in Table B.3 of Appendix B. The total soluble protein 

re lease increased with increasing sonication time. The protein concentration reached 

a maximum of 304 mg/g when the yeast suspension was sonicated at 40 W for 

25 min To release this amoont protein at 60 or 80 W, 15 min sonication was required. 

As the sonication time was increased to 21 min. the concentration of total soluble 

protein released at 60 and 80 W increased to 319 and 353 mg/g, respectively, Hence. 

the total protein release was influer.::ed by both the sonication power and sonication 

time. synergistically 

Figure 4.7 

. 00 

! 3m 

~ ~ 200 
H. 

I 1: L~~~~~~~_ 
Sonloat lon 11m. 1m In) 

__ 4DW ~OO W -+- BO w I 

Total soluble protein release from Baker·s yeast (1.5% dry weight) 
by ultrasound as a function of time and power input 

The energy requirement per gram protein release on ultrasonication at each power 

inj)'Jt is shown in Table 4.9, The energy requirement per protein relea,e increased 

from 0.88 kJlg at 40 W through' ,06 kJ/g at 60 W to 1.27 kJlg at 80 W. This may 

relate to the partial release of periplasmic enzymes is les, energy intensive, which 

has been sho\fl/l1 on protein release using high pressure homogenisation 

Table 4.9 Energy requirement of ultrasonication (S. cerevisiae, control) 

~ 
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The effect of power inp!.lt on enzyme release was investigated by sonication of the 

yeast suspension (1.5 %, dry weight) at 40 and 80 W. The release profiles of 

invertase, a-glucosidase, ADH and G6PDH as a function of power input and 

sonication time are shown in Figure 4.8. Raw data for enzyme re lease by 

ultrasonication are listed 'r! Tables B.4 of Appendix B. Similar to total soluble protein 

release, enzyme release increased with increasing pow .... or sonication time or both. 

At both 40 and 80 W, to achieve a signifi cant amount of invertase (cell wall 

associated enzyme) release, 15 min sonication was required. Furthar increase in the 

sonication time did not resu~ in an increased extent of invertase release, The 

required duration of sonication for maximum enzyme release was a function of the 

location of enzyme. To result in significant a-glucos!dase (perp lasmic enzyme) 

retease, 25 min sonication was requ ired When yeast suspension was sonicated at 

40 W. The maximum a-glucosidase re lease was achieved aft .... 18 min sonication at 

80 W, The maximum release of cytoplasmic enzyma ADH and G6PDH were obtainad 

at 80 W and 25 min sonication, In summary, sonication time required for maximum 

enzyme relaase increased with increasing intracel lular location and with decreasing 

power input. 

o 

• ; • • •• • • , , • 0 
0 

Figu re 4.8 

, 

10 " " " _ioo, ... {miOl 

----+--- <0 W _____ I!O W I 1----'-" w ____ ." W 

1'1 101 

10 " "" '" 
SO"",",'OO , ... ( .. ;oJ 

__ 40 W _____ I!O W ! 

(c) (d) 
(a) Invertase, (b) a-glucosidase, (e) ADH and (d) G6PDH reteased 
from Baker's yeast (1.5 % dry weight) by uttrasound as a function 
of power 
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The maximum soluble protein release (Am) and enzyme acti~ities were determined by 

passing the yeast suspension through the high pressure homogeniser at 

69.0 MPa. The maximum total soluble protein and enzymes a~ailable from disruption 

(Am) are illustrated in Table 4.2. The first order kinetic rate constant for protein and 

enzyme release (k) was determined using Equation 4.4, where 'R ' is the protein or 

enzyme release obtained in each sample at time 'I': 

ooR •• 'oo kt == In; 
R. R 

Equation 4.4 

These kinetic rate constants for total soluble protein and different enzymes, are listed 

in Table 4.10 and Table 4.11, and shown in Figure 4.9a. Figure 4.9b presents the 

extent of release for protein and enzymes on sonication as a funclion of power inpul. 

Table 4.10 

Table 4.11 

Figure 4.9 

Kinetic rate 

released obtained 

Pow e r inpUl (WI Pow~r input (W) 

I_ Ffo:. in _ hv"'t~ • • " o·~. [JA [l-t ~ ~ 

(al (bl 
(a) The kinetic rate constant (k) and (b) the extent of rele~se for 
protein and enzymes relellsed from Baker's yeast by 
ultrasonication as a function of power input 

In Table 4.10. the k ottotal soluble protein retease obtained using sonication at 40 W 

is reported as 0.05 min". On further increasing in the power input to 60 and 80 W, the 

" 
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k increased by 40 and 55 %, illustrating an increasing rate of protein release with 

increasing power input. Tables 4.10 and 4.11 and Figure 4.9a show the k of release 

for protein and enzymes was increased with the increasing power. The sequence of 

enzymes released by ultrasonication was similar to using high pressure 

homogenisation:cell wall associated enzyme> total soluble protein> periplasmic 

enzyme> cytoplasmic enzyme. In Figure 4.9b, the extent of release for total soluble 

protein and enzymes is seen to increase with increasing power. When the power 

increased from 40 to 80 W, the R/Rm of protein increased by 16 %, the R/Rm of 

invertase and a-glucosidase by 30 %, and the R/Rm of ADH and G6PDH was 

obtained. Hence, the extent of release depended on the location of the enzyme, and 

increased with increasing intracellular location. 

4.4 CONCLUSIONS 

The total soluble protein and enzyme release using high pressure homogenisation 

increased with increasing operating pressure and number of passes, synergistically, 

and thereby with increasing power input. Similarly, the total soluble protein and 

enzyme release using sonication increased with increasing power input and 

sonication time, synergistically, and thereby with increasing energy input. The ease of 

enzyme release was a function of the location of enzyme. The number of passes or 

the sonication time required for maximum enzyme release increased with increasing 

intracellular location. The values of the maximum release (Rm) for total soluble 

protein and enzymes were defined on HPH at 69.0 MPa. These values were used to 

determine the kinetic rate constant and the extent of release. The kinetic rate 

constant and the extent of release increased with increasing power input. Compared 

to other enzymes, the power input had more influence on the values of k and R/Rm of 

the cytoplasmic enzymes. The release sequence for the enzymes was determined: 

cell wall associated enzyme> periplasmic enzyme> cytoplasmic enzyme. This result 

is in agreement with those of Torner and Asenjo (1991), Melendres et al. (1993) and 

Balasundaram and Pandit (2001). The pressure exponent (a) of total soluble protein 

release by HPH was 1.39. A similar result of 1.41 has been reported by Anand (2004). 

The pressure exponent was dependent on the location of the enzyme: cell wall 

associated enzyme> periplasmic enzyme> cytoplasmic enzyme. 

50 
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Chapter 5 

Effect of Pretreatment on Ultrasonication 

5.1 INTRODUCTION 

The effect of single pretreatment on the energy efficiency of cell disruption and 

selective product release using ultrasonication is presented in this chapter. Baker's 

yeast (Saccharomyces cerevisiae) was used as model organism. The optimised 

condition of each single pretreatment was determined. Ultrasound was used to 

mediate disruption as it can be conducted at small scale compared to high pressure 

homogenisation, allowing efficient optimisation studies. 

Three single pretreatment methods were used for cell weakening before sonication: 

heat pretreatment, pH shock and osmotic shock. All experiments were performed 

using a 15 ml yeast suspension containing 1.5 % yeast (dry weight). Total soluble 

protein release was used to measure the disruption of yeast cultures on sonication 

following a single pretreatment, while the selective product release was determined 

by release of a suite of enzymes. The release kinetics following each pretreatment 

method were quantified across a range of conditions. 

5.2 HEAT PRETREATMENT 

To assess the impact of heat pretreatment, the magnitude and rate of temperature 

change and duration of exposure to elevated temperature are considered. The 

maximum temperature of treatment, rate of heating and holding time were varied 

over the ranges from 40 to 60CC, 0.5CCts to >20CCts and 0 to 1 hr, respectively. The 

conditions of heat pretreatment, heating methods, maximum temperature of 

pretreatment, heating rate and holding time are listed in Table 3.3. The yeast 

suspension was sonicated at 40 W following a heat pretreatment. In Section 5.2.1, 

the effect of heat pretreatment on extent of disruption is considered. In Section 5.2.2, 

the effect of temperature pretreatment on protein denaturation is considered. Section 

51 
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5.2.3 considered the impact on selective release, while in Section 5.2.4, this is 

extended to evaluate the effect of heat pretreatment on the rate of subsequent 

disruption. 

5.2.1 Effect of heat pretreatment on protein release 

5.2.1.1 Comparing the effect of heat pretreatment on protein release using 
different heating methods 

Two methods were used to introduce heat pre-treatment: dilution into a pre-warmed 

buffer and heat exchange in a heating coil to achieve temperature in the range 40 to 

60CC. The fastest flow rate (0.02 lis) delivered by the pump was employed for coil 

experiments. This resulted in heating rates of 3.5, 4.3 and 5.2CC/s for pretreatments 

at 40, 50 and 60CC, respectively. The heating rates for the dilution experiments 

exceeded 20CC/s. Total soluble protein release results obtained on sonication 

following these pretreatments are presented in Table C.1 to C.2 of Appendix C and 

Figure 5.1. The rate and extent of protein release is given as a function of sonication 

time across a range of temperature pretreatments. 

When the pretreatment was carried out at the same maximum temperature, the total 

protein released on disruption following heat exchange is similar to that using 

temperature shock by dilution as shown in Figure 5.1 a-c. In Figure 5.1.d, it is seen 

that the maximum total protein release increased with heat pretreatment compared to 

the control as an increasing function of temperature from 365 mg/g at 40 CC to 

390 mg/g at 50 CC, and decreased to about 90 mg/g at a temperature of 60 CC. The 

equivalent protein release obtained following a 25 min sonication of the control of 

304 mg/g was obtained on 12 min sonication following heat pretreatment at 

maximum temperature varying between 40 and 50CC, illustrating that heat 

pretreatment decreases the energy requirement of cell disruption. 
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Figure 5.1 
(cl (d) 

Total soluble protein release as a function of sonication time 
following heat pretreatment at a maximum temperature of (a) 
40"C, (b) 50"C and (c) 60'C using heat exchange or dilution. 
Holding time was minimised, and subsequent sonication was at 
40 W. (d) Total soluble protein release on sonication of 40 W 
following heat pretreatment at different maximum temperatures 
using heat exchange. 

The energy requirement per gram protein release on ultrasonication al 40 W 

following heat pretreatment at 40 and 50"(; is shown in Table 5,1, The energy inpul 

required fo< heating wa~ determined using Equation 5,1. where 'E' is the speCific 

energy input required fo< heating in terms of kJ.lkg, 'c' is the specific heat of water 

(4.2 kJikg"(; ), '''''1' i~ the temperature difference. 

E"cLl.T Equation 5.1 

Hence, the energy input required fo< heat pretreatment at 40 and 50"(; are 75,6 and 

118 kJ lkg, respectively. Following heat pretreatment at 40 and 5O'C, the energy 

requirement per protein release decreased to 0,71 and 0.81 kJig, wh ich represents 

21 % and 6 % energy saving compared to the control (0,86 kJ/g), This suggests that 

heat pretreatment could improve the energy efficiency 0) ultrasooication, 
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Table 5.1 fallowing heat 

Power 

0.71 

0.81 

5.2.1.2 Effect of temperature of heat treatment 

To investigate the effect of the maximum temperature of the pretreatment OIl protein 

rel ease. six temperatures were used: 40, 45. 50. 52, 55 and 60'C. Total soluble 

protein release following sonication at 4(l W for 25 min after heat pretreatment is 

shown in Figure 5.2. Dala are presenled in Table C.2 of Appendix C. The total solulJle 

protein release increased with the increase in temperature of heat pretreatment from 

362 mg/g at 40-c through 379 mg/g at 45-c to 389 mg/g at 50'C, compared with the 

control at 304 mg/g indicated by the dashed line in Figure 5.2. These data show good 

agreement with replicate data presented in Figure 5.1. On heat pretreatment at 52-c 

an 8 % increase in total soluble protein concentration with respect to the control was 

obtained. compared with the 19 % obtained at 40'C release over Ihe control and 

28 % at 50-c heat pretreatment. The total soluble protein concentration following 

disruption decreased ci:amatically as the temperature of heat pretrealment exceeded 

52-c, assumed to be due to protein denaturation at higher temperature. The soluble 

protein in the supernatant decreased to 114 mg/g and 88mg1g on heat pretreatment 

at 55 and 60-c. respectively Hence, for energy efficient heat pretreatment. the 

optimal temperature range is between 40 and 5O'C. 

Figure 5.2 

~ 
I 
! 

I '00 

, I-~~---
4a4550~5W 

MaximUm soluble protein release as a function of the maximum 
temperature of heat pretreatment by heat exchange. Sonication 
was conducted for 25 min at 40 W. The dashed line represents protein 
release in Ihe control in the absence of pretreatment. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 5: Effect of Pretreatment on Ullrasonicstion 

5.2.1.3 Effect of heat treatment at different heating rate 

The effect 01 rate of heating was investigated using the maximum temperature of 

40OC. The rates of temperature increase from room temperature to 400C were varied 

from 3.5'Cls through 1.7<C1s and O.5OCls (heating coil) to 0.1 OCls (STR). Figure 5.3 

~Iustrates that the concentration 01 protein released increased on subsequent 

ultrasonication wilh increas'ng rale 01 heating in heat pretreatment. The data are 

tisted in Table C.3 01 Appendix C.This is in accordance with the influence 01 Ihe rate 

of increase of the temperature increase on the viability of the yeast reported by 

Gervais and Maranon (1995). The yeasts may adapt to survive during the slow 

temperature shift. At a gradual heating rate of 0.1 'Cis achieved in the STR. little 

improvement (2 %) in protein reiease was observed with respect to the control. 

whereas at a heating rate of 35'Cis. the protein release ir.creased by 19 %. On 

comparison ot heating by exchange at 3.5'C/s and the dilution experiment in which 

the heating rate exceeded 2O'Cis. shown in Figure 5.1a, turther increase in heating 

rate beyond 3.5OCis has little effect on disruption Hence. the fast heat ing rate 

(3.5'Cis) is preferred. 

Figure 5.3 
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Healing role ('Ci.) 

Maximum soluble prolein release as a function of heating rate 
during heat pretreatment. Heat pretreatment was conducted at 40'C 
with minimal holding time Sonication was conducted for 25 min at 
4D W. The dashed line represents protein release in the conlrol in the 
absence of pretreatment. 

5.2.1.4 Effect of holding time of heat pretreatment 

The effect of holding time 01 pre·treatment at 4DOC on subsequent protein release by 

sonication was stlldied, Total soluble protein release on sonication at 40 W for 25 min 

following a temperature pretreatment with increasing holding time 'IS shown in Figure 

5.4. The data are presented in Table C.4 of Appendix C. 
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Figure 5.4 Maximum soluble protein release as a function of holding time 
during heat pretreatment. Heat pretreatment was conducted at 40"C 
with heat rate of 3.5 "CIs. Sonication was conducted for 25 min at 40 
W. The dashed line represents protein release in the control in the 
absence of pretreatment. 

In Figure 5.4, on varying the holding time from 0 to 10 min, no significant influence on 

the protein release was observed. On extending the holding time to 20 min and 

greater, the resultant protein concentration decreased, suggesting protein 

denaturation occurred. In Figure 5.11 a of Section 5.2.4, the maximum kinetic rate 

constant of total soluble protein was obtained using heat pretreatment with 5 min 

holding. Hence, heat pretreatment with a holding time of 5 min or less is preferred for 

efficient cell disruption. 

5.2.2 Effect of temperature on denaturation of protein and enzymes 
The denaturation of protein and enzymes resulting from temperature pretreatment 

was investigated by exposing the supernatant following disruption to a temperature of 

40 or 50 "C. Samples were taken at 0, 10, 20, 60, 180 and 300 s. The fractional 

denaturation was calculated using Equation 5.2, where 'R' is the protein 

concentration or enzyme activity of each sample, 'Ro' is the protein concentration or 

enzyme activity obtained before heating. 

R 
Denaturation = 1-- Equation 5.2 

Ro 

The fractional denaturation as a function of holding time at 40 and 5O"C is presented 

in Figure 5.5. From Figure 5.5, the denaturation for protein and enzymes increased 

with increasing holding time and temperature. Compared to other enzymes, ADH 

showed the greatest denaturation at both 40 and 50"C. G6PDH was more stable at 

40 "C than other enzymes, but showed similar denaturation to the remainder of suite 
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of enzymes at 50'C, It is dear that to minimise denaturation of protein and enzymes 

released, holdinQ time must De minimised to less than 1 m'll at 40'C, while less than 

20 s holding time is preferred at 50"C. As illustrated by the disruption studies, 

denaturation is expected to be retarded on exposure of intracenular proteins as 

compared with proteins in solution, 

'OO'h -

0 
~ , , 50";-, , 
,~ 

! ,~ 

0'0. , 

Figure 5.5 
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Fractional denaturation of protein and enzymes released Into the 
supernatant of the cell suspension as a function of holding time 
at (a) 40'C and (b) 50'C 

5.2.3 Effect of heat pretreatment on selective product release 

The selective product release was investigated by release of enzymes from varying 

IOGations, Based on IOGa~on of the intracellular enzymes, t s ease of release from the 

cell is different. Hence, selective product release manipulated by heat pretreatment 

has Deen considered, Following the experimental approach descrit:>ed in Section 3.5, 

data for enzyme release by uitrasonicat ioo following a heat pretreatment are listed in 

Tables C.5 to C,B of Appendix C, To enable comparison across enzymes, selective 

product release is analysed in terms of normalised enzyme release (EN) relative to 

the maximum available for release in controL EN is calculated using Equation 5,3 

Maximum enzyme release under operating conditions 
Equation 5.3 

Maximum enzyme release in control 

As with total prote in release , the enzyme released by ultrasonicatioo follow ing heat 

exchange is simi lar to that follow ing heat pretreatment using di lution, 
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5.2.3.1 Effect of temperature of heat pretreatment on enzyme release 
The normalised enzyme activity release for each enzyme is compared with that of 

total soluble protein as a function of the temperature of heat pretreatment in Figure 

5.S. From Figure 5.S, it is seen that varying the maximum temperature of 

pretreatment between 40 and 50 CC had strong effect on selective release of a­

glucosidase. The EN of a-glucosidase released was constant at 130 % of that 

obtained in the control experiment, and decreased as the temperature increased over 

50CC. This demonstrates some preferential release of a-glucosidase over other 

proteins when compared to the increase in soluble protein release of 110 to 120%. 

The optimal temperature of heat pretreatment for a-glucosidase was 40 to 50 CC. The 

values of EN of ADH and GSPDH released obtained following heat pretreatment at 

maximum temperature between 40 and 50CC were quite similar, and approached to 

the EN of protein released. This illustrated that the heat pretreatment did not assist 

selective release of ADH and GSPDH. The EN of GSPDH lay in the range 110 % to 

120 % on temperature of pretreatment from 40 to 52CC, and decreased as the 

temperature of pretreatment exceeded 52 CC. The EN of ADH reached a maximum of 

120 % on pretreatment at 45CC, decreasing slightly at 50CC and losing activity rapidly 

as the temperature exceeded 50 CC. The maximum temperatures of pretreatment of 

45 and 52CC were preferred for ADH and GSPDH release, respectively. However, 

heat pretreatment at temperatures between 40 and 50CC was also sufficient for 

GSPDH release. Hence, the optimal temperature of heat pretreatment for GSPDH 

release was in the range from 40 to 52 CC. The EN of invertase obtained on heat 

pretreatment temperatures between 40 and 50CC was lower than the EN of protein. 

While a 5 % increase in invertase release was obtained, this was at the expense of 

selectivity. Hence, the optimal temperature of heat pretreatment for invertase release 

was between 40 and 50 CC. The optimal condition of pretreatment for selective 

product release must be chosen on a product by product basis. For the marker 

enzymes used, it appears heat pretreatment only favours selective release of a­

glucosidase. 
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5.2.3.2 Effect of heating rate and holding time of heat pretreatment 

Figure 5.7a presents the enzyme activity in the supernatant. normalised relative to 

the control following the 40'(: heat pretreatment at different heating rates and 

subsequent sonication at 40 W. A sonication time of 12 minutes was used here. 

compared to a sonication time of 25 minutes required for maximum enzyme release 

in the absence of pretreatment. The normalised activity of the target enzymes 

released as a function of increasing holding time is presented in Figure 5,7b. On 

varying the heating rate, no significant change in the values of Ec of invertase. 0-

glucosidase and G6PDH were obtained, while the E" of ADH increased with 

increasing heating rate. Hence, the fast heating rate (3,5'C/s) is preferred. The E,. of 

all enzymes studied was maintained with holding time from 0 to 10 min, EN 

decreased when the holding time exceeded 10 min In all cases except G6PDH. 

Compared with the enzymes obtained on the control. more than 9{l % of 0-

glucosidase was denatured on the heat pretreatment with 1 hr holding, Hence, the 

oph nal range of holding times of heat pretreatment for invertase, a-glucosidase and 

ADH are less than 10 min, while less than 20 min holding is preferred by G6PDH 

The holding time of heat pretreatment is not only dependent on the statHlity of protein 

and enzyme at higher temperature, but the location of the enzymes The values of EN 

of the range of enzymes following a 40'(: heat pretreatment at heating rate of 350C!s 

and minimal holding time is presented in Figure 5.8 as a function of sonication time, 

The resultant sonication times required for maximum enzyme release are different 

depending on the location of each enzyme. For Invertase (cell wall associated 

enzyme), a 15 min sonication was required to reach the maximum release, while 
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greater than 25 min sonication was preferred for release of the other enzymes 

(periplasmic or cytoplasmic enzymes). 

~ , . 
I' . ' , , 

Figure 5.7 

Figure 5.8 
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(a) (b) 
Normalised release of enzyme activity following heating 
pretreatment at 40'C and sonication at 40 W as a function of: (a) 
heating rate where holding time was kept minimal, (b) holding 
time where the heating rate was 3.5'C/s 
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Normalised release of enzyme activity following heating 
pretreatment at 40'C and sonication at 40 W as a function of 
sonication time where holding time was kept minimal 

5.2.4 The kinetic rate constant for protein release following heat pretreatment 

The kinetic rate constant for protein release on sonication f~lowing heat pretreatment 

was calculated using Equation 4.4. Data are listed in Tables C.9 to C.tt of Appendix 

C. To compare the ellect of pretreatment on the kinetic rate constant across total 

s~uble protein and enzyme release, the ratio of the kinetic rate constant f~lowing 

pretreatment (k) to that in the control (k.,) was employed (k1kcJ· 
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5.2.4.1 The effect of maximum temperature of heat pretreatment 
The ratios of kinetic rate constants (kIkc) and the extent of release (R{Rm) from 

Baker's yeast following sonication at 40 W for 25 min as a function of maximum 

temperature of heat pretreatment are presented in Figure 5.9. When the temperature 

was varied between 40 and 50CC, the heat pretreatment had a stronger effect on the 

kinetic rate constant of total soluble protein and ADH than other enzymes. The kIkc of 

total soluble protein increased with the increase in temperature of heat pretreatment 

from 1.S2 at 40CC to 1.78 at 50CC, and decreased when the temperature exceeded 

50CC. Owing to the effect of temperature influencing both protein release and protein 

denaturation, the data are insufficient to be further analysed to demonstrate the 

Arrhenius dependence of each effect. The kIkc of invertase and a-glucosidase 

released were constant at 1.00 and 1.S0 on heat pretreatment temperatures between 

40 and 50CC, and decreased as the temperature over 50CC. The maximum kIkc of 

ADH was achieved at the temperature of heat pretreatment of 45 CC and presented 

about 50 % increase in kinetic rate constant compared to the control. The kIkc of 

GSPDH released was constant at 1.10 as the temperature of heat pretreatment 

varied between 40 and 52 CC, and decreased when the temperature exceeded 52 CC. 

When the maximum temperature was varied between 40 and 52CC, the maximum 

release (R1) of total soluble protein and enzymes were higher than the controls. The 

R{Rm of total soluble protein, invertase, a-glucosidase and GSPDH release were 

largely constant at 0.75, 0.S5, 0.80 and O.SO, as temperature varied between 40 and 

50CC, and decreased as temperature over 50CC. The maximum R{Rm of ADH was 

obtained at the temperature of heat pretreatment of 45CC and was 7S %. The R{Rm 

of GSPDH was constant at O.SO when the temperature of heat pretreatment varied 

between 40 and 52CC. Hence, the optimal range temperatures of heat pretreatment 

for protein, invertase, a-glucosidase, ADH and GSPDH release were 40 to 50CC, 40 

to 50CC, 40 to 50CC, 45CC and 40 to 52CC, respectively. 
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greater Ihan 25 min sonicat ion was preferred for release of the other enzymes 

(peri plasmic or cytoplasmic enzymes). 
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Normalised re lease of enzyme activity following heating 
pretreatment at 40'C and sonication at 40 W as a function of: (a) 
heating rate where holding time was kept m inimal, (b) holding 
lime where the healing rate was 3.5'Cl s 
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Normalised release of enzyme activity following heating 
pretreatment at 40'C and sonication at 40 W as a fllnctlon of 
sonicat ion time where holding time was kept minimal 

5.2.4 The kinetic rate constant for protein release following heat pretreatment 

The kinetic rate constant for protein re lease on sonication following heat pretreatment 

was calculated using Equation 4 .4. Data are listed in Tables C910 C.tt of Append ix 

C. To compare the effect of pretreatment on the kinetic rate constant across total 

so luble protein and enzyme release, the ratio of the kineti c rate constant following 

pretreatment (k) to that in the con trol (kJ was employed (klk,). 
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(b) 
figure 5.9 Comparison of (a) rate of release kJk" and (b) extent of release 

R~R," of total soluble protein and enzyme release from Baker's 
yeast as a function of pretreatment temperature following heat 
pretreatment and sonication, Holding time was minimised. Sonication 
was conducted at 40 W for 25 min. 

5.2.4.2 The effect of healing rate on heat pretreatment at 40"(: 

The ratio of the kinetic rate constants (kik,,) and the extent of release (R;lR,,,) from 

Baker's yeast following sonication at 40 W as a function of heating rate for 

pretreatment at 40'(; are presented in FigLKe 5.10 From Figure 5.10, the kik, for total 

soluble protein and enzyme release increased with increasing heating rate. The 

maximum kik, for total soluble protein. invertase. a·glucosidase. ADH and G6PDH 

were obtained following 40"(: heat pretreatment with heating rate of 3.5'Cls and 

were 1.62. 0.98. 1.87, 1.25 and 1.05, respectively. Similarly. the maximum R;iR,,, of 

total soluOle protein and enzyme release were obtained at a heating rate of 3.5'Cis. 

The maximum R/R~ of total soluble protein. invertase. a·glucosidase. ADH and 

G6PDH release were 0.77, 063. 0.79, 0.69 and 058. respectively, representing 4 % 

to 17 'Yo increase in protein or enzyme release compared to the control. Therefore 

across these experimental conditions. the optimal heating rate was 3.5'Cls. Further, 

comparison of protein and enzyme release following pretreatment by heat exchange 
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at 3,5'Cis ard by dilution at 20'Cis, presented in Figure 5,1, il lustrated equivalent 

release. Hence it is condl.lded that the optimal heating rale for cel weakening to 

enhance protein release is 3.5'Cls or greater. 
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(b) 
Figure 5.10 Comparison of (a) rate of release klk, and (b) extent of retease 

R~R", of totat sotubte protetn and enzyme retease from Baker·s 
yeast as a function of heating rate during heat pretreatment. Heat 
pretreatment was conducted at 40'C with minimal holding time, 
followed by sonication at 40 W for 25 min, 

5.2.4.3 Tile effect of lIo lding time of 40"<: lIeat pretreatment 

The ratio of the kinetic rate constants (klko) ard the extent of release (R/ R",) from 

Baker's yeast foi lOl"; ng sonication at 40 W as a function of holding time oI40'C heat 

pretreatment are presented in Figure 511 From Figure 5.11 a, the maximum k of total 

soluble protein release was obtained on a holding time of 5 min increasing to 166 

fold that of the control No sign ificant eiect of heat pretreatment on the kik" of 

invertase was observed on varying the holding time from 0 to 10 min. An extended 

holding time of 20 min and greater resulted in denaturation in accordance with Figure 

5,5. The kIkc ratio of a·g lucosidase ard ADH increased with increasing ho'ding time 

of 40'C heat pretreatment ootween 0 and 10 min. and decreased when the holding 
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time exceeded 10 min. The maximum klkc 01 a-glucosklase and ADH were 153 and 

1.43, respectively The maximum kIkc of G6PDH 01 1.29 was obta~d when the 

h~ding time of heat pretreatment at 400C was 20 min. 

In Figure 5.llb, it is seen that the R/R~ of total soluble protein, invertase, 0-

glucosidase and ADH were constant when the holding time was varied between 

minimal and 10 min, while the range 01 holding time from minimal to 20 min was 

preferred on G6PDH release. The maximum R/R,nOf total soluble protein, invertase, 

a-glucosidase, ADH and G6PDH obtained at the holding time used to obtain the 

maximum kinetic rate constant. were 0.79, 0.63, 0.80, 0.73 and 0.66, respectively. 

representing a 4 % to 20 % increase in protein or enzyme release compared to the 

control. 

Protein Inve't o. e o·gtu . 

• Mom l " 5rrin []1 0 <ric .. 2Orrt, 1l 00000l 

I" 

Prote in "wert.se o_glu. 

I" 
Figure 5.11 Comparison of (a) rate of release klkc and (b) extent of release 

R/R .. of total soluble protein and enzyme release from Baker's 
yeast as a function Of holding time during heat pretreatment. Heat 
pretreatment was conducted at 400C with heat rate of 3.5OC/s. 
Sonication was conducted for 25 min at 40 W. 
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5.2.5 Optimal <.:onditions of heat pretreatment 
The oplimal conditions for ceil disruption and se lective producl release following heat 

pretreatment and sonicalion release are corduded in TalJle 5.2. The maximum 

temperalure of 5O'C is preferred by most enzymes, except ADH (45'C) which 

denaturales al a lower temperature than other enzymes. Harsh conditions. maximum 

temperature at52'C and 20 min hokfing at 40'C heat pretreatment, were preferred 

by G6PDH which showed less rapid denaturation. Longer sonication time (25 min) is 

preferred by intracellular enzymes 

Table 5.2 The optimal cOllditioll of heat pretreatment for protein alld 
I 

5.3 pH PRETREATMENT 

To evaluate the influence of pH pretreatment on mechanical cell disruption and 

selective product release maximum pH used and the hok;ling time at pH 10 were 

considered. These were varied over pH 9 to pH 11 and 0 to 5 min, respectively. The 

conditions of pH pretreatment are listed in Table 3.4. As with heat pretreatment. focus 

was on cell weakening rather than cell permeabilisation: hence the proteins released 

were not exposed direct ly to the extreme pH conditions which may be expected to 

effect their activity. In this section where the effect of pretreatment was less marked. 

sonication power was increased from 40 W to 80 W to ensure maximum disruption 

within an appropriate time. The yeast suspension was sonicated at 80 W for 21 min 

following pH pretreatment. 

5.3.1 Effect of pH pretreatment on protein release 

5.3.1.1 Effect of maximum pH of pretreatment 
The pH pretreatment was affected by di luting the Baker's yeast suspension (1.5 %, 

dry weight H1 0.05 M phosphate buffer) in a carbonate buffer (0.5 M) The resu~s are 

shown in Section 5.3 1.2. On dilution, the pH of yeast suspension was shifted from 

neutral to between pH 9 am pH 11 with a pH interval of 0.5. Fol lowing the holding 

time. the suspension was neutralised on further diluti on. Total soluble protein release 
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on sonication at 81} W for 21 min followill\l pH pretreatment is shown in Figure 5,12a. 

The protein release as a function of sonication time at 80 W power input following pH 

10 pretreatment is presented in Figure 5,12b. Data are presented in Table C.12 of 

Appendix C. Pretreatment at pH 9 to pH 9.5 did not have a significant effect on total 

soluble prolein release. The maximum protein release of 409 mg/g was obtained on 

pretreatment at pH 11}. representing a 16 % increa5e over the control. To obtain the 

equivalent protein relea5e seen in the control. 12 min sonication was required 

following pH 10 pretreatment. The total soluble prolein release decreased when pH 

pretreatment exceeded pH 10 through 392 mg/g at pH 10.5 to 384 mg/g at pH 11. 

representing 11 % and 9 % increase in protein release relative to the control, Hence. 

pH pretreatment decreases the energy requirement of cell disruption through 

decreasing the sonication time required at the same sonication power, while the 

maximum pH lOis preferred. 
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Figure 5.12 (a) Maximum soluble protein released following sonic~tion for 

21 min at 80 W as a function of the maximum pH of pretreatment. 
Holding time was minimised. The dashed line represents protein 
release in the control in the absence of pretreatment. (b) Total 
soluble protein release on ultrasonication at 80 W as a function of 
time under different conditions (with or without pretreatment at pH 
1 0). 

5.3.1.2 Effect of holding time of pH pretreatment 

To investigate the holding time of pH 10 pretreatment on total soluble protein release, 

5 durations were used: 0, 0.5, 1, 2 and 5 min. The sodium carbonate buffers of 

different concentrations (0.1}5 M and 0.5 M) were used to investigate the effect of 

buffering capacity on total soluble prote in release during the pH pretreatment. The 

total soluble protein relea5e on sonication at 81} W for 25 min following a pH 10 

pretreatment with increasing holding time is presented in Figure 513. Data are 

presented in Tabie C.13 of Appendix C, On varying the holding time from minimal to 

2 min using 0.5 M carbonate ouffer, no sign ificant change in total soluble prolein 

;; 
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release was obtained, The maximum total soluble protein release of 416 mg/g was 

recorded following pretreatment at pH 10 with 2 min holding using 0.5 M carbonate 

buffer. A protein release of 345 mg/g was recorded on pretrealment at pH 10 with 

5 min holding using 0,5 M carbonate buffer. This was lower than the total soluble 

protein release obtained in the control (353 mglg), due the protein denaturation The 

lotal soluble protein release irtereased sl'ighUy with increasing holding time of pH 10 

pretreatment using 0.05 M carbonate buffer from 395 mg/g at no holding through 

401 mg/g al 1 min holding to 4GS mg/g at 2 min holding. The protein release 

decreased to 352 mg/g v.ith 5 min holding. The difference in buffering capacity 

caused by sodium carbonate buffer had slight influenoe on total soluble protein 

release, The optimal holding time of the pH 10 pretreatment is 2 min or less. 

,~ 
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1t>1~lng tim . (min) 
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----.0---- pH I 0 lC.rbco:tle , 0.05 f,I 

Figure 5.13 Maximum soluble protein released as a function of holding time 
of pH 10 pretreatment using carbonate buffer following 
sonication for 21 min at SO W. The dashed line represents protein 
release In the control In the absence of pretreatment. 

5.3.2 Effect of pH pretreatment on selective product release 

The enzyme release was used to investigate the selective product release influenced 

by pH pretreatment. To enable comparison across enzymes. normalised enzyme 

release IE") was employed, 'lIfhich is calculated using Equation 5.3. Data arc 

presented in Tables C.1 3 to C.16 of Appendix C. 

5.3.2.1 Effect of maximum pH of pretreatment on product release 
The normalised release of enzyme activity as a function of maximum pH of 

pretreatment is shown for each enzyme in Figure 5,14. The maximum E" of invertase 

a·g locosidase and G6PDH, obtained at pH 10. were liS %. 121 % and 114 %. 

respe-ctively Decrease il E" on further increase in pH may result from protein 

denaturation. The EN of ADH increased v.ith increasing pretreatment pH from 9 to 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 5: Effect of Pretreatment on Ultrasonication 

10.5. and decreased as pH exceeded 10.5. The maximum EN of ADH was 114 %. 

Hence the optimal pHs of pH prelreatment for invertase. a-glucosidase, ADH and 

G6PDH release are 10. 10 10.5 and 10. respectively. 

130% . 

1 
> 
" 0 

o ! 1100/, I -. ' ,~, , 
0 • ~, 

0 0.' ' 0 10.5 " 
Maximum pH 

Figure 5.14 Normalised enzyme release as a function of the maximum pH of 
pretreatment with minimal holding t ime following sonication for 
21 min at 80 W. 

The EN of different enzymes following pretreatment at pH 10 for minimal holding time 

is presented in Figure 5.15 as a function of sonication time. For invertase, 15 min 

sonication was required to reach the maximum release. To obtain maximum a· 

glucosidase release. 18 min sonication was required. A 25 min sonicalion was 

preferred by ADH and G6PDH Hence. longer son~ation time is preferred for the 

intracellUlar enzyme release. The pH pretreatment is expected to weaken the cell 

wall by changing protonation ar>d thereby Ionic lJonding. The heat pretreatment may 

affect on ixJth cell wall and cell membrane, while translocation of cytoplasmic 

enzymes to periplasm may also resu lt by heat pretreatment. Hence the pH 

pretreatment was less selective Ihan heat pretreatment. 

o 3 I 8 12 15 18 21 

Soni";l1 ion lim o (min) 

1 

___ hvort""e ~ "~. I 
___ A[':I-I --><-- G&FO I , 

Figure 5.15 Normalised enzyme release following pretreatment at pH 10 as a 
function of sonication time with 80 W power input. Holding time 
was minimised. 
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5.3.2.2 Effect of holding time of pH pretreatment 

The EN for each enzyme as a function of holding lime of pH 10 prelreatmenl using 

sodium carbonate buffer is shown in Figure 5.16. In Figure 5.16a. the EN of invertase 

was conslant at I I 8 % on holding time between 0 and 1 min, and decreased as the 

holding time exceeded I min. The EN of a·glucosldase increased with holding time 

from 0 (121 %J to 2 min (127 %J, arld decreased as holding time exceeded 2 min. To 

achieve the maximum ADH and G6PDH release, 5 min holding time of pH 10 

pretreatment was preferred. The max',mum E, of invertase, a-glucosidase. ADH and 

G6PDH were I I 9 %, 127 %, 114 % and I I 9 %, respectiv~y. Using a lower t>uf!ering 

capacity of 0.05 M illustrated in Figure 5.16b, optimal holding times of pH 10 

pretreatment for invertase, Cl"g lucos'dase, ADH and G6PDH rel ease were 2, 1, 2 to 5 

and 2 to 5 min, respectiyely The maximum EN of invertase, a-glucosidase, ADH and 

G6PDH under these optimal conditions were 119 %, 123 %, 106 % and 112 'Yo, 

respectively 

I __ tvcr'", __a_ o.!lkJ. I 
I --+-- A r>< ----l<- no; frn : 

1'1 

m'~ "",.', S" 
,'''', ---------=::t 

-,,----~.-~.-- , 

Ibl 
Figure 5.16 Normalised enzyme release following sonication for 21 min at 

80 W is given I1S 11 function of holding time of pretreatment pH 10 
(a) using 0.5 M sodium carbonate buffer (b) using 0.05 M sodium 
carbonate buffer 

5.3.3 The kinetic rate constant of pH pretreatment 

5.3.3.1 Effect of maximum pH of pretreatment on product release kinetics 

The kinetic rate constant of pH pretreatment was calculated using Equation 4.4 Dala 

are lisled in Tables C.17 to C.1S of Apperldix C. The ratio of the kinetic rale constants 

(k/k,) was empoyed to quantify the pH pretreatment on the kinetic rate constant 

across protein and enzymes. The rat ios k/I< .. and R/R" from Baker's yeast foliowing 

sonication at 80 W as a function of maximum pH of pretreatment are presented in 

Figure 5.17 On varying the pH of pretreatment from 9 to 9.5, no significant change 01 
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k was observed The maximum kik" of total soluble protein, invertase, a·glucosidase 

and G6PDH obtained at the pretreatment pH of 10, were 1.39, t.16, t36 and 1.22, 

respectively. The maximum k!k" of ADH of 1.43 was obtained at a pH of pretreatment 

of to.5 As the maximum pH of pretreatment was varied between to and 11, the 

R;lRm of total soluble protein and enzymes were higher than the control. The 

maximum R/R" of total SOluble protein, invertase, Q·glucosidase and G6PDH, 

obtained at the pretreatment pH used to obtain the maximum kinetic rate constant, 

were 0.86, 0 .78, 0.81, 0.82 and 0.7t, respectively. Therefore, to achieve both 

maximum kIkc and maximum R/R" of total sotuble protein, invertase, a·glucosidase, 

ADH and G6PDH, the optimal pH of pretreatment are to, to, 10, 10.5 and 10, 

respectively. The maximum pH of 10.5 was preferred by ADH, this may related to the 

inner location of the enzyme 

• , 
preteln '.wetl... ~·g.u. ADH G(;PDH 

Ie' 

p.ote'" tnverta.. o·g lJ . 

I "[»rt,,,, - pi-{) " pI-{l.s " pH IO ,, ;oHtO, S _pH1'1 

Ibl 
Figure 5.17 (a) klk, and (b) R/Rm of total soluble protein and enzyme release 

from Baker's yeast as a function of maximum pH of pretreatment 
using 0.5 M carbonate buffer and minimal holding time, followed 
by sonication at ao W for 21 min. 

5.3.3.2 Effect of holding time of pH pretreatment 

The ratio of kinetic rate constants (ki kd from Baker's yeast following sonication at 

ao W as a function of holding time at pH 10 pretreatment using 0.5 and 0.05 M 
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carbonate buffer is presented in Figure 5,18, 

" 
" • '" ~ 
" 0.0 

0 

prolel" Inverl • • e a-~Iu, G.POO 

lei 

" " 
• 00 
~ 0, 

0 0 

0 

Ibl 
Figure 5.18 klke of total soluble protein and enzyme release from Baker'S 

yeast as a function of holding time at pH 10 pretrealment using (!I) 
0.5 M carbonate buffer or (b) 0.05 M carbonate buffer and minimal 
holding time, followed by sonication at 80 W for 21 min 

In Figure 5.18a, it is seen that on varying the hGlding time at pH 10 pretreatment from 

o to 2 min using 0.5 M carbonate buffer, the kIk" of total solu~e and invertase were 

constant at 1.25 and 1 15, respectively, These decreased on holding time over 2 min. 

The ma~imum kt", of a-glucosidase, obtained at a hcHding time of 2 min. represffilted 

a 50 % increase over the contro l The maximum k,'K,; of ADH. obtained on holding 

times between 2 and 5 min, represented a 45 % increase over the control. Holding 

time showed little eff!K;\ on the klkc of G6PDH. which increased froml.20 at the 

minimal holding time to a maximum of 129 at a holding time of 5 min. From Figure 

5.18b, the ma~imum kIk" of total scHuble protein and invertase were 1.31 and 1.21 

obtained on pH 10 pretreatment at a hGlding time of 2 min using 0.05 M carbonate 

buffer. The kIK., of [I·glucosidase increased from 1,26 at 0.5 min holding 10 1.35 at 

1 min hGlding. The i<Jk, of a-glucosidase was cOIlstant at 1.35 whffil the holding time 

of pretreatment varied from 0.5 and 2 min, and decreased when the hGldirg time 

exceed 2 min The k,'K,; of ADH was constant 1.05 as the hGlding time of pretreatment 
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between minimal and 1 min, and step increased to t. t 5 when the holding time varied 

in the range of 2to 5 min 

The extent of release (R/Rml is presented in Figure 5.19. In Figure 5.19a. it is seen 

that on varying the holding time at pH 10 pretreatment from minimal to 2 min using 

0.5 M carbonate buffer. the RoIR" of total soluble protein and invertase. a-glucosidase 

was constant at 0.9, 0.8 and 0.85. respective~, and decreased when the h<Jlding time 

of pretreatment exceeded 2 min. The R/R", of ADH was constant at 0.8 when at 

holding time of pretreatment between minimal and 1 min, and increased through 0.83 

at2 min holding, to 0.86 at 5 min holding, The RiR~ of G6PDH increased from 0.70 

at h<Jlding time between minimal and 05 min to 0.73-075 at holding t'lmes between 1 

and 5 min The maximum R/R" of G6PDH obtained on pretreatment at 5 min holding 

represented 19 % increase over the control of 0.63 From Figure 5.19b, the RlRm of 

total soluble protein, invertase and a-glucosidase were constant at 0.B5, 0.78 and 

OB2 when the holding time at pH 10 pretreatment was varied between minimal to 

2 min, and decreased as the holding time over 2 min. On varying the holding time 

between minimal to 1 min, no change on ADH release resulted. The R/R,n of ADH 

increased with increasing holding time from 2 min to 5 min, The maximum R/R" of 

ADH was 0.80, presenting 5 % increase over the control. The R1R~ of G6PDH 

increased with increasing holding time of pretreatment from 0,63 at minimal to 0.70 

between 2 and 5 min holding, 

The R/Rm of total soluble protein and each enzyme resulting on 0,05 and 0.5 M 

buffers were quite similar. In all cases, the release using 0,5 M Duffer was greater; 

however the release using the 0,05 M buffer was 93 to 98 % of this. Greater kiK, 

ratios were obtained for a-glucosidase, ADH and G6PDH using 0.5 M caroonate 

buffer. This may be relative to the different osmotic pressure of the ouffers, since an 

osmotic shock may be induced on pretreatment using 0.5 M caroonate buffer, which 

results cell membrane weakening during the pretreatment. The optimal holding time 

at pH 10 pretreatment usi ng 05 M carbonate buffer for total sol uble protein, invertase, 

a-glucosidase release are oetween minimal to 2 min, while ADH and G6PDH 

preferred the holding time of pretreatment between 2 to 5 min. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 5: Eflect 01 Pretreatment on Ultrasonication 

0.0 , 0.0 , 
0.' 

0.0 

0 

prot. ln In • • '' ... a-g lu, .~ M'~ 

I 0 Con,.~ • Mnirml " 0,5"", o 1 rm " 2rrin • 5<Ti<l 

(,) 

"" 

Ul l ~ " , 
"' 
"' , 

pr o1. ln In.~rt ... a_gl". .~ M'~ 

l o Co nt,,, . Mnic>lI 80.5 Mo o 1"", ,,2 TIn • r.rm 

(b) 
FigureS.t9 R./R .. of total soluble protein and enzyme release trom Baker's 

yeast as a function of holding time of pH 10 pretreatment using (a) 
0.5 carbonate buffer or (b) 0.05 M carbonate buffer and minimal 
holding time, followed by sonication at 80 W for 21 min 

5.3.4 Optimal conditions of pH pretreatment 

The optimal conditions ot pH pretreatment for prote in and enzymes select ive release 

using 0.5 M sodium carbonate buffer are concluded in Table 5.3. The maximum pH of 

10 is preferred by most enzymes, except ADH (pH 10.5) . Sim~ar as heat 

pretreatment, extreme coOOitions such as klnger holdi r-g time (2 to 5 min) and 

son 'cation time (1 8 to 25 min) are preferred by intracel lular enzymes, ADH and 

G6P DH. 

Table 5.3 '"' condition of 0.5 M carbonate 

Protein/Enzyme Mal(lmum pH 
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5.4 OSMOTIC PRETREATMENT 

TO introduce Ihe osmotic prelreatmenl. two soMions were used: sodium chloride and 

glycerol. These aHowed differing influerce on conductivity. The osmotic pressure of 

these solutions was varied over the ran\}€ 0.25 MPa to 5 MPa. The com itions of 

osmotic pretreatment are listed in Table 3.5. The yeasl suspension was subsequenlly 

disrupted by ultrasonication at power inpul of 80 W As the impact of osmotic 

pressure on the cell results from its inabilily to adjust its shape and size suffiCiently 

rapidly to mitigate the osmotic pressure effecl, the holding time of osmotic 

pretreatment was minimised, am not varied. 

5.4.1 Effect of osmotic pretreatment on protein release 
Total sOluble prote<n release as a function of osmotic pressure of pretreatment usirog 

both solutions on sonication at 80 W for 21 min is shown in Figure 5.20a. The total 

protein release as a function of sonication time at a power input of 80 W following a 

pretreatment at 1 MPa using sodium chloride is presented in Figure 5.2Ob. Data are 

presented in Table C. t 9 of Apperdix C. 
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(a) (b) 
Figure 5.20 (a) Total soluble protein release as a function of osmotic 

pressure of pretreatment using NaCI or glycerol solution. 
Sonication for 21 m in at 80 W The dashed line represents protein 
release in the control In the absence of pretreatment. (b) Total 
soluble protein release as a tunction of sonication time at 80 W 
power Input following a 1 MPa osmotic pretreatment using 
sodium chloride. 

In Figure 5.20a. it is seen that Ihe profiles of total soluble protein release on osmotic 

prelreatment using both solutions were 5imilar, irdicating osmolarity as the dominant 

mediator over Gorductivity. The protein concentration increased with increasing 

" 
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osmotic pressure of pretreatment from 0 . .25 MPa to 1 MPa. out decreased as the 

osmotic pressure reached 5 MPa. The maximum tolal soluble protein release was 

380 mglg, representing 8 % increase over the control. From Figure 5.13.b, to achieve 

equivalent maximum total soluble protein release obtained in the control. sonication 

time was redoced from 21 to 15 min on pretreatment at 1 MPa using sodium chloride 

solution. illustrating that inclusion of osmolic pretreatment decreased the energy 

requirement of cell disruption proportionally (direct dependence of sonication energy 

on sonication time). 

5.4.2 Effect of osmotic pretreatment on Selective product release 

To evaluate the effect of osmotic pretreatment on the selective product release, 

enzyme analysis was employed. The normalised enzyme release. calculated using 

Equation 5.3, was used for comparison. The EN of each enzyme as a function 01 

osmotic pressure of pretreatment is presented in F;gure 5.21. Data are presented in 

Tables G.20 of Appendi~ G. The normalised enzyme release of each enzyme as a 

function of sonication time at 8C1 W power input on pretreatment at 1 MPa using 

sodium chloride is presented in Figure 5.22. 

From Figure 5.21, the profiles of invertase and a-glucosidase release on osmotic 

pretreatment using NaGI and glycerol solutions were similar. The maximum EN of 

invertase and a-glucosidase were 113 % and 110 % relative to the enzyme release 

obtained in the control. at the osmotic pressure 01 1 MPa On varying the osmotic 

pressure of pretreatment from 0.25 to 5 MPa, osmotic pretreatment using either 

glycerol or NaGI solution had no effect on ADH release. The maximum EN of ADH 

obtained on pretreatment at 5 MPa using ooth solutions were 101 %. The osmotic 

pretreatment using NaGI solution had greater effect on G6PDH release than using 

glycerol solution. The maximum E, 01 G6PDH obtaiood on pretreatment at 1 MPa 

using glycerol solution was 106 %, compared with 116 % at 1 to 5 MPa using NaGI 

solution. Hence, osmotic pretreatment using NaGI solution was preferred for G6PDH 

release. The optimal osmotic pressure 01 pretreatment for total soluble protein, a­

glucosidase, and G6PDH were 1 1,1, and 5, respectively. While mechanistic 

studies on the effect of osmotic pretreatment were not conducted as it is not the 

pretreatment of choice, the more extreme requirement for G6PDH may be consistent 

with its intracellular location. 
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In Figure 5.22, it is seen that longer sonication time was preferred for intracellular 

enzyme release. The sonication time for maximum invertase. a-glucosidase. ADH 

and G6PDH release were 15. 18. 21, and 21 min, respectively 
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Figure 5.21 Normalised enzyme release following sonication (21 min at 80 W) 
is given as a function osmotic pressure of pretreatment (a) using 
glycerol solution (b) using sodium chloride solution 

; 
• • • ill 

-= 2 , 
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Sonl~iO" ti", " (min) 

Figure 5.22 Normalised enzyme release following a 1 MPa osmotic 
pretreatment as a function of sonication time with 80 W power 
input. 

5.4.3 The kinetic rate constant of osmotiC pretreatment 
The kinetic rate constants of osmotic pretreatment were cak:ulated using Equation 

4.3. Data are listed in Tables C.21 of Appendix C. The ratio of the kinetiC rate 

constant (KIkc) following sonication at 80 W power input as a function osmot ic 

pressure of pretreatment are presented in Figure 5.23. 
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On pre.tre.atment using glycerol (Figure 5.23a), klkc of total soluble protein. invertase 

and o-glucosidase. increas&J with increasing o5lTlotic pres5l.Ire between 0.25 and 0.5 

MPa, remained constant at osmotic pres5l.lres of pretreatment betwee.n 0.5 and 1 

MPa, and decreased when the 05lTlotic pressure exceeded 1 MPa. The maximum 

kIk" of total soluble protein, invertase and ll-gluco5ida&e were 120 'to. 105 'ro. 110 %, 

respectively. The maximum kJ"k, of ADH was obtained on the pretreatment at 5 MPa. 

presenting a 9 % increa&e over the control. The I<Jk" of G6PDH varied between 90 % 

to 100% illustrating the 05lTlOtic pressure of pretreatment between 0.25 to 5 MPa did 

not affe.Gt the. kinetic rate. constant of G6PDH. In Figure. 5.23b, the klk, of total soluble. 

protein. invertase and o-glucosidase increased with increasing 05lTlotic pres5l.lre from 

0.25 to 1 MPa. and decreased as osmotic pressure over 1 MPa The kJ"k, of ADH and 

G6PDH increased with increasing osmotic pres5l.lre in a range of 0.25 to 5 MPa. The 

maximum klk, of total soluble protein, invertase. a'glucosidase, ADH and G6PDH 

were 122 'to, 110 %, 116 %. 113 % and 120 %. respectively 

I 
protoln InvOIt.. . o·glu. 

L 
1'1 

1.5 . 

protoln Invortose o·glu. 

1 _0._ .. O.5MPa 

Ibl 
Figure 5.23 klk., of total soluble protein and enzyme release from following 

sonication (21 min at 80 W) as a function of osmotic pressure of 
osmotic pretreatment using (a) glycerol solution or (b) NaCI 
solution. 

n 
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The ratio of the extent of release (RIR,,) following sonication at 80 W power input as 

a function osmotic pres5Ure of pretreatment are presented in Figure 5.24. In Figure 

5.24, it is seen that the osmotic pretreatment using both Solutions had specific effect 

on the RIR" of total soluble protein. invertase and a-glucosidase. The maximum 

R/ Rm of total soluble protein. invertase and a-glucosidase obtained on pretreatment 

at osmotic pressure of 1 MPa were 0.80, 0.85 arid 075. respectively. The osmotic 

pretreatment using either solution did not affect the R/ Rm of ADH, while only the 

osmotic pretreatment using NaCI solution had effect on the FVR.n of G6PDH. The 

maximum R/ R"of G6PDH obtained on pretreatment using NaCI was 0.73, presented 

16 % increase compared to the control. 

'" 
~ Q.6 

" 
" 
" 

~ 0.6 

" 
"' , 

protQln Inve,"'.. a-g kJ. 

I" Contra! • 0,25 M":> .. 0 5 M":> " 1 M"a .. ~ ~ 

(,) 

p,ote in Inve,tase a·gIU. 

I" CDr<,~ • Q,25 ~ " 0.5 ~ "1 M":> .. 5 Wal 

(b) 
Figure 5.24 R~Rm of total soluble protein and enzyme release from Baker's 

yeast following sonication (21 min at 80 W) as a function of 
osmotic pressure of osmotic pretreatment using (a) glycerol 
solution or (b) NaCI solulion. 

Hence. the optimal osmotic pressure of j:M"etreatment to achieve the maximum klk" 

and the maximum R/F\n of total soluble protein invertase and a-glucosidase using 

either solutions was 1 MPa. The pretreatment at osmotic pressure of 5 MPa using 

NaCI solution was prelerred by G6PDH. Although osmotic pretreatment using either 
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protein release lay between 40 and SOCC using the fast heating rates of 3.S and 

4.3CC/s. A 20 % increase over the control resulted. The maximum temperature of 
" " 

SOCC was preferred by most enzymes, except ADH, whose maximum release was 

obtained on the pretreatment at 4SCC. The optimal temperature for invertase, a­

glucosidase, ADH and G6PDH were 40 to SOCC, 40 to SOCC, 40 to SOCC, 45CC and 40 

to S2cC, respectively. In all cases the fast heating rate was preferred and gave 

equivalent results to heating by dilution. The maximum kinetic rate constants for 

release found for each optimal condition for protein and enzyme release represented 

an increase of S % to 87 % compared to the control. 

The pH pretreatment was induced using carbonate buffers at concentrations of O.OS 

and O.S M. The maximum total soluble protein, invertase, a-glucosidase and G6PDH 

release were achieved as the pretreatment at pH 10, while pH 1 O.S was preferred for 

ADH release. The duration of pretreatment at pH 10 was considered, "and depended 

on the location of enzymes. The optimal holding time for total soluble protein, 

invertase, a-glucosidase lay in a range of minimal to 2 min, while longer holding time 

of 2 to S min was required to achieve the maximum release of the cytoplasmic 

enzymes ADH and G6PDH. While in all cases greater release resulted with 0.2S M 

buffer than O.OS M buffer, the difference in extent of release was small. The rate of 

release was improved by pH pretreatment. 

The osmotic pretreatment was affected using glycerol and NaCI solutions with 

osmotic pressures of 0.2S to S MPa. The profiles of total soluble protein and enzyme 

release vvere quite similar using these solutions, except G6PDH. The optimal osmotic 

pressure of pretreatment to achieve the maximum rate (kIkc) and extent (R~Rm) of 

total soluble protein, invertase and a-glucosidase release were obtained on 

pretreatment at 1 MPa. Although osmotic pretreatment using both solutions did not 

affect the extent of release of ADH, a 13 % increase in its rate over the control was 

obtained on pretreatment at an osmotic pressure of S MPa using both solutions. The 

pretreatment at an osmot~c pressure of S MPa using NaCI solution was preferred by 

G6PDH. 
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Chapter 6 

Effect of Pretreatment on High Pressure 

Homogenisation 

6.1 INTRODUCT10N 

The influence of the single and combined pretreatments on energy efficiency and 

selective product release from Saccharomyces cerevisiae using high pressure 

homogenisation is demonstrated in this chapter. The optimal conditions of heat, pH 

and osmotic pretreatment have been determined in Chapter 5 from those listed in 

Table 3.3, Table 3.4 and Table 3.5, respectively. The condition of each combined 

pretreatment is shown in Table 3.6. The protein and enzyme analyses were used to 

measure the disruption and selective product release. The micronisation of cell debris 

on disruption, determined by size analysis, was also considered. 

6.2 EFFECT OF PRETREATMENT ON PROTEIN RELEASE 

6.2.1 Effect of heat pretreatment on protein release 

The effect of heat pretreatment at maximum temperatures of 40 and 50CC and 

holding times of minimal duration and 5 min on cell disruption of Baker's yeast using 

high pressure homogenisation was investigated. The results are shown in Figure 6.1. 

Data are listed in Table 0.1 of Appendix o. In Figure 6.1a, protein release on HPH at 

27.6 MPa following heat pretreatment is compared to homogenisation of untreated S. 

cerevisiae at 27.6, 41.4 and 69.0 MPa as a function of the number of passes. To 

achieve the equivalent protein release to the control of HPH following 10 passes at 

27.6 MPa (388 mg/g), 6 and 5 passes were required for the disruption at 27.6 MPa 

following heat pretreatment at 40 and 50CC. The maximum soluble protein release 

obtained on HPH at 27.6 MPa for 8 passes following 40"C heat pretreatment 

represe~ed a 20 % increase over the maximum protein release obtained for the 
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control at the same pressure, while a 26 % increase was found on protein release 

following 50'(: heat pretreatment at same operating pressure for 8 passes. These 

amounts of protein release approached tD the maximum protein release obtained of 

HPH at 69.0 MPa without pretreatment. The profiles of total protein release on HPH 

at 27.6 MPa following 40 or 50'(: heal pretreatment were s'lmilar to those of the 

control of HPH at 41.4 MPa. In Figure 6,1b. on varying the holdin rJ time of 50'(: heat 

pretreatment from 0 to 5 min, no significant influence on the subsequent protein 

release was obtained. Approximate 10 'Y. increase in the maximum protein release 

was obtained on HPH at 41.4 MPa following 50'(: heat pretreatment compared to the 

maximum protein release on the conlrol of HPH at 41.4 MPa, The profiles of total 

protein release on HPH at 41.4 MPa following 50'(: heat pretreatment with minimal 

and 5 min holding were similar to the control of HPH at 69,0 MPa. The numt>er of 

passes required to achieve the maximum protein release obtained on HPH of control 

at 41.4 MPa was decreased from 8 to 10 to 4 when HPH operated at 41.4 MPa 

fol kJwing 50'(: heat pretreatment with minimal or 5 min holding. Hence. the energy 

requirement of high pressure homogenisation decreases fol lowing heat pretreatment 

at the maximum temperature between 40 and 50'(:, As shown in Chapter 5, 

increasing the holding time of heat pretreatment from 0 to 5 min does not increase 

Iotal soluble protein release, The optir'lal condition of heat pretreatment is the 

maximum temperature at 50'(: without hokJ ing. 

"*··=* 1 = , 
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Figure 6.1 
(al (b) 

(a) Total soluble protein release from Baker's yeast on high 
pressure homogenlser at 27.6 MPa following heat pretreatment at 
40 and 50"C, with minimal holding time. (b) Total soluble protein 
release from Baker's yeast on high pressure homogeniser at 
41.4 MPa following 50"C heat p retreatment at 4.3"Cls heating rate 
and holding times of minimal duration and 5 min. 
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The energy inpu t per pass a1276. 41.4 and 69.0 MPa can be estimated as 27.6, 

41.4 and 69.0 kJikg (Anand e/ al .. 2(l(l7). The energy input required tor heal 

pretreatment at 4(l and 50ac are 75.6 and 118 kJik>!. respectively. The effect 01 each 

pretreatment on energy savin >! was considered. The energy calculalion for heatin>! 

has been related through Equation 5.1. The comparison of the energy input required 

tor each pretreatment and the controls are illustrated in Table 6.1. It is seen that. 

more energy was required OIl HPH at 276 MPa followir.g 5O"C heat pretreatment 

than the contr~ The energy savir.g was oblained on the HPH at 41.4 MPa following 

a single or a combined pretreatment. Osmotic and pH prelrealments were less 

efficient than heat pretreatment, owin >! to the slight increase in energy requirement 

and the extra cost of Ihe buffer The combined pretreatments had no advantage on 

total protein release and ener>!y savir.g to single heat pretreatment al same 

maximum temperature. The maximum lolal soluble protein release obtained OIl HPH 

at 41.4 MPa following 50"C heat pretrealment approached to the R~ obtained on 

HPH a169.0 MPa for 8 passes, while the energy requirement for lhem were similar 

Hence. each pretreatment decreases the energy requirement 01 K. lac/is disruption 

The heat pretreatment is more efficient than pH or osmati c pretreatment. 

Table 6.1 of total soluble 

. MPa 

Pressure Passes 

eo, '" 000 

, "M '" '.00 

41.4MPa , ,n '" 0.S7 

I 41.4MPa 
, , 

'" '" 0.93 , 

'" '" '" '" 
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6.2.2 Effect of pH pretreatment on protein release 

The condition Of pH pretreatm€nt was determined in Chapter 5. To introduce the pH 

pretreatment. 0.5 M sodium caroonate Duffer was used. The pH of Baker" s yeast 

suspension was shifted to pH 10. and held at this pH for 2 min, subsequently the pH 

was brought back to pH 7 by sodium phosphate buffer. The total protein release as a 

function of number of passes on HPH at 276 MPa following a pH 10 pretreatment 

with 2 min holding is ShOwn in Fi ~ ure 6.2 Data is presented in Table D.l of Appendix 

D. To achieve the maximum protein release on HPH of the control at 27.5 MPa. 

7 passes were requ 'lred uS'ng pH 10 pretreatment with 2 min holding. The ma~imum 

proteil release obtained at pH to pretreatment was 443 mg/g. This approached to 

the maximum protein re lease f rom the control on HPH at 41.4 MPa for 9 passes 

{449 rrg/g). and presenled a 14 % increase compared 10 the control. homogenised at 

the same operating pressure of 27.5 MPa Hence, en€rgy saving on high pressure 

homogenisation can be achieved following pH 10 pretreatment with 2 min holding. 

Figure 6.2 

------

i 400 

~ ~ 300 
8 g 200 
< 
~ 100 

, 
~. of p ..... 

~C+. =c~.,"'"('D".'_"_ no prot".",...-.-.. '"I) 
____ Gcotral (41 .• M'a. no protr"""" ",,,,",) 

---.- Dortral (69.0 ~. no prelr. "'eme rt) 

----><---- pH 10 pr. treat""," (27.S Wo) 
~~~~~~~= ( 

Total soluble protein release from Baker's yeast as a function of 
number of passes on HPH at 27.6 MPa following a pH 10 
pretreatment with 2 min holding. 

6.2.3 Effect of osmotic pretreatment on protein release 

Based on the osmotic pretreatment study presented in Chapter 5, a sodium chloride 

solution with an osmotic pressure of 1 MPa was used. The holding time of osmotic 

stress was minimised The total soluble protein release on HPH at 27.5 MPa as a 

function of numb€r of passes following osmotic pretreatment is presented in Figure 

63. Data is listed in Table D.l of Appendix D, The maximum protein release aChieved 
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on HPH at 276 MPa fol lowing osmotic pretreatment using 1 MPa sodium chlor ide 

solution was 403 mgig. It represented a 4 % Increase in total protein release 

compared to the control of HPH at 27.6 MPa il lustrating that osmotic pretreatment 

has the lowest effect on protein release of pretreatments used. 

Figure 6.3 

§i ~ 

l <00 
• 
~ , 
> 
0 • 0 
0 

• 
1 • 

= 
= 
' 00 
, , , • , , 

" 
No. of p ..... 

___ Cowol f27.6 ~, ro pre<reMer-1>rj \ 
____ Cortrol f" ,4 r.f'>o , "oJ pr.'r""',.-,-w1:, 
----.- Cort,oI f[.9, O Wd , no pr." "",,.-,-w1:, 

---*- 0<,,,# 0".".".'''-'' 127.6 Woi 

Total soluble protein release from Baker's yeast as a function of 
number of passes OIl HPH at 27.6 MPa following an osmotic 
pretreatment using 1 MPa NaCI solution. 

6.2.4 Comparison of heat, pH and osmotic pretreatment on subsequent 
protein release by HPH 

To compare the different single pretreatments on the protein release using HPH. the 

HPH was operated at 27.6 MPa. and the optimal conditkm of each single 

pretreatment used is listed in Table 62. The compar ison of effect of single 

pretreatment on total soluble protein re lease from Baker's yeast as a function of 

number of passes is presented in Figure 6.4. As the high tyessure homogeniser was 

operated at same pressure, the change in the total protein release depended only on 

the single pretreatment used, Figure 6.4 tyesents the illCfease in total protein release 

following heat, pH and osmotic pretreatment are 26 %, 14 % and 4 %, respectively. 

Heat pretreatment is recognised in cell wall weakening and translocation of enzymes 

from cytoplasm to per iplasm , Pretreatment at extreme pH and osmotic tyessure have 

been reported to infi uence the cell wallar cell membrane, respectively. It is clearly 

seen that short term pretreatment at elevated temperature is the most efficient of 

these investigated. 
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Figure 6.4 

Chapter 6' Effecl of Pretreatment On High Pressure Homogenisation 

The condition of each i on Baker's yeast using 
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Total soluble protein release from Baker's yeast as a function of 
number of passes on HPH at 27.6 MPa following a heal, pH or 
osmotic pmlrealment. 

6.2.5 Effect of combined pretreatment on protGin release 

The conditior of each COlr, l~ r ed pretreHtJTl~nt WilS listed in THbie 3.6 [)t Chil pt~r 3. To 

Iltruduc~ the roml~ l-...d pretr~Hlmenl, the BiIi<er's yeH~t suspe" sion 'Nil S diluted ;nl[) 

a pre-warmed pl·1 or osrnot;c but7~r. Sodium CHrtXlflHle bd ler with c[)"centrilti[)" 01 

0.5 M alu 1 MPa sod;um Chloride solu tion w~re us~d. On Cli lution, I h~ t ernperH t ~ r e 

was sh ifted to 40'-'(: whi le the pll or osrn[)tic V~ss~re WHS "",illed I[) pH 10 [)r 1 MPiI 

The total solul~ e protein re l ~H"" ilS H lundion 0: ,,~rnoor 01 pHsses On HPH Ht 

2(,6 MPa following a cow,bined vetreatrnent IS sh[)'Nn '", Figure 6.S Dil lH IS 

prcsented in Tab e D,1 of Appendix D 
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Figure 6.5 
(a) (b) 

Total soluble protein release from Baker's yeast by high pressure 
homogeniser at 27.6 MPa as a function of number of passes 
without or following pH or osmotic or combined pretreatment «~) 
Heat-pH, (b) Heat-osmotic)). 

111 FiQure 6.5. it is seen that the maximum protein release achieved on HPH at 

276 MPa following heat-pH pretreatment was 478 mgJg a 26 '1. increase in total 

solul='e proteill release compared to the control at the same pressure. A 21 % 

increasing ill total solul='e protein release was obtained on HPH at 27,6 MPa 

following heat-osrTKltiG prelreatment. When compared with single effect heal and pH 

pretreatments, heat-pH pretreatment presented 4 % and 8 % increase in total soluble 

protein release. respectively. A 2 % and a 16 % increasing in total solul='e protein 

release were obtained using heat-osmotic pretreatment compared with single effect 

heat and osmot~ pretreatments, respeclively. Hence, combined pretreatment 

decreased the energy requirement of mechanical cell disruption, and resulted in 

higher proteill release Ihan all single prelreatments. However, the increase over the 

heat pretreatment is small There are some associated disadvantages on using 

combined pretreatment compared to single heat pretreatment. These include the cost 

of chemicals, handling of the process fluid and the increased cost of product recovery. 

6.3 Effeci of pret reatment on selective product release 

The selective producl release is analysed in lerms of enzyme activity released 

normalised against that release in the control (10 passes at 27.6 MPa) calculated to 
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enable comparison across enzymes. The EN is calculated using Equation 5.3. Data 

for enzyme release by high pressure homogeniser following a single or combined 

pretreatmenl are listed in Tables D.2 of Appendix D. 

6.3.1 Effect of heat pretreatment on selective product release 

The normal'lSed enzyme release from Baker"s yeast on HPH following 50"C heat 

pretreatment is presented at different operating pressure and as function of ru mber 

of passes in Figure 6.6. To achieve maximum enzyme release of invertase. [1-

glucosidase. ADH, G6PDH on HPH at 27.6 MPa. the number of passes were 6, 7. 10 

and 10, while 4. 6, 9 and 8 passes was required on HPH at 41.4 MPa. Heree, the 

number of passes to achieve maximum enzyme release depends on the operating 

pressure 

. 1~ _ 

i 12<J"r, -

~ 80"¥.-

i 
I 
] , , 

Figure 6.6 
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EN of different enzyme from Baker-s yeast following 50"C heat 
pretreatment on HPH at (a) 27.6 MPa and (b) 41.4 MPfI. as a 
function of number of passes. HoldIng time was minimised. 

The EN of each enzyme from Baker's yeast on HPH at different operating pressure 

following heat pretreatment at varying maximum temperature and holding time is 

presented in Figure 67. Data for each enzyme release is listed in Table D.2 of 

Appendix D. In Figure 6.7a. the EN of different enzyme increased between 3 and 5 %, 

on varying the maximum temperature of heat pretreatment between 40 and 50"C. 

The EN of ADH and G6PDH were higher than a-glucosidase and invertase. In Figure 

6.7b, varying the holding time of 5O"C heat pretreatment between minimal and 5 min 

did not have influence on the EN of different enzymes. In Figure 6.7c. varying the 

operating pressure between 27.6 MPa and 41.4 MPa following 50"C heat 

pretreatment without hokJing, no significant increase in EN was obtained While the 
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effeGt of varying temperature and holding time of pretreatment on enzyme release 

was small, a signifiGant inGrease in EN on pretreatment was obtained relative to the 

control For Invertase, ll-gll.'OOsidase, ADH and G6PDH lay in the range 110 % to 

120 %, 130 to 135 %, 140 to 145 % and 150 % to 160 %, respectively, Heat 

pretreatment has more influenGe on cytoplasmic enzyme r~ease than periplasmic 

and cell wall associated enzyme release Cell waU weakening by heat pretreatment 

resulted in more cytoplasmic enzyme release at lower operating pressure_ Th is may 

related to the transportation 01 cytoplasmic enzyme from cytoplasm to periplasm 

during the heat pretreatment 

• 1&P1. ; , II 100'4 ! 
" • 100", l • • • • • ,,~ • 1"W', : • , 14[)'r. t-o • • -• ! ! , 120"~ • ,~, 

'~t= 
• • • • • • • • 1(1:>:'. • 100'1. • • • • , ~. 

" , " • ~. 

~ 1!D':;' ~ • ~,. -~ • '" ~ , , , , 
! 27. 6 41A 

0 Maximum te rwperature 0 Holdin~1im e • • • Oper.lin~ pre •• ure «) 1m In ) IMP. ) __ ""<ms~ _____ a_gIJ 

I 
! __ hvort., o ____ 0_1>" 

-- ~.o<,",~ ----- 0- 1>"- l 
~.~ ~~~ I ... A.m ~-

___ A. Cl-I ----l<- G6FUf 

(a) (b) Ic) 
Figure 6.7 Enzyme release, expressed as EN, from Baker's yeast following 

HPH for 1 0 passes: (a) as a functioo of the maximum temperature 
of heat pretreatment with 5 min holding and HPH at 27.6 MPa. (b) 
as a function of the holding time of 5D"C heat pretreatment with 
HPH at 41.4 MPa. (c) as a function of operating pressure 
following 50"C heat pretreatment with 5 min holding. 

6.3.2 Effect of pH and osmotic pretreatment on selective product release 

The E,., of each enzyme from Bakers yeast on HPH at 27.6 MPa following a pH or an 

osmotic pretreatment as a function 01 number of passes is shown in Figure 6.8. The 

numOer of passes required to obtained the maximum EM of invertase, a-glucosidase. 

ADH and G6PDH following pH 10 pretreatment with 2 min holding were, 6, 8, 10 and 

10, while 8, 9, 10 and 10 passes were required for the E" following osmotic 

pretreatment using 1 MPa NaGI solution. The enzyme activities obtained following 

pretreatment at pH 10 were increased by 10 % to 50 %, while 5 % to 20 % increase 

in enzyme activities were obtained following osmotlG pretreatment usin ~ 1 MPa NaGI 

solution. When the high pressure homogeniser operating at the same pressure. the 

number of passes to obtain specifiG enzyme maximum release depends on the 

location of the enzyme and the pretreatment been used. 
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Figure 6.6 (a) EN Of each enzyme from Baker's yeast on HPH at 27.6 MPa 
following pH 10 pretreatment with 2 min holding as a function of 
number of passes. (b) EN of each enzyme from Baker's yeast on 
HPH at 27.6 MPa following osmotic pretreatment using 1 MPa 
NaCI solution as a function of number of passes, 

6.3.3 Comparison of single and combined pretreatment on selective product 
release 

The maximum E, of each enzyme from Baker's yeast on HPH at 27.6 MPa following 

different sir.gle or combined pretreatments is presented in Figure 6.9. The EN of each 

enzyme from Baker's yeast on HPH at 27.6 MPa following a combined prelreatment 

is presented as a function of number of passes In Figure 6.10. The condition of each 

combined pretreatment is listed in Table 6,3 The highest E, of each enzyme was 

obtained following heat pretreatment at 5O'"C, combined pretreatment, heat·pH and 

heat-osmotic, lIIhich were similar to heat pretreatment with the maximum temperature 

at 50'"C, Following each combined prelreatment, the maximum EN of G6PDH and 

AHD were about 155 '!o and 140 %, lIIhile 115 % and 135 % were obtained for 

invertase and a-glucosidase activlty_ Hence, combined pretreatment improves 

intracellular enzyme release and has more influence on the cytoplasmic enzyme 

release. Each enzyme released fol lowing 50'"C heat pretreatment was higher than 

other single pretreatments, Hence, the besl single pretreatment for intracellular 

enzyme release 'IS heat pretrealmenl al 50'"C. In Figure 6,10, the profile of EN 

following combined heat-pH pretreatment was similar to Ihe EN followir.g combined 

heat-osmotic pretreatment The number of passes to achieve maximum release of 

Invertase, a-glucosidase, ADH and G6PDH following each combined prelreatment 

were 5, 7 10 and 10, respectively. 

00 
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Figure 5.9 EN of each enzyme from Baker's yeast on HPH at 27.6 MPa for 10 
passes following single or combined pretreatment 
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Figure 6.10 EN of each enzyme from Baker's yeast on HPH at 27,6 following a 

combined pretreatment {{a} heat-pH (b) heat-osmotic)) as a 
function of number of passes 

Table 6,3 Baker's yeast 

5.3.4 The optimal condition of eaCh single and combined pretreatment for 
protein release and selective enzyme release 

The optimal cordilion of each single and combined pretreatment on protein and 

enzyme release is summarised in Tab le 6.4. Following a single or com bined 

pretreatment more passes were required for maximum release of cytop lasmic 
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enzymes release over other enzymes, 

Table 6.4 The optimal condition of each single and combined pretreatment 
Baker's yeast using high pressure homogenisation at 27.6 

Pretreatment Pretreatment condi!i<ms 

I 0 10 

I Ii 10 10 

A: ADH; G: G"'DH. 

6.4 RELEASE RATE KINETICS 

The kinetic rate constant (k) of total soluble profein and each enzyme following single 

or combined pretreatment were calculated using Equation 4.1. Data are listed in 

Tables D.3 of Appendix D. 

6.4.1 Comparison of single pretreatment on release rate kinetics 

The release rate constant k for total soluble protein and the marker enzymes 

obtained on HPH at different operating pressures following heat pretreatment at 40 or 

50"(; is shown in Figure 611. The rate constants following heat pretreatment at 40 

and 5{)"(; were higher than the k obtained for the control at 27.6 MPa. The k 01 

protein and marker enzymes following 40"(; heat prelreatment with minimal holding 

on HPH at 27.6 MPa approached the k obtained for the control disrupted at 41.4 MPa 

while the k values following 50"(; heat pretreatment with minimal holding on HPH at 

27.6 MPa exceeded the control. On comparing soluble protein release following heat 

pretreatment v.ith the control. the k increased by 19 and 1.8 on HPH at 27.5 and 

41.4 MPa. respectively. Varying the holding time of 5{)"(; pretreatment between 

minimal and 5 min on HPH at 41.4 MPa did not have significant influence on k of the 

indicator enzymes. 
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Figure 6.11 Release rate constant, k, of total soluble prOlein and each 

enzyme from Baker's yeast o n HPH at 27.6 o r 41.4 MP~ following 
40 or 500C heat pretreatment w ith minimal or 5 min holding 

The k of total s~uble protein and marker enzymes on HPH at 27.6 MPa are 

compared across pretreatments in Figure 6.12 The k of total soluble protein and 

each enzyme following heat pretreatment at 40 and 50'C were higher than the k 

obtained following other pretreatments. No significanl increase in the k of total 

s~uble protein, invertase and ADH fo llowir.g osmotic pretreatment was obtained 

compared to the k on control on HPH at 27.6 MPa, while 1h€ k of a-glucosidase and 

G6PDH were increased aOOLit 30 % and 50 %, The k for total soluble protein and 

marker enzymes foHowir.g pH pretreatment on HPH at 27.6 MPa increased by 35 % 

to 65 % over the control at 27.6 MPa. oot remained lower than the k values for the 

cootrol at 41.4 MPa. HeI1Ce, pH pretreatment showed an enhancement at product 

release rate, however it did not perform as well as heat pretreatment 
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Figure 6.12 COmpariSOn of release rate constant, k, of total soluble protein 
and indicator enzyme from Baker's yeast aCrOSS single 
pretreatments following HPH at 27.6 MPa 

6.4.2 Comparison of combined pretreatment on release rate kinetics 

Comparison of the rate constants of single heat pretreatment or combinEid 

pretreatment HPH at 27.6 MPa is shown in Figure 6.t3. The k of total soluble protein 

and marker enzymes following each combined prEltreatment were higher than the 

single 4ll'C heat pretreatment Following combined heat"pH (X'e trElatment on HPH at 
. . , 

27.6 MPa. the k of total soluble protein (037 pass ). Invertase (0.39 pass' ) and 

G5PDH (0.31 pass-') were higher than the k following combined heat-osmotic 

pretreatment. The k of a-glucosidase (ll.31 pass') and ADH (0.28 pass") were 

similar to the k following combined heat-osmotic pretreatment. The k of total soluble 

protein, inver1ase. a-glucosidaw. ADH and G6PDH following combined heat-osmotic 

pretreatment were 0.34, 0,35, ll.32, 0.27 and ll.28 pass 1 respectively, However, k of 

the combined pretrElatment al 40"(; remained lower than the single 5O'C heat 

pretreatment, The number of passes required lor maximum protein and enzyme 

release foliowinQ heat and combined pretreatment are shown in Table 6.4 
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Figure 6.13 Release rate constant, k, of total soluble protein and each 
enzyme from Baker's yeast on HPH at 27.6 follo ..... lng single heat 
pretreatment or combined pretreatment 

6.4.3 Comparison of single and combined pretreatment on extent of release 

The extenl of release (R;.iRml of total soluble protein and marker enzymes from 

Baker's yeast on HPH at 27.6 MPa following single or combined pretreatment is 

presented in Figure 614. The R/R~ of total sou ble protein artd marker enzymes 

following osmotic pretreatment varied between 0.7 am 0,9, while the RiR~ following 

other pretreatmerts varied between from (l.9S artd 1.05. The maximum total soluble 

protein and enzyme release following Doth combined pretreatments and SO'C were 

approached or higher than the R", obtained on HPH at 690 MPa without 

pretreatment. Hence, it is noted that while the efficiency of heat pretreatment 

approaches that of combined pretreatmerts in terms of extent of release, the rate of 

release was enhanced by the combined pretreatments refative to the single 

pretreatments, This il turn implies that the number of passes through the 

homogeniser is reduced 
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Figure 6.14 R,/R", of total soluble protein and each enzyme from Baker's 
yeast on HPH at 27.6 following single or combined pretreatment 

6.5 SIZE ANALYSIS 

Due to the relatkmship between cell size and the ease of solidiliquid separation the 

size of Baker's yeast before and after disruption was considered. The si ~e of Baker's 

yeast was measured by light microscopy and the Malvern size analyser. The data are 

presented in Tables D.4 of Appendix D. Light micrographs of disrupted Baker's yeast 

suspensions on HP H as a function of operating pressure and nlITlber of passes are 

presented In Figure 6.15 These were taken by phase contrast microscopy under 

100 x object ive mag nification. The in tact cells are sh<Jwn in FigUfe 615a. The cell 

breakage presented in Figure 6. 15b was obtained on HPH at 69.0 MPa for 5 passes, 

under which conditions R approaches R", am micronisation occurred. In Figure 61Se 

and 6 15d, it is seen that the extent of breakage increased with increased number of 

passes. h<Jwever intact cells were sti ll present in the control following HPH at 

27.6 MPa for 10 passes. The micronisation increased with number of passes and 

increasing pressure. Under the conditions 0/ Figure 6. 15e and 6. 15f, protein release 

approached that of complete breakage was Obtained. whi le m'K:rOllisation was less 

than the complete breakage conditions of 69.0 MPa for 5 passes, shown in Figure 

6. 15. illustrating the micronisatlon induced by mechanical celt disruption could be 

minimised by following a pretreatment. 
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Figure 6.15 of Baker's yeast on HPH ((a) cells, (b) at 
69.0 for 5 passes. (c) at 27.6 MPa for Passes, (d) at 
27.6 MPa for 10 Passes (e) at 27.6 MPa for 10 passes following 
heat-pH pretreatment, (I) at 27.6 MPa for 10 passes following 
heat-osmotic pretreatment). 

Fk;lurc 6.15 shows the particle diameter clistribulion oltilC urx:1isruplcd Baker's yeast 

suspcnsjor'. The diameters below \\!hich obtained under 10 % flrx:1 90 % ollllC lull 

dislribution me soown as D[v, 0.1] aoo O::v. 0.91, w;th valLJes 01 3.9 ~m aoo 8.8 Il'n 

rcspcctive~_ AI the mode diameter of 6.1 ~. more than 19 % was obtained. This 

value was close to the volume mean cliameter D[4.3] of 606 (Jn1 
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Figure 6.15 The particle diameter distribution of undisrupted Baker's yeast, 
measured by laser light scattering 

Tho voiumo mean diamoter (D[4,3]) was used to compare c~l size following 

cGIllbined pretreatment on HPH as functi()/l of number of passes with disruption in 

the absence of pretreatment in Figure 6.17. Prior \Q pretreatment and disruption, the 

yeast 0[4,3] was 6.06 ~m. Afler pretreatment and before disruption, the 0[4,3] of 

combined heat·pH pretreatment and corroined heat-osmotic pretreatment were 5.69 

and 5.67 ~m, respeclively. The 0[4.3] decreased with Increasing number of passes 

for the controls. The 0[4,3] of the cell decreased with increasing operating pressure 

of HPH, from 5.22 ~m at 27.6 MPa through 5.11 ~m at 41.4 MPa to 4.89 ~ at 

69.0 MPa. The 0[4,3] on combined heat·pH prelmatmont on HPH at 27.S MPa varied 

between 5.48 and 5.69 ~m, votlile the D[4,3] following combined heat·osmotic 

pretrealmenl docreased from 5.67 ~m to about 5.3 ~m. The minimum 0 [4,3] obtained 

foklwing combined pretreatments were greater than the size obtaned ()/l the control 

at 27.6 MPa. The mean diameters of the cell debris were also measured by tho light 

microSCOPY: 10 random cell debris in different sizes were measured. The light 

microscGpY shows 3 diametors. mean diameter, minimum circular diameter and 

maximum circular diameter. Oata are il lustrated in Table 6.5 and compared with the 

msults obtained ()/l the Malvern size analyser. The mean diameters oblained by bolh 

melhods wore similar. The diameters of small debris (D[vO.t]) obtained ()/l HPH at 

27.6 MPa following combined pretreatments were bigger than the c()/ltrol (27.6 MPa). 

The mean diamoter of cell debris decreased with increasing Gperating pressure. The 

ease of solid/liquid separation can be improved by combined pretreatment. The 

micr()/lisation induced by mechanical cell disruption could be minimised by following 

a pretreatment. 
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Figure 6.16 Volume mean diameter (0[4,3]) of Bakers' yeast uSing Malvern sile 
analyser on HPH at 27.6 MPa following each combined 
pretreatment compared witll tile controls as function of number of 
passes. Tile dash line shows the size of undisrupted cells. 

_TT"bbl"'"';."_~T~h~';';~~~I'~,;';:;,':"',,~d:~"~:':":~~bulion obtained on HPH using microscopy 
c I I 

6.6 CONCLUSIONS 

The total soluble protein r~ease from Baker's yeast increased with increasing 

maximum temperature of pretreatment from 40 to 50"C, No significant change in total 

soluble prote in release was obtained on varying the holding time of the 5O"C heat 

pretreatment between minimal and 5 min, The profiles of total soluble protein rel ease 

obtained on HPH at 27.6 MPa following heat pretreatment at 40 and 50"C were 

similar to the control at 41,~ MPa, while the protiles of total soluble protein release 

obtained on HPH at 41,4 MPa following heat pretreatment at 5O"C with minimal or 

5 min holding approached the control at 690 MPa. To achieve the same amount of 

tota l soluble protein r~ease at same operating pressure, the energy requirement was 

decreased following heat pretreatment at 40 and 50 "C. The Rm obtained at 69 MPa 

could be obtained on HPH at a low operating pressure following heat pretreatment at 
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40 and 50CC, but not in the absence of pretreatment. However, the lowest energy 

requirement for disruption using HPH was reported at the highest pressure of 

69.0 MPa used owing to the reduced number of passes. The ability to further improve 

energy efficiency by combining heat pretreatment with HPH at this pressure remains 

to be investigated. 

An energy saving on HPH at a constant pressure operation can be achieved 

following pH 10 pretreatment with 2 min holding, however the energy saving was less 

than that on heat pretreatment, while the osmotic pretreatment had the lowest effect 

on protein release compared to the other single pretreatment. The influence of 

combined pretreatments on energy saving were better than all single pretreatments 

at same maximum temperature, maximum pH or maximum osmotic pressure; 

however, the impact of the combination was small compared to the heat pretreatment 

at 40CC, and was less than heat pretreatment at 50CC. 

The heat pretreatment enhanced the relative release of cytoplasmic enzymes more 

than periplasmic and cell wall associated enzyme release. The EN of the marker 

enzymes did not change when the maximum temperature and the holding time of 

heat pretreatment varied from 40 to 50CC and minimal to 5 min. The pH and osmotic 

pretreatment had less effect on the EN than the heat pretreatment. The EN obtained 

on combined pretreatments (pH 10, 40CC or 1 MPa, 40CC) approached that of heat 

pretreatment at 50 CC and exceeded any single pretreatment. 

The optimal condition of each single and combined pretreatment for protein and 

enzyme release was concluded in Table 6.5. The number of passes required for 

maximum release of protein and marker enzymes decreased following single or 

combined pretreatments, while the best results were obtained on HPH following 

combined pretreatments. 

The highest release rate constants were obtained on HPH following heat 

pretreatment at 50CC. The k for combined pretreatments were higher than all single 

pretreatment at same maximum temperature, maximum pH or maximum osmotic 

pressure, while no significant increase in the k of total soluble protein, invertase and 

ADH following osmotic pretreatment was obtained compared to the control at same 

operating pressure. The R/Am obtained following single and combined pretreatment 

were quite similar except the R/Am obtained following osmotic pretreatment, which 

was unchanged from the control. 

100 
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The sizes of Baker's yeast and cell debris were measured by light microscopy and 

the Malvern size analyzer. The indicators of the distribution obtained using both 

methods were quite similar. These decreased with increasing in the number of 

passes. Complete breakage was obtained on the control at 69.0 MPa for 5 passes 

and on HPH at 27.6 MPa for 10 passes following combined heat-pH pretreatment 

and combined heat-osmotic pretreatment. The diameters of small debris obtained on 

HPH at 27.6 MPa follOWing combined pretreatments were bigger than the control at 

same operating pressure. The micronisation induced by mechanical cell disruption 

was minimised. 

101 
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Chapter 7 

Effect of Pretreatment on Kluyveromyces lactis 

Disruption 

7.1 INTRODUCTION 

The influence of the single and combined pretreatment on energy efficiency and 

selective product release from Kluyveromyces lactis using high pressure 

homogenisation (HPH) is demonstrated in this chapter. The conditions of single and 

combined pretreatments are listed in Tables 3.3 to 3.6, respectively. The ease of 

disruption and selective product release were measured by release of total soluble 

protein and marker enzymes. The micronisation of disruption were also considered 

and determined by size analysis. 

7.2 DISRUPTION OF KLUYVEROMYCES LACTIS USING HPH WITHOUT 
PRETREATMENT 

The experiments using the high pressure homogenisation for mechanical cell 

disruption of Kluyveromyces lactis are defined in Table 7.1. All experiments were 

performed using a 300 ml yeast suspension with a 1.5 % (dry weight) cell 

concentration. The effect of operating pressure on total soluble protein release was 

investigated by disrupting the yeast suspension at three operating pressures: 27.6, 

41.4 and 69.0 MPa. A cooling coil was used to maintain the suspension at 20CC to 

avoid the protein denaturation. 

Table 7.1 Experimental conditions for HPH using 1.5 % cell concentration 
(dry weight) of K. lactls 

Microorganism Pressure (MPa) No. of Passes Protein and enzymes measured 
27.6 Total soluble protein 

Kfuyveromyces 41.4 10 Total soluble protein, Invertase, factis ADH, G6PDH and !3-galactosldase 69.0 

102 
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The total protein release as a lunctioo of number of passes under different operating 

pressures without pretreatment is presented in Figure 7.t Data are shown in Table 

E,I of Appendix E. Increasing operating pressure reduced the number 01 passes 

required to reach maximum total soluble prote in re lease while increasing the extent 

of release. The maximum protein release (R;) obtained at 276 MPa was 226 mgig 

lollow'ng 10 passes. A sjmilar total soluble prote in release was obtained on 5 passes 

at 41.4 MPa and 2 passes at 69.0 MPa, The Ii; increased to 365 mgig on 9 passes at 

41.4 MPa. The total soluble protein release obtained for 7 passes at 69,0 MPa was 

431 mgig. This was used as the maximum protein release (Rm) for the calculation of 

the kinetic rate constant Therefore, the total protein release was influenced by both 

operating pressure and number 01 passes, synergisticall y, 

Figure 7.1 

~,of P M " OS 

___ Oor<,~ {at 27,6 l-h., .... Pl"o!, • .tr=t I 

~ 0:<1"~ :a t 41.4 w.., ' 0 Pl"o!,. otrre<t I 

__ 0:<1"~ :,t 69.Q Id':!. r.o Pl"oI,oot""" I 

Total soluble protein release from K. lactis by HPH at different 
operating pressure without pretreatment as a function of number 
of passes. 

The marke' enzyme release by HPH at different operating pressure as a function of 

number of passes is shown 'm Figure 7.2, Data are presented in Tables E,2 01 

Appendix E Increasing operating pressure reduced the number of passes required to 

reach the maxinum enzyme release while increasing the extent of release. The 

maximum invertase, ADH, G6PDH and I} -galactosidase obtained on HPH at 

41.4 MPa for 8, 10, 10, 10 passes were 3,14 Xl0\ 6.21 Xl0' , 17,1 and 

459 XIO' Uig, respact'rvely, The maximum invertase (cell wall associated enzyme) 

release was achieved by HPH at 69,0 MPa for 6 passes, while cytopiasmic enzymes 

required 9 passes to reach the maximum enzyme release, The maximum enzyme 

release (R,n) 01 invertase, ADH, G6PDH and I} -galactosidase were 3.74 XIO", 

7,70 Xl0' , 20.9 and 5.82 XIO' Uig, respectively Hence, the ease of enzyme release 

is a function of location 01 enzyme. 
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'" Ib) 

~ • 0 

L 
, , · -_0 · , , t • 0 ,-0 

0 , • • • " " 0 • , • • W 

(c) (d ) 
(a) Invertase, (b) ADH, (c) G6PDH and (d) ~ -galactosidase from K. 
lactis by HPH at different operating pressure without pretreatment 
as a function of number of passes. 

The e)(\ent of disruption ( R/R~ ) for total soluble protein and different enzymes from K. 

lactis by HPH as a function of operating pressure is presented in Figure 7.3. 

Increasing the operating pressure increased the R/R~ . The R/R~ of invertase 

obtained at 41 .4 MPa was 0.86, While the RJR", of total soluble protein. ADH, G6PDH 

and I> ·galactosidase were 090. 0.81, 0.83 and 0.80. respecti vely, Hence. the ease 

of enzyme release depended On the location of the enzyme: ce ll wall associated 

(invertase) > total soluble protein > cytoplasmic enzyme (ADH. G6PDH and 1>­
galactosidase) 
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Figure 7.3 R/Rm of tot~1 soluble protein and different enzymes from K. lacUs 
by HPH as a function of operating pressure 

The first order kinetic rate constants (k) of release of total soluble protein aOO marker 

enzymes were determined using Equation 4.1. Table 7.2 illustrates the k obtained 

from K. lactis by high pressure homagenisation at different operating pressure, The 

kinetic rate constant (k) of total soluble protein obtained by high pressure 

homogenisation iocreased from 0.08 pass 'at 27.6 MPa through 0.21 pass" at 

41 .4 MPa to 0.37 pass" at 69.0 MPa. The k of each enzyme listed in Table 7.2 

demonstrates increased k with the increasing pressure. The value of k for cell wall 

associated enzyme (Invertase) is higher than for cytoplasmic enzymes (ADH 

G6PDH and 13 -galactosidase), illustrating the cell wall associated enzymes releas.ed 

more rapidly than the cytoplasmic enzymes. Through the correlation, R', the quality 

of the fit of first order disruptl{ln kinetics is assessed. The release sequence of total 

&aluble protein and different enzymes are ce ll wa ll associated enzyme,. total so luble 

protein,. cytopla&mic enzyme. This is in agreement with Torner and Ase~o (1991), 

Melendres et al. (1993) and Balasundaram and Pandit (2001). The dependence of k 

on number of passes and operating pressure has been related through Equation 4.2. 

The pressure exponent (a) of total soluble protein from K. lactis was determined by 

linearising Equation 4.2. On plotting In k as a function of In P, as shown in Figure 7.4, 

the slope of (a) was determined as 1.71. The goodness of fit is quantified by the 

correlation coeffiCient R2 of 09542. 

Table 7.2a Kinetic rate const~nt Of tota l soluble protein release f rom K. 
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Pressure 
(MPa) 

41.4 
69.0 

Figure 7.4 
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release from K. 

0 , , 0 , , 
, 

I • • , 

"' 
Pressure exponent of total soluble protein from K. lactis by HPH 
determined as the slope of the releationship between In(k) and 
In(P) 

7.3 EFFECT OF SINGLE AND COMBINED PRETREATMENT ON PROTEIN 
RELEASE FROM K. LACTlS 

To assess the impact of heat pretreatment. the temperature of K. lactis was 

increased to 40 or 50"C by heat exchange before returning to room temperature and 

subsequent disruption by HPH at 27.6 and 41.4 MPa. The total protein from K. lactis 

as a functKln of number of passes on HPH follov.;ng a heat pretreatment is shown in 

Figure 7.5. Data are presented in Table E.3 of Appendix E. The maximum total 

soluble protein release increased with the increase in temperature of heat 

pretreatment from 365 mglg in the absence of pretreatment to 415 mg/g at 40"C and 

422 mg/g at SO"C. following HPH at 41.4 MPa. This approached the Rm of 431 mg/g 

and presented about a 14 % increase compared with the control at 41.4 MPa. To 

reach the ma><imum protein release following heat pretreatment with different 

maximum temperatures. 8 passes were required . The maximum total soluble protein 

release on HPH at 27.6 MPa follOwing 50"C heat pretreatment for 1 0 passes 

(287 mg/gl represented presented a 27 % increasing compared with the control at 

27,6 MPa. However. it remained lower than the maximum protein release on HPH at 

41.4 MPa wi thout pretreatment (349 mg/gl_ Hence, heat pretreatment with maximum 

temperature between 40 and 50"(; decreases the energy requirement of K. laclis 

disruption at the same pressure, 
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Total soluble protein release form K. lactis on HPH III 27.6 and 
41.4 MPa following 40 and 500C helll pretreatment as a function 
of number of passes. Holding lime was minimised. 

The total soluble protein release from K. lac/is on HPH following a single 

pretreatment as a function of numlJer of passes is presented in Figure 7.6. The 

conditions of each single pretreatment are listed in Table 7.3, To reach the maximum 

protein release follewing pH and esmotic pretreatment 9 passes were required . The 

maximum protein release follewing pH and esmotic pretreatment were 393 and 

380 mgig at 41.4 MPa, presenting 8 % and 4 % increase compared to the control, 

while a 14 % increase in maximum pretein releaso was obtained fellowing heat 

pretreatment. Hence, energy saving on disruption of K. lactis using high prossure 

homogenisation can be achieved following pretreatmentlhrough heat. pH or osmotic 

shock, The total prote in release following heat pretreatment was higher and more 

rapid than the protein releaso following pH and osmotic pretreatment. 

, , "'J 

§ 
"'Xl ,-• • , ,. 1 r<J 

i , 
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, , , , • w 
No. of p . .. es 
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Figure 7.6 Total soluble protein release form K. lactis on HPH at 41.4 MPa 
following heat. pH and osmotic pretreatment as a function of 
number of passes. Holding time WIlS minimised. 
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Table 7.3 The condition of each single pretreatment on K. laetls using high 
ressure homo enisation 

Pretre~tment 

Heat 
H 

Osmotic 

Conditions 
Heat excha er, maximum tem rature: 40"C without holdin 
Na CO 0.51.1 ma.imlXl1 H: to with 2 min holdi 
NaCl t MPa , minimal h<>di 

Pressure 

4t.4MPa 

The combined pretreatment was induced by diluting the K. lactis suspension using a 

pre-warmed pH or osmolic buffer. On dilution. the temperature was shifted to 40'C 

while the pH Or osmotic pressure was shifted to pH 10 or 1 MPa. The holding time of 

combined pretreatment was minimised. The total solubie protein release from K. 

lactis as a function of number of passes on HPH at 41.4 MPa following a combined 

pretreatment is shown in Figure 7.7. The maximum protein release achieved on HPH 

at 41.4 MPa following combined heat·pH and combined heat·osmot ic pretreatments 

were 419 and 417 mglg. representing a 15 % increase compared to the control. Only 

1 % increase was obtained on total soluble protein release following combined 

pretreatments compared with single heat pretreatment. This may relate to the major 

impact of combined pretreatment on protein release was induced by heat. Hence. 

combined pretreatments have more effect on decreasing the energy requirement of 

mechanical cell disruption than pH and osmotic pretreatments. However, the 

increase over the heat pretreatment only s small. 

Figure 7.7 
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----lIO- 4{1 \: 1-»,. p'.I, ... t '''' ·~ (0' .1.' M'o) 

Total soluble protein release from K. laclis by high pressure 
homogeniser at 41.4 MPa following 400C heat pretreatment or 
combined pretreatment as a function of number of passes. 

The effect of each pretreatment on energy saving was considered. The energy 

calculation for heating has been related through Equation 5.1. Tho comparison of the 

energy input required for each pretreatment and the controls are illustrated in Table 

7.4. It is seen that. more energy was required on HPH at 27.5 MPa following 50'C 

heat pretreatment than the control. The energy saving was obtained on the HPH at 
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41.4 MPa following a single or a combined pretreatment. Osmotic and pH 

pretreatments were less efficient than heat pretreatment. owing to the slight increase 

in energy requirement and the extra cost of the buffer The combined pretreatments 

had no advantage on total protein release and energy 5aving to single heat 

pretreatment at same maximum temperature. The maximum total wluble protein 

relea5e obtained on HPH at 41.4 MPa following 50'(: heat pretreatment approached 

to the R~ obtained on HPH at 69.0 MPa for 8 pa85eS, while the energy requirement 

for them were similar. Hence, each pretreatment decreases the energy requirement 

of K, lactis disruption, The heat pretreatment is more efficient than pH or osmotic 

pretreatment. 

Table 7.4 efficiency of total soluble 

Pressure 

27.6 IAPa , 
Pressure Passes 

" '" "" 000 

, 
"" eo, 000 

41.4MPa " '" "N 0.87 

41.4MPa 0 "" "N 0.93 

41.4MPa W m "" L~ 

7.4 EFFECT OF SINGLE AND COMBINED PRETREATMENT ON SELECTIVE 
PRODUCT RELEASE 

Selective prodLJCt release was analysed by relative enzyme release. The normalised 

enlyme release (EN) r~ated to the maximum enzyme release was calculated by 

Equation 7.1. 

E. _ Enzyme release 

Enzyme release in control (at 41 .4 M Paj 
EqUation 7,1 

The EN of each marker enlyme from K. lac/is on HPH following f:"'etreatment at 40 

and 5O'C and 10 passes through the homogeniser at 41.4 MPa is presented in 
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Figure 7.8 The E,; of different enzymes from K. lactls on HPH at 4t.4 MPa following 

different single pretreatments as function of number of passes is presented in Figure 

7.9. Data of each enzyme release are listed in Table E.4 of Appendix E. 

Figure 7.S 

j , 
• ow. , 
> -. • • .~ • ,~ • ~ 

I<,.. nos. ~"g" . 

• 40 "C 11 • • 1 ",e lre . l"" n! • W'G 1_ p<ot' OO1rnllnt 

Maximum EN of different enzymes from K. lactis by high pressure 
homogenlser for 10 passes at 41.4 MPa following each single 
pretreatment. 
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Figure 7.9 EN of different enzyme from K. lactis by high pressure 

homogeniser at 41.4 MPa following (a) 40"C heat pretreatment, (b) 
50"C pretreatment, (c) pH pretreatment and (d) osmotic 
pretreatment as function of number of passes. 
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The EN of each marker en~yme obtained on HPH following heat pretreatment at 40 or 

50"(; were similar. An 18 % increase of the ~ of ADH and r> -galactosidase was 

obtained following heat pretreatment, whi~ a 12% increase was demonslrated for 

invertase and G6PDH. To reach the maximum EN of invertase, ADH and G6PDH and 

r> ·galactosidase on HPH at 41.4 MPa following heat pretreatment at either 40 or 

50"(;, 8, 10, 10 and 10 passes were required , respective ly. An increase of some 10% 

in EN of invertase and G6PDH was obtained following pH pretreatment, While that of 

ADH and r> ·galactosidase re lease irx;reasocf by 15 % increase Osmotic 

pretreatment did not affect the EN of marker enzymes significantly To reach the 

maximum E.. of invertas e, ADH and G6PDH and r> ·galactosidase following pH or 

osmotic pretreatmer(. 8. 10. 10 and 10 passes were required. 

The E, of different enzyroos from K. lactis on HPH at 41.4 MPa following dHferent 

combined pretreatments as function of number of passes are presented 'Ill Figure 

7.10. To achieve the maximum EN of invertase, ADH, G6PDH arld r> -galactosidase 

following combined pretreatments with heat, 8. 10. 10 and 10 passes were required 

re spectively. 

,~. • 12(1',. • • • 
~ 

,= • 100"' ... 
~ 

! -. 1 
9(J")'. _ 

• ~. • 9(J")'. : • • • • • M . • ,fI');; ! 

! 20'>'0 . • 20% ; 
• • • ~. • 0% • 0 , • • • w • z z 0 , • • • 

L 
No. of p ..... 
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i ---+--- G6IU-I -- ~\jOI. 
~- ----K- I\-g.'ll 

( ,) 
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Figure 7.10 EN of enzyme release from K. /actis by high pressure 
homogeniser at 41.4 MPa as function of number of passes 
following (a) combined heat-pH pretreatment and (b) combined 
heat-osmotic pretreatment. Holding time was minimised. 

To compare the influence of enzyme release across different s'ngle and combined 

pretreatments, the maximum EN of the marker enzymes following pretreatment are 

shown in Figure 7.11 

,n 
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Inwrtu. 

• 40'C he~t ,..etr. "'rrenI 
Ol p<i pratra~'=t 
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~·gol . 

• ~O'; " .. ~I ",,,reolr",,,,! 
[] Os=t" prelre"''''''''t 
• G:l rrbine~ He",-Oormic 

Figure 7.11 Maximum EN of enzyme release from K. lactis all high pressure 
homogenisation at 41.4 MPa following Sil1gle or combined 
pretreatments 

From Figure 7.11. it is seen that a 2 % increase on invertase release was obtained 

following osmotic pretreatment. while about 10 % increase of invertase activi ty WaS 

obta ln€d following other single or combined pretreatments. The maximum Er< of ADH 

(120 %). G6PDH (116 %) and ~ -galactosidase (119 %J were obtained following 40"C 

heat pretreatment and combined pretreatments. These had similar effect on enzymes 

release. Hence, combined pretreatment was not advantageous over heat 

pretreatment with respect to Q. 

7.5 RELEASE RATE KINETICS 

The first order kinetic rate constant (k) ot total soluble protein followillg single or 

combined pretreatment were calculated using Equation 4.1. The k of 100al soluble 

protein and marker enzymes release from K. factis on HPH at 41.4 MPa following 

pretreatment is presented in Figure 7.12. Data are listed in Table E.5 of Appendix E, 

The single and combined pretreatment did not affect the sequence of release on 

HPH at 41.4 MPa: cell wall associate enzYITl€ (invertase) > total soluble protein> 

cytoplasmic enzyme (ADH, G6PDH and il -galactosidase).On HPH at 41.4 MPa. the 

maximum k of total soluble prolein WaS obtained 100Iowing heat pretreatment at 50"C 

(0.29 pass" ), representing a 40 % increase over the k 01 total soluble prote'ln 

obtained by the control. When the maximum temperature decreased to 40"C, the k of 

total solubie protein decreased to 0.26 pass". The k following combined heat-pH and 

combined heat-osmotic pretreatment at 40«; were both 0,28 pass", The k of total 

solubie protein release following pH and osmotic pretreatment were 0.25 and 

0,23 pass", which representing a 20 % and 10 % increase over the control, 

respectively For invertase, the largest k of 036 pass" was obtained following 50'C 
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heat pretreatment compared to 0,31 pass" on pretraa tment at 40'1.:::. The k of 

invertase was 0.28 pass' on pH pretreatment and 0.25 pass" on osmotic 

pretreatment On combined heat-pH and combined heat-osmotic pretreatments, the 

rate constant was 0.34 pass" and 0,33 pass" , respectively. The heat pretreatments 

and combined pretmatments had simi lar influence on the k of cytoplasmic enzymes 

varying between 0,20 to 0.23 pass", while a k of 0.18to 0,20 pass" was obtained on 

pH arld osmotic pretreatment 

c 
• • M 
• , ,; , 
~ 

" • • " • 0.' , 
• , 0 
• protoin , Invert""e ~.g.1. 

" O,~~" ••• ,~ ... ~""",",,C" ~"'" - - OC. 40'C flo", PI""'roa'rrl'" 
• 5O'C r ..... 1 pr e!r""I_1 o:l pli priOro.,"",n, 
[] o,n>lic pr "'-r""l'nW'! C Cootlin" j (I ~,.pH) 
• O"n/Jined iH"'~·Osrmt~i 

Figure 7.12 Kinetic rate constant (k) of total soluble protein and enzyme 
release from K. lactis by high pressure homogeniser at 41.4 MPa 
f ollowing pret reatment. 

The extent of release (R/ R,.,) of total soluble protein arld marker enzymes on HPH at 

41.4 MPa fol lowing different pretreatments is shown in Figure 7. t 3 The R; of total 

soluble protein and marker enzymes on HPH at 41.4 MPa follow ing combined 

pretreatments and heat pretreatment wi th maximum temperature between 40 arld 

50'1.::: were approached to the maximum release (Rm). These represented 12 % 

increase in total soluble protein release compared to the control at 41.4 MPa. The 

R/ R", of total soluble protein on HPH at 4 t.4 MPa following pH and osmotic 

pretreatments were 0.93 and 0.89, respectively. The R/RM of 'illvertase on HPH at 

41.4 MPa following pH pretreatment was 0.99, while 91 % invertase was released 

following osmotic pratreatment The F\/Rm of invertase on HPH at 41.4 MPa following 

heat and combined pretreatment were approached to 1 About 95 % of ADH and 13-
galactosidase were released oh HPH at 41.4 MPa following heat and combined 

pretreatments, lIIhile the R/R~ of G6PDH on HPH at 41.4 MPa following pH and 

osmotic pretreatment were 0.90 and 0.86, respectively. The RiRm of ADH, G6PDH 

and !)-galactosidase on HPH at 4 t .4 MPa fol lowing pH and osmitc pre treatment 

were varying between 0.8 and 0.9. 
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Figure 7.13 Extent of release (R,IR .. ) of total soluble protein and marker 
enzymes from K. laclis on HPH at 41.4 MPa following 
pretreatment. 

7.6 SIZE ANALYStS 

Micrographs taken under the Ight microswpe with phase cOIltrast optics et 100 x 

objective magnificetion ere presented in Figure 7.14 for the disruption of K. lactls on 

HPH. In Figure 7,15, it is seen that most 01 the cells were disrupted on HPH at 

41.4 MPe for 10 passes follow;ng a combined pretreatment, while micronisation was 

less than the wntrol at 41.4 MPa for 10 passes. 

The volume mean diameter (0[4.3]) determined by the Malvern size analyser 

following combined pretreatment on HPH as function of number of passes compared 

with the cOlltrols is presented in Figure 7,15. Data are shown in Tabie E.6 of 

Appendix E. The 0\4.3] of cells before disruption was 360 nm, and decreased with 

the numOer" of passes increasing, The D[4,3J obta ined on HPH for 10 passes 

decreased with increasing operating pressure from 3.32 ~m at 276 MPa through 

2.91 t-JfTl at 41.4 MPa to 2.90 IJITl at 69.0 MPa, The 0[4,3[ obtained on HPH at 

41.4 MPa lor 10 passes following combined heat-pH pretreatment and wmbined 

heat-osmotic pretreatment were 3.38 and 3,29 nm. respectively. which were similar to 

the control at 276 MPa. The mean diameters of K. lac/is measured the light 

microscopy and the Malvern size anelyser ere shown in Table 7.5. The results 

obtained on both methods were quite ~milar. The diameters of small delxis (D[v,0.1]) 

obtained fol klwing wmbined pretreatments were bigger than the wntrols at 

41.4 MPa. Hence, the wmbined pretreatment can improve the solid/liquid separation, 

while the micronisation induced by HPH is minimised. 

'" 
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Figtlre7.14 Micrograph of K. lactis on HPH (a) at41.4 MPa 10' 10 passes (b) 
al 41.4 MP~ for 10 paSlu fOllowing heat-pH prel fealment, (e ) at 
41 .4 MPa for 10 passes tOIlGWlng heat-osmotic prel realmen!). 
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Figure 7.1S Volume mean diameter (0'14,31) 01 K. lact/s uslng Malvern size 
analy!i(" on HPH al 41.4 MPa !ollGWing each combined 
preh~a1menl compa,ed wilh U10e conl'oIs as lunctlon 01 " umber of 
passes. The dash line shows the size o f undisrupted cells. 
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Table 7.5 The mean diameters of K. lactls measured by the microscopy and 
h M I I I t e a vern s ze analyser 

Microscopy :lIm) Malvem (11m) 
Mean Min Max D[4.3] D[¥O.1] D[¥O.9] 

Undisrupted 4.33 3.65 7.76 3.60 3.78 8.70 
Control (41.4MPa.10passes 3.46 1.44 4.71 2.91 2.05 3.82 
Control (69.0MPa. 10 2.79 1.06 3.22 2.71 1.93 3.51 
Heat-pH (41.4MPa.10 4.26 2.15 5.48 3.38 2.25 4.76 

Heat-osmotlc (41.4MPa. 10passes) 4.29 2.04 5.29 3.29 2.12 5.16 

7.7 CONCLUSIONS 

The maximum extent of total soluble protein and enzyme release and the first order 

kinetic rate constant obtained on high pressure homogenisation of Kluyveromyces 

lactis increased with increase in operating pressure and number of passes, 

synergistically, The release sequence of total soluble protein and marker enzymes 

was: cell wall associated enzyme> total soluble protein> cytoplasmic enzyme. To 

achieve equivalent total soluble protein release from Kluyveromyces lactis using high 

pressure homogenisation, the number of passes was decreased following a single or 

combined pretreatment compared to the control at same operating pressure. As with 

disruption of Baker's yeast, more passes were required for equivalent release of 

cytoplasmiC enzymes. 

The heat pretreatment at 40 or 50'C and combined pretreatment with heating to 

40'C had similar effect on the disruption of Kluyveromyces laclis. The maximum total 

soluble protein and enzyme release obtained on HPH at 41.4 MPa following one of 

these pretreatments approached the Rm obtained at 69.0 MPa in the absence of 

pretreatment. The pH pretreatment was less effective than heat and combined 

pretreatment. No significant increase in total soluble protein and enzyme release was 

obtained on HPH following osmotic pretreatment compared to the control. Less 

energy input was required for equivalent release on HPH at the same pressure 

following heat pretreatment or combined pretreatment compared to other 

pretreatment. However, the chemical cost implies heat pretreatment alone is 

preferred; The decrease in energy requirement was obtained on HPH following the 

pH and osmotic pretreatment, although they were less efficient than other 

pretreatments. 

Improvement in both the rate and extent of protein release on HPH following single 

and combined pretreatment was obtained. The maximum first order kinetic rate 

116 
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constant (k) and extent of release (R/Rm) were obtained on HPH following heat 

pretreatment at 50 ce. The k and (R/Rm) for combined pretreatments were higher 

single pretreatments at same temperature, pH and osmotic pressure, however, the 

advantage compared to single heat pretreatment at 40ce was small. The degree of 

micronisation was reduced following a combined pretreatment. This was confirmed 

by Malvern size analysis and microscopy. This further confirmed that micronisation is 

an effect of cell disruption and not a requirement to achieve adequate disruption. 

117 
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Chapter 8 

Conclusions and Recommendations 

8.1 CONCLUSIONS 

The effect of pretreatment on energy efficiency of microbial cell disruption and 

selective product release was investigated in this study. Two model systems were 

used: Saccharomyces cerevisiae and Kluyveromyces lactis. The pretreatments were 

chosen, using knowledge from literature, for their ability to weaken the yeast cell wall 

rather than to permeabilise the cell. Subsequent to pretreatment, cell disruption was 

carried out by ultrasonication or high pressure homogenisation. The protein and 

enzyme analyses were used to measure cell disruption and selective product release. 

The degree of micronisation of cell debris on high pressure homogenisation following 

a combined pretreatment was analysed by the Malvern size analyzer and light 

microscopy. 

The key Hndings of the effect of single pretreatments on protein and enzyme release 

from Baker's yeast were studied on a small scale using ultrasound. These are 

detailed below. 

Heat pretreatment: 

No significant difference in total soluble protein release following ultrasonication was 

obtained when comparing heat pretreatment in the heat exchanger at a maximum 

heating rate with heat pretreatment by dilution for the same maximum temperature. 

The total soluble protein release increased with increasing temperature of 

pretreatment from 40 to 50CC, and decreased as the temperature exceeded 50CC. 

The latter is assumed to be due to protein denaturation. The optimal pretreatment 

temperatures for invertase, a-glucosidase, ADH and G6PDH release on 

ultrasonication were 40 to 50CC, 40 to 50CC, 40 to 50CC, 45CC and 40 to 52CC, 

respectively. In all cases, the fastest heating rate of 3.5CC/s of 40CC heat 

pretreatment was preferred. Longer sonication times and longer holding time were 

required to maximize release of intracellular enzymes. The maximum kinetic rate 

118 
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Chapter 8: Conclusions and Recommendations 

In summary, efficient cell disruption and selective product release could be achieved 

on mechanical disruption following pretreatment. Pretreatment could be used to 

improve protein and enzyme release from different microorganisms. The 

micronisation induced by mechanical disruption was minimised by pretreatment. Heat 

pretreatment was the most efficient compared to other single pretreatments. 

Combined pretreatment did not have advantage over single heat pretreatment at 

same maximum temperature; however the rate of protein release was enhanced. 

8.2 RECOMMENDATIONS 

Following on from the study reported, the following recommendations are put forward 

for further study: 

While disruption at the same operating pressure following pretreatment was more 

energy efficient than in the absence of pretreatment, the most energy efficient 

disruption occurred at the highest operating pressure of HPH. It is proposed that by 

combining heat pretreatment with high pressure homogenisation at this most extreme 

operating pressure, further improvement of energy efficiency may result and 

complete disruption on a single pass at 69.0 MPa may be achieved. 

Further understanding of the effect of pretreatment on the cell wall structure may 

have potential for optimization of pretreatment and facilitate selection of operating 

conditions for disruption of other microorganisms. 

It is noticed that the extent of soluble protein release is increased by the 

pretreatments. Further study would enable characterisation of the proteins released 

to ascertain whether this is caused by more effective release of soluble proteins or by 

the release of proteins from the wall and membrane fractions. Should the latter occur, 

this may enable improved recovery of such proteins. 
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Appendix A 
Analytical methods 

A.1 Total soluble protein - Bradford's method 

Bradford reagent: 

Appendices 

Dissolve 100 mg of Coomassie Brilliant Blue G-250 in 50ml absolute ethanol. Add 

100 ml of phosphoric acid to this solution. Dilute the resulting solution to a final 

volume of 1 I with distilled water. 

Procedure: 

1. Pipette out 0.1 ml of sample (diluted) into a plastic cuvette (2 ml) 

2. Add 1 ml of Bradford reagent 

3. Incubate for 2-5 min at room temperature (do not stand for longer than 1 hr) 

4. Read the absorbance at 595 nm against a blank (phosphate buffer pH 7) treated 

similar to the sample 

TableA.1 roteln anal sis 
Sample 1 S1andard Coefficient of 

deviation variance % 
16.60 4.80 

Calibration curve for Bradford method for protein analysis 

1. Prepare standard solutions of Bovine Serum Albumin (BSA) in the concentration 

range from 0 mg/ml to 0.1 mg/ml. 

2. Pipette out 0.1 ml of standard BSA solution into a plastic cuvette (2ml) 

3. Add 1 ml of Bradford reagent and wait for 2-5 min 

4. Read the absorbance at 595 nm against a blank 

0.4 

B 0.3 
Ii -e 0.2 
a 
~ 0.1 

y = 3.3459x + 0.0044 
Rl = 0.9939 

o 0.02 0.04 0.06 0.08 0.1 

BSA concentralon (mg/ml) 

Figure A.1 Calibration curve for Bradford method of protein release 
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A.2 Invertase 

DNS reagent: 

Dissolve 150 g of sodium potassium tartrate in 250 ml distilled water. Dissolve 5 g of 

3,5 di-nitrosalicylic acid in 100 ml of 2 M NaOH. Mix the above two solutions and 

dilute to a final volume of 500 ml with distilled water. 

Other reagents: 

0.1 M sodium acetate buffer of pH 5.5 

0.5 M Sucrose in distilled water 

0.2 M Potassium di-hydrogen phosphate (KH2P04) in distilled water 

Procedure: 

1. Pipette out 1 ml of sample (diluted) into a clean test tube 

2. Add 1 ml of 0.1 M acetate buffer of pH 5.5 (0.1 M) 

3. Add 0.5ml of 0.5 M sucrose 

4. Incubate at 55°C for 10 min in a water bath 

5. Add 3 ml of 0.2 M KH2P04 to terminate the reaction 

6. Place the reaction mixture in boiling water bath for 3 min 

7. Pipette out 1 ml of this reaction mixture into another clean test tube 

8. Add 1 ml of DNSA reagent and place in a boiling water bath for 10 min 

9. Add 10ml of distilled water to the above reaction mixture 

10. Read the absorbance at 540 nm against a blank treated similar to the sample 

Calibration curve for glucose estimation by DNS 

Standard 
deviation 

0.24 

Coefficient of 
variance % 

6.08 

1. Prepare standard solutions of glucose over the range (0.01-0.05 mM) 

2. Pipette out 1 ml of standard solution into a clean test tube 

3. Add 1 ml of DNS reagent 

4. Incubate in a boiling water bath for 10 min 

5. Add 10 ml of distilled water 

6. Read the absorbance at 540 nm against a blank treated similar to the sample 
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0.5 

8 0.4 

i 0.3 
-e a 0.2 

~ 0.1 

y = 9.1728x - 0.0022 
Ff .. 0.9974 

O~~--~~--~~~ 

o 0.01 0.02 0.03 0.04 0.05 0.06 

Glucose concentration (m M) 

Figure A.2 Calibration curve for glucose analysis 

A.3 a-glucosldase 

Reagents: 

Appendices 

5 mM p-nitrophenol-a-D-glucoside in 0.05 M sodium phosphate buffer (pH 6.8) 

0.05 M sodium phosphate buffer (pH 6.8) 

0.1 M sodium carbonate (N~COa) solution in distilled water 

Procedure: 

1. Pipette out 100 .,.1 of sample (diluted) into a clean test tube 

2. Add 2 ml solution of 5 mM p-nitrophenol-a-D-glucoside dissolved in phosphate 

buffer of pH 6.8 (0.05 M) 

3. Incubate at 30°C for 1 0 min in a water bath 

........ '" ......... ··4. Remove the test tubes from. the, water bath·and acld·2 ml·of··Q.1 .. M N~C03'as 

stop reagent 

5. Read the absorbance at 410 nm against a blank treated similar to the sample 

Calibration curve for p-nltrophenol 

Standard 
deviation 

0.17 

Coeffldent of 
variance % 

6.72 

1. Prepare standard solution of p-nitrophenol (1-5 M) dissolved in 0.1 M Na2COa 

2. Read the absorbance at 41 0 nm against a blank 
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0.10 Y = 0.0163x - 0.0011 

8 0.08 

Ii 0.06 
i! a 0.04 

~ 0.02 

Ff! =0.9952 

0.00 f----...----.------, 

o 2 4 6 

p-nltrophenol (II) 

Figure A.3 Calibration curve for p-nltrophenol 

A.4 Alcohol dehydrogenase (ADH) 

Reagents: 

0.06 M sodium pyrophosphate buffer (pH 8.5) 

0.1 M Nicotine adenine di-nucleotide (NAD) in distilled water 

0.1 M Ethanol in distilled water 

Procedure: 

1. Pipette out 2.2 ml of distilled water into a quartz cuvette (4 ml) 

2. Add 0.5 ml of 0.06 M pyrophosphate buffer 

3. Add 0.1 ml of 0.1 M ethanol followed by 0.1 ml of 0.1 M NAD 

4. Add 0.1 ml of sample (diluted) 

Appendices 

.. 5.. Place the cuvatte immediately. in . the .. ' spectrophotmeter and record. the 

absorbance at intervals of 15 seconds for 2 min at 340 nm against a blank 

treated similar to the sample 

A.5 Glucose-6-phosphate dehydrogenase (G6PDH) 

Reagents 

249 mM Tris-Hcl buffer (pH 7.6) 

10 mM Glucose-6-phosphate in distilled water 

Standard 
deviation 

0.48 

CoeffiCient of 
variance % 

8.53 

10 mM J3 -Nicotine adenine di-nucleotide phosphate (NADP) in distilled water 

0.1 Magnesium chloride in distilled water 
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Procedure: 

1. Pipette out 1 ml of Tris-HCI buffer (0.249 mM, pH 7.S) into a quartz cuvette (4ml) 

2. Add 0.3 ml of 10 mM glucose-S-phosphate followed by 0.12 ml of 10 mM NADP 

and 0.20 ml of 0.1 M MgCI2 

3. Add 1.38 ml of sample (diluted) 

4. Place the cuvette immediately in the spectrophotmeter and record the 

absorbance at intervals of 15 seconds for 2 minutes at 340nm against a blank 

treated similar to the sample 

TableA.5 Reproducibility of G6PDH analysis 
Sample 1 Sample 2 Sample 3 Average Standard Coefficient of 

(Uta) (Uta) (Uta) (Uta) deviation varlanca (%) 
14.30 14.01 15.51 14.61 0.80 5.54 

A.6 p-galactosldase 

Reagents 

PPB-Mn buffer: add 10M KOH to 50 mM KH2P04 to obtain a final pH S.S and add 

0.1 mM MnCI2 

12 mM o-nitrophenyl-p-D-galactoside (ONPG) dissolved in PPB-Mn buffer 

1 M Na2C03 dissolved in distilled water 

Procedure: 

1. Pipette 50 ml of sample (diluted) a clean test tube 

2. Add 2 ml of ONPG dissolved in PPB-Mn buffer 

3. Incubate at 3rC for 5 minutes in a water bath 

4. Add 0.5 ml of 1 M Na2C03 to terminate the reaction 

5. Read the absorbance at 420 nm against a blank treated similar to the sample 

A5 
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Appendix B 
Cell disruption of Baker's yeast by different mechanical methods 

Raw data for homogenlsation of Baker's yeast without pretreatment 
The tlomogenisation of Baker's yeast (1.5%, dry weight, w/v) was performed at five pressure: 13.8, 27.6, 41.4, 55.2 and 69.0 MPa. The tables 
below present the data obtained for the release of total soluble protein and enzyme release. 

libl B1 a e . Data f t tal I bl or 0 sou ti eI eproenr easeon h I ti f t ted omogen sa on 0 un rea t yeas 
Protein 13.8MPa Protein (mg/g) release at 27.6 MPa Protein (m~ Ig) release at 41.4 MPa 
Passes mg/g exp.1 exp.2 exp.3 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 2.71 2.71 2.93 2.63 2.76 0.16 5.67 2.71 2.86 2.78 0.11 3.91 
1 39.4 82.7 76.0 64.7 74.5 9.09 12.2 141 151 146 7.42 5.08 
2 63.4 147 138 142 142 4.59 3.23 242 250 246 5.40 2.20 
3 85.8 212 215 208 211 3.26 1.54 298 302 300 2.19 0.73 
4 129 254 247 258 253 5.22 2.06 360 354 357 4.30 1.20 
5 152 279 271 274 275 3.93 1.43 398 403 401 3.57 0.89 
6 194 305 314 308 309 4.94 1.60 411 408 409 1.72 0.42 
7 222 335 331 338 335 3.15 0.94 424 418 421 3.77 0.89 
8 254 366 372 360 366 6.25 1.71 438 441 440 2.07 0.47 
9 273 381 391 366 379 12.5 3.29 441 444 442 2.04 0.46 
10 288 387 394 381 388 6.47 1.67 449 448 448 1.12 0.25 
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Protein 55.2 MPa Protein (m, Ig) release at 69.0 MPa 
Passes mg/g exp.1 exp.2 ave. S.D. C.V. 

0 2.71 2.71 3.06 2.88 0.25 8.59 
1 164 183 208 195 17.3 8.84 
2 287 305 349 327 30.8 9.41 
3 387 438 417 428 15.07 3.52 
4 441 465 476 470 7.66 1.63 
5 458 460 478 469 12.8 2.73 

11 bl B 2 a e • a o f I ata or nvertase re ease on h f eel omogenlsatlon 0 untreat yeast 
Invertase 13.8MPa Invertase (U/g x 10'" release at 27.6 MPa 41.4 MPa 55.2 MPa 69.0 MPa 
Passes U/g x 10· exp.1 exp.2 exp.3 ave. S.D. C.V. U/g x 10· U/g x 10" U/g x 10· 

0 0.07 0.07 0.08 0.13 0.09 0.03 33.5 0.07 0.07 0.07 
1 0.66 1.29 1.38 1.41 1.36 0.06 4.73 1.67 2.36 2.72 
2 0.93 1.87 1.93 2.17 1.99 0.16 8.09 2.51 3.53 3.83 
3 1.62 2.56 2.63 2.68 2.62 0.06 2.21 3.29 4.24 4.62 
4 1.94 2.94 2.98 3.05 2.99 0.05 1.82 3.59 4.38 4.59 
5 2.32 3.30 3.33 3.42 3.35 0.06 1.80 4.10 4.53 4.62 
6 2.54 3.52 3.46 3.47 3.49 0.03 0.98 4.24 
7 2.87 3.66 3.68 3.73 3.69 0.03 0.93 4.29 
8 2.98 3.69 3.67 3.76 3.71 0.05 1.33 4.36 
9 3.05 3.80 3.84 3.85 3.83 0.03 0.68 4.41 
10 3.16 3.88 3.95 3.98 3.94 0.05 1.32 4.46 
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11 bl B 2b 0 a e . 'd ata lor a-c UCOSI ase re ease on h omogen satlon of ed untreat yeast 
a-glucosldase 13.8 UPa a-glucosldase release U/g x 10,,) at 27~6 MPa 41.4 MPa 55.2MPa 69.0 UPa 

Passes U/g x 10" exp.1 exp.2 exp.3 ave. S.D. C.V. U/g x 10" U/g x 10" U/a x10" 
0 0.01 0.01 0.01 0.01 0.01 0.00 0.00 1.76 0.01 0.01 
1 0.37 0.56 0.55 0.55 0.58 0.56 0.02 3.02 1.44 1.67 
2 0.62 0.95 0.93 0.97 0.95 0.95 0.02 2.05 2.33 2.78 
3 0.85 1.27 1.26 1.27 1.28 1.27 0.01 0.75 2.92 3.07 
4 1.08 1.61 1.60 1.63 1.59 1.61 0.02 1.05 3.30 3.53 
5 1.23 1.81 1.82 1.79 1.83 1.81 0.02 1.10 3.38 3.62 
6 1.38 2.08 2.08 2.03 2.13 2.08 0.05 2.30 
7 1.54 2.32 2.32 2.30 2.33 2.32 0.02 0.69 
8 1.61 2.36 2.40 2.33 2.37 2.36 0.04 1.49 
9 1.67 2.49 2.48 2.48 2.51 2.49 0.02 0.67 
10 1.73 2.56 2.53 2.59 2.56 2.56 0.03 1.19 

11bl B2c 0 I ADH eI a e . ata or r easeon h f ed omogen sat on 0 untreat yeast 
ADH 13.8 MPa ADH U/g x 10' release at 27.6 UPa 41.4MPa 55.2MPa 69.0 UPa 

Passes U/g x 10" exp_.1 exp.2 exp.3 ave. Passes U/g x 10" ex~1 exp.2 exP.3 
0 0 0 0 0 0 0 0 0 0 0 
1 0.40 0.85 1.00 0.87 0.90 1 0.40 0.85 1.00 0.87 
2 0.87 1.53 1.33 1.47 1.44 2 0.87 1.53 1.33 1.47 
3 1.33 2.13 2.00 2.20 2.11 3 1.33 2.13 2.00 2.20 
4 1.87 2.73 2.73 2.87 2.78 4 1.87 2.73 2.73 2.87 
5 2.33 3.47 3.40 3.33 3.40 5 2.33 3.47 3.40 3.33 
6 2.73 4.20 4.20 4.40 4.27 6 2.73 4.20 
7 3.13 4.80 5.13 5.27 5.07 7 3.13 4.80 
8 3.53 5.33- 5.40 5.47 5.40 8 3.53 5.33 
9 3.87 5.80 5.87 6.00 5.89 9 3.87 5.80 
10 4.20 6.20 6.07 6.20 6.16 10 4.20 6.20 
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11 bl B 2d D ta f G6PDH I a e . a or reease on h . f f t ted omogemsa Ion 0 un rea t yeas 
G6PDH 13.8 MPa G6PDH (U/g) release at 27.6 MPa 41.4 MPa 55.2 MPa 69.0 MPa 
Passes U/g exp.1 exp.2 exp.3 ave. S.D. C.Y. Uta Uta U/a 

0 0 0 0 0 0 0 0 0 0 0 
1 2.03 3.04 2.85 2.90 2.93 0.10 3.43 5.85 9.03 9.86 
2 3.24 4.83 5.12 4.98 4.98 0.14 2.91 9.71 15.4 16.9 
3 4.01 6.91 6.96 6.76 6.88 0.10 1.46 12.7 18.9 20.5 
4 4.78 8.74 9.23 9.08 9.02 0.25 2.75 15.3 22.1 23.6 
5 5.46 10.10 9.95 9.66 9.90 0.22 2.24 16.9 22.9 24.0 
6 6.09 11.6 12.6 12.1 12.1 0.48 4.00 18.9 
7 6.76 12.9 13.4 13.0 13.1 0.26 1.95 20.8 
8 7.44 14.0 14.5 14.1 14.2 0.28 2.00 21.6 
9 8.02 14.8 14.8 14.9 14.8 0.03 0.19 22.2 

10 8.60 15.5 15.4 15.6 15.5 0.07 0.48 22.6 

Raw data for ultrasonication of Baker's yeast without pretreatment 
The ultrasonication of Baker's yeast (1.5%, dry weight, w/v) was performed at three different power inputs: 40, 60 and 80 W. The tables below 
present the data obtained for the release of total soluble protein and enzyme release. 

Table B.3 Data or total soluble protem release on u rasomcatlon 0 f n f untreated yeast 
Protein Protein release (mg/g) at 40 W 

Tim8(mlri) exp.1 exp.2 exp.3 ave. S.D. C.Y. 
0 2.73 2.93 2.63 2.77 0.15 5.52 
5 135 111 118 121 12.1 9.98 
10 229 153 196 193 38.1 19.8 
15 265 235 265 255 17.3 6.77 
20 294 291 294 293 1.90 0.65 
25 304 302 304 304 1.43 0.47 
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Protein Protein release (mg/g) at 60 W Protein release (mJllg) at 80 W 
Tlme(mln) eXJ).1 exp.2 exp.3 ave. S.D. C.Y. exp.1 exp.2 exp.3 ave. S.D. C.Y. 

0 2.73 2.n 2.63 2.71 0.07 2.56 . . 3.21 2.90 2.71 2.94 0.25 8.63 
3 89.7 91.0 98.2 93.0 4.60 4.95 62.8 92.0 80.4 78.4 14.7 18.7 
6 153 152 156 154 2.36 1.53 133 132 131 132 1.36 1.03 
9 207 211 198 205 6.28 3.06 225 208 205 213 10.6 5.01 
12 266 263 261 263 2.49 0.95 267 279 273 273 6.19 2.27 
15 301 306 296 301 5.22 1.73 303 326 319 316 12.2 3.87 
18 318 313 304 312 6.73 2.16 368 341 333 348 18.4 5.29 
21 322 316 318 319 2.91 0.91 375 350 333 353 21.2 6.02 

l1blB4a Dtaf I rta a e . a or nve It I tl of se re ease on u rason ca on untrea ted t yeas 
Invertase (U/g X 10 ") release at 40 W Invertase (U/g X 10 ") release at 80 W 

Tlme(mln) exp.1 exp.2 eXJ).3 ave. S.D. C.Y. Tlme(mln) exp.1 exp.2 eXJ).3 ave. S.D. C.Y. 
0 0.05 0.06 0.06 0.06 0.00 5.45 0 0.07 0.07 0.07 0.07 0.00 4.86 
5 1.17 1.14 0.98 1.10 0.09 7.83 3 0.66 0.60 0.56 0.60 0.04 6.85 
10 1.82 1.73 1.70 1.75 0.05 2.91 6 1.33 1.24 1.22 1.26 0.05 3.79 
15 2.56 2.32 2.49 2.46 0.10 4.10 9 1.76 1.74 1.73 1.74 0.01 0.72 
20 2.69 2.59 2.56 2.61 0.06 2.13 12 2.47 2.39 2.42 2.43 0.03 1.36 
25 2.74 2.69 2.72 2.72 0.02 0.76 15 2.87 2.82 2.75 2.81 0.05 1.75 

18 3.02 2.97 2.95 2.98 0.03 0.99 
21 3.05 3.04 3.09 3.06 0.02 0.71 
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11 bl B 4b D ta f 'd f d a e . a or a-gl UCOSI ase re ease on U traSOnicatlon 0 untreate . yeast 
a-glucosldase (U/g X 10." release at 40 W a-glucosidase (U/g X 10 ., release at 80 W 

Tlme(min) exp.1 exp.2 exp.3 ave. S.D. C.Y. Time(min) exp.1 exp.2 exp.3 ave. S.D. C.Y. 
0 0.02 0.02 0.02 0.02 0.00 1.90 0 0.01 0.01 0.01 0.01 0.00 3.25 
5 0.68 0.93 0.77 0.79 0.11 13.2 3 0.62 0.50 0.53 0.55 0.05 9.84 
10 1.21 1.33 1.24 1.26 0.05 4.05 6 1.24 1.07 1.05 1.12 0.09 7.61 
15 1.80 1.68 1.80 1.76 0.06 3.21 9 1.62 1.54 1.56 1.57 0.03 2.16 
20 2.02 1.99 1.91 1.97 0.05 2.35 12 1.88 1.96 1.94 1.93 0.03 1.76 
25 2.09 2.07 2.07 2.08 0.01 0.45 15 2.13 2.20 2.18 2.17 0.03 1.36 

18 2.23 2.39 2.36 2.33 0.07 2.98 
21 2.24 2.41 2.43 2.36 0.09 3.61 

11 bl B 4c Data f ADH I h . f f t ted a e . or re ease on U raSOnlC8 Ion 0 un rea t yeas 
ADH (U/g X 10 ") release at 40 W ADH (U/g X 10 ") release at 80 W 

Tlme(mln) exp.1 exp.2 exp.3 ave. S.D. C.Y. Tlme(min) exp.1 exp.2 exp.3 ave. S.D. C.Y. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 0.93 1.27 1.20 1.13 0.15 12.8 3 0.80 0.87 0.70 0.79 0.07 8.70 
10 2.40 2.27 2.40 2.36 0.06 2.60 6 1.87 1.80 1.82 1.83 0.03 1.61 
15 3.27 3.47 3.65 3.46 0.16 4.48 9 2.67 2.73 2.40 2.60 0.14 5.52 
20 4.47 4.52 4.79 4.59 0.14 3.06 12 3.70 3.67 3.47 3.61 0.10 2.83 
25 5.20 5.13 5.23 5.19 0.04 0.81 15 4.53 4.67 4.93 4.71 0.17 3.52 

18 5.47 5.60 5.60 5.56 0.06 1.10 
21 6.23 6.13 6.37 6.24 0.10 1.58 
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11 bl B 4d D f G6PDH I f a e . ata or re ease on u trasonlcatlon 0 untreat ed yeast 
G6PDH (U/g) release at 40 W G6PDH (U/g) release at 80 W 

Time(mln) exp.1 exp.2 exp.3 ave. S.D. C.V. Tlme(mln) exp.1 exp.2 exp.3 ave. S.D. C.V. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 4.06 . 4.60 4.75 4.47 0.36 8.14 3 3.35 3.29 3.72 3.45 0.23 6.75 
10 7.34 6.57 7.17 7.03 0.41 5.78 6 6.14 6.18 5.22 5.85 0.54 9.32 
15 8.99 10.7 10.6 10.1 0.94 9.38 9 9.34 9.23 8.49 9.02 0.46 5.10 
20 10.7 11.6 12.2 11.5 0.74 6.41 12 11.4 11.5 11.4 11.4 0.02 0.22 
25 11.9 12.5 12.9 12.5 0.53 4.27 15 13.5 13.6 13.0 13.3 0.31 2.31 

18 14.6 14.7 13.8 14.4 0.51 3.52 
21 15.2 15.5 14.4 15.0 0.56 3.74 
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Appendix C 
Effect of Pretreatm"ent on Ultrasonication 

Raw data for homogenlsation of Baker's yeast following heat pretreatment 
The total soluble protein and enzyme release from Baker's yeast (1.5%, dry weight, w/v) on ultrasonication at 40 W following heat pretreatment. 
The tables below present the data obtained for the release of total soluble protein and enzyme release and kinetic rate constant k. 

Ie Tabe .1 o f f II h ata or prote n re ease on u trason cat on 0 ow ng eat pretreatment at dlff erent temperature us ng dll • utlon 
Protein Maximum T: 4O"C. (mg/g) Maximum T: 50"C; (mg/g) Maximum T: 6O"C. (mg/g) 

Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 2.47 2.30 2.38 0.12 4.94 2.60 2.73 2.67 0.09 3.54 0.97 1.10 1.03 0.09 9.12 
5 119 130 125 8.01 6.42 143 158 150 10.3 6.84 22.9 24.2 23.6 0.94 4.00 
10 240 245 243 3.94 1.62 233 250 241 11.7 4.84 52.3 48.6 50.5 2.62 5.19 
15 354 358 356 2.40 0.68 361 364 362 2.62 0.72 68.1 71.5 69.8 2.38 3.41 
20 363 364 364 1.23 0.34 384 383 383 0.66 0.17 69.3 77.5 73.4 5.77 7.87 
25 370 372 371 1.56 0.42 399 393 396 4.01 1.01 91.6 93.7 92.7 1.48 1.60 
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11 bl C a e .2 h Data for protein re ease on ultrasonication following heat pretreatment at different temperature using heat exc anger 
Protein Maximum T: 4OCC' (mg/a) Maximum T: 45CC; (mg/a) Maximum T: SOCC' (mala) 

Tlme(mln) exp.1 exp.2 ave. S.D. C.V. eXP.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 2.67 2.88 2.n 0.11 3.90 2.27 2.43 2.35 0.08 3.55 2.30 2.49 2.39 2.30 3.88 
5 137 107 122 15.0 12.3 137 125 131 6.10 4.64 148 160 154 5.86 3.81 
10 222 212 217 4.99 2.30 226 221 223 2.33 1.04 252 261 256 4.n 1.86 
15 342 316 329 13.3 4.05 350 345 347 2.65 0.76 355 332 344 11.67 3.40 
20 360 353 356 3.18 0.89 361 366 364 2.43 0.67 380 376 378 1.99 0.53 
25 366 358 362 4.06 1.12 3n 382 379 2.50 0.66 386 392 389 3.05 0.78 

. Protein Maximum T: 52CC; (mala) Maximum T: 55CC· (mala) Maximum T: 6OCC; (mala) 
Time(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 1.67 1.73 1.70 0.03 1.96 0.90 0.70 0.80 0.10 12.5 0.73 0.83 0.78 0.05 6.38 
5 131 122 126 4.47 3.54 30.8 26.6 28.7 2.10 7.32 27.6 29.3 28.5 0.85 2.99 
10 233 223 228 4.67 2.05 51.1 60.8 56.0 4.83 8.64 41.7 49.6 45.6 3.93 8.62 
15 300 312 306 5.75 1.88 70.7 76.2 73.5 2.75 3.74 59.9 67.7 ·63.8 3.90 6.11 
20 304 324 314 9.92 3.16 105 116 110 5.30 4.80 71.1 n.3 74.2 3.08 4.16 
25 319 338 328 9.28 2.83 102 121 112 9.30 8.34 84.0 91.6 87.8 3.78 4.31 

l1bl C3 a e . D tat a t i It . ti f II or pro e n re ease on u rasonlca on 0 oWing 400C h t t t t ith different heating rate ea pre rea men w 
Protein Heat rate: 0.1 CC/s; (mala) Heat rate: 0.5 CC/s; (mg/a) 

Time(min) exp.1 exp.2 ave. S.D. C.V •. exp.1 exp.2 ave. S.D. C.V. 
0 1.97 2.88 2.42 0.46 18.8 3.00 2.01 2.50 0.49 20.0 
5 122 126 124 1.98 1.60 112 109 110 1.45 1.31 
10 206 222 214 7.85 3.66 213 215 214 1.16 0.54 
15 278 279 279 0.34 0.12 294 295 294 0.58 0.20 
20 305 310 307 2.20 0.72 319 311 315 4.06 1.29 
25 310 315 313 2.80 0.90 327 319 323 3.n 1.17 
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Protein Heat rate: 1.7"C/s; (mg/g) Heat rate: 3.5 "CIs' (mg/g) 
Time{min) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 3.17 2.22 2.70 0.47 17.6 2.67 2.88 2.77 0.11 3.90 
5 121 115 118 2.90 2.46 137 107 122 15.00 12.3 
10 225 213 219 6.09 2.78 222 212 217 4.99 2.30 
15 305 301 303 2.03 0.67 342 316 329 13.33 4.05 
20 326 330 328 2.03 0.62 360 353 356 3.18 0.89 
25 337 336 337 0.58 0.17 366 358 362 4.06 1.12 

libl C4 a e . D taf a t I It Iff II h t 40ac h or pro e n re ease on u rason ca Ion 0 ow ng ea t t eat pre rea ment w Ith diff erent h Idl 0 ng time 
Protein Holdinll : minimal; (mg/g) Holding: 5 min; mg/g) Holdln! : 10 min' (mg/g) 

Tlme{min) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 2.67 2.88 2.77 0.11 3.90 2.30 3.23 2.77 0.47 16.9 2.53 2.10 2.32 0.22 9.35 
5 137 107 122 15.00 12.3 138 153 145 7.37 5.07 143 133 138 4.92 3.56 
10 222 212 217 4.99 2.30 252 244 248 4.05 1.63 240 232 236 4.28 1.82 
15 342 316 329 13.33 4.05 349 362 355 6.47 1.82 342 335 338 3.43 1.02 
20 360 353 356 3.18 0.89 361 370 365 4.47 1.22 347 346 346 0.45 0.13 
25 366 358 362 4.06 1.12 367 372 369 2.52 0.68 356 358 357 1.40 0.39 

Protein Holdln : 20 min' (mg/g) Holdlnll: 60 min; (mg/g) 
Time(min) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 2.93 2.23 2.58 0.35 13.6 2.27 1.80 2.03 0.23 11.5 
5 131 119 125 5.83 4.66 147 159 153 5.58 3.65 
10 233 242 237 4.13 1.74 192 228 210 18.30 8.72 
15 304 313 308 4.15 1.35 241 245 243 2.12 0.87 
20 318 . 321 320 1.58 0.50 256 248 252 3.70 1.47 
25 328 331 329 1.67 0.51 257 259 258 1.07 0.41 
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Table C.5a d'l • Data for invertase release on ultrasonication following heat pretreatment at different temperature uSing I utlon 
Invertase Maximum T: 4O"C; U/g X 101 Maximum T: 5O"Ci U/g X 101 Maximum T: 6O"C; U/g X 101 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0.16 0.16 0.16 0.00 0.79 0.16 0.16 0.16 0.00 0.83 0.18 0.16 0.17 0.01 3.46 
5 1.33 1.40 1.37 0.03 2.56 1.43 1.40 1.41 0.02 1.10 0.63 0.68 0.66 0.02 3.51 
10 2.03 2.00 2.01 0.02 0.94 2.03 2.02 2.03 0.00 0.19 0.96 1.13 1.05 0.09 8.13 
15 2.73 2.75 2.74 0.01 0.35 2.81 2.77 2.79 0.02 0.64 1.28 1.29 1.29 0.00 0.33 
20 2.90 2.89 2.90 0.00 0.05 2.97 2.93 2.95 0.02 0.61 1.42 1.40 1.41 0.01 0.55 
25 2.90 2.94 2.92 0.02 0.64 2.98 2.95 2.96 0.01 0.48 1.41 1.41 1.41 0.00 0.24 

l1bl C5b D f a e . ata or a-gl ucos Id It Iff II h t t d'ff t t t ase re ease on U rason C8 Ion 0 OWing eat pre reatmen a I erent empera ure uSing dll f ulon 
a-glucosidase Maximum T: 40 "C. U/g X 10") Maximum T: 5O"C' U/g X 10i Maximum T: 6O"C; U/g X 10") 

Tlme{mlnJ exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 
0 0.01 0.01 0.01 0.00 7.41 0.01 0.01 0.01 0.00 9.50 0.01 0.01 0.01 0.00 13.4 
5 1.04 1.13 1.09 0.05 4.31 1.31 1.35 1.33 0.02 1.48 0.04 0.04 0.04 0.00 6.10 
10 1.72 1.74 1.73 0.01 0.50 1.79 1.91 1.85 0.06 3.38 0.05 0.04 0.04 0.00 7.53 
15 2.34 2.19 2.27 0.08 3.46 2.36 2.28 2.32 0.04 1.68 0.08 0.07 0.07 0.00 3.63 
20 2.63 2.55 2.59 0.04 1.52 2.66 2.64 2.65 0.01 0.50 0.10 0.12 0.11 0.01 6.54 
25 2.68 2.73 2.71 0.03 0.94 2.79 2.85 2.82 0.03 0.99 0.12 0.13 0.12 0.01 4.76 

11 bl CSC D taf ADH I . f f II t t diff It h t t t a e . a or re ease on u rasomC8 Ion 0 oWing ea pre rea men a eren t d'l tl tt empera ure US ng I u on 
ADH Maximum T: 4O"C; (U/g X 10'" Maximum T: 5O"C; (U/g X 10'" Maximum T: 60 "C. (U/g X 10'" 

Tlme(mln) exp.1 exp.2 ave. Tlme(mln) exp.1 exp.2 ave. Tlme(mln) exp.1 exp.2 ave. Tlme(mln) exp.1 exp.2 ave. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 1.27 1.30 1.28 5 1.27 1.30 1.28 5 1.27 1.30 1.28 5 1.27 1.30 1.28 
10 2.60 2.77 2.68 10 2.60 2.77 2.68 10 2.60 2.77 2.68 10 2.60 2.77 2.68 
15 3.83 4.03 3.93 15 3.83 4.03 3.93 15 3.83 4.03 3.93 15 3.83 4.03 3.93 
20 5.18 5.33 5.26 20 5.18 5.33 5.26 20 5.18 5.33 5.26 20 5.18 5.33 5.26 
25 6.00 5.93 5.97 25 6.00 5.93 5.97 25 6.00 5.93 5.97 25 6.00 5.93 5.97 
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11 bl C5d D f G6PDH I f II h t d'ff a e . ata or re ease on u trasonJcatlon 0 ow Ina eat pretreatment a I eren tt d'l . emperature uSing I utlon 
G6PDH Maximum T: 4O"C; (Ufg) Maximum T: SO"C; (Ufg) Maximum T: 60"C; (Ufg) 

Tlme{mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 6.44 6.12 6.28 0.16 2.51 5.71 6.22 5.97 0.26 4.31 0.42 0.52 0.47 0.05 10.7 
10 8.93 9.64 9.29 0.36 3.85 8.66 9.61 9.14 0.48 5.21 0.45 0.54 0.49 0.05 9.50 
15 11.1 11.4 11.3 0.17 1.48 11.0 11.6 11.3 0.33 2.91 0.59 0.59 0.59 0.00 0.65 
20 12.8 12.3 12.6 0.26 2.04 12.8 12.2 12.5 0.32 2.56 0.75 0.73 0.74 0.01 1.52 
25 14.6 14.4 14.5 0.07 0.50 14.0 14.3 14.1 0.11 0.80 0.94 0.95 0.95 0.00 0.50 

Table C.6a Data for invertase release on ultrasonication following heat pretreatment at different temperature using heating 
h exc anaer 

Invertase Maximum T: 4O"C; {Ufg X 10" Maximum T: 45"C; (Ufg X 10j Maximum T: SO"C; (Ufg X 10" 
Tlme{min) elg) __ 1 exp.2 ave. Tlm~mln} exp.1 exp.2 ave. Time{mln) exp.1 exp.2 ave. Tlme{min) exp.1 exp.2 ave. 

0 0.16 0.16 0.16 0 0.16 0.16 0.16 0 0.16 0.16 0.16 0 0.16 0.16 0.16 
5 1.38 1.44 1.41 5 1.38 1.44 1.41 5 1.38 1.44 1.41 5 1.38 1.44 1.41 

10 2.03 2.05 2.04 10 2.03 2.05 2.04 10 2.03 2.05 2.04 10 2.03 2.05 2.04 
15 2.70 2.73 2.71 15 2.70 2.73 2.71 15 2.70 2.73 2.71 15 2.70 2.73 2.71 
20 2.87 2.93 2.90 20 2.87 2.93 2.90 20 2.87 2.93 2.90 20 2.87 2.93 2.90 
25 2.88 2.96 2.92 25 2.88 2.96 2.92 25 2.88 2.96 2.92 25 2.88 2.96 2.92 

Invertase Maximum T: 52"C; (Ufg X 10'" Maximum T: 55"C; (Ufg X 10"] Maximum T: &D"C; lUfg X 10'" 
Tlme{mln) exp.1 exp.2 ave. Tlme{mln) exp.1 exp.2 ave. Time{mln) exp.1 exp.2 ave. Tlme{mln) exp.1 exp.2 ave. 

0 0.13 0.12 0.12 0 0.13 0.12 0.12 0 0.13 0.12 0.12 0 0.13 0.12 0.12 
5 1.28 1.38 1.33 5 1.28 1.38 1.33 5 1.28 1.38 1.33 5 1.28 1.38 1.33 
10 2.07 2.24 2.16 10 2.07 2.24 2.16 10 2.07 2.24 2.16 10 2.07 2.24 2.16 
15 2.71 2.65 2.68 15 2.71 2.65 2.68 15 2.71 2.65 2.68 15 2.71 2.65 2.68 
20 2.83 2.79 2.81 20 2.83 2.79 2.81 20 2.83 2.79 2.81 20 2.83 2.79 2.81 
25 2.80 2.78 2.79 25 2.80 2.78 2.79 25 2.80 2.78 2.79 25 2.80 2.78 2.79 
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Table C.6b Data for a-glucosidase release on ultrasonication following heat pretreatment at different temperature .using heating 
h exc anger 

a-glucosldase Maximum T: 4O"C. U/g X 10j Maximum T: 45 "C; U/a X 10j Maximum T: 5O"C; U/a X 10j 
Tlm~min) exp.1 exp.2 ave. S.D. C.V. ex~l exp.2 ave. S.D. C.V. eX().l exp.2 ave. S.D. C.V. 

0 0.01 0.02 0.01 0.00 11.9 0.01 0.01 0.01 0.00 9.09 0.00 0.01 0.01 0.00 10.3 
5 1.15 1.26 1.21 0.05 . 4.31 1.31 1.17 1.24 0.07 5.82 1.17 1.12 1.15 0.02 2.04 
10 1.99 1.74 1.86 0.12 6.66 1.73 1.79 1.76 0.03 1.96 1.75 1.98 1.87 0.11 6.10 
15 2.40 2.35 2.37 0.02 1.01 2.40 2.32 2.36 0.04 1.52 2.35 2.30 2.33 0.02 1.01 
20 2.51 2.58 2.54 0.04 1.48 2.55 2.65 2.60 0.05 1.96 2.59 2.67 2.63 0.04 1.48 
25 2.70 2.79 2.75 0.04 1.62 2.80 2.85 2.82 0.03 0.99 2.79 2.95 2.87 0.08 2.91 

a-alucosldase Maximum T: 52"C;_ WgX10' Maximum T: 55"C' U/a X 10' Maximum T: 6O"C~ U/a X 10' 
Tirne(mln} exP.1 exP.2 ave. S.D. c.v. exP.1 exP.2 ave. S.D. C.V. exP.1 exp.2 ave. S.D. C.V. 

0 0.01 0.01 0.01 0.00 6.98 0.01 0.01 0.01 0.00 6.98 0.01 0.01 0.01 0.00 10.3 
5 1.11 0.95 1.03 0.08 7.53 0.07 0.06 0.07 0.01 11.7 0.05 0.06 0.05 0.00 7.83 

10 1.62 1.49 1.56 0.06 4.17 0.08 0.09 0.08 0.00 4.76 0.07 0.07 0.07 0.00 6.10 
15 2.17 2.26 2.22 0.04 1.96 0.12 0.12 0.12 0.00 0.50 0.09 0.10 0.09 0.00 1.96 
20 2.30 2.47 2.38 0.08 3.45 0.12 0.13 0.13 0.00 3.38 0.11 0.10 0.11 0.00 1.01 
25 2.49 2.66 2.57 0.09 3.38 0.13 0.14 0.13 0.01 5.66 0.11 0.12 0.11 0.00 2.44 

11 bl C 6c D f ADH eI a e . ata or r h f II h ease on u rasonlcatlon 0 owing eat pretreatment at diff h h erent temperature us ng eat ng exc anger 
ADH Maximum T: 40 "C; WgX10j Maximum T: 45 "C; U/g X 10j Maximum T: 50 "C; U/g X 10j 

Tirne(min) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 1.27 1.50 1.38 0.12 8.43 1.27 1.37 1.32 0.05 3.80 1.23 1.37 1.30 0.07 5.13 
10 2.73 2.97 2.85 0.12 4.09 2.67 3.00 2.83 0.17 5.88 2.60 3.00 2.80 0.20 7.14 
15 3.63 3.n 3.70 0.07 1.80 4.00 4.10 4.05 0.05 1.23 3.80 4.00 3.90 0.10 2.56 
20 5.20 5.33 5.27 0.07 1.27 5.67 6.10 5.88 0.22 3.68 5.13 5.50 5.32 0.18 3.45 
25 5.87 6.10 5.98 0.12 1.95 6.73 6.57 6.65 0.08 1.25 6.43 6.57 6.50 0.07 1.03 
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ADH Maximum T: 52"C; U/g X 10,,} Maximum T: 55 "C; U/g X 10) Maximum T: 60"C; U/g X 10,,} 
Time(min) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. eXI!.1 exp.2 ave. S.D. C.Y. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 1.27 1.47 1.37 0.10 7.32 0 0 0 0 0 0 0 0 0 0 
10 2.07 2.03 2.05 0.02 0.81 0 0 0 0 0 0 0 0 0 0 
15 3.03 3.23 3.13 0.10 3.19 0 0 0 0 0 0 0 0 0 0 
20 4.23 4.43 4.33 0.10 2.31 0 0 0 0 0 0 0 0 0 0 
25 5.10 5.20 5.15 0.05 0.97 0 0 0 0 0 0 0 0 0 0 

Table C.6d Data for G6PDH release on ultrasonieation following heat pretreatment at different temperature using heating 
h exe anger 

G6PDH Maximum T: 4O"C; (U/g) Maximum T: 45 "C; (U/g) Maximum T: 50"C; (U/g) 
Tlme(min) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.y. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 5.25 5.98 5.62 0.37 6.54 5.32 5.74 5.53 0.21 3.85 5.61 6.62 6.11 0.50 8.26 

10 7.79 8.42 8.10 0.31 3.85 7.96 8.44 8.20 0.24 2.91 7.82 8.22 8.02 0.20 2.44 
15 11.3 9.9 10.6 0.74 6.95 10.5 10.6 10.5 0.05 0.50 10.9 11.23 11.1 0.2 1.48 
20 13.0 12.8 12.9 0.13 1.01 12.6 11.0 11.8 0.82 6.95 12.9 12.52 12.7 0.2 1.52 
25 14.1 13.7 13.9 0.21 1.52 14.3 15.0 14.7 0.36 2.44 14.8 15.39 15.1 0.3 1.96 

G6PDH Maximum T: 52"C· (U/g) Maximum T: 55 "C. (U/g) Maximum T: 6O"C; (U/g) 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 6.06 6.54 6.30 0.24 3.85 0.96 1.18 1.07 0.11 10.3 0.31 0.38 0.34 0.03 9.50 

10 8.92 9.55 9.23 0.31 3.38 2.19 2.57 2.38 0.19 7.96 0.40 0.43 0.41 0.02 3.85 
15 11.2 12.2 11.7 0.50 4.31 2.84 3.06 2.95 0.11 3.85 0.63 0.64 0.64 0.01 0.99 
20 13.0 12.9 12.9 0.07 0.50 3.76 3.87 3.81 0.06 1.48 0.67 0.69 0.68 0.01 1.48 
25 14.6 15.0 14.8 0.22 1.48 4.40 4.36 4.38 0.02 0.50 0.95 1.03 0.99 0.04 3.85 
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l1bl C7 a e • a Dtaf . erta a orlnv se re ease on u H . t" f II rasonlca Ion 0 OWing 40CC h t Ire t t with different heating rate ea pre amen 
Invertase Heat rate: 0.1 "CIs· U/g X 10~ Heat rate: 0.5 "C/~; U/et X 1 ~ 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0.15 0.20 0.18 0.03 15.3 0.13 0.14 0.13 0.00 3.n 
5 1.07 1.10 1.08 0.02 1.48 1.08 1.10 1.09 0.01 0.99 
10 1.78 2.05 1.91 0.13 6.98 1.84 1.87 1.85 0.01 0.79 
15 2.44 2.24 2.34 0.10 4.17 2.49 2.44 2.47 0.02 0.94 
20 2.66 2.61 2.63 0.03 1.01 2.62 2.70 2.66 0.04 1.48 
25 2.67 2.75 2.71 0.04 1.48 2.67 2.71 2.69 0.02 0.73 

Invertase Heat rate: 1.7"C/s; U/g X 10" Heat rate: 3.5 "CIs; U/g X 10 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0.15 0.15 0.15 0.00 1.25 0.16 0.16 0.16 0.00 2.25 
5 1.31 1.44 1.38 0.06 4.51 1.38 1.44 1.41 0.03 2.18 
10 1.91 1.87 1.89 0.02 1.08 2.03 2.05 2.04 0.01 0.45 
15 2.61 2.44 2.52 0.09 3.47 2.70 2.73 2.71 0.02 0.66 
20 2.72 2.65 2.69 0.04 1.45 2.87 2.93 2.90 0.03 1.05 
25 2.75 2.75 2.75 0.00 0.08 2.88 2.96 2.92 0.04 1.24 

11 bl C7b D taf a e . a ·d or a..gl UCOSI ase re lea f II se on U trasonlcatlon 0 OW ng 40 CCh ·th different heating rate eat pretreatment WI 
a-glucosldase Heat rate: 0.1 "CIs; U/g X 10" Heat rate: 0.5 "CIs; U/g X 10 

Time(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.y. 
0 0.01 0.02 0.01 0.01 9.09 0.01 0.01 0.01 0 6.08 
5 1.15 1.25 1.20 0.46 3.85 1.31 1.35 1.33 0.18 1.35 
10 1.65 1.70 1.68 0.25 1.48 1.73 1.67 1.70 0.3 1.78 
15 2.40 2.33 2.36 0.36 1.52 2.40 2.39 2.39 0.04 0.18 
20 2.51 2.48 2.49 0.13 0.50 2.42 2.47 2.44 0.24 0.97 
25 2.70 2.89 2.80 0.95 3.38 2.70 2.61 2.66 0.47 1.78 
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a-glucosidase Heat rate: 1.7"C/s; U/g X 10" Heat rate: 3.5 "CIs; U/g X 10:»' 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0.01 0.01 0.01 0.02 11.9 0.01 0.02 0.02 0.02 11.9 
5 1.17 1.26 1.21 0.42 3.50 1.15 1.26 1.21 0.52 4.31 
10 1.75 1.73 1.74 0.12 0.67 1.99 1.74 1.86 1.24 6.66 
15 2.35 2.33 2.34 0.10 0.45 2.40 2.35 2.37 0.24 1.01 
20 2.43 2.44 2.43 0.07 0.28 2.51 2.58 2.54 0.38 1.48 
25 2.79 2.79 2.79 0.03 0.10 2.80 2.79 2.80 0.05 0.19 

l1bl C7 a e • c D ta f ADH I H f II a or re ease on u rasonlcatlon 0 oWing 40CCh i h d·fferent heating rate eat pretreatment W t I 
ADH Heat rate: 0.1 "CIs; U/g X 10" Heat rate: 0.5 "CIs; U/g X 10:» 

Tlme(mln} exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 0 0 0 0 0 0 0 0 0 0 
5 0.37 0.43 0.40 0.03 8.33 0.80 0.90 0.85 0.05 5.88 
10 0.97 1.03 1.00 0.03 3.33 1.43 1.57 1.50 0.07 4.44 
15 1.60 1.73 1.67 0.07 4.00 2.33 2.07 2.20 0.13 6.06 
20 2.73 2.87 2.80 0.07 2.38 3.43 3.63 3.53 0.10 2.83 
25 3.13 3.23 3.18 0.05 1.57 4.10 4.20 4.15 0.05 1.20 

ADH Heat rate: 1.7 "CIs; U/g X 1~ Heat rate: 3.5"C/s; U/g X 1~ 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 
5 1.30 1.47 1.38 0.08 6.02 1.27 1.50 1.38 0.12 8.43 
10 2.00 2.03 2.02 0.02 0.83 2.73 2.97 2.85 0.12 4.09 
15 2.97 3.30 3.13 0.17 5.32 3.63 3.77 3.70 0.07 1.80 
20 4.23 4.70 4.47 0.23 5.22 5.20 5.33 5.27 0.07 1.27 
25 4.70 4.83 4.77 0.07 1.40 5.87 6.10 5.98 0.12 1.95 
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11 bl C 7d D f G6PDH I It f II a e . ata or re ease on u rasomcat on 0 ow ng 40 CCh . h different heating rate eat pretreatment Wit 
G6PDH Heat rate: 0.1 <CIs; U/g X 10" Heat rate: 0.5 <CIs; l Ulg X 10" 

Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 0 0 0 0 0 0 0 0 0 0 
5 4.60 5.47 5.04 0.44 8.68 4.72 4.52 4.62 0.10 2.24 
10 7.17 7.60 7.39 0.22 2.91 7.29 7.14 7.21 0.08 1.08 
15 10.1 10.2 10.2 0.05 0.50 11.0 11.1 11.1 0.05 0.46 
20 11.9 10.4 11.1 0.71 6.38 12.2 12.1 12.1 0.06 0.50 
25 12.7 12.6 12.7 0.06 0.50 13.0 12.9 13.0 0.06 0.44 

G6PDH Heat rate: 1.7<C/s; U/g X 10= Heat rate: 3.5 <CIs; I U/g X 10 
Tlme(mln) ex~1 elg).2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 
5 5.10 5.14 5.12 0.02 0.37 5.25 5.98 5.62 0.37 6.54 
10 7.60 7.45 7.53 0.07 0.98 7.79 8.42 8.10 0.31 3.85 
15 11.2 11.3 11.3 0.05 0.45 11.3 9.9 10.6 0.74 6.95 
20 12.8 12.7 12.7 0.01 0.07 13.0 12.8 12.9 0.13 1.01 
25 13.4 13.3 13.3 0.04 0.32 14.1 13.7 13.9 0.21 1.52 

11bl cSa D f . f II h 40CC h a e . ata or Invertase re ease on u trason cation 0 OW ng eat i h d' eat pretreatment W t Ifferent h oldlng time 
Invertase Holding: minimal; U/g X 101 Holding: 5 min; (U/g X 10~ Holding: 10 min; (U/g X 10· 
Tim~min) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0.16 0.16 0.16 0.00 2.25 0.14 0.16 0.15 0.01 9.09 0.12 0.15 0.14 0.01 8.68 
5 1.38 1.44 1.41 0.03 2.18 1.26 1.42 1.34 0.08 5.66 1.23 1.32 1.27 0.05 3.85 
10 2.03 2.05 2.04 0.01 0.45 1.94 2.07 2.01 0.07 3.38 1.89 2.02 1.95 0.07 3.38 
15 2.70 2.73 2.71 0.02 0.66 2.70 2.76 2.73 0.03 0.99 2.60 2.68 2.64 0.04 1.48 
20 2.87 2.93 2.90 0.03 1.05 2.79 2.65 2.72 0.07 2.56 2.76 2.67 2.71 0.04 1.52 
25 2.88 2.96 2.92 0.04 1.24 2.82 2.92 2.87 0.05 1.70 2.79 2.88 2.83 0.04 1.48 
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Invertase Holding: 20 min; (Ulg X 10'" Holding: 60 min; (Ulg X 10'" 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0.08 0.09 0.09 0.00 2.91 0.07 0.07 0.07 0.00 1.96 
5 0.93 0.96 0.94 0.01 1.48 0.93 1.05 0.99 0.06 6.10 
10 1.67 1.60 1.63. 0.03 2.04 1.36 1.39 1.38 0.01 0.99 
15 2.27 2.11 2.19 0.08 3.63 2.04 1.76 1.90 0.14 7.53 
20 2.44 2.49 2.46 0.02 0.99 2.25 2.14 2.19 0.06 2.56 
25 2.59 2.62 2.60 0.01 0.50 2.24 2.31 2.27 0.03 1.48 

TableC.8b f II Data for a-glucosidase release on u trasonication 0 owing he at 40 CCh eat pretreatment with different holding time 
a-glucosldase Holding: minimal; IUlg X 10j Holding: 5 min; (U/g X 10"\ Holding: 10 min: (U/g X 10:' 

Tlme(mln) exp.1 exp.2 ave. S.D. c.y. exp.1 exp.2 ave. S.D. c.y. exp.1 exp.2 ave. S.D. c.y. 
0 0.01 0.01 0.02 0.02 11.9 0.01 0.01 0.01 0.01 8.68 0.01 0.01 0.01 0.01 8.68 
5 1.15 1.26 1.21 0.52 4.31 1.31 1.42 1.36 0.52 3.85 1.17 1.25 1.21 0.41 3.38 
10 1.99 1.74 1.86 1.24 6.66 1.73 1.78 1.75 0.26 1.48 1.75 1.91 1.83 0.79 4.31 
15 2.40 2.35 2.37 0.24 1.01 2.40 2.52 2.46 0.60 2.44 2.35 2.42 2.38 0.35 1.48 
20 2.51 2.58 2.54 0.38 1.48 2.48 2.74 2.61 1.29 4.95 2.56 2.61 2.59 0.26 1.00 
25 2.70 2.79 2.75 0.45 1.62 2.70 2.81 2.76 0.54 1.96 2.79 2.84 2.82 0.28 1.00 

a-glucosldase Holding: 20 mini (U/g X 10:' Holding: 60 min: (Ulg X 10" 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0.01 0.01 0.01 0.01 8.26 0.01 0.01 0.01 0.01 10.3 
5 1.11 1.19 1.15 0.39 3.38 0.07 0.06 0.07 0.05 6.95 
10 1.63 1.45 1.54 0.89 5.82 0.08 0.08 0.08 0.01 1.01 
15 2.17 2.01 2.09 0.80 3.81 0.12 0.14 0.13 0.1 7.41 
20 2.30 2.26 2.28 0.23 1.01 0.12 0.13 0.13 0.05 3.85 
25 2.42 2.39 2.40 0.17 0.70 0.13 0.12 0.12 0.02 1.52 
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Table C.8c Data for ADH I re ease on ultrasonication following heat 400C heat pretreatment w ith d·ff I erent h Idl 0 ng time 
ADH Holding: minimal; U/g X 10'" Holding: 5 min; (U/g X 10j Holding: 10 min; (U/g X 10~ 

Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 1.27 1.50 1.38 0.12 8.43 1.13 1.33 1.23 0.10 8.11 1.33 1.17 1.25 0.08 6.67 
10 2.73 2.97 2.85 0.12 4.09 2.10 2.17 2.13 0.03 1.56 2.57 3.13 2.85 0.28 9.94 
15 3.63 3.n 3.70 0.07 1.80 3.57 3.87 3.72 0.15 4.04 4.30 4.63 4.47 0.17 3.73 
20 5.20 5.33 5.27 0.07 1.27 5.43 5.07 5.25 0.18 3.49 5.67 5.13 5.40 0.27 4.94 
25 5.87 6.10 5.98 0.12 1.95 6.00 6.40 6.20 0.20 3.23 6.17 6.63 6.40 0.23 3.65 

ADH Holding: 20 min; (Ulg X 1crJ Holding: 60 min: (U/g X 10" 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 
5 1.33 1.03 1.18 0.15 12.7 0.15 0.17 0.16 0.01 7.37 
10 2.20 2.27 2.23 0.03 1.49 0.20 0.24 0.22 0.02 8.96 
15 3.20 3.63 3.42 0.22 6.34 0.30 0.28 0.29 0.01 2.30 
20 4.37 4.60 4.48 0.12 2.60 0.40 0.43 0.42 0.01 2.81 
25 5.27 5.73 5.50 0.23 4.24 0.45 0.46 0.46 0.00 0.37 

11 bl C 8d D f G6PDH I f II h 400C h a e . ata or re ease on u trason cat on 0 ow ng eat . h dOff eat pretreatment wit I erent h Idl 0 ng time 
G6PDH Holdln J: minimal; (U/g) Holding: 5 mln~ (U/g) Holding: 10 min· (U/g) 

Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 5.25 5.98 5.62 0.37 6.54 5.73 6.36 6.04 0.32 5.21 6.06 7.03 6.54 0.48 7.41 
10 7.79 8.42 8.10 0.31 3.85 8.80 9.59 9.20 0.40 4.31 8.92 9.46 9.19 0.27 2.91 
15 11.3 9.9 10.6 0.74 6.95 11.4 11.9 11.7 0.28 2.44 12.1 11.7 11.9 0.18 1.52 
20 13.0 12.8 12.9 0.13 1.01 14.0 14.3 14.1 0.14 0.99 14.2 14.5 14.3 0.14 0.99 
25 14.1 13.7 13.9 0.21 1.52 15.2 15.0 15.1 0.08 0.50 15.6 15.3 15.4 0.16 1.01 
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G6PDH Holding: 20 min; (U/g) Holding: 60 min; (U/g) 
Time(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0 0 0 0 0 0 0 0 0 0 
5 5.95 6.42 6.18 0.24 3.85 4.77 5.68 5.22 0.45 8.68 
10 8.81 8.90 8.85 0.04 0.50 6.18 6.61 6.39 0.22 3.38 
15 11.5 10.7 11.1 0.40 3.63 8.43 9.10 8.77 0.34 3.85 
20 14.3 14.9 14.6 0.29 1.96 9.97 9.58 9.77 0.20 2.04 
25 15.3 16.4 15.8 0.53 3.38 11.3 11.9 11.6 0.34 2.91 

TableC.9 Kinetic rate constant (k) of protein and enzyme release on ultrasonlcatlon following heat pretreatment at different 
• • h· d hid·· I h h temperature with maximum eating rate an no 0 Ing time us ng eat exc anger 

Protein Invertase a-glucosidase ADH G6PDH 
MaxlmumT 

k (paSS·1) R2 k (paSS·1) R2 k (paSS·1) R2 k(paSS·1) R2 k (paSS·1) R2 
4O"C 0.08 0.9699 0.06 0.9945 0.06 0.9819 0.05 0.9835 0.03 0.9845 
45"C 0.08 0.9661 0.06 0.9958 0.07 0.9908 0.06 0.9677 0.04 0.9825 
SO"C 0.09 0.9943 0.06 0.9835 0.07 0.9967 0.05 0.9679 0.04 0.9875 
52"C 0.07 0.9974 0.06 0.9966 0.06 0.9909 0.04 0.9835 0.04 0.9775 
55"C 0.01 0.9934 0.03 0.9853 0.0014 0.8764 . . 0.01 0.9860 
6O"C 0.01 0.9908 0.02 0.9649 0.0011 0.9258 . . 0.0018 0.9545 
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Table C.10 Kinetic rate constant (k) of protein and enzyme release on ultrasonication following 40CC heat pretreatment with 
d·ff t h t at i h h Idl I I h h I eren ea r ewt no 0 ng t me us ng eat exc anger 

Heating Protein Invertase a-glucosidase ADH G6PDH 
rate k (pass·') R'" k (pass·') R" k (pass·') R'" k(pass·') R" k (pass·') R'" 

0.1OC/s 0.06 0.9999 0.05 0.9934 0.06 0.9843 0.02 0.9654 0.03 0.9744 
O.SOC/s 0.07 0.9937 0.05 0.9999 0.05 0.9515 0.03 0.9714 0.03 0.9658 
1.7OC/s 0.07 0.9934 0.05 0.9879 0.06 0.9804 0.03 0.9788 0.03 0.9665 
3.SOC/s 0.08 0.9699 0.06 0.9945 0.06 0.9819 0.05 0.9835 0.03 0.9845 

Table C.11 Kinetic rate constant (k) of protein and enzyme release on ultrasonicatlon following 40CC heat pretreatment with 
hea· f CC I tlng rate 0 3.5 Is with different ho ding time using heat exchanger 

Holding time Protein Invertase a-glucosidase ADH G6PDH 
k (pass') R'" k (pass·') R'" k (pass') R'" k(pass·') R'" k (pass·') R'" 

Minimal 0.07 0.9809 0.06 0.9945 0.06 0.9783 0.05 0.9835 0.03 0.9845 
Smin 0.08 0.9663 0.06 0.9957 0.06 0.9650 0.05 0.9635 0.04 0.9853 
10 min 0.07 0.9643 0.05 0.9974 0.06 0.9881 0.05 0.9876 0.04 0.9853 
20 min 0.06 0.9661 0.04 1 0.05 0.9605 0.04 0.9846 0.04 0.9883 
&0 min 0.05 0.9435 0.03 0.0367 0.00 0.8870 0.03 0.9830 0.02 0.9662 
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Raw data for homogenisation of Baker's yeast following pH pretreatment 
The total soluble protein and enzyme release from Baker's yeast (1.5%, dry weight, w/v) on ultrasonication at 80 W following pH pretreatment. 
The tables below present the data obtained for the release of total soluble protein, enzyme release and kinetic rate constant k. 

Table C~12 Data for protein release on ultrasonlcation following pH pretreatment at different maximum pH using 0.5 carbonate 
buffer 

Protein Maximum pH 9· m~ Maximum pH 9.5; (mg/g) Maximum pH 10· (mg/g) 
Time(min} exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 3.52 3.44 3.48 0.04 1.08 4.35 3.87 4.11 0.24 5.87 3.54 3.14 3.34 0.20 5.97 
3 78.5 88.1 83.3 4.n 5.73 75.0 102 88.3 13.3 15.1 98.8 144 122 22.71 18.7 
6 127 134 131 3.74 2.86 120 135 127 7.76 6.09 179 236 207 28.56 13.8 
9 173 184 179 5.71 3.20 185 206 199 10.3 5.25 287 288 287 0.36 0.12 
12 242 248 245 3.04 1.24 256 279 267 11.5 4.30 350 317 333 16.52 4.96 
15 313 336 325 11.9 3.65 328 342 335 6.56 1.96 362 380 371 8.87 2.39 
18 350 355 353 2.39 0.68 340 349 344 4.83 1.40 382 379 381 1.53 0.40 
21 362 358 360 1.98 0.55 356 360 358 1.85 0.52 403 404 404 0.52 0.13 

Protein Maximum pH 10.5· (mg/g) Maximum pH 10· (mg/g) 
TIme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 4.27 3.97 4.12 0.15 3.70 2.53 2.88 2.70 0.17 6.35 
3 129 110 120 9.58 7.99 59.0 78.3 68.6 9.69 14.1 
6 196 179 188 8.67 4.62 122 152 137 15.1 11.0 
9 252 275 263 11.6 4.40 155 1n 166 11.4 6.86 
12 322 340 331 8.86 2.68 233 216 225 8.34 3.71 
15 362 345 354 8.41 2.38 304 314 309 4.83 1.56 
18 376 382 379 3.11 0.82 356 361 358 2.52 0.70 
21 393 390 392 1.67 0.43 383 386 384 1.61 0.42 

A27 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Appendices 

Table C.13a Data for protein release on ultrasonication following pH 10 pretreatment using 0.5 M carbonate buffer with different 
h di . 01 ngtlme 

Protein Holding: minimal· (mg/g) Holdlna: 30 s; :ma/a) Holding: 1 min· (mg/g) 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 3.54 3.14 3.34 0.20 5.97 3.23 4.10 3.66 0.44 11.9 3.07 3.69 3.38 0.31 9.12 
3 98.8 144 121 22.7 18.7 157 129 143 13.84 9.66 167 125 146 20.77 14.2 
6 179 236 207 28.6 13.8 244 179 211 32.61 15.4 242 177 210 32.58 15.5 
9 287 288 287 0.36 0.12 287 277 282 5.02 1.78 293 268 280 12.33 4.40 
12 350 317 333 16.5 4.96 319 346 333 13.59 4.08 332 350 341 9.00 2.64 
15 362 330 346 16.1 4.66 336 371 354 17.83 5.04 341 379 360 18.92 5.26 
18 382 379 381 1.53 0.40 385 385 385 0.17 0.04 388 391 390 1.44 0.37 
21 413 404 409 4.48 1.10 410 412 411 1.11 0.27 407 417 412 5.39 1.31 

Protein Holdlna: 2 min: mala) Holding: 5 min; mg/g) 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 3.42 3.17 3.30 0.13 3.83 2.53 2.87 2.70 0.17 6.20 
3 104 106 105 0.89 0.85 104 115 110 5.33 4.87 
6 205 218 211 6.42 3.04 156 146 151 4.78 3.17 
9 275 298 286 11.71 4.09 240 254 247 6.94 2.81 
12 349 323 336 13.15 3.91 283 288 286 2.85 1.00 
15 383 366 375 8.32 2.22 296 301 299 2.64 0.88 
18 386 385 386 0.11 0.03 332 321 327 5.54 1.70 
21 415 418 416 1.70 0.41 345 344 345 0.67 0.19 
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Table C.13b Data for protein release on ultrasonication following pH 10 pretreatment using 0.05 M carbonate buffer with different 
hid· . 0 Ing time 

Protein Holdln«l: minimal' (mg/g) Holding: 30 s; mg/g) Holding: 1 min; (mg/g) 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 2.40 3.25 2.82 0.42 15.1 3.40 4.03 3.72 0.32 8.52 3.63 3.07 3.35 0.28 8.46 
3 91.2 97.9 94.5 3.37 3.56 114 . 146 130 15.9 12.2 139 122 130 8.47 6.49 
6 165 184 174 9.88 5.67 165 212 188 23.7 12.6 231 196 213 17.82 8.35 
9 265 239 252 12.9 5.11 261 284 273 11.7 4.29 293 271 282 10.87 3.86 
12 290 301 295 5.50 1.86 303 311 307 4.22 1.37 315 312 313 1.33 0.43 
15 332 342 337 4.97 1.47 328 326 327 1.00 0.31 344 333 339 5.60 1.65 
18 348 406 377 29.3 7.78 364 375 369 5.18 1.40 386 372 379 6.87 1.81 
21 378 411 394 17.0 4.30 391 397 394 2.83 0.72 403 398 401 2.57 0.64 

Protein Holding: 2 min; mg/g) Holding: 5 min; mg/g) 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 2.90 3.10 3.00 0.10 3.33 2.63 2.87 2.75 0.12 4.24 
3 133 125 129 3.79 2.94 108 105 106 1.33 1.25 
6 207 228 217 10.3 4.72 179 154 166 12.2 7.32 
9 307 291 299 7.90 2.64 240 270 255 15.0 5.87 
12 355 330 342 12.1 3.52 287 295 291 4.33 1.49 
15 375 365 370 5.00 1.35 306 314 310 4.02 1.29 
18 396 392 394 1.62 0.41 341 333 337 4.17 1.24 
21 412 404 408 3.88 0.95 360 345 352 7.22 2.05 
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Table C.14a Data for Invertase release on ultrasonication following pH pretreatment at different maximum pH using O.SM carbonate 
buffer 

InvertaSe Maximum pH 9; (U/g Xl01 Maximum pH 9.5; U/g Xl0'" Maximum pH 10; (U/g Xl 0'"' 
Tlme(mln) exp.l exp.2 ave. S.D. C.V. exp.l exp.2 ave. S.D. C.V. exp.l exp.2 ave. S.D. C.V. 

0 0.08 0.09 0.08 0.00 2.24 0.10 0.10 0.10 0.00 4.46 0.08 0.09 0.08 0.00 5.19 
3 0.64 0.73 0.68 0.06 8.71 0.68 0.72 0.70 0.03 4.20 0.94 0.99 0.96 0.04 3.86 
6 1.25 1.33 1.29 0.05 4.20 1.22 1.30 1.26 0.06 4.46 1.65 2.00 1.82 0.25 13.6 
9 1.46 1.42 1.44 0.03 1.93 1.60 1.82 1.71 0.15 8.69 2.36 2.50 2.43 0.10 4.20 
12 2.17 2.05 2.11 0.09 4.14 2.37 2.76 2.57 0.27 10.55 2.96 3.12 3.04 0.11 3.64 
15 2.89 2.73 2.81 0.12 4.13 2.98 2.96 2.97 0.02 0.55 3.30 3.49 3.40 0.13 3.86 
18 3.02 3.21 3.12 0.13 4.33 2.95 3.04 3.00 0.06 2.16 3.26 3.48 3.37 0.15 4.46 
21 3.12 3.63 3.38 0.36 10.6 3.11 3.30 3.20 0.13 4.21 3.55 3.66 3.60 0.08 2.18 

Invertase Maximum pH 10.5; U/g X1Cl Maximum pH 11; (U/g Xl01 
Tlme(min) exp.l exp.2 ave. S.D. C.V. exp.l exp.2 ave. S.D. C.V. 

0 0.10 0.10 0.10 0.00 3.13 0.06 0.08 0.07 0.01 13.6 
3 0.92 0.98 0.95 0.04 3.85 0.53 0.56 0.55 0.02 4.46 
6 1.63 1.89 1.76 0.19 10.6 0.98 1.00 0.99 0.02 1.61 
9 2.16 2.29 2.23 0.09 4.21 1.36 1.n 1.57 0.29 18.5 
12 2.94 2.76 2.85 0.12 4.28 1.99 1.88 1.94 0.08 4.28 
15 3.15 3.08 3.12 0.05 1.57 2.75 3.02 2.89 0.19 6.45 
18 3.25 3.43 3.34 0.13 3.87 3.07 3.26 3.17 0.14 4.33 
21 3.40 3.70 3.55 0.21 5.92 3.34 3.54 3.44 0.14 4.21 
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Table C.14b Data for a-glucosidase release on ultrasonication following pH pretreatment at different maximum pH using O.SM 
carbonate buffer 

a-glucosidase Maximum pH 9; (U/g X10"l Maximum pH 9.5; U/g X10:t Maximum pH 10; U/g X10:t 
Time(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0.01 0.01 0.01 0.00 3.86 0.01 0.02 0.01 0.00 3.67 0.01 0.01 0.01 0.00 1.56 
3 0.52 0.57 0.55 0.03 6.37 0.66 0.70 0.68 0.03 4.42 0.67 0.63 0.65 0.03 4.15 
6 1.06 1.23 1.14 0.12 10.7 1.19 1.26 1.23 0.05 3.88 1.32 1.24 1.28 0.06 4.36 
9 1.39 1.52 1.45 0.09 6.36 1.37 1.54 1.45 0.12 8.15 1.77 1.80 1.79 0.02 1.19 

12 1.80 1.97 1.89 0.12 6.49 1.78 1.90 1.84 0.08 4.39 2.10 2.27 2.18 0.12 5.40 
15 2.12 2.08 2.10 0.03 1.26 2.10 2.08 2.09 0.01 0.62 2.63 2.50 2.57 0.10 3.71 
18 2.24 2.38 2.31 0.10 4.22 2.28 2.31 2.30 0.02 0.92 2.78 2.82 2.80 0.03 0.92 
21 2.37 2.52 2.45 0.11 4.53 2.33 2.46 2.39 0.09 3.87 2.83 2.88 2.86 0.03 1.08 

a-glucosldase Maximum pH 10.5; U/g X10:t Maximum pH 11; (U/g X10j 
Time(min) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0.01 0.01 0.01 0.00 6.64 0.01 0.01 0.01 0.00 6.36 
3 0.82 0.87 0.84 0.03 3.86 0.48 0.52 0.50 0.03 5.86 
6 1.42 1.50 1.46 0.06 3.86 0.87 0.94 0.90 0.05 5.77 
9 1.91 2.21 2.06 0.21 10.2 1.23 1.31 1.27 0.05 4.23 
12 2.29 2.40 2.34 0.08 3.53 1.78 1.96 1.87 0.12 6.51 
15 2.50 2.66 2.58 0.11 4.33 2.12 2.26 2.19 0.10 4.39 
18 2.61 2.59 2.60 0.01 0.56 2.40 2.34 2.37 0.04 1.71 
21 2.70 2.92 2.81 0.16 5.51 2.57 2.61 2.59 0.02 0.93 
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11 bl C a e f ADH .14c Data or f I H release on uhrasonlcatlon 01 oWing pH pretreatment at different maximum pi uSing 0.5 M b car onate bff u er 
ADH Maximum pH 9; (U/g X10j Maximum pH 9.5; U/g X10" Maximum pH 10; (U/g X10"l 

nme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 0.80 0.83 0.82 0.02 2.89 0.88 0.96 0.92 0.05 5.90 0.83 0.93 0.88 0.07 8.00 
6 1.83 1.67 1.75 0.12 6.73 2.29 2.23 2.26 0.04 1.82 2.13 2.47 2.30 0.24 10.3 
9 2.62 2.53 2.58 0.06 2.29 2.98 2.n 2.87 0.15 5.32 3.17 3.50 3.33 0.24 7.07 
12 3.53 3.63 3.58 0.07 1.97 3.49 4.30 3.89 0.57 14.8 4.60 4.90 4.75 0.21 4.47 
15 4.83 4.83 4.83 0.00 0.00 4.25 5.30 4.78 0.74 15.5 5.80 5.30 5.55 0.35 6.37 
18 5.67 5.70 5.68 0.02 0.41 5.04 6.00 5.52 0.68 12.3 6.27 5.97 6.12 0.21 3.47 
21 6.27 6.17 6.22 0.07 1.14 6.16 6.67 6.42 0.36 5.54 6.87 6.53 6.70 0.24 3.52 

ADH Maximum pH 10.5; U/g X10 Maximum pH 11; (U/g X10,,) 
nme(min) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 
3 0.83 0.87 0.85 0.02 2.n 1.10 1.23 1.17 0.09 8.08 
6 2.53 2.60 2.57 0.05 1.84 2.40 2.53 2.47 0.09 3.82 
9 3.60 3.73 3.67 0.09 2.57 3.50 3.60 3.55 0.07 1.99 
12 4.73 5.00 4.87 0.19 3.87 4.53 4.43 4.48 0.07 1.58 
15 5.87 6.20 6.03 0.24 3.91 5.73 6.07 5.90 0.24 3.99 
18 6.20 6.07 6.13 0.09 1.54 6.27 6.60 6.43 0.24 3.66 
21 6.93 7.33 7.13 0.28 3.97 6.90 7.07 6.98 0.12 1.69 
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Table C.14d Data for G6PDH release on ultrasonication following pH pretreatment at different maximum pH using O.5M carbonate 
buffer 

G6PDH Maximum pH 9; (Ufg) Maximum pH 9.5; (Ufg) Maximum pH 10; (Ufg) 
Time{mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 0 O· 0 0 0 
3 3.19 3.29 3.24 0.07 2.09 3.26 3.42 3.34 0.12 3.45 3.36 3.49 3.42 0.09 2.77 
6 5.64 5.86 5.75 0.16 2.77 6.04 6.82 6.43 0.55 8.63 6.93 7.41 7.17 0.34 4.78 
9 8.83 10.2 9.49 0.94 9.87 10.0 10.7 10.4 0.50 4.78 10.9 9.47 10.2 1.00 9.83 

12 11.3 10.1 10.7 0.88 8.23 12.3 12.1 12.2 0.17 1.43 13.6 13.9 13.8 0.19 1.40 
15 13.9 13.5 13.7 0.29 2.15 13.7 12.0 12.8 1.16 9.03 15.7 15.2 15.5 0.37 2.41 
18 14.5 14.7 14.6 0.20 1.40 14.7 14.8 14.8 0.10 0.70 16.6 16.4 16.5 0.10 0.60 
21 15.0 15.8 15.4 0.53 3.45 15.7 16.2 15.9 0.33 2.09 17.1 17.2 17.2 0.11 0.64 

G6PDH Maximum pH 10.5; (Ufa) Maximum pH 11; (Ufa) 
Tlme{mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 
3 3.42 3.53 3.47 0.07 2.09 3.32 3.49 3.41 0.12 3.45 
6 6.87 7.42 7.15 0.39 5.44 6.77 7.92 7.35 0.81 11.1 
9 10.5 10.2 10.4 0.22 2.15 10.4 10.8 10.6 0.22 2.09 
12 13.7 14.5 14.1 0.58 4.12 12.8 12.5 12.6 0.18 1.43 
15 15.2 15.4 15.3 0.11 0.70 14.6 14.0 14.3 0.41 2.89 
18 16.1 16.2 16.2 0.11 0.70 15.4 15.8 15.6 0.33 2.09 
21 17.6 16.3 17.0 0.90 5.29 16.2 16.5 16.4 0.23 1.40 
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Table C.1Sa Data for invertase release on ultrasonlcation following pH 10 pretreatment using 0.5 M carbonate buffer with different 
h Idl I 0 ngtme 

Invertase Holding: minimal; U/g X 10) Holding: 30 s; (U/g X 101 Holding: 1 min; (U/g X 101 
Tirne(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.y. exp.1 exp.2 ave. S.D. C.Y. 

0 0.08 0.09 0.08 0.00 5.19 0.09 0.10 0.09 0.01 10.6 0.08 0.11 0.09 0.02 19.1 
3 0.94 0.99 0.96 0.04 3.86 1.10 1.17 1.14 0.05 4.20 1.13 1.19 1.16 0.04 3.86 
6 1.65 2.00 1.82 0.25 13.6 1.69 1.91 1.80 0.16 8.71 1.67 1.78 1.73 0.07 4.21 
9 2.36 2.50 2.43 0.10 4.20 2.31 2.52 2.42 0.15 6.18 2.30 2.67 2.48 0.26 10.5 
12 2.96 3.12 3.04 0.11 3.64 2.96 3.14 3.05 0.13 4.20 3.03 3.21 3.12 0.13 4.20 
15 3.08 3.49 3.28 0.29 8.79 3.15 3.31 3.23 0.11 3.54 3.21 3.41 3.31 0.14 4.33 
18 3.26 3.48 3.37 0.15 4.46 3.30 3.37 3.34 0.05 1.61 3.34 3.45 3.39 0.08 2.25 
21 3.55 3.66 3.60 0.08 2.18 3.57 3.68 3.62 0.08 2.18 3.58 3.69 3.63 0.08 2.17 

Invertase Holding: 2 min; (U/g X 10" Holding: 5 min; U/g X 10) 
Tirne(mlnl exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.y. 

0 0.08 0.07 0.08 0.00 3.95 0.06 0.07 0.07 0.00 4.21 
3 0.81 0.94 0.87 0.09 10.5 0.84 1.57 1.21 0.51 42.4 
6 1.69 1.91 1.80 0.16 8.69 1.44 1.68 1.56 0.17 10.7 
9 2.35 2.49 2.42 0.10 4.21 2.03 2.30 2.16 0.19 8.76 
12 2.98 3.08 3.03 0.07 2.16 2.54 2.87 2.70 0.24 8.76 

~ 

15 3.34 3.49 3.41 0.11 3.22 2.66 2.92 2.79 0.18 6.51 
18 3.30 3.41 3.36 0.07 2.17 2.80 2.97 2.89 0.12 4.19 
21 3.50 3.47 3.49 0.02 0.62 2.99 3.12 3.06 0.09 2.92 
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Table C.15b Data for a-glucosidase release on ultrasonication following pH 10 pretreatment using 0.5 M carbonate buffer with 
d·ff t hid· t" I eren 0 mg Ime 

~Iucosldase Holdlna: minimal; U/g X 101 Holding: 30 s; (U/g X 10") Holding: 1 min· (U/g X 10'" 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0.01 0.01 0.01 0.00 1.56 0.02 0.02 0.02 0.00 13.6 0.02 0.02 0.02 0.00 9.95 
3 0.67 0.63 0.65 ·0.03 4.15 0.81 0.91 0.86 0.07 8.08 0.81 0.88 0.85 0.05 5.77 
6 1.32 1.24 1.28 0.06 4.36 1.42 1.45 1.44 0.02 1.62 1.41 1.43 1.42 0.01 0.92 
9 1.77 1.80 1.79 0.02 1.19 1.80 1.94 1.87 0.10 5.53 1.86 1.81 1.83 0.04 1.93 
12 2.10 2.27 2.18 0.12 5.40 2.12 2.23 2.18 0.08 3.66 2.17 2.13 2.15 0.03 1.26 
15 2.63 2.50 2.57 0.10 3.71 2.49 2.42 2.45 0.05 1.99 2.58 2.71 2.65 0.09 3.53 
18 2.78 2.82 2.80 0.03 0.92 2.70 2.76 2.73 0.04 1.62 2.76 2.86 2.81 0.07 2.51 
21 2.83 2.88 2.86 0.03 1.08 2.87 2.94 2.91 0.05 1.62 2.92 2.93 2.93 0.01 0.23 

a-glucosidase Holding: 2 min; t U/gX1«t1 Holding: 5 min; (U/g X 10j 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0.01 0.02 0.02 0.00 4.20 0.01 0.02 0.01 0.00 10.2 
3 0.80 0.93 0.86 0.09 10.1 0.74 0.76 0.75 0.01 1.62 
6 1.44 1.53 1.49 0.06 4.21 1.41 1.50 1.46 0.06 4.20 
9 1.97 2.01 1.99 0.03 1.49 1.89 2.02 1.95 0.09 4.71 
12 2.37 2.26 2.31 0.08 3.25 2.05 2.12 2.09 0.05 2.25 
15 2.72 2.75 2.73 0.03 0.93 2.13 2.26 2.20 0.10 4.33 
18 2.88 2.96 2.92 0.06 2.09 2.26 2.29 2.27 0.02 0.92 
21 2.98 3.00 2.99 0.02 0.62 2.36 2.49 2.43 0.09 3.86 
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Table C.15c Data for ADH enzyme, release on ultrasonication following pH 10 pretreatment using 0.5 M carbonate buffer with different 
h Idi II 0 ng me 

ADH Holding: minimal; Ulg X 10" Holding: 30 S; (Ulg X 10,,) Holding: 1 min; (U/g X 10") 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 0.83 0.93 0.88 0.07 8.00 0.87 0.90 0.88 0.02 2.67 0.87 0.93 0.90 0.05 5.24 
6 2.13 2.47 2.30 0.24 10.3 2.05 2.10 2.08 0.03 1.59 2.24 2.37 2.30 0.09 3.89 
9 3.17 3.50 3.33 0.24 7.07 3.12 3.30 3.21 0.13 3.97 3.36 3.47 3.41 0.08 2.21 
12 4.60 4.90 4.75 0.21 4.47 4.40 4.43 4.42 0.02 0.53 4.53 4.83 4.68 0.21 4.53 
15 5.80 5.30 5.55 0.35 6.37 5.60 5.93 5.n 0.24 4.09 5.47 5.13 5.30 0.24 4.45 
18 6.27 5.97 6.12 0.21 3.47 6.27 6.07 6.17 0.14 2.29 6.13 6.30 6.22 0.12 1.90 
21 6.87 6.53 6.70 0.24 3.52 6.40 6.60 6.50 0.14 2.18 6.27 6.57 6.42 0.21 3.31 

ADH Holding: 2 min; (Ulg X 101 Holding: 5 min; Ulg X 10) 
Tlm~mlnJ exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 
3 1.00 1.13 1.07 0.09 8.84 1.13 1.27 1.20 0.09 7.86 
6 2.33 2.40 2.37 0.05 1.99 2.71 2.87 2.79 0.11 4.06 
9 3.60 3.50 3.55 0.07 1.99 4.20 4.13 4.17 0.05 1.13 
12 4.67 4.60 4.63 0.05 1.02 5.33 5.27 5.30 0.05 0.89 
15 6.00 6.17 6.08 0.12 1.94 6.17 6.33 6.25 0.12 1.89 
18 6.53 6.93 6.73 0.28 4.20 6.53 6.73 6.63 0.14 2.13 
21 6.67 7.10 6.88 0.31 4.45 6.97 7.27 7.12 0.21 2.98 
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Table C.15d Data for G6PDH release on ultrasonication following pH 10 pretreatment using 0.5 M carbonate buffer with different 
hid· tl 0 Ing me 

G6PDH Holding: minimal; tU/g X 10") Holding: 30 s; (U/g X 10") Holding: 1 min; (U/g X 10") 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 3.36 3.49 3.42 0.09 2.77 3.54 3.69 3.61 0.10 2.77 3.17 3.36 3.27 0.13 4.12 
6 6.93 7.41 7.17 0.34 4.78 6.71 6.91 6.81 0.14 2.09 6.28 6.72 6.50 0.31 4.78 
9 10.9 9.5 10.2 1.00 9.83 10.7 12.0 11.4 0.91 8.00 10.2 11.0 10.6 0.58 5.44 
12 13.6 13.9 13.8 0.19 1.40 13.0 13.7 13.3 0.46 3.45 12.7 14.6 13.6 1.35 9.87 
15 15.7 16.2 16.0 0.33 2.09 15.2 14.8 15.0 0.32 2.15 15.7 16.2 16.0 0.33 2.09 
18 16.6 17.7 17.2 0.82 4.78 16.6 16.2 16.4 0.23 1.43 16.5 16.2 16.4 0.23 1.43 
21 17.1 16.6 16.8 0.36 2.15 16.8 17.3 17.0 0.36 2.09 16.9 18.3 17.6 0.96 5.44 

G6PDH Holding: 2 min; (U/g X 101 Holding: 5 min; U/g X 10) 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 
3 3.92 3.99 3.96 0.06 1.40 4.11 4.21 4.16 0.08 1.85 
6 6.28 6.72 6.50 0.31 4.78 7.61 8.04 7.82 0.30 3.89 
9 10.5 10.8 10.6 0.22 2.09 11.9 12.9 12.4 0.67 5.37 

12 12.5 13.7 13.1 0.80 6.09 14.1 13.9 14.0 0.15 1.10 
15 14.5 14.3 14.4 0.21 1.43 16.2 15.3 15.7 0.62 3.92 
18 16.8 17.4 17.1 0.47 2.77 17.3 17.7 17.5 -0.28 1.58 
21 17.3 17.8 17.5 0.37 2.09 18.0 17.8 17.9 0.09 0.51 
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Table C.16a Data for invertase release on uftrasonication following pH 10 pretreatment using 0.05 M carbonate buffer with different 
h Idi i 0 ngtme 

Invertase Holding: minimal; U/g X 10) Holding: 30 s·CU/a X 10~ Holding: 1 min; (U/g X 101 
Tlme(mln) exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0.07 0.01 0.04 0.09 0.09 0.09 0.02 0.06 0.08 0.10 0.09 0.01 0.05 0.07 0.01 
3 0.75 0.03 3.86 1.11 1.00 1.06 0.08 7.56 1.00 1.14 1.07 0.09 8.76 0.75 0.03 
6 1.75 0.11 6.17 1.91 1.80 1.86 0.08 4.21 1.71 1.93 1.82 0.15 8.41 1.75 0.11 
9 2.12 0.08 3.66 2.37 2.24 2.30 0.10 4.20 2.31 2.51 2.41 0.14 5.74 2.12 0.08 
12 2.71 0.12 4.46 2.96 2.72 2.84 0.16 5.79 2.78 2.95 2.87 0.12 4.21 2.71 0.12 
15 3.09 0.12 3.86 2.97 2.91 2.94 0.04 1.49 3.02 3.12 3.07 0.07 2.44 3.09 0.12 
18 3.20 0.04 1.26 3.31 3.17 3.24 0.10 3.12 3.25 3.28 3.26 0.03 0.78 3.20 0.04 
21 3.41 0.02 0.62 3.46 3.42 3.44 0.03 0.92 3.48 3.70 3.59 0.16 4.33 3.41 0.02 

Invertase Holding: 2 min; (U/g X 10~ Holdlna: 5 min: CU/a X 10') 
Tlrne(mln) exp.1 exp.2 ave. S.D. C.Y. eXD.1 eXD.2 ave. S.D. C.Y. 

0 0.07 0.07 0.07 0.00 3.13 0.07 0.07 0.07 0.00 4.46 
3 0.99 1.04 1.02 0.03 3.13 0.82 0.90 0.86 0.05 6.38 
6 1.75 1.84 1.79 0.07 3.67 1.59 1.73 1.66 0.10 6.05 
9 2.45 2.67 2.56 0.16 6.17 2.09 2.42 2.25 0.23 10.25 
12 3.04 3.11 3.08 0.05 1.55 2.58 2.74 2.66 0.11 4.20 
15 3.29 3.26 3.28 0.02 0.62 2.76 2.85 2.81 0.06 2.17 
18 3.38 3.58 3.48 0.15 4.22 2.89 2.95 2.92 0.04 1.49 
21 3.54 3.76 3.65 0.15 4.22 3.06 3.25 3.15 0.13 4.19 
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Table C.16b Data for a-glucosidase release on ultrasonication following pH 10 pretreatment using 0.05 M carbonate buffer with 
dlff hid· . erent 0 Ing time 

a-glucosldase Holding: minimal; U/g X 10,,} Holding: 30 s; (U/g X 10,,) Holding: 1 min; (U/g X 10"1 
Tlme(mln) exp.l exp.2 ave. S.D. C.V. exp.l exp.2 ave. S.D. C.V. exp.l exp.2 ave. S.D. C.v. 

0 0.01 0.01 0.01 0.00 2.85 0.02 0.02 0.02 0.00 1.06 0.01 0.01 0.01 0.00 10.9 
3 0.65 0.62 0.64 0.03 4.15 0.65 0.64 0.65 0.01 1.13 0.66 0.66 0.66 0.00 0.06 
6 1.28 1.21 1.25 0.05 4.36 1.22 1.12 1.17 0.07 6.31 1.24 1.25 1.25 0.01 0.90 
9 1.73 1.76 1.74 0.02 1.19 1.71 1.62 1.67 0.06 3.57 1.80 1.82 1.81 0.02 0.94 

12 2.05 1.88 1.97 0.11 5.83 2.09 2.24 2.17 0.10 4.82 2.19 2.24 2.21 0.03 1.45 
15 2.57 2.44 2.50 0.09 3.71 2.58 2.65 2.62 0.05 1.79 2.60 2.51 2.56 0.07 2.57 
18 2.71 2.75 2.73 0.03 0.92 2.72 2.81 2.77 0.06 2.21 2.70 2.86 2.78 0.11 4.02 
21 2.76 2.80 2.78 0.03 1.08 2.77 2.86 2.81 0.06 2.28 2.76 3.06 2.91 0.21 7.14 

a-glucosidase Holding: 2 min; U/g X 1()' 1 Holding: 5 min; (U/g X 10") 
Tlme(min) exp.l exp.2 ave. S.D. C.v. exp.l exp.2 ave. S.D. C.V. 

0 0.01 0.01 0.01 0.00 4.40 0.01 0.02 0.01 0.00 10.5 
3 0.86 0.65 0.76 0.15 19.2 0.66 0.70 0.68 0.03 4.48 
6 1.48 1.34 1.41 0.10 6.80 1.26 1.45 1.35 0.13 9.94 
9 1.99 1.78 1.88 0.15 7.70 1.68 1.73 1.70 0.03 1.82 

12 2.33 2.30 2.31 0.02 0.73 2.01 2.00 2.01 0.01 0.32 
15 2.55 2.71 2.63 0.11 4.34 2.19 2.17 2.18 0.01 0.62 
18 2.73 2.78 2.75 0.03 1.20 2.32 2.45 2.39 0.09 3.67 
21 2.79 2.85 2.82 0.04 1.48 2.40 2.45 2.42 0.04 1.56 
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Table C.16c Data for ADH release on ultrasonication following pH 10 pretreatment using 0.05 M carbonate buffer with different 
h Idl . 0 ng time 

ADH Holding: minimal; U/gX 10") Holding: 30 s' (U/g X 101 Holding: 1 min; (U/g X 101 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 1.00 1.07 1.03 0.05 4.56 0.97 1.17 1.07 0.14 13.26 1.10 1.23 1.17 0.09 8.08 
6 2.00 2.10 2.05 0.07 3.45 2.03 2.17 2.10 0.09 4.49 2.40 2.47 2.43 0.05 1.94 
9 2.80 3.33 3.07 0.38 12.3 2.83 3.30 3.07 0.33 10.8 3.27 3.53 3.40 0.19 5.55 
12 3.67 4.23 3.95 0.40 10.1 4.07 4.57 4.32 0.35 8.19 4.47 4.57 4.52 0.07 1.57 
15 4.67 4.70 4.68 0.02 0.50 5.13 5.10 5.12 0.02 0.46 4.90 4.73 4.82 0.12 2.45 
18 5.40 5.50 5.45 0.07 1.30 5.50 5.97 5.73 0.33 5.76 5.43 5.53 5.48 0.07 1.29 
21 6.00 6.20 6.10 0.14 2.32 6.07 6.27 6.17 0.14 2.29 6.00 6.37 6.18 0.26 4.19 

ADH Holding: 2 min; (U/g X 10"] Holding: 5 min; U/g X 10 ') 
Tlme(mln) exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 

0 0 0 0 0 0 0 0 0 0 0 
3 1.03 1.17 1.10 0.09 8.57 1.10 1.17 1.13 0.05 4.16 
6 2.50 2.60 2.55 0.07 2.n 2.40 2.60 2.50 0.14 5.66 
9 3.43 3.63 3.53 0.14 4.00 3.50 3.97 3.73 0.33 8.84 
12 4.43 4.50 4.47 0.05 1.06 4.53 4.83 4.68 0.21 4.53 
15 5.13 5.20 5.17 0.05 0.91 5.37 5.87 5.62 0.35 6.29 
18 5.n 5.63 5.70 0.09 1.65 5.70 6.07 5.88 0.26 4.41 
21 6.30 6.60 6.45 0.21 3.29 6.23 6.37 6.30 0.09 1.50 
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Table C.16d Data for G6PDH release on ultrasonication following pH 10 pretreatment using 0.05 M carbonate buffer with different 
hid· . 0 Ing time 

G6PDH Holdln I: minimal; (U/g) Holding: 30 s; (U/g) Holding: 1 min; (U/g) 
Tlme(mln} exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 3.92 3.99 3.96 0.05 1.16 3.98 4.15 4.07 0.12 2.98 4.06 5.12 4.59 0.75 16.4 
6 6.76 7.22 6.99 0.33 4.68 6.74 7.16 6.95 0.30 4.27 6.82 7.61 7.21 0.56 7.73 
9 9.79 10.5 10.1 0.47 4.68 9.84 10.25 10.04 0.29 2.92 9.89 10.4 10.1 0.36 3.52 
12 12.4 12.2 12.3 0.14 1.10 12.0 11.7 11.9 0.24 1.99 12.6 12.4 12.5 0.08 0.62 
15 14.0 13.6 13.8 0.28 2.06 14.0 13.9 13.9 0.09 0.62 14.1 15.0 14.6 0.64 4.42 
18 14.6 15.4 15.0 0.60 3.98 14.6 15.2 14.9 0.38 2.54 14.7 15.1 14.9 0.33 2.24 
21 15.5 15.7 15.6 0.15 0.93 15.9 16.3 16.1 0.29 1.79 16.2 16.4 16.3 0.15 0.92 

G6PDH Holding: 2 min· (U/g) Holding: 5 min; (U/g) 
Time(min) exp.1 exp.2 ave. S.D. C.y. exp.1 exp.2 ave. S.D. C.Y. 

0 0 0 0 0 0 0 0 0 0 0 
3 4.10 4.36 4.23 0.19 4.48 4.08 4.30 4.19 0.16 3.76 
6 6.73 7.51 7.12 0.55 7.73 6.84 7.94 7.39 0.78 10.6 
9 10.0 10.6 10.3 0.40 3.88 9.97 10.2 10.1 0.19 1.85 
12 11.9 13.0 12.5 0.77 6.18 12.1 13.6 12.8 1.07 8.36 
15 14.1 13.8 13.9 0.17 1.24 14.1 14.0 14.0 0.08 0.55 
18 14.9 14.5 14.7 0.28 1.92 15.1 16.1 15.6 0.67 4.27 
21 16.3 17.1 16.7 0.53 3.20 16.1 16.7 16.4 0.41 2.48 
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Table C.17 Kinetic rate constant (k) of protein and enzyme release on ultrasonication following pH pretreatment at different 
i H 105M rb t b ff max mum PI us ng . ca onae u er 

Maxim pH Protein Invertase CL-glucosldase ADH G6PDH 
k(pass") R" k(paSS'l) R'" k(pass") R'" k (pass") R'" k (paSS'l) R'" 

9 0.07 0.9733 0.06 0.9746 0.06 0.9966 0.06 0.9727 0.05 0.9882 
9.5 0.07 0.9704 0.07 0.9703 0.06 0.9951 0.06 0.9771 0.05 0.9874 
10 0.09 0.9916 0.09 0.9951 0.09 0.9952 0.07 0.9911 0.06 0.9848 

10.5 0.09 0.9900 0.08 0.9942 0.08 0.9708 0.08 0.9775 0.06 0.9789 
11 0.08 0.9910 0.07 0.9644 0.06 0.9853 0.08 0.9832 0.06 0.9900 

Table C.18a Kinetic rate constant (k) of protein and enzyme release on ultrasonlcation following pH 10 pretreatment using 0.5 M 
carbonate buffer with different holding time 

Holding time Protein Invertase ~Iucosldase ADH G6PDH 
k(pass") R" k(pass") R'" k(paSS'l) R'" k(paSS") R'" k (pass") R'" 

minimal 0.09 0.9916 0.09 0.9951 0.09 0.9952 0.07 0.9911 0.06 0.9848 
30s 0.09 0.9959 0.09 0.9932 0.08 0.9980 0.07 0.9805 0.06 0.9859 

1 min 0.10 0.9962 0.09 0.9872 0.09 0.9895 0.07 0.9895 0.07 0.9842 
2 min 0.09 0.9940 0.09 0.9935 0.10 0.9954 0.08 0.9759 0.07 0.9902 
5 min 0.06 0.9962 0.07 0.9852 0.07 0.9505 0.08 0.9944 0.07 0.9874 
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Table C.18bKinetic rate constant (k) of protein and enzyme release on ultrasonication following pH 10 pretreatment using 0.05 M 
b t b ff • h d'ff t hid' ti car ona e u erwlt I eren 0 Ing me 

Holding time Protein Invertase a-glucosidase ADH G6PDH 
k (pass") RiC k (pass'') RiC k (pass") RiC k (pass") R'" k (pass") R'" 

minimal 0.09 0.9983 0.07 0.9896 0.08 0.9863 0.06 0.9926 0.05 0.9856 
305 0.09 0.9911 0.08 0.9971 0.09 0.9862 0.06 0.9935 0.05 0.9950 

1 min 0.09 0.9941 0.08 0.9999 0.09 0.9969 0.06 0.9937 0.05 0.9876 
2 min 0.10 0.9938 0.09 0.9959 0.09 0.9962 0.06 0.9956 0.05 0.9911 
5 min 0.07 0.9962 0.07 0.9984 0.06 0.9873 0.06 0.9917 0.06 0.9935 

Raw data for homogenlsation of Baker's yeast with osmotic pretreatment 
The total soluble protein and enzyme release from Baker's yeast (1.5%, dry weight, w/v) on ultrasonication at 80 W following osmotic 
pretreatment. The tables below present the data obtained for the release of total soluble protein, enzyme release and kinetic rate constant k. 

Table C.19 Data for protein release on ultrasonication following osmotic pretreatment at different osmotic pressure using glycerol or 
NaCI solution 

Protein Glycerol solution; (mg/g) NaCI solution; (mg/g) 
Tlme(min) O.25MPa 0.5MPa 1MPa 5MPa 0.25 MPa 0.5 MPa 1MPa 5MPa 

0 2.94 1.86 2.18 1.57 2.94 1.70 2.34 1.53 
3 78.4 83.5 80.4 91.2 78.4 90.5 88.1 101.3 
6 132 126 150 187 132 134 155 194 
9 213 213 212 237 213 217 217 249 
12 273 284 275 291 273 288 283 302 
15 316 325 353 356 316 335 342 355 
18 347 341 365 370 347 349 358 369 
21 352 350 .373 377 352 358 370 381 
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Table C.20a Data for invertase release on ultrasonication following osmotic pretreatment at different osmotic pressure using glycerol 
or NaCI solution 

Invertase Glycerol solution; (U/g X 1Qi NaCI solution; (U/g X 101 
Tlme(mln) O.25MPa 0.5 MPa 1MPa 5MPa 0.25 MPa 0.5MPa 1MPa 5MPa 

0 0.19 0.14 0.10 0.19 0.14 0.12 0.14 0.16 
3 0.69 1.03 1.16 0.77 0.76 1.00 1.22 0.86 
6 1.57 1.52 1.84 1.45 1.51 1.54 2.03 1.45 
9 1.93 2.17 2.61 1.70 1.96 2.23 2.75 2.09 
12 2.37 2.98 3.03 2.56 2.38 2.81 3.34 2.60 
15 2.78 3.19 3.53 2.74 2.77 3.26 3.69 2.76 
18 3.09 3.43 3.77 3.00 3.04 3.39 3.84 3.05 
21 3.16 3.45 3.83 3.05 3.11 3.42 3.87 3.11 

Table C.20b Data for a-glucosidase release on ultrasonicatlon following osmotic pretreatment at different osmotic pressure using 
I I N CI lutl glvcero or a so on 

a-glucosldase Glycerol solution· (U/g X 10j NaCI solution; (U/g X 10j 
Tlme(mln) 0.25 MPa 0.5MPa 1MPa 5MPa 0.25 MPa 0.5MPa 1MPa 5MPa 

0 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 
3 0.53 0.57 0.72 0.24 0.57 0.58 0.70 0.66 
6 1.08 1.33 1.39 0.86 1.33 1.35 1.41 1.24 
9 1.58 1.72 1.81 1.04 1.72 1.82 1.85 1.69 
12 2.01 2.28 2.33 1.40 2.28 2.32 2.37 2.07 
15 2.44 2.63 2.78 1.66 2.63 2.62 2.82 2.17 
18 2.63 2.80 2.96 2.04 2.80 2.83 2.93 2.26 
21 2.71 2.82 3.06 2.03 2.82 2.85 3.00 2.33 
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Table C.20c Data for ADH release on uHrasonication following osmotic pretreatment at different osmotic pressure using glycerol or 
NaCI solution 

ADH Glycerol solution1 (Ufg X 10j NaCI solution' (Ufg X 10") 
Tlme(mln) O.25MPa 0.5MPa 1MPa 5MPa O.25MPa 0.5MPa 1MPa 5MPa 

0 0 0 0 0 0 0 0 0 
3 0.60 0.53 0.60 0.64 0.93 1.13 1.53 1.73 
6 2.00 1.92 1.92 1.92 1.87 2.00 2.53 2.47 
9 2.60 2.n 2.73 2.67 2.67 2.93 3.40 3.53 
12 4.00 3.63 3.93 3.60 3.53 4.07 4.60 4.67 
15 4.67 4.59 4.47 4.32 4.73 5.20 5.67 5.73 
18 5.60 5.44 5.53 5.44 5.67 6.07 6.33 6.27 
21 6.07 5.84 6.33 5.76 6.33 7.00 7.40 7.47 

Table C.2Od Data for G6PDH release on uHrasonicatlon following osmotic pretreatment at different osmotic pressure using glycerol or 
NaCI solution 

G6PDH Glycerol solution; (Ufg) NaCI solution; (Ufg) 
Tlme(mln) O.25MPa 0.5MPa 1MPa 5MPa 0.25 MPa 0.5 MPa 1MPa 5MPa 

0 0 0 0 0 0 0 0 0 
3 3.45 2.85 3.61 3.72 3.45 3.43 3.91 4.44 
6 5.85 6.33 6.73 6.86 5.85 6.28 6.81 7.39 
9 9.02 9.03 8.86 9.42 9.02 9.66 10.2 10.6 
12 11.4 11.6 10.8 11.5 11.4 11.2 12.1 12.9 
15 13.3 13.1 13.1 13.3 13.3 13.9 14.4 15.0 
18 14.4 14.5 14.5 14.7 14.4 14.7 15.5 16.0 
21 15.0 15.5 15.1 15.9 15.0 15.7 16.5 17.2 
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Table C.21 a Kinetic rate constant (k) of protein and enzyme release on ultrasonication following osmotic pretreatment using 
I I I' glycero SO uti on 

Glycerol 
Protein Invertase a-glucosldase ADH G6PDH 

k (pass·') R'" k (pass·') R'" k (paSS·l) Ri< k (pass·') RiO: k(Pass·') R'" 
0.2SMPa 0.08 0.9793 0.06 0.9928 0.06 0.9946 0.06 0.9842 0.05 0.9944 
O.S MPa 0.09 0.9571 0.08 0.9807 0.07 0.9930 0.06 0.9878 0.05 0.9938 
1 MPa 0.09 0.9812 0.08 0.9850 0.07 0.9940 0.05 0.9830 0.05 0.9985 
SMPa 0.07 0.9587 0.06 0.9729 0.05 0.9826 0.06 0.9729 0.05 0.9724 

Table C.21 b Kinetic rate constant (k) of protein and enzyme release on ultrasonicatlon following osmotic pretreatment using NaCI 
solution 

NaCI 
Protein Invertase a-glucosldase ADH G6PDH 

k(pass·') Ri< k(pass·') Ri< k (pass·') R'" k (pass·') R'" k (pass·') R'" 
O.25MPa 0.08 0.9787 0.06 0.9984 0.07 0.9983 0.06 0.9754 0.05 0.9910 
O.SMPa 0.08 0.9804 0.08 0.9909 0.07 0.9922 0.06 0.9872 0.06 0.9945 
1 MPa 0.09 0.9938 0.08 0.9979 0.08 0.9893 0.06 0.9834 0.06 0.9963 
SMPa 0.07 0.9943 0.06 0.9896 0.06 0.9908 0.06 0.9856 0.06 0.9982 
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Appendix D 
Effect of Pretreatment on High Pressure Homogenisation 

Raw data for homogenisation of Baker's yeast following single and combined pretreatment 
The total soluble protein and enzyme release from Baker's yeast (1.5%, dry weight, w/v) on high pressure homogenisation (HPH) at 27.6 and 
41.4 MPa following pretreatment. The tables below present the data obtained for the release of total soluble protein and enzyme release and 
kinetic rate constant k. 

11 bl D 1 a e . D taf t i a or pro e n re ease on HPH 276 d 41 4 MP f II i I d at • an . a 0 ow ng s ngle an com bined pretreatment 
Protein release (mg/g) on HPH at 27.6 and 41.4 MPa following heat pretreatment 

T_ 40'C 50'C 5O'C 5O'C 
Holding Minimal Minimal Minimal 5 min 
Pressure 27.6 MPa 27.6MPa 41.4 MPa 41.4 MPa 
Passes . exp.1 exp.2 ave • S.D. C.V. . . 

0 2.66 1.57 1.77 1.67 0.14 8.49 1.83 1.73 
1 134 160 145 152 10.8 7.05 168 185 
2 227 227 220 224 4.83 2.16 292 312 
3 280 302 295 299 4.86 1.63 3n 398 
4 329 354 359 357 3.23 0.91 444 456 
5 373 398 395 397 2.22 0.56 461 459 
6 399 438 422 430 11.9 2.76 464 471 
7 433 456 454 455 1.18 0.26 479 476 
8 450 473 475 474 1.30 0.27 490 491 
9 458 483 490 487 5.19 1.07 492 490 
10 465 484 496 490 8.67 1.n 499 485 
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Protein release (mg/g) on HPH at 27.6 MPa following pH osmotic and combined pretreatment 
pH pretreatment Osmotic pretreatment Heat and pH Heat and osmotic 

Passes (T max: 40"C; pH max (T max: 40"C, 1 MPa) 
exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 10) 

0 3.54 3.22 3.38 0.23 6.67 2.37 2.73 2.55 0.26 10.2 1.63 2.93 
1 132 113 123 13.3 10.9 95 111 103 11.4 11.1 138 138 
2 195 179 187 11.4 6.11 161 170 166 6.25 3.n 243 233 
3 287 251 269 25.4 9.44 247 230 239 12.5 5.24 307 284 
4 316 308 312 6.08 1.95 281 291 286 7.38 2.58 355 335 
5 350 345 348 3.02 0.87 311 317 314 4.55 1.45 389 388 
6 362 372 367 7.02 1.91 334 335 335 0.49 0.15 425 409 
7 382 404 393 15.2 3.87 343 366 355 15.8 4.47 460 445 
8 413 422 417 5.76 1.38 373 386 379 9.24 2.44 465 460 
9 428 434 431 4.67 1.08 397 395 396 1.96 0.49 4n 465 
10 445 442 443 2.40 0.54 401 405 403 2.64 0.66 478 470 
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l1blD2a D f I a e . ata or nvertase re ease on HPH 27 6 d 41 4 MP f II . I at . an . a 0 oWing sing I e an d com b' ed In pretreatment 
Invertase release (U/glX 10· on HPH at 27.6 and 41.4 MPa following heat pretreatment 

Tmall 40"C 50"C SO"C 50"C 
Holding Minimal Minimal Minimal 5min 
Pressure 27.6 MPa 27.6MPa 41.4 MPa 41.4 MPa 
Passes - exp.1 exp.2 ave. S.D. C.Y. - -

0 0.16 0.15 0.17 0.16 0.01 6.43 0.16 0.16 
1 1.95 2.13 2.04 2.09 0.06 2.94 2.40 2.35 
2 2.65 2.92 2.90 2.91 0.02 0.70 3.22 3.13 
3 3.17 3.46 3.36 3.41 0.07 2.10 3.87 3.86 
4 3.36 3.72 3.67 3.70 0.04 0.97 4.41 4.34 
5 3.87 4.03 4.01 4.02 0.02 0.38 4.51 4.50 
6 4.08 4.22 4.37 4.30 0.10 2.38 4.52 4.53 
7 4.16 4.32 4.35 4.34 0.03 0.61 4.56 4.55 
8 4.24 4.44 4.34 4.39 0.07 1.59 4.55 4.50 
9 4.31 4.46 4.43 4.44 0.02 0.46 4.62 4.57 
10 4.37 4.60 4.54 4.57 0.04 0.89 4.58 4.53 

Invertase release (U/g) X 10· on HPH at 27.6 MPa followinnH osmotic and combined pretreatment 
J!H J!retreatment Osmotic pretreatment Heat and pH Heat and osmotic 

Passes (T max: 40"C; pHmax (T max: 40"C, 1 MPa) 
exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.Y. 10) 

0 0.09 0.12 0.10 0.03 24.4 0.14 0.15 0.14 0.01 7.07 0.12 0.16 
1 1.87 1.87 1.87 0.00 0.00 1.66 1.74 1.70 0.06 3.30 2.17 1.72 
2 2.46 2.36 2.41 0.07 2.96 2.15 2.03 2.09 0.08 3.91 2.85 2.71 
3 2.88 2.82 2.85 0.04 1.43 2.54 2.44 2.49 0.07 2.67 3.39 3.09 
4 3.26 3.24 3.25 0.01 0.31 3.03 2.94 2.98 0.06 2.05 3.75 3.50 
5 3.47 3.81 3.64 0.23 6.45 3.30 3.24 3.27 0.04 1.25 4.04 3.97 
6 3.79 4.17 3.98 0.27 6.67 3.62 3.58 3.60 0.03 0.71 4.20 4.07 
7 3.95 4.25 4.10 0.21 5.23 3.78 3.74 3.76 0.03 0.68 4.37 4.14 
8 4.10 4.34 4.22 0.17' 4.12 3.98 3.95 3.97 0.02 0.52 4.41 4.26 
9 4.27 4.43 4.35 0.11 2.58 4.11 4.09 4.10 0.02 0.37 4.49 4.47 
10 4.40 4.54 4.47 0.10 2.28 4.21 4.25 4.23 0.03 0.72 4.54 4.52 
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Table D.2b Data for a-glucosidase release on HPH at 27.6 and 41.4 Mao oWing s ngle an P f II i I d b· ed com In pretreatment 
a-glucosldase release (U/g) X 10" on HPH at 27.6 and 41.4 MPa following heat pretreatment 

T_ 4O"C 50"C 50"C 50"C 
Holding Minimal Minimal Minimal 5min 
Pressure 27.6 MPa 27.6 MPa 41.4MPa 41.4 MPa 
Passes . exp.1 ex~2 ave. S.D. C.V. . . 

0 0.02 0.02 0.02 0.02 0.00 0.92 0.02 0.02 
1 0.98 1.03 0.95 0.99 0.06 5.99 1.11 1.14 
2 1.42 1.69 1.57 1.63 0.08 5.03 2.03 2.07 
3 1.82 2.09 2.01 2.05 0.06 2.90 2.46 2.47 
4 2.23 2.50 2.43 2.47 0.05 1.95 2.99 2.97 
5 2.56 2.86 2.73 2.79 0.09 3.18 3.11 3.09 
6 2.89 3.17 3.04 3.10 0.09 3.01 3.39 3.40 
7 3.06 3.28 3.25 3.26 0.03 0.82 3.39 3.41 
8 3.12 3.37 3.28 3.33 0.07 1.97 3.40 3.42 
9 3.28 3.39 3.29 3.34 0.07 2.17 3.42 3.41 
10 3.29 3.46 3.39 3.42 0.05 1.42 3.39 3.40 

a-glucosldaserelease (U/g) X 10" on HPH at 27.6 MPa following pH, osmotic and combined pretreatment 
pH pretreatment Osmotic pretreatment Heat and pH Heat and osmotic 

Passes (T max: 4O"C; pHmax (T max: 40"C, 1 MPa) 
exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 10) 

0 0.02 0.02 0.02 0.00 1.00 0.01 0.01 0.D1 0.00 2.10 0.02 0.01 
1 0.85 0.83 0.84 0.01 1.61 0.95 0.88 0.92 0.05 5.55 0.99 0.99 
2 1.33 1.39 1.36 0.04 2.99 1.34 1.38 1.36 0.03 1.91 1.62 1.60 
3 1.74 1.74 1.74 0.00 0.26 1.61 1.73 1.67 0.09 5.12 2.06 2.08 
4 1.97 2.13 2.05 0.11 5.44 2.06 1.90 1.98 0.11 5.62 2.41 2.37 
5 2.33 2.47 2.40 0.10 4.17 2.26 2.30 2.28 0.03 1.31 2.72 2.74 
6 2.59 2.73 2.66 0.10 3.76 2.43 2.49 2.46 0.04 1.68 3.01 2.94 
7 2.92 3.00 2.96 0.06 2.06 2.75 2.67 2.71 0.06 2.04 3.21 3.19 
8 3.21 3.26 3.23 0.03 1.07 2.86 2.90 2.88 0.03 1.01 3.37 3.39 
9 3.32 3.27 3.30 0.03 0.89 2.98 2.92 2.95 0.04 1.39 3.46 3.43 
10 3.43 3.30 3.36 0.09 2.60 3.02 2.93 2.97 0.06 2.16 3.51 3.50 
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11 bl D 2 a e • c D f ADH ata or release on HPH 2 at 7.6 an d 41.4 MP f II b' eel a 0 oWing single and com In pretreatment 
ADH release (U/g) x 10" on HPH at 27.6 and 41.4 MPa following heat )retreatment 

Tmu 40'C 50'C 50'C 50'C 
Holding Minimal Minimal Minimal 5 min 
Pressure 27.6 MPa 27.6 MPa 41.4 MPa 41.4 MPa 
Passes . exp.1 exp.2 ave • S.D. C.V. . . 

0 0 0 0 0 . 0 0 0 0 
1 1.60 1.67 1.60 1.63 0.05 2.89 1.80 1.83 
2 3.27 3.60 3.40 3.50 0.14 4.04 4.50 4.57 
3 4.50 4.73 4.73 4.73 0.00 0.00 5.67 5.50 
4 5.17 5.53 5.47 5.50 0.05 0.86 6.47 6.43 
5 5.67 6.07 6.40 6.23 0.24 3.78 6.97 7.17 
6 6.50 6.60 7.47 7.03 0.61 8.71 7.67 7.77 
7 7.03 7.20 7.87 7.53 0.47 6.26 8.03 8.10 
8 7.90 7.93 8.27 8.10 0.24 2.91 8.43 8.57 
9 8.33 8.33 8.67 8.50 0.24 2.77 8.80 8.67 
10 8.77 9.00 8.93 8.97 0.05 0.53 8.83 8.77 

ADH release LU/gl X 10:» on HPH at 27.6 UPa following pH, osmotic and combined pretreatment 
pH pretreatment Osmotic pretreatment Heat and pH Heat and osmotic 

Passes (T max: 40'C; pHmax (T max: 40'C, 1 MPa) 
exp.1 exp.2 ave. S.D. C.V. exp.1 exp.2 ave. S.D. C.V. 10) 

0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1.53 1.37 1.45 0.12 8.13 1.57 1.53 1.55 0.03 1.94 1.40 1.33 
2 2.97 2.77 2.87 0.14 4.93 2.73 2.63 2.68 0.07 2.64 3.00 3.07 
3 4.27 4.40 4.33 0.09 2.18 3.73 3.50 3.61 0.16 4.40 4.50 4.40 
4 4.83 5.03 4.93 0.14 2.87 4.05 4.13 4.09 0.05 1.30 5.40 5.37 
5 5.83 5.77 5.80 0.05 0.81 4.38 4.45 4.41 0.05 1.20 6.00 5.95 
6 6.33 6.27 6.30 0.05 0.75 5.00 4.88 4.94 0.09 1.79 6.63 6.57 
7 6.50 6.60 6.55 0.07 1.08 5.60 5.25 5.43 0.25 4.56 7.33 7.16 
8 7.00 7.27 7.13 0.19 2.64 5.75 5.95 5.85 0.14 2.42 7.90 7.87 
9 7.50 7.57 7.53 0.05 0.63 6.05 5.98 6.01 0.05 0.88 8.37 8.43 
10 8.17 8.00 8.08 0.12 1.46 6.38 6.25 6.31 0.09 1.40 8.77 8.63 
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11 bl D 2d D f G6DH I a e . ata or re ease on HPH 27 6 d 41 4 MP f II i I at . an . a 0 owngsnglean d com b· ed et t In pr rea men t 
G6PDH release(Utg) on HPH at 27.6 and 41.4 MPa following heatj)_retreatment T __ 

40"C 5O"C 5O"C 50"C 
Holding Minimal Minimal Minimal 5min 
Pressure 27.6MPa 27.6 MPa 41.4 MPa 41.4 MPa 
Passes - exp.1 exp.2 ave. S.D. C.Y. - -

0 0 0 0 0.0 0 0 0 0 
1 6.4 6.6 6.4 6.5 0.14 2.10 7.25 7.45 
2 9.2 10.2 10.0 10.1 0.10 1.01 13.0 13.3 
3 12.3 13.5 13.3 13.4 0.14 1.02 15.4 15.0 
4 14.8 16.0 15.8 15.9 0.14 0.86 18.7 18.9 
5 17.0 17.8 18.3 18.0 0.38 2.08 20.5 20.4 
6 18.6 19.4 19.7 19.5 0.24 1.22 21.2 21.2 
7 20.7 21.1 21.3 21.2 0.14 0.64 22.5 22.7 
8 22.1 22.7 22.6 22.7 0.07 0.30 23.5 23.6 
9 23.3 23.7 23.9 23.8 0.14 0.57 23.9 23.8 
10 23.6 24.2 24.2 24.2 0.03 0.14 24.2 24.3 

G6PDH release (Utg) on HPH at 27.6 MPa following pH. osmotic and combined pretreatment 
pH pretreatment Osmotic pretreatment Heat and pH Heat and osmotic 

Passes (T max: 40"C; pHmax (T max: 40"C, 1 MPa) 
exp.1 exp.2 ave. S.D. C.Y. exp.1 exp.2 ave. S.D. C.y. 10) 

0 0 0 0 0 0 0 0 0 0 0 0 0 
1 6.3 5.7 6.0 0.38 6.25 5.1 5.0 5.1 0.08 1.52 6.71 6.37 
2 10.1 9.0 9.6 0.79 8.19 7.8 7.6 7.7 0.18 2.33 9.91 9.80 
3 12.9 12.4 12.7 0.34 2.70 10.4 10.1 10.3 0.26 2.50 12.9 12.6 
4 15.3 15.5 15.4 0.14 0.89 11.9 11.8 11.9 0.05 0.43 16.3 15.6 
5 17.2 16.5 16.9 0.55 3.24 13.4 13.6 13.5 0.13 0.95 18.4 17.4 
6 18.8 18.3 18.6 0.34 1.84 15.0 14.8 14.9 0.13 0.86 20.0 19.4 
7 20.8 19.4 20.1 1.02 5.10 16.4 16.5 16.4 0.10 0.62 21.4 20.8 
8 22.1 21.5 21.8 0.38 1.72 17.3 17.3 17.3 0.03 0.20 22.4 22.2 
9 22.8 22.3 22.5 0.34 1.52 17.9 17.8 17.8 0.10 0.57 23.5 23.1 
10 23.4 23.3 23.4 0.06 0.25 18.2 18.0 18.1 0.08 0.42 24.3 24.1 

A52 

• 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Appendices 

Table 0.3 Kinetic rate constant (k) of protein and enzyme release on HPH at 27.6 and 41.4 MPa following single and combined 
pretreatment 

Protein Invertase a-glucosidase AOH G6POH 
Pretreatment Pressure Conditions Holding k k k k k 

paSS·1 R2 paSS·1 R2 paSS·1 R2 pasS·1 R2 paSS·1 R2 
·41.4 T max: 50"C minimal 0.54 0.9924 0.70 0.9734 0.51 0.9671 0.36 0.993 0.38 0.9938 

Heat 41.4 T m",,: 50"C 5 min 0.62 0.9890 0.69 0.9853 0.51 0.9595 0.37 0.9936 0.39 0.9834 
27.6 T ma,,: 40"C minimal 0.31 0.9980 0.33 0.9853 0.31 0.9854 0.23 0.9942 0.26 0.9857 
27.6 Tmax: 50"C minimal 0.40 0.9863 0.41 0.9880 0.36 0.9826 0.28 0.9928 0.29 0.9922 

pH 27.6 pHmax: 10 2min 0.26 0.9965 0.30 0.9899 0.24 0.9858 0.21 0.9948 0.25 0.9972 
Osmotic 27.6 Osmotic: 1 MPa minimal 0.20 0.9902 0.23 0.9889 0.20 0.9944 0.13 0.9868 0.16 0.9943 

Combined 27.6 Tmax: 40"C; pHmax: 10 minimal 0.37 0.9926 0.39 0.9944 0.33 0.9871 0.28 0.979 0.31 0.9902 
27.6 T max: 40"C; 1 MPa minimal 0.34 0.9937 0.35 0.9898 0.32 0.9880 0.27 0.9764 0.28 0.9934 

Table 0.4 The volume mean diameter (0[4,3]) determined by Malvern size analyser 
0[4,3] (pm) detennlned by Malvern size analyser 

Passes 
Control (No pretreatment) Heat and pH pretreatment Heat and osmotic pretreatment 

27.6 MPa 41.4 MPa 69.0 MPa 27.6 MPa 27.6 MPa 

0 6.08 6.08 6.08 5.69 5.67 
1 5.88 5.65 5.59 5.61 5.62 
2 5.73 5.46 5.39 5.53 5.52 
3 5.66 5.34 5.30 5.54 5.16 
4 5.62 5.39 5.19 5.52 5.38 
5 5.63 5.35 4.89 5.48 5.33 
6 5.53 5.30 - 5.53 5.33 
7 5.48 5.20 - 5.53 5.40 
8 5.4 5.08 - 5.58 5.33 
9 5.26 5.13 - 5.53 5.37 
10 5.22 5.11 - 5.57 5.39 
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Appendix E 
Effect of pretreatment on Kluyveromyces lactis disruption 

Raw data for homogenisation of K. lactis without pretreatment 
The homogenisation of K lactis (1.5%, dry weight, w/v) was performed at three pressures: 27.6, 41.4 and 69.0 MPa. The tables below present 
the data obtained for the release of total soluble protein and enzyme release. 

11 bl E 1 a e . D f I bl ata or tota so u e protein re ease on HPH ed K. i lacts of untreat 
Passes 27.6 UPa (mg/g) 41.4 UPa (mg/g) 69.0 UPa (mg/g) 

0 1.22 1.15 1.13 
1 17.6 61.1 99.3 
2 52.7 118 173 
3 79.0 167 261 
4 105 204 304 
5 132 255 353 
6 149 282 387 
7 169 308 431 
8 191 349 441 
9 211 365 445 
10 226 373 447 
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11 bl E 2 a e . D f ata or enzyme re ease on HPH f o untreat ed K.1. aetls 
41.4 MPa 69.0MPa 

Passes Invertase ADH G6PDH P-galactosidase Invertase ADH G6PDH p-galactosidase 
(U/g) X 104 (U/g) X10S (U/g) (U/g) X103 (U/g) X 104 (U/g) X10S (U/g) (U/g) X103 

0 0.02 0 0 0 0.02 0 0 0 
1 0.71 0.79 2.87 0.59 0.97 1.31 4.10 0.74 
2 1.29 1.71 5.63 0.85 1.77 3.33 7.83 1.71 
3 1.86 2.43 7.08 1.59 2.70 4.37 9.50 2.29 
4 2.28 3.53 9.81 2.22 3.11 5.04 11.65 2.73 
5 2.63 4.05 11.81 2.88 3.58 5.67 13.60 3.54 
6 2.86 5.00 13.05 3.29 3.74 6.35 15.90 4.26 
7 3.13 5.29 14.54 3.89 3.77 7.02 18.08 4.67 
8 3.23 5.54 15.26 4.11 3.86 7.34 20.58 5.23 
9 3.34 5.92 16.61 4.37 3.88 7.70 20.53 5.72 
10 3.35 6.21 17.11 4.59 3.93 7.79 20.85 5.82 
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Raw data for homogenisation of K. lactis following single and combined pretreatment 
The total soluble protein and enzyme release from K. lactis (1.5%, dry weight, w/v) on high pressure homogenisation at 27.6 and 41.4 MPa 
following pretreatment. The tables below present the data obtained for the release of total soluble protein and enzyme release and kinetic rate 
constant k. 

bl Ta e E.3 Data for protein re ease on HPH at 27.6 and 41.4 MPa following single and combined pretreatment 
Sinale pretreatment Combined pretreatment 

Passes SO"C heat 4O"C heat SO"C heat pH pretreatment 
Osmotic heat and pH heat and osmotic 

pretreatment pretreatment pretreatment pretreatment pretreatment pretreatment 
27.6MPa 41.4 MPa 41.4 MPa 41.4 MPa 41.4 MPa 41.4 MPa 41.4 MPa 

0 0.63 0.70 0.59 1.03 1.21 0.76 0.72 
1 50.2 86.3 96.1 61.6 63.5 90.7 59.1 
2 94.7 161 184 141 128 171 140 
3 127 237 247 188 173 235 228 
4 158 281 292 231 215 276 259 
5 183 324 346 263 256 337 330 
6 215 361 381 299 286 373 349 
7 228 396 409 351 314 390 3n 
8 251 415 422 379 366 419 397 
9 263 422 432 393 380 425 420 
10 293 424 433 400 383 429 426 
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11 bl E 4 a e • a Data f . rta or Inve se re ease on HPH t 41 4 MP f II . I a . a 0 oWing slngl e an d b· ed et t com In pr rea men t 
Invertase (U/g) X10· 4O"C heat 50"C heat pH Osmotic heat and pH heat and osmotic 

0 0.01 0.01 0.01 0.02 0.01 0.01 
1 0.74 0.79 0.66 0.67 o.n 0.67 
2 1.39 1.49 1.24 1.26 1.56 1.30 
3 1.99 2.13 1.86 1.80 1.97 1.99 
4 2.28 2.45 2.13 2.07 2.39 2.27 
5 2.71 2.92 2.54 2.46 2.75 2.76 
6 3.22 3.29 2.98 2.n 3.22 3.26 
7 3.30 3.42 3.20 3.07 3.41 3.33 
8 3.52 3.55 3.33 3.21 3.60 3.57 
9 3.54 3.68 3.46 3.34 3.67 3.59 
10 7.34 7.38 7.04 6.76 7.43 7.47 

11 bl E 4b D f ADH I a e . ata or re ease on HPH 41 4 MP f II I I at . a 0 ow ng s ngle an d b" ed com In t pretrea men t 
ADH (U/g) X10" 4O"C heat SO"C heat pH Osmotic heat and pH heat and osmotic 

0 0 0 0 0 0 0 
1 1.13 1.26 0.95 0.95 1.22 1.26 
2 2.34 2.43 2.13 1.89 2.70 2.66 
3 3.51 3.74 3.07 2.84 3.42 3.65 
4 4.19 4.32 3.87 3.78 4.37 4.19 
5 4.55 4.82 4.49 4.54 4.95 4.64 
6 5.22 5.40 5.29 5.15 5.40 5.45 
7 5.85 6.12 5.72 5.62 6.17 5.90 
8 6.26 6.44 6.19 5.91 6.57 6.35 
9 6.84 7.07 6.66 6.43 6.89 7.11 
10 7.34 7.38 7.04 6.76 7.43 7.47 
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Table E.4c Data for G6PDH release on HPH at 41.4 MPa following single and combined pretreatment 
G6PDH (Ufa) 4O"C heat SO"C heat pH Osmotic heat and DH heat and osmotic 

0 0 0 0 0 0 0 
1 3.95 4.12 3.72 2.91 3.68 3.85 
2 6.18 6.05 5.93 5.71 5.93 6.27 
3 7.35 8.01 7.31 7.18 7.00 7.41 
4 10.44 11.12 10.54 10.22 10.63 10.44 
5 12.48 12.88 12.30 11.88 12.48 12.18 
6 13.62 14.25 13.36 13.05 13.50 13.86 
7 15.30 15.81 15.27 15.11 15.80 15.26 
8 16.33 16.78 15.98 15.65 16.42 16.36 
9 17.32 18.09 17.03 16.57 17.80 18.20 
10 18.83 19.28 18.51 17.61 19.48 19.50 

Table E.4d Data for p-galactosidase release on HPH at 41 A MPa following single and combined pretreatment 
P-galactosldase (Ufg) 

X103 4O"C heat SO"C heat pH Osmotic heat and pH heat and osmotic 

0 0 0 0 0 0 0 
1 0.69 0.70 0.68 0.61 0.76 0.72 
2 1.12 1.32 1.21 0.94 1.21 1.15 
3 1.74 1.97 1.98 1.70 1.81 1.78 
4 2.36 2.48 2.44 2.29 2.41 2.47 
5 3.02 3.13 3.08 3.07 3.15 3.07 
6 3.50 3.55 3.49 3.51 3.61 3.55 
7 4.25 4.30 4.26 4.10 4.38 4.41 
8 4.60 4.67 4.60 4.37 4.64 4.60 
9 5.03 5.14 4.92 4.75 5.12 5.08 
10 5.44 5.50 5.31 4.92 5.47 5.46 
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Table E.5 Kinetic rate constant (k) of protein and enzyme release on HPH following single and combined pretreatment 

Pressure Protein Invertase a-glucosldase AOH G6POH 
Pretreatment Conditions Holding k k k k k (MPa) paSS·1 R2 paSS·1 R2 paSS·1 R2 paSS·1 R2 paSS·1 R2 

27.6 Tmas: 50'C Minimal 0.26 0.9673 0.28 0.9929 0.19 0.9822 0.20 0.9919 0.19 0.9718 
Heat 41.4 Tmas: 40'C Minimal 0.26 0.9756 0.31 0.9917 0.21 0.9674 0.20 0.9898 0.20 0.9547 

41.4 T mas: 50'C Minimal 0.29 0.9643 0.36 0.9905 0.22 0.9756 0.23 0.9834 0.21 0.9592 
pH 41.4 pHmax: 10 2min 0.25 0.9673 0.28 0.9929 0.19 0.9822 0.20 0.9919 0.19 0.9718 

Osmotic 41.4 Osmotic: 1 MPa Minimal 0.23 0.9609 0.25 0.9951 0.18 0.9931 0.19 0.9934 0.18 0.9842 

Combined 
41.4 T mas: 40'C; pHmax: 10 Minimal 0.28 0.985 0.34 0.9891 0.22 0.9629 0.21 0.9800 0.21 0.9569 
41.4 T mas: 40'C; 1 MPa Minimal 0.28 0.981 0.33 0.9921 0.21 0.9633 0.21 0.9887 0.21 0.9533 

Table E.6 The volume mean diameter (0[4,3]) determined by Malvern size analyser 
0[4,3] (pm) determined by Malvern size analyser 

Passes 
Control (No pretreatment) Heat and pH pretreatment Heat and osmotic pretreatment 

27.6 MPa 41.4 MPa 69.0 MPa 41.4 MPa 41.4 MPa 

0 3.54 3.54 3.54 3.61 3.57 
1 3.43 3.39 3.22 3.58 3.51 
2 3.46 3.35 3.17 3.51 3.53 
3 3.43 3.27 3.14 3.55 3.51 
4 3.37 3.22 3.09 3.44 3.35 
5 3.35 3.16 3.06 3.39 3.46 
6 3.35 3.13 2.99 3.41 3.47 
7 3.32 3.08 2.98 3.40 3.43 
8 3.36 2.94 2.91 3.42 3.36 
9 3.38 2.99 2.85 3.43 3.33 

10 3.32 2.91 2.90 3.38 3.29 
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