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SUMMARY

An insulin-like growth factor 1 analog, termed LR3-IGF-l is normally obtained as a

solid inclusion body when expressed at high level in recombinant E. coli. It is

produced using fed-batch fermentation using a conventional feeding strategy then

harvesting by centrifugation following homogenisation. The demand for this protein

is expected to increase to satisfy the cell culture market. Clearly, improvements in the

current production system and the downstream processing sequence are essential to

maintain a competitive advantage in the market place. This work is focussed on

achieving such improvements. First, optimisation of fermentation was considered to

improve production yield and then flotation is considered as a possible inclusion body

recovery method.

The production of inclusion bodies is currently performed using fed-batch

fermentation using a constant rate feeding. This conventional feeding mode causes

excessive accumulation of glucose and acetate which limit higher production yields.

A novel 3-stage feeding strategy is proposed to overcome these limitations. A

significant decrease of glucose and acetate accumulation has been achieved using the

proposed feeding strategy. It doubles the final recombinant protein concentration.

As a precursor to considering flotation for inclusion bodies recovery, the

physicochemical properties of the inclusion bodies have been measured. Despite the

importance of such properties, they are not readily available in the literature.

Therefore, physicochemical properties, such as electrophoretic mobility, particle

characteristics, and the interactions forces between inclusion bodies and an air bubble,

have been studied using a variety of methods including micro-electrophoresis, sodium

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), scanning electron

microscopy (SEM) and atomic force microscopy (AFM).

The electrophoretic measurement provides a map of net surface charge of the

inclusion bodies and cell debris. Both cations and anions affect the electrophoretic
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mobility of the inclusion bodies and the cell debris but as expected divalent ions

produce more profound effects. The isoelectric point of cell debris is significantly

lower than that for the inclusion bodies. This suggests that they may be separated by

flotation techniques. As well, experimental work on electrophoretic mobility

indicates that the isoelectric point (electrophoretic mobility) provides a qualitative

measure of inclusion body purity, as the isoelectric point increased for cleaner

inclusion bodies.

Particle characterisation using scanning electron microscopy and atomic force

microscopy has shown that inclusion bodies posses an irregular shape and a rough

surface, and have a mean particle size of 0.3 microns. This small particle size

suggests either dissolved-air flotation or electroflotation as potential method for

fractionation as both provide fine air bubbles. Agglomeration of the particles to

increase particle size prior to flotation needs to be encouraged.

Interactions between the inclusion bodies and an air bubble dictate the elementary

process of bubble-particle attachment. The interaction forces are evaluated using

atomic force microscope (AFM) at various conditions, in particular at differing pH

and solution concentrations. Variation in the interaction forces measured under

various conditions indicates that electrostatic and hydrophobic forces provide

significant contributions to the bubble-particle attachment process. This study

provides fundamental information for rational design of a flotation recovery system.

The atomic force microscope has been shown to be a reliable tool for measurement of

interaction forces and has great potential for use in biotechnological research.

Dissolved-air flotation (DAF) is considered as a potential fractionation method for

inclusion body recovery. A DAF mathematical model has been derived and proposed

for inclusion body recovery. Physicochemical characteristics of inclusion bodies have

been taken into account in the development of this model. This may provide an

impetus for the application of DAF in biotechnology as a possible fractionation tool.
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Chapter L

INTRODUCTION

Advances in recombinant DNA technology have provided us with numerous high

value biological materials (eg. proteins) normally expressed in foreign hosts, for

example Escherichia coli. Numerous recombinant proteins have been produced and

accumulated intracellularly as insoluble protein aggregates known as inclusion bodies.

Increasing demand for biologically active proteins has forced biotechnology

industries to scale up protein production. In these processes, a clear goal is to

minimise the overall production cost to provide inexpensive products which are

attractive in the market place. As a consequence, efficient large scale production

system and downstream processing sequences are required. Physicochemical

properties may potentially be exploited to improve separation/purification methods or

to develop new techniques. Unfortunately, such properties of inclusion bodies are

seldom available. Hence, a key aim of this thesis is to study the physicochemical

properties of inclusion bodies with a view to improve production system using fed-

batch fermentation.
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1..1. BACKGROUND

Recombinant proteins expressed at high level in E. coli are normally accumulated

within cells as an insoluble particulate known as an inclusion body. Production of

protein inclusion bodies, for example insulin-like growth factors (IGFs), using

recombinant E. coli can be split into two main streams, namely upstream processing

(including fermentation) and downstream processing. In the upstream processing,

natural E. coli is genetically manipulated to express foreign proteins and/or to increase

the level of protein expression. The recombinant E. coli produced is first evaluated to

examine the efficiency of the recombination process, using measures such as its

stability and the level of protein expression. During fermentation, the recombinant

E. coli grows and protein inclusion bodies are produced following the addition of an

inducer. Inclusion bodies are accumulated inside the cells as granules with a diameter

in the size range from a submicron particle to few microns. Clearly, the first step in

the downstream processing sequence is cell breakage. The most common method in a

large scale operation is high pressure homogenisation. A suspension of inclusion

bodies, cell debris, and other contaminants (such as DNA, RNA, and fermentation

substrate) is obtained following homogenisation.

The next step in the process is recovery of protein inclusion bodies from suspension or

contaminants using a variety of solid-liquid separation methods. Centrifugation,

filtration (microfiltration and ultrafiltration), precipitation, and flocculation are the

current methods available. Filtration is often ineffective for this purpose as clogging

of the filtration medium often occurs. This method also results in poor separation of

inclusion bodies from cell debris due to their similarity in size. Additives are required

for precipitation and flocculation. These compounds may create problems for

subsequent purification steps. Furthermore, the additives themselves may cause

contamination (eg. in a product intended for human therapeutic purposes). At present,

centrifugation is the most commonly used method. It is effective and it provides

excellent separation. However, centrifugation is highly capital intensive.

2Introduction



Recovery and purification of recombinant products are normally the most expensive

steps in the whole production process of biological materials in modern

biotechnology industries. These steps typically account for 50-8OVo of the total

production cost (Gupta and Mattiasson,1994). The higher the required product purity

the higher the cost of downstream processing steps. Hence, it is essential to find

effective separation methods which provide effective separation, high yield and low

cost. This can rcduce the total production cost significantly.

Flotation provides a possible alternative recovery process for protein inclusion bodies.

It is a simple and economic solid-liquid separation method. Flotation has been

widely used in mineral processing, and waste and water treatment industries for

decades. However, flotation is seldom applied to protein separation. This method

exploits physicochemical properties of particle surfaces, such as hydrophobicity.

Unfortunately, such properties of inclusion bodies are poorly characterised in the

literature.

This thesis proposes a study of the physicochemical characteristics of protein

inclusion bodies and attempts to improve their production using fed-batch

fermentation. Physicochemical properties including electrophoretic mobility, particle

characteristics and interaction forces between the inclusion body and an air bubble

were studied using a variety of methods, such as scanning electron microscopy

(SEM), electrophoresis and atomic force microscopy (AFM). This physicochemical

study is expected to provide a fundamental basis for rational design of inclusion body

recovery by flotation. A new feeding system for fed-batch fermentation is also

proposed to improve production yield.
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I.2 PROTEIN INCLUSION BODY

1.2.L Formation of Inclusion Bodies

Many eukaryotic polypeptides have been successfully expressed in genetically

engineered E. coli. Generally, these proteins are highly expressed compared to their

native sources. However, these are normally produced in an inactive form as an

insoluble aggregate known as an inclusion body (Figure 1.1). Inclusion bodies can be

located in either the cytoplasm or the periplasmic space, depending on the mode of

gene expressions (Marston, 1936). The inactivity of these proteins implies that

additional steps are required in downstream processing. Solubilization and refolding

are required to produce the proteins in their active form. These steps incur a necessary

additional production cost. However, expression of proteins as inclusion bodies is

also advantageous. Expression of small proteins as inclusion bodies (for example

insulin) is beneficial as the inclusion bodies are more resistant to the intracellular

proteolytic degradation than soluble proteins (Kane and Hartley, I99I; Wei and Tang,

1995). In some cases, production of proteins as inclusion bodies favours recovery and

purification processes. The inclusion bodies are produced in a relatively pure state

and a highly concentrated form following disruption and centrifugation (Kane and

Hartley, 1991). The product in the inclusion bodies can exceed fifty percent of the

total fusion protein (Kane and Hartley, 1991). For example, in our expression

system, the insulinJike growth factor 1 analog (LR3-IGF-1) produced as inclusion

bodies constitutes 85 7o of the total fusion proteins (inclusion bodies).

Recombinant proteins can be expressed in either of two modes, i.e. fusion and direct

modes. In the fusion mode, the eukaryotic protein gene is incorporated with a

bacterial protein gene to form a fused protein with improved expression levels

(Marston, 1936). The fusion mode is applied especially for small polypeptides since

these polypeptides are recognised as foreign proteins and are degraded rapidly

following formation (Wetzel & Goeddel, 1983). In the direct mode, the protein gene

is cloned into a bacterial cell and recombinant proteins are produced as insoluble
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aggregates. The main disadvantage of this mode is the difficulty in releasing of the

product from aggregates into stable, active and soluble forms (Marston, 1986).

Figure 1.1 Recombinant E. coli producing p-gal-insulin A chain chimeric protein as

inclusion bodies, shown by arrows (after Williams et al. 1982).

1.2.2 Properties and Structure of Inclusion Bodies

Inclusion bodies produced in the periplasmic space are amorphous, whereas those

produced in the cytoplasm are highly regular (Bowden et a\.,1991). For example, the

inclusion bodies of B-lactamase located in the cytoplasm are highly regular and

cylindrical in shape, with an average length of 1.5 ¡"lm (Bowden et a1.,1991). Highly

irregular shapes have also been found in inclusion bodies of human growth hormone

(hGH) and in the B-subunit of human chorionic gonadotropin (ÊhCG) hormone

(Mukhopadhyay, 1997). The size range of inclusion bodies ranges from submicrons

to a few microns and differs from one inclusion body to others. For example, y-

interferon and prochymosin have a particle diameter of 0.81 pm + 0.17 ¡rm, and 1.28

Þ
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pm + 0.46 pm, respectively (Taylor et a1.,1986). Therefore, the size and shape of

inclusion body particles could vary over a wide range (Mukhopadhyay, 1997).

Bowden et aI. (1991) suggested that the polypeptide sequence and cellular factors

determine the size of the inclusion bodies, However, there was no further evidence to

confirm this suggestion and this issue remains unclear. Furthermore, the density of

inclusion bodies varies depending on the structure of inclusion bodies, for example

amorphous or crystalline structures.

The composition of inclusion bodies is affected by various factors including cellular

location (Bowden et aI., 1991) and both the expression mode and the growth

condition (Valax & Georgiou, 1993). Inclusion bodies consist of the recombinant

protein and contaminants, such as other proteins (for example membrane proteins),

plasmid encoded proteins, phospolipids, polysaccharides, and nucleic acids (Kane and

Hartley, 1991). The mechanism of contaminant incorporation into the inclusion body

aggregates is poorly understood. It has been argued that contaminants attach to the

various surfaces of aggregate particles by a variety of attractive forces, eg. ionic and

hydrophobic interactions (Kane and Hartley, 1991). Another suggestion is that

contaminants are entrapped when the over-expressed proteins aggregate (Paul et al.,

1933). Some contaminants can be removed easily by washing inclusion bodies using

a detergent solution (Kane and Hartley, 1991). However, other contaminants are

tightly incorporated with the aggregates and cannot be removed by a simple detergent

wash.

1.2.3 Purifîcation of Inclusion Bodies

The first step for inclusion body purification is cell disruption to release protein

aggregates from the cells. This is normally performed by a high pressure

homogeniser, especially for large-scale operations. The next step is recovery of the

inclusion bodies from homogenised fermentation broth using some forms of solid-

liquid separation, such as filtration and centrifugation. For example, cross-flow

filtration has been used for extraction of rlL-2 inclusion bodies from E coli (Meagher
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et a1.,1994). Centrifugation is the most commonly employed method at commercial

scales. Other alternative methods have been developed to recover inclusion bodies,

for example aqueous two-phase extraction system for direct recovery of inclusion

bodies (Walker and Lyddiatt, 1996) and in-situ dissolution of inclusion bodies using

chemical treatment (Hart et al., 1994; Falconer et a1.,1996).

Further washing treatment may be conducted as the recovered inclusion bodies still

contain contaminants. Solubilization (dissolution) is then performed to totally unfold

protein inclusion bodies using chaotropic reagents, such as urea and guanidine HCl.

The next step in a typical process sequence is refolding of the single protein into its

native conformation thereby forming active proteins followed by purification of active

proteins from existing contaminants. The final step is a further purification andlor a

concentration to achieve the required product purity. These are usually performed

using multi-step of chromatographic techniques.

L.2.4 Insulin-like Growth Factors

There are two types of Insulin-like growth factors (IGFs): IGF-I and IGF-2. Both

IGF-I and IGF-2 are single-chain polypeptides (Humbel, 1990). The IGF-I consists

of 70 amino acid residues and the IGF-2 consists of 67 amino acid residues (Humbel,

1990; Van den Brande, 1992). These IGFs are present in blood plasma at a

concentration of 20 - 80 nM and in most tissue of the body at a lower concentration

(Humbel, 1990). So far, the IGFs of six species (human, bovine, porcine, ovine, rat,

and mouse) have been extensively studied (Humbel, 1990).

Human insulin-like growth factors have been successfully cloned and expressed in

Escherichia coli. Recombinant IGF-I expressed in E. coli as fusion proteins have

been successfully produced on a large scale with yield approximately 5 mÙL

fermentation broth (King et al., L992). This is significantly higher than expression

using mammalian cell system which is limited to 25 ttúL of condition medium

processed (King et al., 1992). Chicken IGF-I (cIGF-1) has also been cloned and
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expressed as fusion proteins \n E. coli (Upton et aI., 1992). Production of this

recombinant cIGF-1 has shown to be more efficient than direct extraction from serum.

Both IGF-I and IGF-2 have been produced as fusion proteins. Therefore additional

purification steps are required, for example separation of protein IGFs from the whole

protein inclusion bodies (fusion proteins). To date, complete characterisation of IGF

has not been achieved, such as the anount of contaminants in the inclusion bodies, thc

structure of the IGFs, and the physico-chemical properties of the inclusion bodies (eg.

particle characteristics, electrophoretic mobility, and isoelectric point). Hence,

significant work is required to address these aspects. Wong et al. (1997) reported that

IGF-2 produced as inclusion bodies has a particle size in the range of 0.35 to 0.40

microns. In general, it can be assumed that the IGF-I has similar inclusion body

particle size as it is expressed using an identical system to the IGF-2, An analog of

IGF-I named LR3-IGF-l is employed in this study.

Recombinant IGFs and their analogues are marketed in the US mammalian cell-

media markets by GroPep Pty Ltd. It is forecast that the demand for such products

will increase as new biopharmaceutical products approach phase Itr clinical trials.

Therefore, it is essential to improve production strategies to achieve a cheaper product

and hence, increase competitiveness in the market. This strategy goal can be achieved

by improving both the fermentation process and the downstream processing. In

fermentation, improvement may be gained by developing and applying an optimal

feeding system to produce a high cell-density culture. As described earlier, the

downstream processing sequence include the most expensive steps in the whole

production process. Therefore, a significant reduction of production cost may be

achieved by improving downstream processing strategies and methods.

An alternative separation technique is proposed as a potential replacement for the

expensive centrifugation processes coÍrmonly applied for inclusion body recovery. In

addition to the significant cost penalty for centrifugation, additional difficulty is the

similarity in size and density of the inclusion bodies and the cell debris. Other

property differences between the inclusion bodies and the cell debris may be exploited

to develop alternative separation techniques. Flotation provides a potential method
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for this difficult task. This method exploits the physicochemical properties of

particulate surfaces, such as hydrophobicity. Despite the wide spread applications of

large-scale production of the IGFs and their analogues, their properties, particularly

physico-chemical properties, have not been extensively studied. Hence,

characterisation of both inclusion bodies is required. Physicochemical propefties,

such as electrophoretic mobility, particle characteristics and the interaction force

between inclusion bodies and an air bubble need to be measured to design flotation

recovery systems.
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1.3 PHYSICOCHEMICAL PROPERTIES

CHARACTERISATION

Physicochemical properties play a key role in various processes, including

aggregation, precipitation and flotation recovery. A knowledge of these properties is

required for improved and rational design of alternative separation techniques.

Flotation is proposed as a potential method for inclusion body recovery. Hence, the

physicochemical properties of inclusion bodies including eletrophoretic mobility, the

particle characteristics and the interaction forces between inclusion bodies and

bubbles must be measured.

Hydrophobicity is normally characterised in terms of contact angle (section I.5.2.4)

and the net surface charge measured as electrophoretic mobility or zeta potential.

Electrophoretic mobility (or zeta potential) is measured using various methods, such

as electro-osmosis, streaming potential, electrophoresis (micro-electrophoresis) and

sedimentation potential (Hunter, 1981). The micro-electrophoresis technique is most

commonly used as it can be applied to materials throughout the whole colloid size

range (Hunter, 19S1) and the equipment for this measurement is readily available (eg.

ZetaMaster, Malvern Instruments, Ltd.). The electrophoretic mobility of inclusion

bodies as a function of pH and electrolyte concentration in the presence of different

cations and anions has been studied and the results are presented in chapter 3.

Particle characteristics such as size, shape, and surface properties are studied using

various techniques, including photosedimentation, scanning electron microscopy

(SEM) and atomic force microscopy (AFM). These characteristics are important

factors in the design of downstream processes, eg. flotation. The particle size of

inclusion bodies can be used to predict and/or determine the bubble size required in

flotation. Particle shape and surface property also contribute to this. Surface

roughness provides a significant contribution to flotation processes, mainly in the

bubble formation. For example, particles with rough surface facilitate the formation

of bubbles by dissolved gas in water (Ryan and Hemmingsen, 1993). It is suggested

that particles with rough surface are capable of trapping gas in their pores or crevices
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which may serve as nuclei for the formation of bubbles. Furthermore, Zhou et aI.

(L994) showed that surface roughness of particles together with other factors (such as

the surface roughness of container, the high dissolved gas contents, and the presence

of solid particles in the liquid) facilitate the initiation of cavities (gas nuclei) and a

large number of gas nuclei in the slurry can improve the performance of flotation

processes.

In flotation processes, interactions (adhesion) occur between bubbleþafiicle and one

particle/other particles. Adhesion forces are important because they control the

bubble/particle attachment processes and hence the elementary processes of flotation.

A study of adhesion forces between a colloidal particle and a bubble in water was first

performed by Butt (1994). This study showed that hydrophilic particles in water

experienced repulsive forces when they approached a bubble whereas hydrophobic

particles were attached and snapped into the air bubble as soon as they came into

contact with the waterlair interface, This proved that hydrophobicity plays an

important role in the bubble/particle attachment processes. Adhesion forces can be

used for studying bubbleþarticle attachment processes more thoroughly. This may

also lead to suggestion for further improvement of bubble/particle attachment

processes, for example the improvement of adhesion forces in relation to

hydrophobicity. Atomic force microscope (AFM) can be used for studying interaction

near and between surfaces due to its capability to measure forces up to 10't2 N with

high spatial resolution (Hoh et aI., L992). AFM has been used to study various forces

involved in the interactions between particles and bubbles (Ducker et aI., 1994;

Fielden et a1.,1996). Hence, atomic force microscopy is proposed in order to examine

interaction forces between inclusion bodies and an air bubble. This work is described

in chapter 4. It is the first study of protein-bubble interactions.
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I.4 ATOMIC FORCE MICROCOPY

Atomic Force Microscopy (AFM) and Scanning Tunnelling Microscopy (STM) are

relatively new techniques for microscopic characterisation and analysis, eg. surface

characterisation. However, these techniques are very powerful and have been widely

applied since their initial development by Binnig et al. in 1982 (Lal and John, 1994).

These techniques are subset of a larger group of microscopic techniques called

Scanning Probe Microscopy (SPM). These include devices such as magnetic force

microscope, scanning near-field optical microscope, scanning ion-conductance

microscope and scanning electro-chemical microscope (Wickramasinghe, 1989).

Scanning tunnelling microscopy requires conductive samples and is principally

employed for analysing metallic and semiconductor surfaces. Recently, a few

biological applications of STM have appeared. However, special sample treatments

and preparation are required. Atomic force microcopy appears more useful compared

to STM for biological applications as non-conducting samples can be examined in a

liquid environment. Therefore, analysis of biological samples under physiological

conditions is possible at molecular and even atomic scales. A large number of AFM

applications to biological research are reported in the literature and these applications

are expanding rapidly. Moreover, new applications and methods using the AFM in

biological research have been developed. The following sections will discuss the

principles and operation of atomic force microscopy and its applications with

particular emphasis on biological applications.

1.4.L Principle of Operation

The Atomic Force Microscope, also known as the Scanning Force Microscope,

consists of a sensing probe (tip), optical devices, a scanner for positioning the probe or

sample, an electronic control unit, and a computer for controlling the scan parameters

as well as generating images. The tip is attached to a cantilever which behaves as a

spring. The cantilever is available in a 'V' or 'I' shapes. A photodetector measures
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the cantilever deflection as the tip is scanned over the sample (or the sample is

scanned under the tip, Figure 1.2). Deflection of the tip is caused by interaction forces

between the tip atoms and sample atoms. The signal from the photodetector is then

stored in a computer and translated to an image (a map of the surface topography).

photo- +
detector

e lasersource

\
cantileverreflection

miror computef

etip

sample+

electronic control unit

plezo

scanlìcf

Figure 1.2 Schematic representation of atomic force microscope

A laser light is used to detect the cantilever deflection. It is projected to the reflective

top end of the cantilever and this reflection is captured by a multisection

photodetector. A photodetector with two or four section is usually employed.

Clearly, the amount of reflected laser light captured by the photodetector changes with

the cantilever deflection.

The movement of the tip (or the sample) is controlled by a piezoeletric scanner which

can control fine movement at high precision. This scanner is composed of piezo

ceramics and is able to move in three orthogonal directions (x, y and z). Such
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movement is caused by expansion and contraction of piezo ceramics as a consequence

of the applied voltage. During AFM imaging, the scanner moves in a raster pattern

and the tip deflections are recorded at several points along the raster path. The

properties of the piezo ceramics are time dependent. Consequently, scanner

nonlinearities are often detected including intrinsic nonlinearity, hysteresis, creep,

aging and cross coupling (Howland and Benatar, 1993). These nonlinearities can be

cor.rccted by software and hardware coffections. This is usually performed by

scanning a standard silicon grid and subsequent corrections are derived from

procedures supplied by the AFM's manufacturer. Scanner calibration is

recommended to achieve high precision.

1.4.2 Operation Modes

The Atomic force microscope can be operated in two primary scanning modes, contact

and non-contact modes. In the contact mode, a tip is brought close to and touches the

sample. Whereas in non-contact mode, the tip remains at a finite distance from the

samples, usually the distance is slightly more than a few nanometers. The non-contact

mode is used for soft samples as it does not perturb the sample. However this mode

results reduced resolution compared to the contact mode. Hence, its applications in

biological imaging are limited.

Deflection of the tip is caused by the sum of forces (attractive and repulsive). These

forces vary according to the mode of operation and the imaging conditions' Tip

deflection in the contact mode is mainly caused by the repulsive forces from the

overlapping electron orbitals between the tip atoms and the sample atoms. Van der

'Waals forces are the dominant attractive force. An additional attractive force is

present when imaging is performed in air due to the meniscus-surface tension force

created by adsorbed layers of water (Lal and John, 1994). Additional attractive forces

are also encountered due to electrostatic Coulomb interaction between charges on the

specimen and the tip (either occurring naturally or induced because of polarisation),
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osmotic pressurg due to charge movement and rearrangements, and structural forces:

hydration forces, solvation forces, and adhesion forces (Lal and John, 1994).

In contact mode AFM, excessive forces may be experienced by soft samples (eg'

biological materials). This may result in sample deformation. This limitation has

inspired the birth of a new imaging mode, the intermittent-contact mode. This method

has been registerecl as the tapping mode, a trademark of Digital Instruments, Inc.

(Santa Barbara, US). In this mode, the cantilever is vertically vibrated at its resonance

frequency and the sample is brought closer so that they come into intermittent contact

(tapping). This intermittent contact decreases the amplitude of the cantilever's

vibration. Changes in the vibration amplitude are used to generate an image

representing surface topography. The tapping mode is preferred for imaging soft

samples because it eliminates lateral forces (friction or drag) between the tip and the

sample. High resolution images have been obtained using this mode (Hansma er.

aL,I993). This mode can be employed in air and liquid environments (Hansma et al.,

ree4).

Other AFM techniques have been developed to meet special purposes including force

modulation technique, lateral force microscopy, magnetic force microscopy, phase

detection microscopy, scanning capacitance microscopy and thermal scanning

microscopy. Detailed discussion of these techniques is available in the literature

(Howland and Benatar, 1993; Dinwiddie et al, -; Babcock et al., 1995; Magomonov

and V/hangbo, 1996) and from the manufacturer (eg. http://www.di.com;

http ://www.topometrix.com).

t.4.3 AFM Applications

AFM has been applied in a wide range of disciplines, particularly in material science,

biology, chemistry and physics. Surface topography by AFM is a common procedure

for analysing the surface of various materials, such as semiconductor, polymer and

biopolymers (eg. proteins). Other important applications of AFM include
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measurement of nanomechanical properties (eg. hardness and elasticity) and

nanolitography.

Biological applications of AFM have increased dramatically in the past few years.

The versatility of AFM in measurements means that it is often the technique of choice

for surface imaging. AFM has been employed widely for exploring various biological

materials including DNA, proteins, lipid membranes, viruses and cells. Detailed

discussion of these applications is available in the literature (Hoh and Hansma, 1992;

Hansma et. a1.,1993; Lal and John, 1994; Hansma and Hoh, 1994; Ikai, 1996). AFM

has also been used to characterise the nanomechanical properties of biological

materials, for example viscoelasticity (Radmacher et aI.,1994).

The ability of AFM to measure forces at high sensitivity (up to picoNewtons) provides

new impetus for studies of micro and molecular interactions. This area is of particular

interest in biology as numerous biological processes are governed by interactions at

micro and molecular levels. Various techniques for interactions measurements have

been developed including chemical force microscopy (Frisbie et al., L994), colloidal

probes (Ducker et aL,1990) and sensor force microscopy (Haselgrubler et a1.,1995).

A detailed discussion of AFM force measurement is presented in chapter 4.

It is apparent that AFM has significant potential for biological imaging and the

exploration of biological processes. Hence, this technique has been adopted to

examine the protein inclusion body particles (chapter 3) and the interaction forces

between inclusion bodies and an air bubble (chapter5) with potential extension to

flotation processes.
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1..5 FLOTATION

Flotation is a solid-liquid separation method which exploits the surface properties of

particles to enhance attachment of particles onto air bubbles. Particles are attached to

air bubbles by hydrophobic interactions. The particles are then transported to the

surface of the suspension by rising air bubbles. Consequently, hydrophilic particles

cannot be separated using this method without some modifications of their surface

chemistry. The surface properties of hydrophilic particles may be modified for

complimentary attachment to air bubbles by adding constituents known as collectors.

Clearly, understanding the surface properties of particles provides a key factor to

achieve a high separation efficiency in flotation recovery.

L.5.1 General Overview

Flotation has been widely exploited for solid-liquid separations in various industrial

applications. It has been used in mineral processing since the end of nineteenth

century (Kitchener, 1984), for example the treatment of clays and coal. It has also

been successfully applied in pulp and paper industries as well as in the application for

waste-water and water treatment since about 1960 (Kitcheter, 1984). Examples

include recovery of suspended solids, sludge, and a number of heavy metals in waste-

water and water treatment. Furthermore, the application of flotation in biotechnology

has attracted the interest of a number of researchers. Examples include separation of

microbial cells from fermentation broth (Levin et aL, 1962; Rubin et aI., 1966 &'

1968; Miyazu et a1.,1974; Hasyim et aI., 1995), biodegradable plastic (Cilliers et al.,

L994) and soluble protein recovery (Ibuchi et aL,1974 8.1980; Chiang et al., L980;

Miranda et a1.,1993; Bremmell et aI., 1994).

Several terms have appeared with the flotation development, such as gamma flotation,

ion flotation, froth flotation, and column flotation. Gamma flotation is named thus for

a flotation process which uses liquid/vapour surface tension control. Yarar and

Alvarcz (1935) reported that pyrite, chalcocite, and chalcopyrite can be separated

Introduction t7



using this method. Ion flotation is a flotation process for separating ions, for example

ion flotation of germanium ion. Flotation processes which create foams are called

froth flotation. In this method frothers are often added to create foam/froth.

Separated solids accumulate in the froth on top of the flotation cell. This method is

commonly applied in mineral processing. Recently, flotation has been carried out

using a column as a flotation cell. This results in better performance and a reduced

space requirement. This rnethod is known as column flotation.

Flotation can be categorised into three main groups according to bubble formation

techniques. The methods are dispersed-air, electrolytic, and dissolved-air flotation.

L.5.1.L Dispersed-a.ir Flotøtion

Dispersed-air flotation is the conventional method of flotation. It is widely used in

mineral processing. Air bubbles are created by dispersing air using a sparger at the

bottom of a flotation cell. Different types of spargers have been studied and

developed for creating smaller and more homogenous bubbles. In this method the air

bubble formed is relatively large, typically in the range of 0.5 to 2 mm. This size

limits recovery for fine-particle separation. Improved recovery of fine-particle

flotation has been reported by applying ultrasound conditioning (Nicol et a1.,1986).

It is suggested that ultrasound promotes particle aggregation to generate larger

particles and the formation of smaller bubbles.

t.5.1.2 Electrolytic Flotation

Electroflotation or electrolytic flotation is an unconventional method. The flotation

cell consists of two differently charged electrodes carrying out electrolysis of the

aqueous part of the suspension. Oxygen and hydrogen are formed during electrolysis

and released as bubbles. Since the amount of oxygen and hydrogen created is very

small, the bubbles formed are tiny. Flocculation and flotation may also be enhanced
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by the presence of the electric field gradient between electrodes without addition of

any surfactants (Matis & Zouboulis, 1995c).

This technique has been applied in mineral processing, and in waste-water and water

treatment. Electroflotation was proposed for mineral beneficiations in 1946 by

Ryvkin et al. ( Matis & Zouboulis, 1995c). Webster observed the potential use of

electrolysis in sewage treatment in 1887 and this rnethod was applied for treatmcnt of

London sewage (Matis & Zouboulis, 1995c). Furthermore, this method has been

applied for the reduction of suspended solids and chemical oxygen demand (COD),

and the removal of phosphates and dissolved toxic metals (eg. Cv, Zî, Ni, and Cd)

from plating processes (Matis & Zouboulis, 1995c).

Though electrolytic flotation has potential for use in fine-particle separation, it seems

that it is rarely used in commercial processes. This is due to difficulties in scaling up

the process and the high cost of operations'

L.5.L.3 Dissolved-air Flotøtion

Air bubbles created in this method are small. Bubbles in the range of 50 to 100

microns can be achieved (Matis & Zouboulis, 1995a). Four main pieces of equipment

are required in this process: pressuriser pump, pressuriser tank, pressure-reducing

valve and flotation cell. The suspension is pressurised using air in a pressuriser tank

up to a pressure of 500 kPa to achieve a high concentration of dissolved air. In the

next step, the pressurised suspension is passed through a pressure-reducing valve to

the flotation cell. Small air bubbles appear when the pressure is suddenly reduced in

the pressure-reducing valve. These bubbles interact with particulate solids in the

suspension and carry them to the surface of suspension by buoyancy forces.

Dissolved-air flotation has various applications. The most common application is in

waste-water and water treatment since the generated air bubbles are small and this

favours the separation of fine-particles (Matis & Zouboulis, 1995a). Fine-particles
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(mostly in a sludge form) in waste-water and water treatment as well as heavy metals

and saltlike substances are removed using this method. This method is also applied

in mineral processing for recovering fine-particle minerals or contaminants.

1.5.L.4 Biotechnolo gicøl Applicøtions

A number of reports on the biotechnological application of flotation have been noted.

It has been suggested that flotation is a reliable method for recovering cells from

fermentation broth (Levin et aI., 1962; llr'{liyazv et al., 1974; Hasyim et aI., 1995).

Hasyim et aL (1995). The hydrophobic nature of constituents (eg. lipopolysacarides,

phospolipids, lipoproteins and peptidogycans) forming the cell wall may facilitate

their attachment to the bubbles. Some modifications of the conventional flotation

technique have been proposed by Hasyim et al. (1995). They employed colloidal gas

aphron (CGA) dispersion to replace air bubbles for recovering yeast cells. This

system may be only suitable for limited cases. Contamination problems may arise

from this method if therapeutical products are being processed. The high cost of

capital and operation often renders this method less attractive.

Another biotechnological application of flotation is separation of biopolymers, such as

proteins, lipids/fats, and polysaccharides. For example, separation of soluble proteins

(Ibuchi et al., 1974 &.1980; Chiang et a1.,1980), removing fats and proteins in waste

treatment (Bremmell et aL,1994). It appears that only limited number of studies have

been performed on the application of flotation to protein recovery. Most applications

involved waste-water and water treatment of biological/ biotechnological waste

where the biopolymers are unwanted items. Miranda et al. (1993) were the first to

report the application of flotation for recovering proteins. A genetically-engineered

enzyme, ø-amylase (soluble), was separated from fermentation broth using dispersed-

air flotation. They concluded that the flotation of biological materials has similar

characteristics to the flotation of minerals. Another significant application of flotation

for separation biopolymers was reported by Cilliers et al. (1994). They employed
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flotation for the recovery of polyhydroxybutirate (PIß), a biodegradable plastic

produced by recombinantE. coli.

1.5.2 Principles of Flotation

The elementary process of flotation is bubbleþarticle attachment and is composed of

three steps (Hewit, 1994). First, bubble/particle collision followed by formation of an

intervening thin liquid film. This step is controlled by the hydrodynamic conditions.

Second, thin film drainage to the point of rupture with the formation of a dynamic

three-phase contact. Hydrodynamic and surface forces play an important role in this

step. Finally, formation of a stable bubble/particle aggregate is required. The

bubble/particle aggregate is stabilised by a balance between the kinetic energy of the

bubble-particle aggregate and the force of detachment at the three-phase line of

contact.

The efficiency of particle collection is a combination of the three steps as follows

(Hewit, L994):

Ecotr = Ec E¡ Es (1.1)

where; Eço¡¡

Ec

Et

E5

= efficiency of bubble/particle collection

= efficiency of bubblelparticle collision

= efficiency of bubble/particle attachment

= efficiency of stability of the bubble/particle aggregate

L.5.2.1 Bubblelparticle c ollision

A detailed theory of flotation was presented by Derjaguin and Dukhin (1960/61).

They considered three characteristic zones of approach between the bubble and the

particle as shown in Fig. 1.3. These zones are distinguished by the type of interaction

forces. In zone 1, particle movement is due to hydrodynamic forces. Zone 2 is the
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region where there is a charge exchange between the electrical double layers of the

bubble and the particle. This results in a diffusiophoretic force, a combination of

diffusion rate and electrophoretic force. In zone 3, the particle and the bubble are

separated by a very small distance and therefore the interparticle forces are

predominant. These forces play an important role in the rupture of the thin liquid film

between the bubble and the particle.

Particþ

Zone I

3

2

Fig. 1.3 Three zones of bubble/particle approach according to Derjaguin

and Dukhin (after Hewit, 1994)

Reay and Ratchliffe (1973) studied the efficiency of collision by considering

gravitational forces and ignoring inertial forces. They considered particles with

diameters of less than 20 pm and bubbles with diameters of less than 100 pm and

found the efficiency of collision, ft as follows:

Ecu (r.2)

where n is dependent on the relative particle density (p/p¡) and has a value of 2.05 for

p/p¡ = 2.5, dp is particle diameter and d6 is bubble diameter.

Bubble
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Schulze (1989) studied the bubbleþarticle collision efficiency in more detail. The

bubble/particle collision efficiency is defined as the ratio of the number of particles

encountered a bubble per unit time to the number of particles approaching the bubble

at a great distance in a flow tube with a cross sectional area equal to the projection

area of the bubble (Schulze, 1939). The ideal collision efficiency or the maximum

collision efficiency is given by (Schulze, 1989):

E¡a - (t. ,')' ; I <E¡¿54 for dpSd6 (1.3)

Schulze (1939) considered three effects on the collision efficiency as the particle

trajectories deviate from straight lines for a variety of reasons. First, the interception

effect (E¡" ) is caused by particles following the stream lines of the bubbles without

any change in direction. Second, the inertial effect (E¡, ) is due to inertial forces on

the particles causing increased collisions. Finally, the gravitational effect (Ec ) results

from gravitational forces which increase collisions. Therefore, the overall efficiency

of collision is given by:

Ec = E¡, +Ec t 1- 8,, 8,, (1.4)

('.("Á,))'

A detailed description of the overall efficiency of collision can be found in Schulze

(1e8e).

L.5.2.2 Bubblelpafücle øttøchment

Two processes, namely collision and sliding, flây occur when a particle approaches a

bubble at small distances as shown in Fig. 1.4 (Schulze, 1989). Collision (impact)

processes take place when a particle collides with a bubble causing a strong

deformation of the bubble surface. The particle rebounds unless attachment occurs

during the first collision. Sliding processes occur when the collision between particles
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and bubbles causes a weak deformation of the bubble surface. In this process,

particles slide along the bubble sutface.

collision (imqoct J

wilh

sliding

Fig. 1.4 Schematic representation of colliding and sliding processes

(after Schulze, 1989)

The contact time, f"on , between the bubble and the particle determines whether

attachment can occur or not. Attachment takes place when the thin liquid film drains

and ruptures (thin film drainage time, tr) followed by formation of a stable three

phase line of contact (three phase contact time, Tapç ). The time required for these two

events to occur is called the induction time, t¡ . Attachment occurs if contact time is

equal or greater than induction time or can be express as follows:

(1.s)

lv P-
I

ì

\
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This contact time can be either the collision time, 1ç ,of the sliding time, T.¡ A

number of factors determines whether collision processes or sliding processes

predominate in flotation. Collision processes occur predominantly with large particles

and high relative velocities of particles radially directed to bubble surface (Schulze,

1989). 'Whereas sliding processes occur predominantly with small particle at small

relative velocities. A very high concentration of gas bubbles per unit volume also

causes sliding processes (Schulze, 1989). Theoretical and experimental work on the

collision time, sliding time, thin film drainage time and the three-phase contact time

have been performed by several workers (including Schulze, 1989 and Hewit, 1994,

see these references for more detail).

The bubble lpaticle attachment efficiency (or probability) in relation to induction time

was formulated by Yoon and Luttrell (1939). They considered three regions of the

flow around the bubble which are characterised by the Reynolds number namely

Stokes, intermediate, and potential flow. The attachment efficiencies are as follows:

For Stokes flow:

( 4uu", I

2arctanel*'c/".D)EA
a

sln (1.6)

(r.7)For intermediate flow: E¡ = sin2

| -145+8R"rot'¡uur, )

2arctanel 
*"a'l;'-D )

For potential flow: E¡ = sinz

( -t,or, \

2arctan rl'o'-"') (1.8)

Bubble/particle attachment efficiency is also affected by various factors, such as the

particle size, the bubble size, the hydrophobicity of particles, the ionic strength of the

medium, and the surface roughness of particles.
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!.5.2.3 Støbility of bubble/pøfücle øttøchment

Attachment of captured particles to a bubble is due to capillary forces along the

contact perimeter. Detachment can occur either when the gravitational force on the

particle exceed the buoyancy force of the bubble, or when the kinetic energy of

bubble/particle aggregate is insufficient for attachment. Therefore, there is a particle

size limit for flotation to occur. The maximum particle diameter, dr*,ftom a balance

of gravitational forces and capillary forces between the particle and the bubble

(Scheludko et aI.,1976). Another proposed model to estimate the maximum particle

diameter considers the range of forces acting on bubbleþarticle aggregate to

determine the energy required to detach the particle from the bubble (Schulze, 1983).

There is a minimum particle diameter for a stable particle/bubble aggregate to be

formed. Discussion of the fine particle limit requires consideration of the wetting film

which is formed when a particle collides with a bubble (Hewit, 1994). This film is

unstable and spontaneously ruptures if the particle is hydrophobic. Schehdko et al.

(1976) proposed a model for estimating the minimum floatable particle diameter.

They considered the role of line tension in the formation of the bubble/ particle

aggregate and found that the speed at which the three-phase line of contact spreads

across the surface of the solid is most likely the limiting factor. This model was

modified by Drelich and Miller (1992) by taking into account the effects of surface

imperfections into account in calculating the pseudo-line tension. This pseudo-line

tension can be resolved by examining the relationship between hydrophobicity of the

particle and bubble size which is characterised by the water contact angle

1.5.2.4 Contøct Angle and Wetting

Wettability of the particle surface determines whether particles are floatable or not.

Wettability is quantified by a contact angle. Large contact angles indicate that

particles are poorly wetted or hydrophobic whilst small contact angles designate that

particles are hydrophilic. Hysterises of the contact angle (i.e. the difference between
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the advancing contact angle and the receding contact angle) is a typical phenomena in

contact angle measurement (Hunter, 1989). This phenomena is caused mainly by

inhomogeneities on the surfaces. The advancing contact angle (i.e. the contact angle

measured after the liquid has advanced part way across the solid surface) is

commonly 20o-30" greater than the corresponding receding contact angle (Hunter,

1989). The receding contact angle seems more relevant for flotation studies as the

aqueous phase must retreat frorn the solid, whereas the advancing contact angle

appears more applicable for contact angle studies as it is more reproducible

(Crawford et al., 1987).

Three-phase contact between a particle, aqueous solution and a gas bubble is

described thermodynamically by Young's equation as follows (see Fig. 1.3):

4t 
-4tcosá= I sG I sL (1.e)

Trc

where: 0 is the contact angle and ys6, Ysl , Yrc are the interfacial tensions of solid/gas,

solid/liquid, and liquid/gas respectively.

Liquid
LG

SG

Solid

Fig. 1.5. Schematic representation of three-phase contact angle between a

particle, aqueous solution, and a gas bubble'

SL
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The free energy change of attachment process (i.e. the displacement of the water by

the air bubble) per unit area is described by Dupre's equation (Fuestenau et al.,

1e85):

AG = Tsc - (Tsr + ft.d (1.10)

Combining Young's and Dupre's equations, the free energy change can be described

in terms of contact angle as follows:

AG=ys6þose-1) (1.1 1)

The free energy change can be expressed in terms of work of adhesion of water, lVn ,

and the work of cohesion of water, I4lç (Fuerstenau et a1.,1985):

AG =W¿, -Wc

Attachment process occur if the work of adhesion of water is lower than the work of

cohesion of water (W¡ < I4¡c ). The work of adhesion consists of three components

and is defined as the work required to remove liquid from the solid surface leaving an

adsorbed water layer in equilibrium with a saturated gas phase (Fuerstenau et al.,

1985). Firstly, Columbic attractive forces at the solid surface provide ionisation

energy. Secondly, coordination forces and the dipole interaction of the solvent with

the solid surface result in hydrogen bond energy. Finally, dispersion energy arises

from solvent interaction with induced dipoles at the solid surface. The work of

cohesion for water is the energy to create new surface at the airlwater interface ot Wc

- 2 y*. Therefore, the criteria for flotable particle is lIl¿ < 2 y* .

L.5. 3 Factors Influencing Flotation

Flotation processes are affected by many different factors, including hydrodynamic

properties and physico-chemical properties. Hydrodynamic properties include bubble

size, bubble coalescence, the terminal velocity of bubbles, and homogeneity. These

(t.r2)
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will be briefly reviewed in the following sections. Physico-chemical properties, such

as electrophoretic mobility (zeta potential) , surface topography, hydrophobicity and

adhesion forces, play an important role in the elementary process of flotation. All of

these factors interact with each other creating even more complex systems. Therefore,

fundamental studies are required to understand the complete flotation process. This

study will emphasise characterisation of the physicochemical properties of inclusion

body partioles. As well, the adhesion (interaction) force between inclusion bodies and

an air bubble is examined using an atomic force microscope (AFM).

Bubble size affects the efficiency of bubble/particle collision. Particles cannot collide

with too large bubbles due to their small inertial force which is insufficient for

collisions to occur. Instead, the particles rather follow the streamline around the

bubble. Furthermore, large bubbles have a high terminal velocity and consequently a

small residence time hence decreasing the probability of bubble/particle collisions.

Bubble size is determined by the method of bubble formation and other factors, such

as hydrostatic forces, bubble coalescence, ionic strength and viscosity. In general,

bubbles can be formed using three methods which are used as criteria for classifying

flotation as described in section 1.5.1. Hydrostatic forces become a significant factor

on bubble size when flotation is carried out in a tall flotation column. Bubble size

increases as they rise as a result of decreasing hydrostatic forces.

Large bubbles may be formed as a result of bubble coalescence. Bubble coalescence

is mainly caused by nonuniformity of bubble size, violent agitation and the presence

of a large surface area in contact with the bubble-liquid surface (Matis and Zouboulis,

1995b). Craig et al. (I993a & 1993b) reported that bubble coalescence can be

reduced/prevented by the addition of salts. The action of salts on bubble coalescence

depends on the salt valency and transition concentration (or critical concentration, a

concentration where there is no significant changes with an increase in concentration).

A higher valency salt is more effective at lower concentration. They found that bases

such as KOH have the same effect as salts, but mineral acids HCI and HzSO¿ have

little or no effect on bubble coalescence. Moreover they discovered that sugars

(sucrose, glucose, and fructose) also inhibit bubble coalescence. This phenomena

occurs as a consequence of the fact that electrolytes can increase surface tension.
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Clearly, ionic strength play an important role in reducing bubble coalescence hence

increasing flotation efficiency. Viscosity was believed to affect bubble coalescence in

such a way that an increase in solution viscosity increases the hydrodynamic barrier

and thereby reduces bubble coalescence (Craig et aI.,I993a &1993b).

Gas bubbles in water and solutions of inorganic electrolytes are negatively charged

(Weyl, 1951; Li ancl Somasundaran, 1991 & L992). In the prescnce of surfactants,

bubble charge is determined by the charge of the head group of surfactants (Yoon and

Yordan, 1936). These workers discovered that at neutral to alkaline pH, negatively

charged bubbles are created in the presence of nonionic and anionic surfactants, and

positively charged bubbles are created in the presence of cationic surfactants. In acidic

pHs, the opposite charge is obtained. Their work confirmed that a change in pH is

more influential than a change in concentration of surfactants.

Bubble charges has been investigated by several workers (Okada et a1.,1990; Li and

Somasundaran, l99I e. ß92). These charges can be reversed by addition of

multivalent salts (Li and Somasundaran, 1991 e. ß92). This reversal of charge

depends on pH and the concentration of added salts. Clearly, bubble charges may be

modified to obtain the desired sign and magnitude of surface charge under any given

condition, by adding the required amount of appropriate salts (Li and Somasundaran,

ree2).

It is clear that electrolytes greatly influence the flotation processes. This process can

be explained by several surface chemical mechanisms proposed by Paulson and Pugh

(1996). These workers confirmed that the electrolytes cause disruption of the

hydration layers surrounding the particle thereby enhancing bubble-paficle capture,

reducing the electrostatic interactions, and increasing the charge on the surface of the

bubbles to prevent primary bubble coalescence. Cations were discovered to produce

stronger effects compared with anions on flotation efficiency (Paulson and Pugh,

ree6).
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L.6 THESIS STRUCTURE AND STRATEGY

It is apparent that improvements in the production system and downstream processing

of protein inclusion bodies (insulin-like growth factor 1 analog, LR3-IGF-l) are

required as the demand of such proteins increase. Several strategies are considered to

address this issue. Chapter I provides a broad introduction to the properties of

inclusion bodies and background information on physicochemical characterisation of

such bodies and consider the flotation processes to the fractionation such bodies. The

overall thesis structure is presented in Figure 1.6.

In chapter 2, a novel 3-stage feeding strategy is proposed to improve the production

yield of inclusion bodies by fed-batch fermentation. This feeding strategy aims at

reducing and/or eliminating high level of accumulation of acetate and glucose in the

current production method (constant-rate feeding). Other improvements are proposed

including amino acid and yeast extract supplementation to increase the size of

inclusion bodies and thereby achieve higher productivity.

Flotation is considered as a potential method for the inclusion body recovery. This

method exploits differences in surface chemistry between the particles and the cellular

debris. As well, interactions between inclusion bodies and air bubbles play a key role

in the elementary processes of flotation, particularly the particle-bubble attachment.

This work proposes a study of the physicochemical properties of the inclusion bodies

and examines the interaction force between inclusion bodies and an air bubble. This

work is expected to provide a fundamental basis for a rational design of flotation

recovery of inclusion bodies.

Various measurement techniques have been employed to examine the

physicochemical properties of the inclusion body including electrophoretic mobility

and determination of the particle surface and size characteristics. These are outlined

in chapter 3. This work provides essential features required in flotation design'

Thereafter, in chapter 4, the interaction force between inclusion bodies and an air

bubble is studied using the atomic force microscope. This study is expected to
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provide a significant contribution to the fundamentals of the rational flotation

process.

Finally, in chapter 5, mathematical models are proposed to describe the inclusion body

recovery using dissolved-air flotation technique. As well, a simple, initial design of a

dissolved-air flotation system for inclusion body recovery is presented.
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Chapter 2

FERMENTATION

lR3-tGF-l protein inclusion bodies are produced at large scale by fermentation. Fed-

batch operation is normally employed to achieve high cell density culture or high

volumetric productivity. The current feeding method utilises constant-rate feeding. A

cell concentration of up to 2O g cell dry weight (DCW)IL was achieved. Further

productivity improvement (i.e. higher cell density) was not possible as a consequence

of the high level of glucose and acetate accumulated in the culture media which

inhibit cell growth. This work attempts to address these problems and increase

fermentation productivity through improved control and feeding strategies. This work

was conducted in collaboration with Yong-Seok Iæe, PhD., a postdoctoral fellow in

the Department of Chemical Engineering, University of Adelaide.
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2.L INTRODUCTION

2.I.1 Background

An analog of insulin-like growth factor 1, termed Long-R3-IGF-1 or LR3-IGF-l

(Francis et al., Igg2), is produced as a solid inclusion body (IB) when expressed at

high levels in recombinant E. coli. This protein is produced in Adelaide by a small

biotechnology company, and sold into US markets for use as a mammalian cell-

culture supplement. Demand for culture media and consequently this protein is

expected to increase as new biopharmaceutical products approach phase Itr clinical

trials. Additionally, the fusion protein can be easily cleaved to give pure IGF-I, which

has several clinical uses. There is consequently a need to improve the productivity of

the current growth factor production process, preferably through process

intensification. A key unit to be optimised for higher yield is the fermenter.

The existing strategy uses a constant-rate fed-batch system and achieves an optical

density (600 nm) of approximately 60 or up to 20 g cell dry weight (CDW)/L.

Improvement of fermentation process to achieve higher cell density has proved

unsuccessful. This failure is attributed to high level of acetate and glucose

accumulated in the culture media, and low level of dissolved oxygen concentration.

Furthermore, the resulting inclusion body is small, with a typical median diameter of

0.3 pm, making separation of the inclusion bodies from the cellular debris difficult

following high-pressure homogenisation.

This work is aimed at improving fermentation productivity and the size of the

resulting inclusion body through improved control and feeding strategies. A series of

fermentations were conducted in which the feeding strategy was altered. A novel 3-

stage feeding strategy was developed. Oxygen transfer was also enhanced with an

oxygen-enriched air feed. The following sections outline important aspects of fed-

batch fermentation to achieve high cell density culture.
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2.1.2 Fed-batch Fermentation

Fermentation has been widely used for the production of speciality chemical and

biological materials in small to large quantities. The production of ethanol, citric

acids, baker's yeast, acetic acid, and single cell proteins provides examples of large

scale fermentation products. High value products, such as insulin, hormones, growth

factors, and certain enzymes, are normally produced in small quantity. The cost of

fermentation is a key potential element to be minimised in order to achieve market

competitiveness.

Three different modes of operation are commonly adopted in biological and chemical

processes, namely batch, continuous, and fed-batch (commonly known as semi-batch

in chemical processes). In batch fermentation, all nutrients required for one run of

fermentation process, except oxygen (for aerobic fermentation), anti-foam agent, and

other chemicals for pH adjustment, are initially added to fermenter. The final

products are harvested at the end of each batch cycle. By contrast, in continuous

fermentation, nutrients are fed to and products are withdrawn from the fermenter

continuously at same flow rate and hence constant fermentation volume is maintained.

Fed-batch fermentation is a process where one or more nutrients are gradually fed to

the fermenter and the products are removed when fermentation is completed. Fed-

batch falls between batch and continuous modes in term of microbial environment

(Yamane and Shimizu, 1984).

The fed-batch strategy has advantages compared to batch and continuous

fermentation, particularly when productivity is affected by changes in nutrient

concentrations. Detailed discussion on this topic has been reported by Yamane and

Shimizu (1934). Fed-batch fermentation is commonly applied to achieve high cell

density. It is effective for handling problems, such as substrate inhibition, glucose

effect, catabolite repression, and auxotrophic mutants. As well, the fed-batch mode

can extend the operation time (and yield) as nutrients becoming available enabling

further cell activity and growth. Moreover, reduction of fermentation broth viscosity

and replacement of water lost by evaporation are readily achieved. Fed-batch
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fermentation has been extensively used for the production of a plethora of products,

such as baker's yeast, single cell protein, antibiotics, amino acids, enzymes, and other

metabolites (Yamane and Shimizu, 1984).

The principal objective in a fed-batch fermentation is to control nutrient concentration

in culture medium. Hence, based on feeding mode, two classifications are possible,

namely without feedback control and with feedback control (Yamane and Shimizu,

1984). Details of the classification are summarised in Table 2.1.

Table 2.1 Classification of fed-batch fermentation

1. Without feedback control
1.1. Intermittent addition
1.2. Constant rate
1.3. Exponential increased rate

1.4. Optimised
1.5. Others

2. With feedback control
2.1. Indirect feedback control
2.2. Direct feedback control
2.3. Constant-value control
2.4. Optimal Control

2.1.3 High Cell-density Fermentation

For proteins that are intracellularly accumulated in recombinant E coli, fetmentation

productivity is proportional to the final cell-density (volumetric productivity) and the

specific productivity (I-ee, 1996). Specific productivity is defined as the amount of

product formed per unit cell mass per unit time. Volumetric productivity

improvement can be achieved in high cell-density fermentation by applying fed-batch

operation. This can be done by controlling specific growth rate (¡l) and substrate

concentration (Yee and Blanch,1992). High cell density fermentation possesses other
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advantages, such as reduced fermentation volume, enhanced downstream processing,

reduced waste-water generation, lower production cost, and reduced capital

investment in equipment (Lee, 1996).

The supply of nutrients for cell growth is a dominant factor in achieving high cell

density cultures. Carbon and nitrogen sources in the media can inhibit cell growth if

present at excess concentration. For example , E. coli growth is inhibited if nutrients

are present in excess of the following limits: glucose (50 g/L), ammonia (3 gll), iron

(1.15 gtL), magnesium (S.7 glL), phosphorus (10 gL), and zinc (0.038 glL)

(Riesenberg,Iggla). Such constraints explains the failure to achieve high cell density

in batch process by simply increasing the concentration of nutrients (Iæe, L996).

Three types of media are commonly used in fermentation, i.e. defined, complex, and

semi-defined. High cell density fermentation normally exploits a defined media with

concentration known and controlled during fermentation. However, the composition

and quality of nutrients in complex media such as yeast extract and peptone can vary.

Such variations cause difficulty in fermenter control and significant variations in

productivity may result. In some cases, semi-defined or complex media are used to

boost product formation (Lee, 1996). Media for high cell density fermentation must

provide all the components required for cell growth. Mass composition of dry E. coli

and the yield coefficients of components in media have been used as a basis for

designing a balanced, defined media (Riesenberg et aI., 1991b; Paalme et al., 1990;

Yang et aL, L992).

Theoretically, the maximum cell density that can be achieved in high cell density

fermentation of E coli is 2O0 g CDW/L (I-ee, L996). The highest cell density reported

in literature is lower than 200 g CDWIL, i.e. 174 g CDWL for E' coli W3110 in

dialysis reactor (Markl et al., 1993) and 175.4 g CDWL for recombinant E. coli

producing poly(3-hydroxybutyrate) (I-ee and Chang, 1994). The validity of this

theoretical maximum cell density is supported by sharp increase in the viscosity of

culture broth when the cell density exceeds 200 g CDWL. The culture becomes

almost solid-like above 220 g CDWL (Mori et a1.,1979). Other problems arise as a

consequence of high cell density, such as oxygen transfer limitation, poor mixing,
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acetate accumulation, and high level of carbon dioxide. These will be discussed

thoroughly in relation to this work in section 2.1'4.

Fed-batch fermentation is commonly conducted without any feedback control. Such

systems are simpler and cheaper but less effective at achieving high cell concentration.

Better control (and higher yield) is achieved by applying feedback control. Yamane

and Shimizu (19Sa) have reviewed this area. Different feeding strategies (eg. constant

rate feeding, stepwise increase of feeding rate, and exponential feeding) are commonly

used to obtained high cell density. The feeding strategy affects the likely success of

high cell density fermentation and productivity. As well, product concentration can be

influenced by different feeding strategies (Bech-Jensen and Carlsen, 1990; Yee and

Blanch, 1992). Nutrients used as feed contain a growth-limiting substrate, eg. carbon

sources. In constant rate feeding, the nutrients are fed to the fermenter at a

predetermined rate to increase culture volume. Clearly, the amount of nutrients

available relative to the biomass concentration decreases as the cells grow and hence

the specific growth rate will decrease. Consequently, the increase of cell

concentration slows as fermentation proceeds. In stepwise (or gradual increasing)

mode, cell growth is promoted by an increased supply of nutrients at higher cell

density. Exponential cell growth can be achieved during the entire fermentation

period if the feed rate is increased proportionally to the cell growth. Exponential

feeding is designed to maintain a constant specific growth rate and a constant

substrate concentration. This method is simple but effective for achieving high cell

densities. Another advantage of this method is that acetate production can be

minimised by controlling the specific growth rate below the critical level for acetate

formation (Iæe, 1996). High cell density fermentation of non-recombinant and

recombinant E. coli has been successfully achieved by applying this feeding strategy

and the specific growth rate is generally maintained at between 0.1 and 0.3 h-l to

avoid acetate formation (Strandberg and Enfors, I99I; Yee and Blanch, 1992;

Helmuth et al., L994; Korz et al., 1995). Kotz et al. (1995) has obtained cell

concentration of L28 gCDW/L and 148 g CDWL by applying an exponential feeding

mode using glucose and glycerol as carbon sources respectively.
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2.1.4 Factors Affecting High Cell Density

Fermentation

A variety of factors significantly influences the likelihood of success of high cell

density cultivation. These include high levels of acetate, excess glucose

concentration, poot oxygen transfer (or an oxygen-limiting condition), poor mixing,

high levels of carbon dioxide, and excessive heat generation.

Acetate is produced when E. coli is cultivated under anaerobic or oxygen-starved

conditions. However during aerobic fermentations, E coli can produce acetate if

excess glucose is present in the culture (El-Mansi and Holms, 1989; Luli and Strohl,

1990; Kleman and Strohl, 1994). Acetate concentrations above 5 glL (pH 7) reduce

growth rate, biomass yield, and maximum attainable cell concentrations (Pan et al.,

1987; El-Mansi and Holms, 1989; Luli and Strohl, 1990; Bech Jensen and Carlsen,

1990; ¡¿an et aI., L992). Moreover, high acetate concentration significantly reduces

recombinant protein production (Bech Jensen and Carlsen, 1990; MacDonald and

Neway 1990; Shimizu et aI., 1992). This detrimental effect is enhanced for

recombinant cells compared to non-recombinant cells (Koh et a1.,1992). In general,

the specific growth rate and the medium used in fermentation affect the formation of

acetate (I-e,e, 1996). A critical specific growth rate exists for acetate formation and

this varies with the strains and medium used (Iæe, 1996). For example, acetate

production commences when the specific growth rate exceeds 0.2 and 0.35 h-t in the

presence of complex and defined media respectively (Meyer et aI., 1984; El-Mansi

and Holms, 1989; Paalme et a1.,1990).

Acetate formation can be avoided or suppressed by several approaches. First, the

specific growth rate may be controlled below the critical specific growth rate by

limiting essential nutrients such as carbon or nitrogen. Second, medium formulation

may be altered. For example, acetate is not produced if glycerol provides carbon

source (Holms, 1936). Unfortunately, cells grow more slowly using glycerol (Holms,

1986; Korz et a1.,1995) and glycerol is more expensive than glucose. Last, metabolic

engineering can be used to alter the cell ability to form acetate. For example,
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mutation or recombinant DNA technology can be used to create cells that are deficient

of enzymes phosphotransacetylase and/or acetate kinase. These enzymes are

responsible in formation of acetate from acetyl-CoA (Brown et al. 1987). Another

strategy is to reduce acetate formation by diverting the flow of catabolic carbon to the

production of less toxic metabolites such as ethanol (Ingram et a1.,1987) and acetoin

(Aristidou et al., 1994).

Glucose is commonly exploited as the carbon source. It is fed to the fermenter to

provide sufficient nutrient for cell growth. High level of glucose may accumulate in

the culture media when the consumption rate by cells is less than the feeding rate of

glucose to the fermenter. High glucose concentration (> 50 g/L) inhibits cell growth

(Riesenberg,lggIa) and promotes acetate formation @l-Mansi and Holms, 1989; Luli

and Strohl, 1990; Kleman and Strohl, 1994). This problem can be solved for

example, by altering feeding strategies to constrain glucose concentration below the

critical concentration during fermentation. Exponential feeding strategy appears to be

effective as it allows maintenance of a constant low glucose concentration throughout

fermentation. Unfortunately, this solution is not a universal panacea and each case

must be considered seParatelY.

As the cell concentration becomes high, oxygen often becomes the limiting nutrient.

Oxygen transfer can be improved by increased aeration and agitation. However , this

only can be done to a certain limit. Another alternative is to employ oxygen-enriched

air or pure oxygen. However, pure oxygen is expensive thereby increasing production

cost. Furthermore, fermentation can be conducted under pressurise to improve

oxygen solubility/transfer (Strandberg and Enfors, 1991). It is also possible to lower

the oxygen demand by operating fermentation at low specific growth rate (I-ee, 1996).

The oxygen limiting problem in high cell density culture is generally solved by a

coordination of such strategies.

Mixing often becomes a limiting factor in maintaining fermenter homogeneity as

viscosity increases with cell concentration. The distribution of oxygen and nutrients

throughout fermenter is strong affected by poor mixing. This may significantly
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decrease productivity. Improved design can alleviate this problem, for example using

better impeller design and installing baffle in fermenter.

Carbon dioxide (COz) is also produced as a result of cell growth. As the cell

concentration increases, carbon dioxide released likewise increases. High level of

carbon dioxide may result in problems. Partial pressure of COz in excess of 0'3 atm

decreases cell growth and promotes acetate formation (Mori et al., 1979; Pan et al.,

1937). Fermentation operation under pressurised condition will promote higher

carbon dioxide concentration as the solubility of COz increases with pressure.

Significant energy is released during high cell density fermentation. The main sources

of energy release are mechanical degradation from agitation (at high rate) and

metabolic energy release from cells Qæe, 1996). Heat generation can be reduced by

growing cells at a reduced specific growth rate (I-ee, 1996). Improved design of

cooling system can solve this problem.
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2.2 MATERIALS AND METHODS

2.2.L Strains and Growth

E. coli strain JM101 [SupE thiD (lac- proAB) F'[traD36 proAB+ laclq laclvlz M15]l

containing the strictly-regulatecl plasmid p[Mett]-pGH(1-11)-Val-Asn-¡.e.rg31-tCf-t

(Francis et aI., 1992) was grown on amodifiedCl media agarplate (containing 100

mg Ampil.) and incubated at 37"C for 24 h.

2.2.2 Shake Flask Culture

An inoculum for the fermenter was prepared in a shake flask containing 20 mL of

sterile modified Cl media. The shake flask was inoculated with a single colony from

the plate, then incubatedat3T"C in a shaker at200 rpm for 11 hours.

2.2.3 Fed-batch Fermentation

Fermentation was conducted in a 20-L fermenter (Chemap-Fermenter CF2000,

Chemap AG, Mannedorf, Switzerland) with an initial volume of I2L of modified Cl

media. A volume of inoculum was added to the fermenter and left overnight to yield

2.4 gCDW/L on the following day. The pH of the culture was maintained constantly

at 6.9 using 257o amtrtonia solution. Temperature was 37"C and dissolved Oz

concentration (DOC) exceeded 607o saturation. Aeration was switched to oxygen-

enriched air (mixture of 257o air and 75Vo oxygen) when the DOC dropped below the

6O7o limit, at an approximate cell concentration of 3 g CDV//L. Nutrient feeding

commenced following glucose exhaustion, at an approximate cell concentration of

13.5 g CDWL. After 4 h of feeding, the culture was induced with 0.2 mM isopropyl-

B-D-thiogalactopyranoside (IPTG) and the fermentation was terminated 5 h later.
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Two different feeding strategies were adopted: constant-rate feeding and a novel

3-stage feeding strategy. For constant feeding, nutrient feed was supplied at a rate of

9.7 mlJmin or 11.4 ml/min. The 3-stage feeding was PlC-controlled. A schematic

graph of this novel 3-stage feeding strategy is summarised in Figure 2.2. The initial

stage consisted of exponential feeding for 4 h to provide a constant specific growth

rate of lt = 0.25 h-l prior to induction. Immediately following induction, a linearly-

decreasing feed rate was used for 0.5 h, followed by exponential feeding for 4.5 h at a

specific growth rate of þ = 0.1 h-1.

Optical density (ODooo), dry cell weight (DCW), glucose concentration and acetate

concentration were monitored throughout the fermentation. Cells were harvested

following termination of fermentation process and stored in 2L bottles then frozen

(-20"C) for use in subsequent studies.

2.2.4 Analytical Methods

Glucose concentration was measured using a YSI analyser (2700 SELECT, Yellow

Springs Instruments, USA). Acetate concentration was determined using an enzyme

assay kit obtained from Boehringer Mannheim (Catalog Number: 14826I). Inclusion

body size was quantified using a Joyce Loebl Disc Centrifuge (Middelberg et al.,

1990). This is detailed in chapter 3 (section 3.2.I.D. Recombinant protein

concentration was determined by High Performance Liquid Chromatography

(Falconer et al., 1997).

2.2.5 ModifTed CL Media

D-Glucose.HzO, 296 glL (for shake flask) and 40.0 glL (for fermenter); NI{4C1, 2.58

gtL; I(fIzPO¿, 2.54 g/L; NazHPO+, 4.16 g/L; K2SOq,, L.94 g/L; MgSO¿.7HzO, 0.67

glL; FeSO¿.7HzO, 20 mdL; MnSOa.H2O, 5.0 mg/L; ZnSOt.THzO, 8.6 mElL:.

CuSO¿.5H2C,0.76 mglL; trisodium citrate, 88 mg/L; thiamine, 48 mglL.
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2.2.6 Nutrient Feed

D-Glucose.HzO, 620 glL; KH2POa, 53 Úf; NazHPO¿, 79.O glL; KzSO¿, 45.0 ÚL;

MgSO¿.7H2O,8.24 {L. In yeast extract-supplemented nutrient feed, the previous

feed was supplemented with 65 glL yeast extract.
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2.3 RESULTS AND DISCUSSION

2.3.L Constant-rate Feeding

Fermentation profiles for the constant-rate feeding strategy are presented in Figure

2.1. Glucose accumulated to high concentrations (up to 40 glI') and rclatively low

cell-densities (21 g CDWL, ODooo = 51) resulted. The highest ODooo previously

achieved using this standard production method was approximately 80. High acetate

accumulation following induction is also typically observed (Figure 2.1). An

inclusion body size of 0.32 pm and a fusion-protein concentration of 2.6 glL,

corresponding to an actual IGF-I concentration of 2.2 glL, were obtained for the

fermentation at a feed rate of 9.7 ml/min.

As expected, a higher cell concentration was achieved at a higher feed rate. An OD6ss

of 73.0 corresponding to 30.8 g CDWL was obtained when the feed rate increased to

11.4 mUmin. Whereas, an ODaoo of 50.8 corresponding to 2I.6 g CDWIL was

achieved at the lower feed rate of 9.7 mUmin. Glucose accumulated to similar high

levels (i.e.40.7 glI- and 35.S g/L) for feed rates of 9.7 mlJmin and 11.4 mlJmin,

respectively. These values approached the critical concetration (50 g/L). However,

acetate accumulation was much higher at increased feed rates, i.e. L26.6 mM at feed

rate of Il.4 mlJmin compared to 44.8 mM at feed rate of 9.7 mUmin. Acetate

accumulation exceeded the critical concentration (5 glI' or 83.3 mM) at the higher

feed rate. The high levels of glucose and acetate accumulation limit further

improvement in fermentation productivity. An alternative feeding strategy was

proposed to reduce glucose and acetate accumulation in the culture and to increase

cell concentration.
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2.3.2 Novel Three-Stage Feeding Strategy

The high acetate and glucose concentrations in Figure 2.1 result from a rapid decrease

in specific growth rate following induction (Lee and Ramirez, 1992). A feeding

strategy employing three different stages was therefore designed to overcome this

problem.

o Stage 1: a high specific growth rate (0.25 h-r) was employed to generate a

high cell density before induction and hence a large cell population for the

production of recombinant protein.

o Stage 2: a rapidly-decreasing feedrate designed to approximate the rapid

drop in metabolic activity following IPTG induction was employed.

o Stage 3: the lower and variable metabolic activity following induction was

accounted for with a glucose feed rate designed to support a constant

specific growth rate of 0.1 h-t.

The feed profile is summarised in Figure 2.2. Stages 2 and 3 are an approximation to

the changes in growth rate observed due to induction shock as described by the shock-

recovery model of Lee and Ramirez (1992).

The fermentation profiles for 3-stage feeding are presented in Figure 2.3a. An ODooo

of 150, corresponding to a dry cell weight of 42 glL, was achieved. This was nearly

double that obtained using constant-rate feeding. Glucose accumulation in

fermentation broth was decreased to 6.2 glL, approximately I5Vo of the glucose level

using constant-rate feeding. Clearly, this method overcomes glucose accumulation

problems. Following induction, acetate gradually accumulated and reached a level of

44 mM at the end of fermentation. This acetate concentration remained excessive.

However, it could be reduced by further optimisation of the feed profile. For

example, the drop in metabolic activity post induction could be better approximated

using three stages: a linearly decreasing stage; a stage with p = 0.1 h-l; and a stage

with some constant p < 0.1 h-l.

A recombinant protein concentration of 4.3 g/L corresponding to an actual IGF-I

concentration of 3.6 gtL was achieved, with an inclusion body size of 0.33 pm. The
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recombinant protein concentration was much higher than that obtained using constant-

rate feeding. Unfortunately, no improvement in inclusion body size was observed.

This suggests the increase in total product is solely due to the increased biomass

concentration. There are several possible reasons why we did not see an increase in

the specific ratio of product to biomass. Further optimisation of the feed profile to

restrict acetate below the inhibitory concentration may be necessary. Optimisation of

other key parameters (e.g., IPTG concentration) rnay also be necessary, although

previous tests suggest relative insensitivity (data not shown). Translational limitation

for this strong promoter have previously observed (Jorgensen et al., 1997), so this is a

likely limit to further productivity increases. To test this, a 3-stage fed-batch

fermentation with yeast-extract-supplemented nutrient feed after induction was

conducted.
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Fermentation profiles for exponential feeding with yeast-extract-supplemented nutrient

are presented in Figure 2.3b. An ODooo of 163, corresponding to a dry cell weight of

56 gtL, was achieved. This was higher than that obtained using exponential feeding

without yeast extract supplementation. Glucose accumulation was reduced to a level

of 7.3 glL. After induction, acetate gradually accumulated and reached a level of 4.4

mM at the end of fermentation. This is much lower than for the previous

fermentations. A recombinant protein concentration of 3.7 glI-, corresponding to an

IGF-I concentration of 3.0 gtL, and an inclusion body size of 032 pm were achieved.

Yeast extract supplementation did not improve inclusion body size. A lower

recombinant protein level was also obtained. The presence of yeast extract may

enhance the growth of cells and thus reduce the rate of protein expression, or may

simply alter the amino acid balance. This will influence the metabolic flux through

amino acid pathways and may reduce overall protein expression.

Table 2.2 Summary of fermentation results

Feeding Strategies

Parameters 3-stage 3-stage, YE*Constant rate

AB

Optical Density (ODooo)

Cell Dry Weight (g CDWL)

Glucose concentration (g/L)

Acetate concetration (mM)

Fusion-protein concentration (g/L)

Actual IGF-I concetration (g/L)

50.8

21.6

40.7

44.8

2.6

2.2

73.0

30.8

35.8

t26.6

150.0

4r.8

6.2

44.3

4.3

3.6

163.0

55.6

7.3

4.4

3.7

3.0

* with yeast Øctract supplement

A: feed rqte = 9.7 mUmin
B: feed rate = I1.4 mUmin
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2.4 CONCLUSION AND RECOMMENDATION

A summary of the fermentation results is presentedinTable2.2. This work details

the novel 3-stage feeding procedure improved the productivity of IGF-1 fusion protein

using recombinant E coli JM101. Glucose and, consequently, acetate accumulation

were greatly decreased. Recombinant fusion protein concentration was increased

fuom 2.6 gtL to 4.3 glL, corresponding to an actual IGF-1 concentration of 3.5 glL.

However, inclusion body size was not altered by the novel feeding strategy nor by the

supplementation of yeast extract. Further investigation of factors altering inclusion

body size and protein expression level, and further optimisation of the feeding

strategy, has the potential to further increase the already-high IGF-I concentration

achieved in this study.
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Chapter 3

ELECTROPHORETIC MOBILITY AND

PARTICLE CHARACTERISTICS

Physicochemical properties play an important role in the bioprocessing, particularly in

the downstream processing. These properties can be manipulated to improve existing

techniques or to design new technologies for downstream processing. Unfortunately,

only scant information on the physicochemical properties of inclusion bodies is

available in the literature. This study aims to fill this gap. Electrophoretic mobility

and particle characteristics of inclusion bodies are studied using various methods,

including micro-electrophoresis, sodium dodecyl sulphate polyacrylamide gel

electrophoresis (SDS-PAGE), scanning electron microscopy (SEM) and atomic force

microscopy (AFM).
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3.1. ELECTROPHORETIC MOBILITY

3.L.L Background

The electrokinetic potential of fine particles is normally characterised as a zeta

potential ((, mV) derived from electrophoretic mobility (uE , trr2lV.s) measurements

using the classical Helmholtz-Smoluchowsky relationship as follows:

(3.1)

where € = €rØ, in which e, and Ø are the relative dielectric constant of the electrolyte

solution and the dielectric constant of vacuum respectively, and 4 is the viscosity of

the solution. The following assumptions are necessary to derive this correlation: the

radius of curvature of the particle surface is large compared to the Debye-screening

length 1rl;, the particle surface is nonconducting, the applied electric field strength

and the field of the double layer are additive, the charge is homogeneously distributed

over the particle surface and the viscosity, dielectric constant, and ion conductivities

in the double layer, outside the plane shear, are equal to their bulk values (van der

Wal, 1997). However, in complex colloidal systems such as protein inclusion bodies

and cell debris, these underlying assumptions are easily violated. Hence,

electrophoretic mobility provides a better descriptor of surface properties in these

systems. A detailed discussion of this topic is beyond the scope of this work but it is

readily available in the literature (Hunter, 1981 & 1986; Lyklema, 1995).

Electrokinetic or zeta potential is the average electrostatic potential of a solid surface

which is measured at the surface of the shear layer (an imaginary surface which is

considered to lie close to the solid surface and within which the fluid is stationary). It

is usually denoted by the Greek symbol, zeta(Ç) (Hunter, 1981). Zetapotential can be

measured from four different electrokinetic effects: electrophoresis, electro-osmosis,

streaming potential, and sedimentation potential (for details, see Hunter, 1981). Zeta

potential is very important in flotation processes because it is a quantitative measure

e?
ur =-9

rl
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of the ability of the particle to be floated. Flotation is strongly affected by the surface

charge (or () of both the particles and the bubbles (Collins and Jameson,1977; Okada

et aI., 1990). The zeta potential of bubbles has been described in section 1.3.3

therefore this section will focus on protein inclusion body and cell debris particles.

The surface charge of solids is controlled by ionic species. Ionic species that exert a

fundamental control on the surface charge and the dispersed phase are known as

potential determining ions (p.d.i.). In other words, these ions are the ions that

generate the surface charge. In general, the surface properties of oxides and proteins

are primarily influenced by pH and by the salt concentration to a lesser extent (Hunter,

Lgg3). Therefore, the simple H+ and OH- ions are the p.d.i. for oxides and proteins.

Ionic species that do not specifically interact with the surface are called indifferent

ions. These ions do not govern the surface charge but they may be involved in the

extension of the double layer out into the solution (Hunter, 1981). Other ionic species

enter the inner part of the double layer and undergo a specific interaction with the

surface. These are referred to as specifically adsorbed ions. The adsorption of these

ions at the surface is affected by forces (chemical and physical) other than simply by

the electrical potential (Hunter, 1981)'

At a certain bulk concentration of p.d.i., the net surface charge is zero. This is

referred to as the point of zerc charge (p.z.c.). This point is determined by a direct

measurement of the surface charge as a function of p.d.i. concentrations. Another

important point called the isoelectric point (i.e.p.) is obtained by adjusting the p.d.i

concentration until the zeta potential equals zero. These points may or may not be

coincident. Fig.3.1 illustrates that changes in indifferent electrolyte concentrations do

not affect the i.e.p. but they alter the zeta potential at other p.d.i. concentration

(Hunter, 1981).

The difference between specifically adsorbed ions and indifferent ions is that

specifically adsorbed ions can reverse the sign of the zeta potential and may cause a

shift in the p.z.c. as the ion concentration is increased, whereas indifferent ions can

only reduce the zeta potential asymptotically to zero (Hunter, 1981; 1993). The
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forces involved in specific adsorption may be either chemical or physical. Physically

adsorbed ions do not influence the p.z.c. or i.e.p. however they can reverse the sign of

zeta potential. Chemically adsorbed ions can shift the p.z.c. and can remain adsorbed

even when the underlying surface has the same sign. These phenomena can be seen in

Figure. 3.2. An increase in concentration of the specifically adsorbed ions produces

an increase in positive charge at a fixed concentration of p.d.i. This causes a shift in

the p.z.c. to lower concentrations of the positive potential determining ions, for

example to high pH for oxides and proteins (Hunter, 1981). Similarly, specifically

adsorption of anions produces a shift with opposite direction which tends to make zeta

potential more negative. The point at which zeta potential changes its sign is called

zeta potential reversal (p.z.r.) when it is caused by a specific adsorption process

(Hunter, 1981).
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Fig. 3.1 The variation of zeta potential of 0.05 gll TiOz colloid as a

function of pH in aqueous solutions of KNO¡ (indifferent electrolyte) at

25oC (after Wiese and Healy,1975, taken from Hunter, 1981)
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Bubble/particle attachment is facilitated by hydrophobic interactions. Therefore, an

understanding of the hydrophobicity of particles is an important factor in the design

of flotation processes. The hydrophobicity of particles can be measured in term of

contact angle, as described in section L.3.2.4, and electrophoretic mobility. The

smaller the magnitude of electric mobility of particles the more hydrophobic the

particles as there are less electrostatic interactions that can be made with water.

Hence, maximum hydrophobicity is achieved when electrophoretic rnobility equals

zero.
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Fig. 3.2 Zetapotential of an oxide at various pH values in the presence of
different types of electrolyte: I: indifferent electrolytes; tr: physically

adsorbed cation; Itr: physically adsorbed anion; IV: chemically adsorbed

anion (after Fuerstenau, taken from Hunter, 1981)

Flotation processes are better operated with the electrophoretic mobility of particles

equivalent to zero. This hypothesis is supported by the results of a study conducted by

Collins and Jameson (1977). They found that the maximum flotation rate was

achieved when the zeta potential of the particles equalled zero. They argued that

coalescence between bubbles and the particles is inhibited by double layer repulsion

as the charge on the particles and the bubble increases. Moreover, coagulation of
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particles can occur prior to flotation when the zeta potential is zero (Collins and

Jameson, Lg77). This is beneficial for flotation of colloidal particle as larger particles

are formed as a result of coagulation. However, this is undesirable when selective

separation between two different colloidal particles is the goal (Collins and Jameson,

lg77). It is essential to ensure that the particles have a sufficient charge to prevent

coagulation but not large enough to inhibit collision through double layer repulsion. A

charge of around 20 mV is considered optimal (Collins and Jameson,1977).

It is clear that electrophoretic mobility is an important factor for successful flotation

processes. Therefore a map of electrophoretic mobility as a function of pH and ionic

strength has been undertaken. This information deduced from this work may be used

to characterise flotation behaviour and suggest avenues for possible improvement.

3.1.2 Materials and Methods

3.1.2.L Inclusion Body Puffication

Two litres (2 L) of stored, frozen fermentation broth were thawed. Cells were

harvested by centrifugation (Beckman Centrifuge Model J2-2IM) at 11,000 g for 10

min, followed by resuspension in 2 L buffer solution containing 20 mmol[L

Tris(hydroxymethyl)aminomethane Base (Tris Base) and 50 mmol/L NaCl at pH 8.5

(HCl was added to adjust pH). Next, the suspension was homogenised (7 passes in a

15MR APV Gaulin high-pressure homogenizer (CD valve) at 55.2 MPa).

Homogenate was centrifuged at 11,000 g for 15 min and resuspendedin2 L buffer (20

mmoll1. Tris Base and 5 mmol/L EDTA, pH S.0) to give a suspension for further

purification by three different strategies:

) Procedure A: IJreagranules were added to the suspension to a final concentration

of 2 M. The suspension was then centrifuged at 11,000 g for 10 min. The pellet

was washed twice with buffer solution (20 mmol/L Tris Base, pH 7.5).

) Proced.ure B: A pellet produced according to procedure A was suspended in

buffer solution (20 mmol/L Tris Base, pH 7.5). Triton X-100 was added to a final
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concentration of 2Vo (vtv). The suspension was centrifuged at 11,000 g for 10 min

then washed twice with buffer solution (20 mmol/L Tris Base, pH 7.5).

) Procedur¿ C.. This (standard) procedure commenced by incubating the suspension

for 3 h at20oC following addition of lysozyme to a final concentration of 0.027o

(w/v). The inclusion bodies were collected by centrifugation (11,000 g for 15 min)

and suspended in a buffer solution (20 mmol/L Tris Base, pH 7.5) followed by

addition of Triton X-100 to a final concentration of 27o (vlv). Treated inclusion

bodies were washed twice with buffer solution (20 mmolll- Tris Base, pH 7.5).

Some of the final inclusion bodies pastes from each procedure were frozen for other

analysis (SDS-PAGE and AFM) and the rest was resuspended in 250 mL Milli-Q

water adjusred to pH 7.5 using KOH solution followed by dialysis against 2 L Milli-Q

water at pH 7.5 (5 h, 4 times, pH adjusted by KOH addition) for electrophoretic

mobility measurements.

3.1-.2.2 Cell Debris Purification

A similar procedure using a fed-batch fermentation was pedormed in the absence of

an induction process to produce inclusion body-free cells. An optical density (at

600 nm) of 160 was achieved. The fermentation broth was stored in two litres bottles

at - 20"C which was then used for cell debris samples.

Two litres (2L) of frozen inclusion body-free fermentation broth were thawed. Cells

were harvested by centrifugation at 1 1,000 g for 10 min followed by resuspension in 2

L buffer solution (20 mmol/L Tris Base and 5 mmolll- EDTA, pH 8.0). The

suspension was then homogenized at 55.2 MPa using 7 passes. Cell debris was

collected by centrifugation and washed twice using Milli-Q water at pH 7.5 followed

by dialysis against 2 L Milli-Q water at pH 7.5 (5h, 4 times). KOH solution was

added to adjust pH of Milli-Q water.
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3.1.2.3 Sømple Prepøra.tion a'nd Electrophoresís

Electrophoretic mobility was measured at different pH, in the presence of different

electrolytes (KNO3, Mg(NO:)2, KzSO¿, and Mg(SO¿)) at different salt concentrations

(0.001 N, 0.01 N, 0.05 N, and 0.1 N). In each case, 400 pL of dialysed inclusion body

or cell-debris suspension was added to 1 L of electrolyte solution. KOH or HNO3

solutions were added to adjust pH. Then the sample was left for 1.5 h to equilibrate

with room temperature (20'C). Electrophoretic mobility was measured using a

ZetaNlaster (Malvern Instruments Ltd., Worcestershire, UK). Ten measurements were

taken for each sample and an average was calculated.

3.1.2.4 Sodium Dodecyl Sulføte Polyøcrylørnid,e Gel

Ele ctrophore sis ( SD S -PAGE)

The purity of protein inclusion body paste was analysed by Sodium Dodecyl Sulfate-

Polyacrylamide Gel Electrophoresis (SDS-PAGE) according to the Laemmli method

(Laemmli, Ig70). Briefly, 0.2 g of sedimented wet protein inclusion body paste was

resuspended in I mL Milli-Q water and mixed thoroughly. 100 pL of this suspension

was diluted with 400 pL of sample buffer (62.5 mmol/L Tris-HCl pH 6.8, 20Vo (vlv)

glycerol, 27o SDS, 57o þ-mercaptoethanol,0.025Vo bromophenol blue) and boiled for

4 min prior loading into the gel wells. Electrophoresis was conducted using a

pROTEAN@ trxi vertical electrophoresis cell with a l5%o acrylamide separating gel

and a 4Vo stacl<tng gel according to the standard operating procedure supplied by Bio-

Rad Laboratories (Sydney, Australia). All consumables and instruments were

obtained from Bio-Rad Laboratories (Sydney, Australia).
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3.L.3 Results and Discussion

3.1.3.1, Electrophoretic Mobility

The electrophoretic mobility of protein inclusion bodies and cell debris in different

electrolyte solution as a function of pH and electrolyte concentration is summarised in

Figures 3.3 and3.4. As expected, increasing the electrolyte concentration decreases

the magnitude of electrophoretic mobility for both protein inclusion bodies and cell

debris due to electrical double-layer compression (Hunter, 1981). Only the effects of

monovalent and divalent ions 1K*, Mg2*, NO3 and SO¿2-) on electrophoretic mobility

were measured. Trivalent cations were not investigated as they induced precipitation

in the pH range studied. Electrophoretic mobility measurement of protein inclusion

bodies in the presence of Cr(NO:)3 was unstable due to precipitation (Figure 3.5).

The sub-plots in Figure 3.3 demonstrate that divalent cations and anions compress the

electrical double layer more than monovalent ions at the same concentration. The

magnitude of electrophoretic mobility is lowered in the presence of divalent ions. For

example, inclusion body electrophoretic mobility is reduced more by the divalent

cation Mg2* than by the monovalent cation K* (Figure 3.3, KNO: and Mg(NO¡)z).

Furthermore, the divalent cation produced a more significant effect in the region

where the net surface charge is negative (pH > 6). Likewise, the presence of divalent

anion SO¿2- reduced the inclusion body electrophoretic mobility magnitude more than

a monovalent one (NO:-), and a stronger effect occurred in the region where the net

surface charge is positive (Figures 3.3, KzSO¿ and MgSOa). The lowest eletrophoretic

mobility was observed in the presence of both a divalent cation Mg2* and a divalent

anion SO+2-(Figure 3.3, MgSOa).

Specific adsorption of anions and cations occurred as illustrated by the shift in the

common intersection point (c.i.p.) of the curves (Lyklema, 1995). Adsorption of an

anion shifts the c.i.p. towards the region of increased negative charge (Figures 3.3,

KNO¡ and KzSO¿). Likewise, specific adsorption of a cation shifts the c.i.p. towards

the region of positive charge (Figures 3.3, Mg(NO¡)z and MgSO¿). Specific divalent
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cation adsorption counterbalances the effect of specific anion adsorption and returns

the c.i.p. to zero charge (Figures 3.3, Mg(NO¡)z and MgSOa), whereas the c.i.p. shifts

towards negative charge in the presence of monovalent cation (Figures 3.3, KNO3 and

KzSO¿). This evidence demonstrates that anion specific adsorption effects are more

dominant than monovalent cation specific adsorption effects and divalent cation

specific adsorption effects are as strong as anion specific adsorption effects. Also, a

divalent cation produced more pronounced effects on electrophoretic mobility than a

monovalent cation.
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Figure 3.3 Electrophoretic mobility of protein inclusion bodies as a function of pH

measured in different electrolytes and various electrolyte concentrations: (o) 0.001 N,

(A) 0.01 N, (0) 0.05 N, (o) 0.1 N.
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The cation and the anion both affect the electrophoretic mobility of the cell debris.

However, the effect of anions on the cell debris was not as great as for protein

inclusion bodies (Figure 3.4). This may be a consequence of the cell debris

possessing a strong negative charge. Again, the presence of the divalent cation

produces a stronger effect than that for the monovalent cation as confirmed by a

comparison of Figures 3.4, KNO¡ and KzSO¿ to Figures 3.4, Mg(NO:)z and MgSO+

respectively. Specific adsorption of cations and anions was detected and similar

trends to those occurring in protein inclusion bodies were observed.
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The measured isoelectric points of protein inclusion bodies and cell debris in different

electrolytes at various electrolyte concentrations are summarised in Table 3.1. Cell

debris possess a much lower isoelectric point (eg. 2.7 in 0.001 M KNO3) than protein

inclusion bodies (eg. 5.7 in 0.001 M KNq). The difference (ApI) is approximately 3

units. It suggests that cell debris is strongly negatively charged when compared to the

protein inclusion bodies. This difference is significant and may be exploited to enable

fractionation of protein inclusion bodies from cell debris using, for example, a

flotation cell.
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Figure 3.5 Electrophoretic mobility of protein inclusion bodies as a function of pH

measured in various Cr(NO¡)¡ concentrations: (o) 0.001 N, (^) 0.01 N, (0) 0.05 N

The isoelectric point (i.e.p.) of pure protein inclusion bodies (insulinJike growth

factor analog LR3-IGF-l) calculated using ANGIS program is approximately 9

(Milner, lggg). This value is much higher than isoelectric point obtained from the

current micro-electrophoresis measurements (i.e.p. below 6). It is also possible that a

direct comparison between the i.e.p. of purified inclusion bodies and pure protein is

not possible due to surface orientation of charged amino acid groups. It is, however,

more likely that the presence of contaminants including membrane proteins, plasmid

A
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encoded proteins, phospolipids, polysaccharides, and nucleic acids (Kane and Hartley,

1991) are responsible for the observed lowering of isoelectric points. This postulate

was confirmed from the results of SDS-PAGE analysis which demonstrated that the

protein inclusion bodies used in electrophoretic mobility measurements contain some

residual contaminants (Figure 3.7, lane 5). It is likely that such contaminants are

bound tightly to the surface of protein inclusion bodies (Kane and Hartley, 1991) and

hence they are retained on the surface despite the cleaning processes. Another

possibility is that the contaminants are entrapped when inclusion bodies are formed

(Paul e/ a1.,1983). Different cleaning strategies were undertaken and the properties of

the resulting inclusion bodies were measured. The results presented in Table 3.2

demonstrate that differences in isoelectric points do occur, and consequently the i.e.p.

is very sensitive to the extent of inclusion body cleanliness. Hence, we examined the

feasibility of using sensitive i.e.p. measures to assess inclusion body purity.

Table 3.1 Isoelectric points of protein inclusion bodies and cell debris in different

electrolyte and electrolyte concentrations.

*electrolyte concentration: 50 x 1 N

3.1.3.2 Inclusion BodY PuritY

The purity of the protein inclusion bodies cleaned with different strategies was

analysed by SDS-PAGE and the results are presented in Figure 3.7. Protein inclusion

bodies (insulin-like growth factor LR3-IGF-l analog) are shown by the last band on

the SDS-PAGE gel. They possess a molecular weight of 9.1 kDa. The homogenate

Iso electric points (i.e.P.)

Mg(NO:)z KzSO¿ MgSO+KNO¡

Electrolyte
Concentration

(x t0-3N)
Substances

5.7
5.5
5.1*

5.9
5.9
5.9

5.7
5.3
4.4

5.8
5.8
5.8

1

10

100

protein
inclusion

bodies
2.7
2.6
2.5

2.8
3.0
3.1

2.6
2.4
<2

2.7
2.7
2.7

1

10

100
cell debris
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Figure 3.6. Electrophoretic mobility of protein inclusion bodies purified with

different procedures (4,B, and C) measured in the presence of different electrolytes

and various electrolyte concentration: (o) 0.001 N, (¡) 0.01 N, (0) 0.05 N, (o) 0'1 N.

B, Mg(NOr)z

B, KNO3 B, Mg(NOs)z

C' KNO¡ C, Mg(NOr)z

Electrophoretic Mobility and Particle Characteristics 66



contains numerous contaminants as shown by the bands on lane 2 (Figure 3.7). Three

different cleaning strategies were devised and applied to reduce the level of

contaminants as described in Materials and Methods. These procedures were

effective, but not perfect as evidenced by the decrease in the number and intensity of

bands (Figure 3.7, lanes 3 to 5) but not their elimination. Furthermore, the last band

(corresponding to protein inclusion bodies) became denser and larger, indicating that

the relative concentration of protein inclusion bodies increased as a result of

contaminant removal during the cleaning sequence. The purity of protein inclusion

bodies obtained from procedure C exceeded that from procedures B and A,

respectively.

Figure 3.6 shows the electrophoretic mobility of protein inclusion bodies purified by

the different procedures. In the presence of a monovalent cation (K*), the

electrophoretic mobility curves shifts towards higher pH. As a consequence the

isoelectric point increases, for example in 0.001 M KNO¡ from 4.5 to 5.7. A similar

pattern was observed in the presence of the divalent cation (Mg2*). The isoelectric

point of protein inclusion bodies obtained by using procedure C was higher than those

from procedures B and A, respectively (Table 3.2). The purity of the inclusion bodies

followed the same trend as the isoelectric points. Hence, the isoelectric point of the

inclusion bodies provides a qualitative measure of their purity. A higher isoelectric

point corresponds to cleaner inclusion bodies.

Table 3.2 Isoelectric points of protein inclusion bodies purified with different

procedures (4, B, and C) in the presence of KNO¡ and Mg(NO3)2'

*electrolyte concentration: 50 x 1 N

Isoelectric points (i.e.P')

Procedure A ProcedureB Procedure CElectrolyte
Electrolyte

Concentration
(x t0-3N)

4.5
4.4
4.3*

5.0
5.0
4.9

5.7
5.5
5.1*

1

10

100
KNO:

4.8
4.7
4.6*

5.3
5.2
5.1

5.9
5.9
5.9

1

10

100
Me(No:)z
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Figure 3.7, SDS-PAGE Gel. Lane 1: Prestained standard containing Myosin

(2I2 kDa), B-galactosidase (122 l<Da), Bovine serum albumin (83 kDa),

Ovalbumin (51.8 kDa), Carbonic anhydrase (35 kDa), Soybean trypsin inhibitor

(28.4 kDa), Lysozyme (20 kDa), and Aprotinin (1 .2 kDa). Lane 2'. Homogenate

(7 passes at 55 mPa). Lane 3-5: Protein inclusion body samples purified with

Procedures A, B, and C resPectivelY.
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3.2 PARTICLE CHARACTERISTICS

3.2.1 Background

Particle characteristics, such as size (diameter), shape and surface properties, are

important features to be considered in bioprocesses. These characteristics provide

basic physical features which can be exploited to improve the performance of

bioprocesses and/or to design new fractionation techniques for bioprocessing.

Therefore, these characteristics were examined. First, the particle size of protein

inclusion bodies were measured using photosedimentation technique (Middelberg er

a.1., 1990). Next, scanning electron microscopy and atomic force microscopy

techniques were employed to examine the shape and surface properties of the protein

inclusion bodies.

3.2.1.1 Joyc e-Loebl Disk Centrífuge

There are numerous techniques available for particle size determination. Dynamic

light scattering technique (or photon correlation spectroscopy) is commonly employed

to determine the size of fine particles due to its simplicity, rapid results and ease of

reporting. However, this technique has limitations, eg. its low resolution and

sensitivity to interference by large particles and dust present in the sample. This

technique has been applied to measure particle size of inclusion bodies (Jin, 1992) and

cell debris (Olbrich, 1989; Angerkvist and Enfors, 1990; Jin et aI., 1994)'

Pretreatment using DNase and RNase was required for cell debris measurement due to

interference from dissolved polymeric materials (nucleic acids) on scattered light.

Hence, this technique may not be reliable for measurement of heterogenous sample

such as inclusion bodies in the suspension of homogenate. Middelberg et aI. (1990)

explored photosedimentation technique for sizing biological samples such as E. coli

cells, inclusion bodies and cell debris. This technique is reliable for sizing biological

samples and has been previously used by Taylor et al. (1986) for measuring inclusion

Electrophoretic M obility and PurTicle Chqracteristics 69



body particle size. Hence, this technique was adopted in this study for measurement

of inclusion body size.

Time Zerc

Disc Rotation+

Time t
Disc Rotation+

Spin Fluid

Detector+

Spin Fluid
& Sample

Detector+

Sample
sediments to
Outer wall

Chart Chart

Sample

Figure 3.8 Schematic diagram of Joyce-Loebl Disc Centrifuge (after

Middelberg et aI., 1990).

The stokes diameter is determined from photosedimentation technique using Joyce-

Loebl DCF4 disc centrifuge (Joyce-Loebl Ltd., Gateshead, UK). This technique

exploits the principle of sedimentation under increase gravity. A schematic diagram

of this disc centrifuge is presented in Figure 3.8. The centre of the analyser is a

hollow rotating disc. Spin fluid is injected to the centre of the rotating disc followed

by buffer-liquid injection. The buffer layer diffuses into the spin fluid forming a

shallow density gradient in the spin fluid due to the acceleration and deceleration of

the disc. The sample is then injected and forms a layer at the inner radius of the

spin/buffer liquid annulus. Hence, all particles in the sample start at nearly identical

radii and experience a net centrifugal force (Middelberg et a1.,1990). This centrifugal

field causes particle movement (settling) towards the outer annulus where the particles

pass through the detector. The intensity of the light captured by detector decreases

due to scattering and absorption of the light by particles. The absorbance of the spin
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fluid at the detection radius are recorded as a function of time. The size of the particle

(Stokes diameter) can be obtained by applying Equation (3.2) (Taylotet a1.,1986).

184 ln

þ-
ro

(3.2)
t,L,ptoz

where: D is the particle size, 4 is the fluid viscosity, ro is the particle start radius

(ø, = 0), r¿ is the detector radius, ø, is the time for particles sedimentation from ro to

Íd, a) is the angular velocity and Apis the density difference between the particles and

the fluid.

L

3.2.!.2 Scønning Electron Microscopy (SEM)

The birth and development of electron microscopes have been intimately associated

with biological research. However, the electron microscope has also been extensively

used in other areas, such as polymer and material science. Three major types of

electron microscopes exist, i.e. transmission electron microscope (TEM), scanning

electron microscope (SEM) and scanning transmission electron microscope (STEM).

The TEM projects electrons through a very thin slice of specimen (eg. tissue) to

produce two dimensional image. Whereas the SEM produces an image that gives the

impression of three dimensions. The STEM which features of both the transmission

and scanning electron microscopes is less widely applied than the first two modes. In

this work, SEM is employed to explore the particles of protein inclusion bodies.

In SEM, images are derived from scanning a fine beam of electrons with energies up

to 30 or 40 keV across the sample surface in a raster or pattern of parallel lines (Watt,

1985). A number of phenomena occur when a beam of electrons impinges on an

object in a vacuum and the most important phenomena for SEM are the emission of

secondary electrons (low energy) and reflection of high-energy back-scattered

electrons from primary beam (Watt, 1935). The intensity of both the secondary and
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back-scattered electrons is very sensitive to the topography of the sample. This

electron current is collected and amplified then the variation is translated to form

images. Currently, SEM could resolve 3.5 nm with magnification up to 200,000x

(B ozzola and Russell, 1992).

SEM is operated under vacuum and requires special preparation of samples. Sample

preparations for biological materials is normally complicatetl and differs fiorn sample

to sample. Standard sample preparations for biological materials include cleaning,

fixation, dehydration, drying, specimen mounting and coating (for non-conducting

samples). Detailed discussion of SEM principles and other aspects including

operating procedure and sample preparation is readily available in the literatures (Kay,

1965;Hearly et al.,1972; Watt, 1985; Bozzola and Russell,1992).

SEM has been used for qualitative analysis of inclusion bodies (Marston, 1986;

Bowden et a1.,1991) and cell disintegrates (Quirk and Woodrow, 1984; Harrison ¿/

aI., L99I). SEM can also be used for quantitative measurements, eg. particle size

measurement and particle size distribution. However this application is limited by the

effects of sample preparation. For example, particles may shrink or deform following

a series of conventional treatment steps in sample preparation. This limitation has

been previously noted by Bailey et al. (1995) who employed electron microscopy for

measuring cell debris from E coli following homogenisation with chemical treatment.

Furthermore, this method is limited statistically due to the small sample population

measured.

3.2.!.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is powerful technique for surface analysis. AFM has

been used extensively for surface analysis tool in biological research due to its ability

to image non-conducting samples in liquid environment (physiological conditions).

The principles and operations of AFM are outlined in section 1,5. This section

discusses aspects of surface analysis by contact mode atomic force microscopy.
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In the contact mode (also known as the repulsive mode or DC mode), a constant small

force (usually 1-10 nN) is applied at the surface of the sample (Ikai, 1996) and the tip

makes direct physical contact with the sample. This small force is maintained

constant by the feedback circuit. As the tip scans across the sample surface, the

cantilever is deflected (up and down) following the pattern of the surface. This

deflection is measured optically using laser light that is reflected by the back (upper

side) of the cantilever to a four-section photodiode detector. The photodiode detector

generates a current signal proportional to the light intensity received by the upper and

lower sections of the photodiode detector to the feedback circuit. The feedback

system maintains the current difference between the upper and lower diodes at a fixed

preset value resulting constant loading force on to the sample surface. The amount of

deflection of the cantilever can be calculated from the change in the light intensity

received by the photodiode detector. The resulting change in the detector current

signal is used in forming the AFM image.

Contact mode is the commonly explored mode for topographical imaging due to its

simplicity and ease of operation. The topographical image can be obtained relatively

quickly. However, the contact mode may cause problems to soft samples, eg.

biological samples. Despite the small force applied to the sample surface, some

biological (soft) materials may experience unacceptably large deformation.

Samples for topographical imaging are usually adsorbed onto atomically flat surfaces

(substrate), such as freshly cleaved mica, glass, HOPG (highly oriented pyrolitic

graphite), silicon wafer and gold-coated mica (Ikai, 1996). The correct substrate can

be chosen from a knowledge of their features, for example, HOPG surface is

hydrophobic uncharged and mica surface is hydrophilic negatively charged (Lal and

John, Igg4). Special treatment (eg. chemical treatment) of the substrate surface is

common to obtain surface properties that facilitate sample attachment. Examples

include gold treatments with a variety of agents for DNA imaging (Lal and John,

ree+).

Various type of AFM tips are available. The prefabricated silicon nitride cantilevers

with an integrated tip are the most commonly used. Numerous shapes, lengths and
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thickness of cantilevers are fabricated and their elastic spring constants vary in the

0.01-50 N/m range (Magonov and Whangbo, 1996). The shape of the tip apex and the

elastic spring constant (k) of the cantilever are important factors. A tip with a

relatively dull apex is not suitable for imaging highly comrgated surfaces as the real

topography may be hidden by the convolution of the tip geometry and the sharp

surface features (Magomonov and Whangbo, L996). Cantilevers with small spring

constants are suitable for imaging soft samples whereas rigid cantilevers are required

for measuring nanomechanical properties of sample surfaces and for dynamic mode

AFM (Magomonov and'Whangbo, 1996).

Contact mode AFM has been successfully used for imaging various samples. Images

of crystals (eg. AgBr, gold film, HOPG, mica and Si wafer), structures (eg. carbon

coating, compact disc and superlattice), polymer and biomaterials have been reported

(Sarid, Igg4). Biological applications of contact mode AFM include imaging of red

blood cells, bacterial cells (8. coli, bscillus, bacteriorhodopsin), bacteriophages,

DNA, and proteins.
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3.2.2 Materials and Methods

3.2.2.1 Pørticle Size Anølysis

Particle size analysis was performed using a DCF4 (Joyce Loebl) disc centrifuge

(Applied Imaging Ltd, Gateshead, U.K.) using a standard water spin fluicl scheme

(Middelberg et a1.,1990). The density difference between inclusion body and buffer

was taken as 260 kd-t to convert sedimentation velocities to size data solely for data

presentation. Details of standard conditions applied in this measurement are

summarised in Table 3.3. Fresh homogenate (7 passes) was used for preparation of

the samples.

3.2.2.2 Scønning Electron Microscopy Analy sis

A drop of the dialysed inclusion body suspension (procedure C) or homogenate (7

passes) was laid on a sample holder and dried. The dried sample was then coated

with standard carbon and gold coating using a Denton Vacuum Coater (Denton

Vacuum Inc., Cherry Hill, New Jersey, USA) prior to imaging. Images were obtained

using Phillip )ú30 Field Emission Scanning Electron Microscope .

3.2.2.3 Atomic Force Microscopy Anølysis

Frozen inclusion bodies (procedure C) were thawed and suspended in Milli-Q water to

a final concentration of I glL. This suspension was then sonicated for 5 x I minute

with a 1 minute break for rupturing aggregates formed during fteezing. A freshly

cleaved mica surface (1 cm2) was treated with I ll.dZnClz solution and incubated for

30 minutes to obtain a positively charged surface. A drop (5FL) of the sonicated

suspension was laid on the treated mica surface and incubated for 30 minutes followed

by two water rinses and vacuum drying for 2 hours. This sample was then attached
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(using clear double side sticky tape) to a round metal plate which finally mounted on

the magnetic base of the AFM sample holder. This sample was probed using an AFM

(NanoScope Itr Multiprobes AFM, Digital Instruments, Inc., Santa Barbara, USA) by

employing contact mode as described in the AFM users' manual (Digital Instruments,

Inc., Santa Barbara, USA). Standard silicon nitride (Si3N4) tips with spring constant

of 0.06 N/m (Nanoprobes, Digital Instruments, Inc., Santa Barbara, USA) were used.

Following application, the tips were cleaned by organic wash (chloroform and

ethanol) then water rinsed and finally vacuum dried for 15 minutes. An image of size

of 100 pm x 100 ¡rm was initially taken followed by subsequent magnification of

specific areas of interest.

Table 3.3 Standard conditions of Joyce Loebl Disc Centrifuge Analysis

Spin Fluid (SF) 20 mI- Water

Buffer Fluid (BF) 1.5 mL 207o Ethanol-'Water

Sample Volume and Suspension 0.5 mL 207o Ethanol-Phosphate Buffer

Disc Speed (rpm) 8000

Machine Gain 6.0

ro (cm), equation 3.2 4.0t

r¿ (cm), equation 3.2 4.82

I (cP), equation 3.2 r.t4

Ap (kg m-3), equation3.2 260

Time=0s Inject SF

Time = 60 s Inject BF

Time = 90 s Boost 70

Time = 150 s Boost 70

Time = 210 s Boost 20

Time = 300 s Inject Sample
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3.2.3 Results and Discussion

3.2.3.1 Pørticle Size AnalYsis

The mean size of protein inclusion bodies is approximately constant (very naffow

variation) between fermentations in the range of 0.30 to 0.33 pm (discussed

previously in chapter 1). Errors in particle size measurements or data interpretations

may contribute to this variation. Therefore, in general the mean particle size of

protein inclusion bodies is 0.3 pm. A summary of the results of particle size analysis

of protein inclusion bodies following various fermentation strategies is presented in

Table 3.4. The particle size of protein inclusion bodies from numerous fermentations

with constant rate feeding (not listed in Table 3.3) showed similar values and was

within the typical range.

Inclusion body size is an important parameter in the recovery or purification

processes. The particle size of the inclusion bodies is a key factor for determining the

g force required for effective separation in centrifugation processes. Particle size is

also an important determinant for choosing the correct flotation techniques. Tiny

bubbles are required to float fine particles (eg. inclusion bodies). Dissolved-air

flotation (DAF) appears as a potential technnology for the recovery of inclusion

bodies due to its ability to form very small bubbles.

Table 3.4 Summary of the mean particle size of protein inclusion

bodies from various fermentations.

Fermentation Feeding Strategies Mean particle size (pm)

Contant rate feeding

Novel 3-stage feeding

Novel 3-stage feeding, YE'

0.320

0.30b

0.33

0.32

a,

b.

c.

feed
feed
with

rate = 9.7 mUmin
rate = Il.4 mUmin
yeast Øctract suPPlement
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3.2.3.2 SEM Anølysis

SEM analyses of homogenate (7 passes at 55 MPa) and inclusion bodies are presented

in Figures 3.9 and 3.10. As shown in the SEM images, protein inclusion bodies

(LR3-IGF-1) posses an irregular shape and rough surfaces. Similar irregularity in

shape has been observed for the inclusion body particles of human growth hormone

(hGH) and the B-subunit of human chorionic gonadotropin (ÞhCG) (Mukhopadhyay,

IggT). By contrast, a highly regular and cylindrical shape was observed for p-

lactamase inclusion body (Bow den et al., I99I). This suggests that the shape of

inclusion body particles can vary over a wide range as well as their particle size

(Mukhopadhyay, 1997)

The nature of the inclusion body particles may facilitate contamination attachment and

hinder its subsequent removal during cleaning processes. By contrast, this surface

roughness of protein inclusion bodies can be advantageous for dissolved-air flotation

recovery as particles with rough surfaces enhance bubble formation by dissolved gas

in water (Ryan and Hemingsen, 1993). In addition, particle surface roughness

together with other factors, including the surface roughness of the container, high

dissolved gas content, and the presence of solid particles in liquid, facilitate the

initiation of gas nuclei/cavities (Zhou et a1.,1994). It is also likely that the shape

irregularity of the inclusion body particles may facilitate the bubble-particle

attachment processes in flotation.

Figure 3.9 shows homogenate with cell debris surrounding inclusion bodies. Cell

debris agglomerates and forms a compact structure where individual elements cannot

be identified. Qualitative analysis of homogenate by SEM is not reliable due to this

problems. Special sample preparation procedures of cell debris are required for SEM

qualitative analysis as previously reported (Quirk and'Woodrow, 1984; Harison et aI.,

1ee1).
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Figure 3.9 Scanning electron microscopy images of homogenate

(7 passes at 55 MPa) in various magnifications
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Figure 3.10a Scanning electron microscopy images of protein inclusion

bodies (purified using procedure C) in various magnifications

El ectrop horetic M obiliry and' P article Characteristic s 80



Figure 3.10b Scanning electron microscopy images of protein inclusion

bodies (purified using procedure C) in various magnifications
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3.2.3.3 AFM Anølysis

A freshly cleaved mica was used as substrate because it is inexpensive and relatively

simple to use. Contact mode AFM analysis of a freshly cleaved mica was conducted

to examine its surface topography. Images were taken from several parts of the mica

surface (1x1 cm2) at different magnification. The AFM analysis concluded that the

mica surface was extremely flat as shown in the following 10x10 nm2 image (Figure

3.1 1). This proves that mica is reliable for use as a sample substrate.

10 nm

57.8 nm

28.8 nm

0nm 0.0 nm

0nm l0 nm

Figure 3.11 Freshly cleaved mica surface imaged by contact mode AFM
(10x10 nm2¡ shows its flat surface.

Both mica surface and protein inclusion bodies possess a negative charges, Hence,

electrostatic attachment of these inclusion body particles onto the mica surface cannot
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be carried out due to the electrostatic repulsion of similar charges. This lack of

inclusion body particles adherence onto the mica sutface was confirmed (Figure 3.I2)'

Hence, the mica surface was treated with a strong cationic solution (ZnClù to obtain a

positively charged surface. This treatment was successful as many particles then

attached to the mica surface (Figure 3'13)'

50 pm

57.6 nm

28.8 nm

opm
0.0 nm

opm 50 pm

Figure 3.12 AFM image (50x50 ¡rm2) of protein inclusion bodies laid on a

frestrty cleaved mica surface which shows that there are no inclusion body

particles attached securely on the mica surface

AFM images of protein inclusion bodies at different magnifications are presented in

Figures 3.13 to 3.17. Two types of data were collected during AFM scanning to form

images, i.e. deflection and height data. Deflection data was recorded from the current

signal of the photodiode detector. Height data was obtained from the p\ezo movement

in the Z djrection as a result of feed-back circuit in maintaining constant loading force

throughout scanning. The AFM images obtained are relatively comparable to SEM

Electropho retic Mobility and Particle Characteristics 83



images (Figure 3.10). These results confirm that inclusion bodies posses an irregular

shape and rough surfaces. Aggregates were present in the sample (Figures 3'13 to

3.I7). These aggregates are formed during sample preparation or they were already

present in the sample suspension prior application to the substrate (mica). However,

single particle of inclusion bodies can still be identified easily from these AFM

images, particularly from images generated from the height data (Figures 3.14 to

3.16). Surface roughness of inclusion bodies is easily seen frorn irnages at high

magnification, particularly images generated from the deflection data (Figute3.I7).

30 pm

300 nm

150 nm

opm 0nm

opm 30 pm

FigUre 3.13 Protein inclusion bodies imaged by contact mode AFM. Large

aggregates are present in the sample.

The resolution of AFM images is not as good as SEM resolution. Various factors,

such as larger than optimal sample size and tip properties, contribute to this reduced

resolution. Inclusion body particles are relatively large and hence on the flat mica

substrate they form a 'hilly' texture and the presence of aggregates exaggerates this

'hilly' texture. The silicon nitride tips have a height of several microns therefore they
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can be used to examine samples with surface comrgations below 1 pm (Magomonov

and V/hangbo, 1996). A single inclusion body particle has surface comrgations less

than 1 pm and so the tips should be able to perform measurements. However, the

aggregates can be as high as 2 pm and hence the tip performance is lowered.

Defective images were observed (as shown by arrows in Figure 3.17) due to the tip-

sample convolution effects. Triangular shapes detected in the imaged particles

(shown by arrows in Figure 3.17) reflect the tip shape. The uniform pattern of these

images (also known as tip artefacts) show that they do not represent real structure but

a defective structure formed as a result of tip-sample convolution effects. This

phenomena has previously been noted and reported in details by Schwarz et aL

(lgg4). Detailed study of the comparison of SEM and AFM techniques used for

surface topography characterisation has been reported by Castle and Zhdan (L997).

They claimed that AFM (at similar magnification) can reveal much more detail of

surface topography compared to SEM. Also, AFM can disclose three-dimensional

information not available in SEM. However, they also experienced similar problems

(i.e. tip artefacts) shown by the tip-shape in the AFM image.

Sharper tips are likely to improve resolution. The current tips used were silicon

nitride tips which have a pyramidal shape with an opening angle at the apex of about

70" (Figure 4.4). Such tips are not very sharp. Sharper tips are commercially

available and are known as super tips or ultra tips and are usually conical in shape.

The disadvantage of sharper tips is that they are less robust compared with standard

pyramidal tips. Improved sample preparation procedures can also enrich the

resolution, particularly avoiding large aggregates in the sample. Sample treatment by

sonication for different time period has been performed. Treatment by sonication for

5 x 1 minutes with one minutes break each cycle appears reliable. The concentration

of inclusion bodies also contributes to the aggregation process. The lower the

suspension concentration the less the aggregation as fewer particles are present.

Sample concentration of 0.1, 0.5, I,2 and 4 glL were examined. The I g/L sample

concentration provided the best results where enough number of particles are present

in the suspension. Fresh inclusion bodies produced better samples as aggregates are

not initially present in the suspension. Aggregates are normally formed when
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inclusion bodies are frozen. Unfortunately, frozen inclusion bodies were used instead

of fresh inclusion bodies due to geographical constraints and ease of handling need.

A strong hysteresis is generally observed in the AFM measurements in air (ambient-

condition) due to the capillary force associated with the surface contamination layer

(Magomonov and Whangbo, 1996). This contamination layer is formed when the

sample surface is in contact with water vapour in air. This contact promotes hydration

of water vapour on to the sample surface. This hysteresis can be avoided by

conducting AFM measurements under liquid. The hysteresis effect may also

contribute to the low resolution obtained in this experiment. AFM measurement

under liquid may increase the resolution. However, the strength of the sample

attachment on to the substrate surface in liquid environment has to be considered

carefully. Buffer solutions are commonly used in the measurements and these may

affect the electrostatic interaction used for sample attachment. If the samples are not

securely attached onto the substrate surface, they may be dragged by the tip

movement. Attachment of sample on to the substrate surface by chemical bonds is

stronger and this technique appears to be more reliable as long as sample structure is

not affected. Silicon wafer substrate is suitable for use in this method as it can stand

with 'harsh' chemical treatment. Mica may also be used but its multilayer structure

can create problems. This method is used to attached protein inclusion body particles

on to the tip and discussed in chapter 4.

In addition, the contact mode AFM can cause sample deformation because the tip is

physically in contact with the sample surface and a certain constant force is applied to

the sample surface. Soft samples are particularly affected, such as protein and other

biological materials. Two other operating modes have been developed to solve this

problems, i.e. non-contact mode (Luthi et al., 1994; Wong and Descouts, 1995) and

tapping mode in air (Zhong et aI., 1993), in gas (Hansma et al., 1994) and in liquid

(Hansma et al., 1995). Unfortunately, these modes of operation are far more

complicated than the contact mode. The non-contact mode is unpopular due to its

poor resolution. However, tapping mode is becoming popular for biological

applications due to its high resolution without any effects from sample deformation by

the tip. In the tapping mode, the cantilever (and the tip) is vertically oscillated at high

Electrophoretic Mobility and Particle Chøracteristics 86



frequency as it scans the sample. The tip and the sample come into intermittent

contact (tapping) when the sample surface approaches the vibrating tip, causing a

reduced oscillation amplitude. The changes of oscillation amplitude generates the

signals for creating the image. A much shorter tip-sample contact time and reduced

tip-sample lateral forces can be maintained, hence sample deformation is avoided.

Hansma et at. (1993) obtained high resolution results by tapping mode. The tapping

mode incurs a significant disadvantage when operated under liquid as the oscillations

are significantly damped.

In summary, Contact mode AFM appears to be reliable method for imaging protein

inclusion bodies. The images obtained are comparable to SEM images although the

resolution was poorer than that from the SEM. Special sample preparation are

required for this measurement, particularly preventing aggregation and/or eliminating

aggregates. Chemical bond attachment of samples onto the substrate surface may be

applied to obtained securely attached samples. Also, a tapping mode AFM has the

potential to provide improved image resolution.
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Figure 3.14 AFM images of protein inclusion bodies derived from

deflection data (a) and height data (b). Single particle of inclusion bodies can

be identified easily, particularly from height data (b)'
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Figure 3.15 AFM images of protein inclusion bodies formed from (a)

deflection data and (b) height data, a magnification of a certain a.rea in

previous image (figure 3.13). Aggregates can be seen clearly as well as

single particle of inclusion bodies.
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Figure 3.16 AFM images of inclusion bodies presented in three dimension

(a) and two dimension (b). Both images are derived from height data.
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Figure 3.17 (a) AFM image of inclusion bodies obtained from magnification

of a certain area in the previous image (figure 3.15) and (b) is obtained from re-

scanning a ceftain area of (a). Arrows show the defective shapes (triangular-

like shapes) appear in the image which reflect the tip-like shape. This uniform

pattern of defective shapes are due to the tip-sample convolution effects.
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3.3 CONCLUSION AND RECOMMEDATION

Electrophoretic mobility and the particle characteristics of an insulinlike growth

factor analog LR3-IGF-1 protein inclusion bodies have been studied. Cations and

anions affect the electrophoretic mobility of protein inclusion bodies as well as cell

debris. Divalent ions produce stronger effects than monovalent ions' The effects of

electrolyte concentration on electrophoretic mobility follow a general trend, ie. the

higher the electrolyte concentration the lower the magnitude of the electrophoretic

mobility due to compression of the electrical double layer. The isoelectric point of

cell debris is much lower than that for protein inclusion bodies. This suggests that

they may be potentially separated using flotation. Experimental work in the

electrophoretic mobility study indicates that the isoelectric point (electrophoretic

mobility) provides a qualitative measure of inclusion body purity, as the isoelectric

point increased for cleaner inclusion bodies.

protein inclusion bodies GR3-IGF-l) have a mean particle diameter of 0.3 pm. The

particle size of inclusion bodies for various fermentation strategies varied in the range

of 0.30 to 0.33 pm. Surface analysis by SEM and AFM demonstrates that these

inclusion bodies posses an irregular shape and a rough surface. The AFM images are

comparable to the SEM images although the resolution is poorer. AFM appears to be

a potential method for surface analysis of inclusion bodies due to its ability to do

measurement under liquid environment coupled with spatial resolution up to the sub-

nanometer scale. Higher resolution can be achieved by improvement of sample

preparation and using sharper tips (eg. super tips or ultra tips). Careful sample

preparation is essential to obtain a high resolution image. Aggregation is a major

problem in the sample preparation of inclusion bodies. In addition, the tapping mode

of the AFM is a promising operation mode to be applied as it can avoid sample

deformation, particularly for soft biological materials, such as protein inclusion

bodies.
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Chapter 4

INTERACTION FORCES BETWEEN

PROTEIN INCLUSION BODIES AND

AN AIR BUBBLEz An AFM StudY

Flotation has a great potential for protein inclusion body recovery' The bubble-

particle attachment process (i.e. the interactions between particles and bubbles), is a

key element in flotation processes and a careful study such interactions is essential to

the rational design of flotation processes.

Atomic force microscopy (AFM) is a relatively new but powerful technique. It is

capable of measuring forces up to picoNewtons consequently it has been applied to a

variety of biological/ biotechnological processes. Moreover, the ability to conduct

force measurement in a liquid environment provides additional benefits. Hence, this

technique has been applied to study the interaction forces between protein inclusion

bodies (LR3-IGF-1) and an air bubble as a function of pH and ionic strength. This

work should provide fundamental data and insight for the rational design of protein

inclusion body recovery using flotation.
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4.L BACKGROUND

Atomic force microscope has been an increasingly important tool in biological/

biotechnological research. In addition to its basic ability in surface imaging

(discussed in chapter 3), new applications and techniques have been developed'

These applications include the use of AFM in probing and measuring nanomechanical

properties and other fundamental interactions between surfaces (eg. adhesion forces).

These areas of interests are of great consequence in physics, chemistry, material

science, biology and other disciplines. Adhesion forces up to picoNewtons (pN =

l0-r2 N¡ may be measured using AFM. Adhesion between surfaces is important in a

variety of biological processes, such as DNA replication, the action of drug in the

human body and molecular interactions within the cells. Given the AFM's ability to

examine microscopic forces, an obvious application is to measure the interaction

forces between inclusion bodies and an air bubble. The following sections will discuss

such force measurement and all associated aspects.

4.1.1 Tip-Sample Interactions

Tip-sample interactions play a key role in AFM measurements particularly in contact

mode AFM and imaging of soft samples (eg. biological materials). Hysteresis may be

observed as a result of tip-sample interactions after the tip first touches the sample

surface and is then retracted. Additional energy is required to detach the tip from the

sample surface. This is shown by an additional extension of cantilever deflection.

The microscopic forces (long range forces) responsible for this include surface

capillary forces and van der Waals forces, andlor macroscopic forces, such as

adhesion forces between the tip and the sample surface. This phenomena has been

applied to examine a variety of fundamental interactions in biological processes, eg.

ligand-receptor, antibody-antigen, enzyme-substrate, etc. The technique is rapidly

becoming a major tool for examining interactions in biological processes. This is a

particular consequence of the AFM's ability to undertake both qualitative and

quantitative measurements. The high level of spatial resolution also adds benefits in
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biological applications, particularly in biological imaging and measurements of

interactions in high proximitY.

Force measurement is initially aimed at improving the AFM's image resolution by

monitoring and minimising the attractive forces between the tip and sample (Prater et

al., -). Large adhesion forces may damage the sample and probe, reduce image

resolution and create unwanted artifacts. Adhesion forces between silicon nitride tips

and a mica surface have been measured in air. It was to be in the order of 100

nanoNewtons (nN), however this force is drastically reduced (to -1 nN) when the

measurements are conducted in water (rileisenhorn et al., 1989). Surface capillary

force is believed responsible for such a large adhesion force in the ambient

environment. Surface capillary forces appear when a thin contamination layer is

formed from condensed water vapour and/or other contaminants in air. I-ower

adhesion forces measured under vacuum (Grigg et al., 1992) and in reduced humidity

environments (Thundat et al., 1993a) have confirmed the role of surface capillary

forces on the observed adhesion force. Hence, a liquid or vacuum environment is

favoured for AFM measurements. A liquid environment is particularly beneficial for

biological applications as most of biological processes occur in a liquid (or

physiological) environment.

Van der Waals forces in a certain extent are generally much smaller than the surface

capillary forces. Very tiny (even non-detectable) van der Waals forces are commonly

observed. A theoretical calculation of van der Waals forces suggests that such forces

may be substantially reduced in the presence of particular solvents, especially ethanol

(Hartman, 1990). This hypothesis has been confirmed by force measurements in

ethanol and other solvents. The result is a dramatic reduction of adhesion forces

(rileisenhom et aL, 1992; Hutter and Bechhoefer, 1993b; Hutter and Bechhoefer,

Igg4). Even an addition of a small amount of ethanol in water reduces the forces by a

factor of 100 compared to those for pure water. Ethanol's ability in removing organic

contaminants from the sample surface may contribute to this effect. Ozone or

ultraviolet radiation have been reported as effective methods for removing organic

contaminants from AFM tips (Thundat et aL, 1993a & 1993b). The resulting

adhesion force is reduced when tips cleaned in this manner are used for force
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measurements. The combination of tip cleaning, careful attention to the environment

of measurement and other improvement may reduce tip-sample forces below 0.1 nN

(Prater et aI., -) and consequently higher AFM resolution results.

4.1.2 AFM Force Measurements

Figure 4.1 illustrates a typical force curve obtained from AFM force measurement.

This curve includes a description of the adhesion force observed from the tip

attachment and detachment processes clearly. The tip commences in position (A)

with no contact between the tip and the sample surface. As the tip moves (down)

towards the surface, it may jump into contact (B) with the sample surface if a

sufficient attractive force exists from the sample surface. Once contact is made with

the sample surface, cantilever deflection increases as the tip is furlher extended

towards the sample. At this point, the tip may indent into the sample if the cantilever

is sufficiently stiff (high spring constant). This phenomena is used to measure the

nanomechanical properties of a material of interest. The elasticity of the sample

surface can be derived from the slope or shape of the contact region (C). Next, the tip

is retracted from the sample surface when a certain loading force is reached. As the

tip is withdrawn from the sample surface, the tip adheres to the sample surface as

shown resulting in an additional tip deflection (D) which passes the initial contact

point on the approach region (B). This change is a consequence of adhesion (or

interactions) formed during the tip-sample contact. Tip adhesion ruptures as the tip is

retracted further and contact ceases (E), the tip then returns to its initial position. This

additional tip deflection represents the force required to break the tip-sample adhesion

or in other words it represents the adhesion force between the tip and the sample.

Figure 4.1 is derived from the scanner position and signal (voltage) sensed by a

position sensitive detector (PSD) . The scanner position represent the Z-position (the

tip position from the sample) and the PSD signal represents the deflection of the

cantilever (due to forces exerted on the cantilever). Cantilever deflection can be

calculared by dividing the pSD signal (V) by the sensitivity (V/nm). As the cantilever
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behaves like a spring, the adhesion (interaction) force is proportional to the cantilever

deflection as described by Hooke's law (equation 4.1).

Fo¿ = k'x (4.1)

where Fa¿ is the force exerted on the spring (N) that causes x unit of

extension/compression of the spring (m) and k is the spring constant (N/m).

Tip
Deflection
3.0 nm/div.

Setpoint

Z position - 2.5 nmJdiv

FigUre 4.1 A typical force curve of AFM force measurement (as shown on

the NanoScope III SPM system) plots the deflection of cantilever as the tip

is extended towards the sample and retracted from the sample. The excess

deflection observed when the tip is retracted from the sample surfaces (D) is

known as adhesion (interaction) force between the tip and the sample

surface.

Derivation of the adhesion force requires knowledge of the sensitivity and spring

constant. Hence, high accuracy is paramount in the instrument's sensitivity and spring

constant determination/measurement. The sensitivity is set automatically by the

software. The AFM must be calibrated and adjusted prior to force measurements as

described in the Reference Manual (Olympus Co' Ltd., Tokyo, Japan). The spring

constant of cantilevers can be determined directly or indirectly' Various methods of

spring constant determination have been developed (Cleveland et al.,1993; Hutter and

Adhesion
Force (F.)

, Extending

, Retràcting
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Bechhoefer,lgg3a; Senden and Ducker,1994; Smith and Howard,1994; Sader et al',

1995; Toni et aI., 1996; Gibson et al., 1996; Sader et al., 1999). Spring constant

determination is now regarded as routine procedure in AFM force measurements.

Thus, practical considerations (eg. simplicity and ease of use) and accuracy have

become the criteria for choosing the spring constant calibration method'

Unfortunately, some calibration procedures are overly lengthy and complicated, and

may require special preparation and tools.

A simple indirect method of spring constant calibration has been proposed by Ikai and

Arakawa at the Tokyo Institute of Technology, Japan. They have adopted a similar

principle to the method of spring constant calibration using thermal vibration analysis

proposed by Hutter and Boechhoefer (I993a). In this case, a standard cantilever with

a predetermined spring constant value provides a reference standard to determine

other cantilever spring constants. The method is based on the phenomena that a

difference in tip deflection between extension and retraction processes is observed

when the tip is touched against a hard surface. This tip deflection difference (A)

changes proportionally with scan rates as illustrated below (Figure 4.2). The scan rate

vs A plot for different cantilevers yields different slopes proportional to their spring

constants (Figure 4.2,b). Hence, the unknown spring constant may be determined by

comparing the slope to that of the standard cantilever (known or predetermined spring

constant). This method is relatively simple, easy to perform and provides

reproducible/accurate results in a short time. Therefore, this method is adopted for

this study. A cantilever spring constant calibration can be performed at the end of

each experiment (force measurements)'

Another important factor contributing to AFM accuracy is the precision with which

the AFM scanner moves the tip over the sample (or the sample under the tip). The

AFM scanner is made of piezoceramic actuators which alter their dimensions under an

applied voltage. A hollow tube scanner is the most commonly used. It can moves the

tip (or the sample) in all three mutually perpendicular directions, namely x, y and z

(Binnig and Smith, 1986). The maximum scan size that can be achieved depends on

the scanner characteristics, including the dimension (length, diameter, and wall

thickness) of scanner tube and the strain coefficients of the particular piezoeletric
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ceramic from which it is fabricated (Howland and Benatar,1993). A typical AFM

scanner can scan laterally (x and y) from tens of angstroms to over 100 microns and

distinguish height (z) variations from sub-angstroms to about 10 microns (Howland

and Benatar, Igg3). Longer scanner tubes allow greater movement (or larger scan

size) but as a consequence their accuracy in fine movement is significantly reduced'

On the other hands, short scanner tubes provide improved accuracy in fine movement

and may be more precisely controlled and stabilised. Therefore, irnaging with high

magnification is usually conducted using short scanner tubes.

a b

Tip

^

A

BDeflection

extension +
A slope

retraction

Z position Scan rate

Figure 4.2 Cantilever calibration curves. (a) A typical AFM force curve

obiained at high scan rate, a difference in tip position (A) after extension and

retraction is commonly observed. (b) A plot of scan rates versus tip position

differences shows linear correlation and the slope of this plot is proportional to

the cantilever spring constant. Different cantilevers (4, B, C and Standard) has

different slopes which represent different cantilever spring constants'

High spatial resolution, compact structure and high response speed are typical features

for the piezoelectric scanner. However, scanner nonlinearities are also commonly

found in practice, Such as intrinsic nonlinearity, hysteresis, creep, aging and cross

coupling (Howland and Benatar, 1993). Such effects are commonly minimised or

eliminated by software and hardware corrections. Software corrections include

sophisticated algorithms containing equations that model the scanner tube's nonlinear
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response to applied voltage. The parameters of the algorithms are determined from

scanner calibration procedure (Howland and Benatar, 1993). Hardware corrections

may be achieved by a variety of techniques including optical, capacitive and strain-

gauge techniques. More detailed discussion of this topic is available in the literature

(Griffith et a1.,1990; Barret and Quate, I99l; Howland and Benatar, L993)' As a

consequence of such factors, regular scanner calibration should be performed using a

standard calibration grid. A standard procedure for scanner calibration is normally

supplied by the AFM manufacturer in their lJsers' Manual'

4.1.3 Applications of AFM Force Measurement

As mentioned earlier, the high sensitivity/resolution and experimental versatility of

the AFM has seen it widely applied in different disciplines including physics,

chemistry, material science and biology. It can sense micro-forces up to picoNewtons

(pN = 10-t2 N¡ and is easily operated in diverse environments, including vacuum, air

and liquid.

Aspects of fundamental interaction forces, such as van der Waals and electrostatic

forces have been studied (Ducker et aI., 1990; Butt, 1991a & I99Lb; Weisenhorn ¿r

aI., Lgg2). The measurements of electrostatic forces in liquid suggests that

electrostatic tip-sample interactions depend strongly on pH and salt concentrations

(Butt, l99la & 1991b; Kekicheff et a1.,1993). It has been suggested that adjustment

of pH and salt concentration to modify the repulsive electrostatic force may negate

attractive van der Waals force (Butt, I99Ia & 199b).

The AFM's high sensitivity for force measurements has been exploited to sense

chemical interactions between different functional groups. AFM force measurement

has been used by Burnham et al. (1990) to distinguish two similar samples, one with a

surface terminated with CH3 and the other with CF:. Tips may be chemically

modified (functionalised) to attach functional groups and then used as chemical

sensors to detect the attractive/repulsive forces between the molecules on the tip and
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target molecules on the sample sudace. This technique, also known as

microscopy, was proposed by Lieber and his team at Harvard University' They

studied adhesion and friction between combinations of acid (-COOH) and methyl

GCH¡) functional groups using functionalised gold-coated tips and sample (Frisbie er

al., L994; Noy e/ aI., 1995). They determined that forces between functional groups

were distinctive. Forces between COOH and COOH functional groups being the

strongest followed by CH3- CH¡ and COOH- CH3 respectively. Further studies of

chemical force microscopy involving other functional groups, such as CH3, OH, NH2,

COOH, CONHz ( van der Vegte and Hadziioannou, 1997) and CH3, NH2, SO3H

(Tsukruk and Bliznyuk, 1993) have been reported. Chemical force microscopy

introduced the possibility of chemical surface mapping if a library of force data

between all possible combinations of functional groups is available. Another strategy

of tip modifications has been proposed with glass beads functionalised and attached to

the tipicantilever. This approach has been used to study the nature of hydrophobic

interactions (Ducker, I992;Rabinovich and Yoon, L994)'

Colloid force measurement is another important application of AFM force

measurement. Colloidal force measurement was initially reported by Ducker et aI.

(1990 and 1991) and Li et at. (1993). Attachment of colloidal particle, such as silica

and polystyrene beads, onto the tip/cantilever is routinely performed to provide a

colloidal probe. Colloidal probes have been used in studies of interactions between

similar surfaces, including interactions between silica (Ducket et al., L990), gold

(Biggs and Mulvaney, 1994), titanium dioxide (Larson et aI., 1993 8L 1995) and

zirconia (Biggs and Healey , lgg4) as well as dissimilar surfaces, such as interactions

between silicon oxide and titanium dioxide (Larson et a1.,1995), silica and cr-alumina

(Veermasuneni et al,, L996),iron oxide and silica (Toikka et a1.,1996) mica and silica

(Toikka and Hayes, LggT). Moreover, AFM can be used for studying colloid forces

involving interfaces, such as interactions between a colloidal glass particle and an air

bubble or water drop (Butt, lgg4), interactions between a colloidal particle and oil

droplet (Mulvaney et aL, 1996) and particle-drop interactions (Snyder et aI., 1997).

This technique has a greatpotential for use in flotation studies where a fine particle is

captured and transported by air or gas bubbles to the surface of solution. This

possibility will be discussed further in the following section.
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Biological applications or AFM force measurement have expanded rapidly as most

biological processes (such as DNA replication, protein synthesis, drug interactions,

etc) are governed by intermolecular interactions. In addition, the use of AFM force

measurement to quantify the nanomechanical properties of biological materials (such

as friction and elasticity) is routine. Examples include examination of the

microelastic properties of biological materials, such as bone (Tao et al., 1992),

cartilage and living cells (Weisenhorn et al., 1993) and lysozyme (Radmacher et aI.,

Lgg4). A similar technique to the colloidal probe has been devised by Bowen et al.

(1993). A single yeast cell is glued to the tipless cantilever. This cantilever is then

used to measure the adhesion force between the cell and a freshly cleaved mica

surface. Such measurement will aid in understanding biological and medical

processes where adhesion is important.

Tip modification techniques have been extended to measure interactions forces at

molecular levels. A study of binding strength between cell adhesion proteoglycans

(molecules containing a mixture of sugars and proteins) has suggested this adhesion

may be responsible for the structural integrity in the marine sponge @ammer et al.,

1995). Frank and Belfort (1997) evaluated the intermolecular forces between

extracellular polysaccharides by adsorbing the polysaccharides molecules on the

sample and a colloidal probe (a silica sphere attached onto an AFM tip/cantilever).

Ligand-receptor interactions are common in living system. The strength and

specificity (affinity) of these interactions are the major interests in biological research.

AFM measurements of binding forces between individual ligand and receptor pairs

(biotin-avidin) have been reported (Florin et al., 1994; MLoy et al., 1994a &. 1994b).

In these measurements, the tip is modified so that the tip outer surface is coated with

avidin as shown in Figure 4.3. The sample is prepared by coating agarose beads with

various forms of biotin, a ligand that binds to avidin. Individual ligand-receptor

binding forces can be determined by analysing the variation in the adhesive forces and

blocking free biotin on agarose beads with avidin molecules to minimise the free

biotin available for binding with avidin on the tip. The binding force for biotin-avidin

is measured as 160 pN whilst that for iminobiotin-avidin is 85 pN. Using similar

methods, the binding forces between complementary single stranded DNA has been
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measured by Iæe et aI. (1994). This work has been extended by Boland and Ratner

(1995). They created self-assembled monolayers of DNA bases on a gold-coated

sample surface and an gold-coated AFM tip. The binding force, which represents

hydrogen bonds between complimentary bases, was detected when complimentary

base pairs were present on the tip and sample, eg' adenine (A) on the tip and thymine

(T) on the sample. This work may lead to the development of AFM-based DNA

sequencing technique.
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Figure 4.3 AFM force measurement of ligand-receptor binding force: (a)

scñematic diagram of the avidin-functionalised AFM tip and the biotinylated

agarose bead, shown here partially block with avidin; (b) Cantilever

deflection curves on approach and retraction of an avidin tip on a

biotinylated agarose bead (A) before and (B) after blockage with an excess

of free avidin (200 ¡tglnrl-), (C) Magnification of a force scan on a

biotinylated agarose bead approximately 95Vo blocked with free avidin, Fad

is the measured unbinding force plotted (after Florin et al., L994).

Further improvement of tip modification has lead the development of sensor force

microscopy as proposed by Schindler and co-workers (Haselgrubler et a1.,1995). In

this technique, a single biological molecule is attached to the AFM tip on the end of a
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molecular tether (an elastic linker molecule, also called spacer) which is a few

nanometers long based on polyethylene glycol (PEG) molecules. This spacer allows

the biological molecule attached to it to orient such that proper binding can be formed

with the targetmolecule in the sample surface. This technique has been employed to

measuÍe the binding force between human serum albumin (HSA) and its associated

antibody (AbHsn). The resulting force was 470 pN. This provide a significant

improvement for biological force measurements as most biological intcractions are

stereo-specific, for example enzyme-substrate interactions. Moreover, this technique

facilitates the measurement of binding forces between a limited number of molecules

pairs or even single molecules pair. The influence of other interactions on the specific

interactions being measured may also be reduced. Such a technique has been adopted

by lkai's research group at the Tokyo Institute of Technology to study protein

folding/refolding. AFM force measurement has also been applied to study the affinity

or specificity of biological interactions (bindings), such as examination of specific

antigen-antibody binding (Browning-Kelley et al., 1996) and antibody recognition

(Raab et a1.,1999).

It is clear that AFM has significantly contributed to the progress of biological

research. There has been rapid progress in AFM techniques and development since

the early 1990s, I believe that AFM will play a more significant role in future

biological research leading us to a realisation of the Molecular or Nano World'

4.L.4 Experimental Design and Strategies

In this work, AFM is employed to study interactions between protein inclusion bodies

and an air bubble. This attachment process play a key role if protein inclusion bodies

are recovered from cell debris by flotation. To conduct this study, an experimental

design and various experimental strategies have been developed. Measurements were

performed using an AFM suitable for biological applications (Olympus NV2500aqac

Scanning Probe Microscope manufactured by Olympus Co. Ltd., Tokyo, Japan)' This

AFM has incorporated an inverted microscope which adds an additional benefit, i.e.
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visual observation of sample and processes during measurements. In this system the

piezo scanner moves the tip over the sample. This is opposite to the Digital Instrument

system used for imaging inclusion bodies (chapter 3) where the piezo scanner moved

the sample under the tip. Details of the standard operation and experimental

procedures are outlined in section 4.2.6. and in the Users' Manual supplied by the

manufacturer. The interaction forces between protein inclusion bodies and an air

bubble were measured via the tip-sample interactions. Therefore, protein inclusion

bodies must be attached to the tip and a small and stable air bubble must be formed as

discussed in the following sections.

Tip Modifr.cations

Standard silicon nitride (Si3N4) tips for contact mode AFM (Digital Instruments, Inc.,

Santa Barbara, USA) were used in this study as they have low nominal spring

constants. Details of these tips are summarised in Figure 4'4'

Chemical linkage with a cross linker or spacer is adopted to attach the inclusion body

particles on to the tip. The cross linker is added to extend the 'bridge' between

inclusion body particle and the tip. The aim is to minimise the influence of the tip-

sample interactions (long range forces) on the interaction force between inclusion

body and bubble measured. Silanisation is the most commonly employed method for

chemical modification of the tip. The method proposed by Brzoska et aI. (1992) was

adopted with some modification. Thiols or amines terminal functional groups can be

attached to the tip surface through silanisation. SPDP (N-succinimidyl 3-12-

pyridyldithiol propionate) is used as a cross linker. SPDP is a heterobifunctional

cross linker containing one N-hydroxysuccinimide (NHS) residue and one pyridyl

disulfide residue which are reactive to primary amines (-l'IHt and sulftrydrils (SH)

respectively.
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substrate, (d) a single cantilever and (e) a Si¡N¿ tip. (afrer Digital

Instruments, Inc. Santa Barbara, CA, USA, http://www'di'com)'

Some amino acids, including lysine, arginine, asparagine and glutamine, caffy

primary amine functional group in their side chains and only cystein possesses

sulftrydril functional group in its side chain. LR3-IGF-l protein consists of 83 amino

acids, including those which possesses the primary amine and sulftrydril functional

groups. The percentage of primary amines (L77o) is more than double that of

sulftrydrils percentage (TVo) in this protein and when the protein is in its native form,

these free sulftrydrils react to each other and form 3 disulfide bond. Therefore, it was
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considered more reliable to attach this protein to the tip through its free primary amine

groups. As a consequence the tip is silanised using MTS (3'-mercaptopropyl-

trimethoxy-silane) providing free SH groups on the tip surface which then react with

pyridyl disulfide residue of the cross linker during cross linking reaction. The free

NHS residue of the cross linker reacts with free primary amines present in the protein

inclusion bodies. The schematic diagram of inclusion body attachment to the AFM

tip is summarised in Figure 4.6.

The attachment of protein inclusion bodies to the tip may be assessed by a fluorescent

technique. Protein inclusion bodies are labelled using fluorescein isothiocyanate

(F[C) so that they may be detected by fluorescent microscope following tip

modifications. FITC is chosen for labelling because it binds to an amine group of

lysine present in the protein inclusion bodies (Figure 4.5). A scanning confocal

microscope optical (SCOM) was employed to examine the FITC-labelled protein

inclusion bodies attached to the tip.

1
R N=C =S + R2ltH,

amine group

S

n1n¡n -Ë -runnz
_-Þ

isothiocyanate thiourea

HO o

-ot-t

N=C=S

Fluorescein Isothiocyanate (FITC)

Figure 4.5 Structure of FITC (F-148, MW = 389.38) and its reaction

with protein, isothiocyanate reacts with amine group (of lysine) forming

thiourea which binds fluorescein to the protein inclusion bodies.

o
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Figure 4.6 Schematic diagram of chemical reaction involved in tip modifications where protein inclusion body particles are

attached to the AFM tip through a cross linker (SPDP) linked to -SH functional group on the silanised tip.
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Bubble Forma,tion

Small bubbles are required in flotation of fine particles, such as inclusion body

particles (discussed in chapter 1). An aim of this work is to conduct the experiment

with bubbles of similar size to those employed in practice. Bubble diameters in the

range of l0 to 120 ¡rm are typically obtained in dissolved-air flotation system

(Takahashi et aL, 1979;Zabel, I984;De Rijk et a1.,1994; Fukushi et aI.' 1998)' Such

bubbles are generated by dissolving air under pressure (typically 350-550 kPa) and

then lowering the pfessure by release to atmospheric pressure through nozzles or

pressure reducing valves (eg. needle valves) in the flotation tank. This technique is

hard to perform where a single bubble must be generated and then attached to the

bottom surface of the liquid cell. Also, fine bubbles are hard to handle and observe

visually. As an alternative, an aír bubble with diameter of approximately 1 mm was

formed using a gas chromatography syringe with a fine needle. This bubble is then

attached to the scratched surface at the bottom of the liquid cell. The surface was

scratched using a sharp needle to ease bubble attachment as it provided a higher

surface contact area.

Liquid, Cell ønd Experiment Setting

A plastic petridisc (35 mm in diameter) was employed as for the liquid cell. This

shape matches the base of the sample holder of the inverted microscope. The disc is

chosen as it is inexpensive, easy to obtain, and transparent thereby allowing

visualisation by microscope from the bottom. The petridisc is filled with an

appropriate buffer solution prior bubble formation. A schematic of the setting for

interaction force measurement is presented in Figure 4.7'
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Figure 4.7 Schematic diagram of AFM force measurement setting.
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4.2 MATERIALS AND METHODS

4.2.1 Sample PreParation

Frozen inclusion bodies (procedure C, chapter 3) were thawed and suspended in 5 mL

phosphate buffer (0.05 M, pH 8) to a final concentration of I glL. This suspension

was then sonicated (Silent Sonicator) for 5x1 minutes with 1 minute interval break to

rupture aggregates formed during freezingand storing. Sample (fluorescent) labelling

is then carried out.

4.2.2 Sample (Fluorescent) Labelling

Fluorescein isothiocyanate (FTTC) F-I43 used for labelling protein inclusion bodies

was purchased from Molecular Probe, Inc. (Eugene, OR, USA). FITC is reactive to

the amine groups in inclusion bodies. This labelling permits confirmation of

attachment of the inclusion bodies on to AFM tips (tip modifications). FITC is added

to the inclusion body suspension (l gL) at protein to FITC molar ratio of 1 : 4. LR3-

IGF-1 protein and FITC have molecular weights of 9110.6 Da and 389.38 Da

respectively, hence 0.16 mg of FITC was added to the 5 mL inclusion body

suspension, then stirred and incubated at 4oC for 20 hours . The sample bottle is

wrapped with aluminium foils to avoid exposure to light. Unbound FITC was

removed using an adsorption column (Sephadex G-25, Pharmacia, Sweden). Prior to

sample injection, this column was cleaned and equilibrated using a phosphate buffer

saline (pBS) solution (0.05 M, pH 7) for approximately 15 minutes. The remaining

pBS solution on top of the column is removed following 2 mL sample injection. The

column was next eluted using PBS solution (0.05 M, pH 7). The eluent then passed

through a UV spectrometer (SJ-1541 Eluent Absorbance, Ichibashi Co' Ltd., Japan) to

measure absorbance at280 nm. The eluent is collected once the first peak appears in

the absorbance chromatograph. The yield of the FITC labelling can be assessed by

measuring the absorbance of eluent at two different wavelength (280 nm and 490 nm)
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using U-32I0 Spectrophotometer (Hitachi Co., Ltd., Japan). The molar ratio of

reacted FITC to protein can be calculated from Equation 4.2. The molar ratio

obtained is normally in the range of 2-4. Another assessment (visual) is also

conducted using a scanning confocal optical microscope (SCOM).

M olarRatio(FITC ; protein) = 2.87
Aoro

(Arro - 0.35A4e0 )
(4.2)

4.2.3 Tip Modification

Standard silicon nitride (Si3N4) probes were used in force measurements. These were

obtained from Digital Instruments, Inc. (Santa Barbara, CA, USA). The probes

consist of a V-shape cantilever integrated with a sharp square pyramidal tip at the end

(for details see figure 4.4). The long (200 pm) and thin cantilever with a nominal

spring constant of 0.06 N/m was employed in force measurement as it possesses the

smallest spring constant and hence the highest sensitivity.

protein inclusion bodies were attached to the tip by covalent bonds through a spacer

(crosslinker). The tip modifications procedure consists of a number of steps adopted

and modified from Brzoska et al. (1992). First, the tip surface was cleaned by rinsing

with chloroform, ethanol and Milli-Q water then vacuum dried. The clean tips were

then oxidised in order to permit silanisation. The oxidised tips were silanised using

3'-mercaptopropyl-methoxysilane (Aldrich Chem. Com., US) to yield a free reactive

thiol group CSH). The silanised tips were cross-linked with N-succinimidyl3-(2-

pyridyldithio)propionate (SPDP) obtained from Pierce (Rockford, L, US). SPDP is a

heterobifunctional crosslinker, containing one N-hydroxysuccimide (NHS) residue

and one pyridyl disulfide residue. The pyridyl disulfide residue reacts with the free -

SH group of the silanised tip, leaving its NHS residue free which then reacts with

amino (-NH2) group of the protein inclusion bodies (protein linking). The tip

modification procedure is summarised in Table 4.1 and the chemical reactions
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involved in tip modification processes are summarised in Figure 4.5. Evaluation of

tip modifications was performed using scanning confocal optical microscope

(scoM).

Table 4.L Sequential steps in the tip modifications procedure

1. SURFACE CLEANING :

o rinse twice with chloroform
o rinse twice with ethanol
o rinse twice with Milli-Q water
. vacuum dry for 10-15 min.

2. OXIDATION :

o incubate in HzSO¿ lHzOzmixture (7:3) for 15 min.

o rinse twice with Milli-Q water
o vacuum dry for 10-15 min.

3. STLANISATION (THIOLATION):
o incubate in toluene / MTS, mixture(100:2) for t hour

o rinse twice with toluene
o rinse twice with ethanol
o rinse twice with PBSb solution (0.05 M, pH 7)
. vacuum dry for I0-t2 hours

4. CROSS-LINKING :

o dissolve SPDP' (1.25 mg) in DMSOd (200 U,L) and

dilute with ethanol (1.8 mL)
o incubate the silanised tips in the SPDP solution for t hour

o rinse twice with Milli-Q water

5. PROTEIN LINKING :

o incubate the treated tips in the inclusion body suspension

for t hour
o rinse the modified tips twice with Milli-Q water or buffer

solution

a. MTS = 3 -mercqptopropyl-trimethoxysilane
b. PBS = phosphate buffer saline

c. SP DP = N' - s ucc inimidyl 3 y' 2 -pyridyldithio )p ropionate

d. DMSO = dimethyl sulþxide (Aldrich Chem.Co., US)
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4.2.4 Scanning Confocal Optical Microscopy

A MCR-600 Scanning Confocal Optical Microscope (Bio-Rad Laboratory, California,

USA) was employed to evaluate the sample labelling and tip modifications results.

Sample preparation for FTlC-labelling evaluation is as follows: a drop (50 ¡rL) of

FllC-labelled inclusion body suspension was laid on a microscope objective glass and

covered with a thin glass cover, it was then placed on the sample holder of the SCOM

for imaging. The inclusion body-modified tip was placed on the microscope objective

glass and located in the sample holder of SCOM for examination. A laser light was

focused by an objective lens onto the object and the reflected fluorescent light is

focused back onto a photodetector via a beam splinter. In SCOM, a confocal aperture

(or pinhole) is placed in front of the photomultiplier tube detector to prevent detection

of unfocussed light. Images are formed by scanning the focussed spot relative to the

object which was then stored in a computer-imaging system. For a more complete

description, the reader should consult the available literature (Sheppard, 1993)' Light

contrast and lens focus were adjusted where necessary to obtain optimal image'

4.2.5 Bubble Formation

Small air bubbles were created by a 5 ¡rL Hamilton 700 Series MicroliterrM Syringe

(Alltech Associates, Pty. Ltd., NSW, Australia) using a fine removable needle. A

petridisc of diameter 3.5 cm was employed as a liquid cell. A small area with a

roughened surfaces was created in the centre of the petridisc's bottom by scratching

the surface with a sharp needle. The roughened surface holds the air bubble due to

increased contact area. The petridisc was next filled with a buffer solution and a small

air bubble was formed in this solution. To ensure uniform bubble size throughout the

experiment, the air volume used for creating the bubble was controlled at a fixed

value. To achieve this goal, the syringe's shaft was adjusted to ensure that the needle

was filled with air. Then, 0.5 pL of air was pumped out and a tiny bubble formed at

the end of the needle. This bubble was laid on the rough surface of the petridisc very

carefully until it attached to the surface. Force measurement may then be performed.
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4.2.6 Force Measurement

Force measurement was undertaken using an Olympus NV2500aqac Scanning Probe

Microscope (Olympus Co., Ltd., Tokyo, Japan). The modified tip was located in the

cantilever holder and mounted to the AFM head. The AFM head was then configured

as shown in Figure 4.7. Next, the laser light was activated and adjusted to obtain

optimal reflection as described in the AFM users' manual.

The optical microscope was used to position the tip at the centre of the bubble. The

step motor is then activated to move the tip down towards the bubble. The tip's

approach is observed by optical microscope and motion was stopped when the tip is in

close proximity to the bubble's surface. Finer steps (approximatelyl0O to 200 nm) are

then carefully performed until the tip touches the bubble surface. This is indicated by

an internal signal jump in the monitor oscilloscope or by direct visual observation on a

monitor linked to the optical microscope. Next, the tip is lifted approximately I-2 ¡tm

until the tip and the bubble are no longer in contact. False engagement is performed

by inputting the set point lower than the set signal, eg. inputting setpoint of -1 V (it

should be, for example, 0 V in normal engagement) when the set signal was -1 V'

This false engagement activates the feed-back system without having the tip touching

the bubble surface. Active feedback system is required to conduct any measurements.

Automatic feed-back system is engaged by clicking the automatic tip approach button.

Force versus distance measurement is then conducted using force calibration mode.

Final tip-bubble separation distance is adjusted by fine steps of tip approach until the

force curve appears in the monitor. Stable force curve is obtained by adjusting the tip-

bubble separation and other parameters, including z scan start (position the graph

horizontally on the force curve), graph range (scales the vertical axis of the graph to

show more or less of the force curve) and setpoint (positions the graph vertically on

the force curve by setting the horizontal centre line at the setpoint value indicated).

After stable force curve is obtained, the sensitivity is calibrated and the force curve is

recorded.
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The interaction force between the inclusion bodies and an air bubble was measured at

various pH (3, 4, 5, 6,7, 8,9,10) and electrolyte concentrations (0.05 M, 0'1 M and

0.2 M). Due to a wide range of pH range used, two different buffers were employed,

i.e. citric acid buffer (pH 3 to 6) and tris buffer (7-10). NaCl is added to the buffer to

maintain a constant ionic strength throughout the working pH range. At each

condition, approximately one hundred force curves were recorded with the experiment

repeated 3 times from a false engagement. The aim was to ensure measurement

consistency. Control experiments were performed to distinguish if the measured force

was the interaction force between inclusion body and the bubble (or not). Such test

were performed by measuring the interactions force between the air bubble and a

bare-tip, a silanised tip and an SPDP-modified tip.

4.2.7 Spring Constant Calibration

The cantilever spring constant was calibrated using a method developed by Ikai and

co-workers at the Tokyo Institute of Technology (Japan). The method is based on the

principle that a difference in cantilever deflection occurs between extension and

retraction when the tip is subjected to hard surfaces. This difference changes

proportionally with the scan rate (Figure 4.2). If the scan rate is plotted against the

difference between retraction-extension deflections (A), then the spring constant can

be estimated from the slope of the plot. The value of the spring constant of a

cantilever (tip) may be determined by comparing the slope of the A vs scan rate plot to

the slope of a standard cantilever with a known/predetermined spring constant value.

Tip calibration was performed in aqueous environment, similar to the environment for

force measurements at six different scan rates (0.543, 5.01, 9.3, 16.3,21.7,32'6Ilz)'

A silicon nitride tip with a pre-determined spring constant (0.0740 N/m) was used as a

standard.
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4.3 RESULTS AND DISCUSION

4.3.L Sample Labelting and Tip ModifÏcations

Figure 4.8 shows images of the F[IC-labelled protein inclusion bodies scanned with

an SCOM. As expected, FITC appears to be suitable for labelling protein inclusion

bodies as it binds to -NH2 functional group (of lysine) present in inclusion bodies.

The absorbances of labelled inclusion bodies at 280 and 490 nm were 0.0515 and

0.0338 respectively which correspond to a molar ratio of FITC bound to the inclusion

bodies of 2.45 (Equation 4.2). This value lies within the range commonly used for

labelling (2 to 4). Inclusion body aggregates are clearly apparent as shown by large

spots in Figure 4.8.a. These aggregates were probably formed when the sample was

frozen for storing & transporting and/or during sample preparation. This problem has

been previously encountered when topographical images of the inclusion bodies were

performed using AFM (chapter 3). Therefore, the sample suspension was sonicated to

break up aggregates such as smaller form and more uniform particles. A series of

experiment of different duration sanction were conducted. Soncation for 5 intervals of

1 minute with a I minute pause appears adequate to obtain relatively uniform particle

size as shown by Figure 4.8.b. A control experiment was performed by imaging an

unlabelled sample and a blank image is typically obtained as shown in Figure 4-8.c.

SCOM images of inclusion bodies-modified tip may be used to determine if a

modified tip's performance is acceptable for AFM force measurements. A typical

modified tip as illustrated in Figure 4.9.a was employed in AFM force measurement.

FTTC-labelled protein inclusion bodies were detected at the end of cantilever where

the tip is located (shown by an a:row). However, tip modifications may also result in

a modified cantilever with an unmodified tip (Figure 4.9.b), i.e. no inclusion bodies

are attached to the tip. Incorporation of inclusion bodies onto the chemically modified

tip is the critical step in the modification processes. Clearly, process improvement of

this step is essential.
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Figure 4.g Amodified cantilever/tip imaged by an SCM shows (a) FITC-

tau-ette¿ protein inclusion bodies (10 mg/L) attached to the tip (anow) and

(b) none of the inclusion bodies attached to the tip (arrow)

It is possible to modify the tip without modifying the cantilever. For example, only the

tip may be incubated with inclusion body suspension or else all cantilever surfaces

except the tip may be blocked to prevent inclusion body attachment. Attachment of

inclusion bodies to the cantilever may be prevented by chemical or physical means'

Chemical blocking agents modify the cantilever surface such that attachment onto the

surface is not possible. Physical blockage is normally performed by covering the
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cantilever surface with an inert material to which the inclusion bodies do not adhere.

The physical methods are complex and difficult to use. The initial solution, ie the

chemical modification of the tip only, is simpler and easier to perform. Hence,

modification of the tip only or minimisation of the modified area was attempted.

During the tip modification processes (from silanisation to incubation with inclusion

bodies) the cantilever/tip is held by the AFM. The tip may then be moved towards the

solution and then submerged in the solutions. In this manner, contact of the cantilever

with the solution can be avoided. Unfortunately, this process is not easily pedormed

due to the small size of the cantilever and tip. Once the cantilever touches the

solution, it often snaps into the solution due to surface tension effects. Vaporisation of

the solution poses another problem in this method. After some time had elapsed, it

was observed that the tip was no longer submerged in the solution (again a

consequence of vaporisation/evaporation of the solution). The silanisation and cross

linking reactions were carried out in an organic solvent environment the solvent's

volatility meant that vaporisation is unavoidable. Hence, the coating strategy could

only be applied to the last step, i.e. protein inclusion bodies incorporation onto the tip.

The tips location must be monitored and altered from time to time to compensate for

solution volume reduction due to evaporation. However, the limited movement

allowed in the AFM system severely constrains the positioning of the cantilever/tip

and the tendency of cantilever to snap into the solution cannot be avoided.

Improvement are possible, for example by using a micro-manipulator where movement

can be controlled very easily and precisely with the help of appropriate optical

microscopes. Evaporation of sample solution remains a problem. This could be

reduced by incubating the tip in a closed system (eg. a small contained room/space)

where evaporation would substantially lower.

Another problem is that tip modifications are affected by the concentration of

inclusion body sample. Theoretically, the possibility of inclusion bodies attachment

to the tip can be increased by using higher sample concentrations. Unfortunately

using a highly concentrated sample results in an excessive number of particles

attaching to the cantilever and tip surface. This is undesirable as shown in Figure 4.10.

Different concentration of inclusion body sample were examined and a sample

concentration of 10 mg/L appeared optimal.
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Figure 4.10 SCM images of cantilevers/tips modified at different

concentrations of FlTClabelled protein inclusion bodies, (a) 1 g/L and

(b) 0.2 g/L, show variation in degree of protein attachment. A typical

non-modified cantilever/tip SCM image (c) was taken for each imaging

as a control.
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Extra care is required during tip modification processes as the tip and cantilever are

very delicate and extremely sensitive to any small forces. Deformed or broken

cantilevers/tips were often observed following the modification processes. Hence,

oareful checking of the state of cantilevers/tips with an optical microscope prior each

step of modification processes is recommended. Large cantilever deflection due to

surface tension effects were observed (under optical microscope) when the cantilever

was inserted perpendicularly into solutions. Such treatment may deform or break the

cantilever and/or affect the cantilever/tip physical properties. Excessive deflection

can be avoided by inserting the cantilever into solutions on its side. Figure 4.11

shows a deformed cantilever following tip modifications. Clearly, SCOM analysis is

vital so that one may evaluate the results of tip modifications and ensure the reliability

of the tip for use in AFM force measurements.

Figure 4.11 SCOM image of modified tip with FllC-labelled inclusion

boãies showed that the modified cantilever was bent by tip modification

treatment.
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4.3.2 Tip Calibration

The results of the spring constant calibration are plotted in Figure 4.I2 and the slope

of these plots is proportional to the spring constant. The spring constant of the

standard cantilever is known and hence a comparison of slopes of standard with the

other cantilevers permit spring constant calculation (Table 4.2) Linear plots are

obtained with a high degree of significance (indicated by Rt values in excess of 0.97

for all cantilevers (Table 4.2)). Cleau:ly, the spring constant calibration is reliable and

accurate. Materials are added/attached to the cantilever during tip modifications and

these may explain the reduction in cantilever spring constants (i.e. the spring constant

decreases in order of silanised tip, SPDP-modified tip and IB-modified tip,

respectively). The nominal spring constant value may vary depending on the

thickness of cantilever which could vary during the production process. This may

explain the larger spring constant for silanised cantilever compared to bare cantilever.

According to the manufacturer (Digital Instruments, Inc., Santa Barbara, USA), the

Si¡N¿ cantilever's thickness may vary in the fange of 0.4 pm to 0.7 ¡"m. The nominal

spring constant supplied by the manufacturer which is 0.06 N/m assuming a cantilever

thickness of 0.6 Pm.

Table 4.2 Cantllever spring constants obtained from calibration

Cantilever/tip sloPe R2 k (N/m)

Standard

Bare

Silanised

SPDP-modified

IB-modified

r.4714

t.3372

r.4827

t.0228

o.9437

0.9878

o.975r

0.9905

0.9802

0.9814

0.0740

0.0673

0.0746

0.0514

0.0475
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4.3,3 Bubble Formation and Experimental Setting

Stable air bubbles with diameter of less than 1 mm were produced and attached

securely to the bottom of liquid cell. The attachment was facilitated by the scratched

surface (Figure 4.13). Such bubbles were stable for several hours and in some cases

for up to few days, with a slight reduction in the bubble size observed. By contrast,

bubble detachment was often observed if air bubbles were attached to smooth surfaces

of liquid cell.

The inverted microscope improves observation of the tips and experimental set-up.

Different magnifications of microscope may be used and these are then manipulated to

obtain the best view. A typical microscope view of two different cantilevers mounted

on their substrate is presented as Figure 4.14. A longer cantilever (200 pm) was

employed for force measurement as it possessed a lower spring constant
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(manufacturer value: 0.06 N/m) and improve sensitivity. The laser beam position is

adjusted so that it falls on the top end reflective area of the cantilever. This cantilever

is positioned such that the tip is located at the centre of the air bubble (Figure 4.15).

During this process, the laser beam is switched off as it hinders precise observations

due to its high intensity coupled with reflection from the air bubble (Figure 4.15.c).

mm

Figure 4.13 A typical air bubble formed using GC syringe has

diameter of less than I mm, as shown by a 1 mm scale

microscope ruler placed under the liquid cell.

Figure 4.14 A typical microscope view of two different Si¡N¿ cantilevers

mounted on the substrate (a) and longer cantilever (200 ptm) is employed for

measurement (b).

b
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Figure 4.L5 Microscope's views of tip positioning to the centre of the air bubble: the

.uãtil.u", is positioned on the centre line of the air bubble(a) and the cantilever/tip is

positioned irthe centre of the air bubble (b) with laser beam falls on its end reflective

area (c).

Next, the tip approaches the air bubble in a series of fine steps controlled by piezo

motor. The point at which the tip touches the air bubble surface detected by the

oscilloscope screen (indicates the cantilever deflection) and by direct visual

observation on the microscope's screen. When the tip was few microns above the air

bubble, false engagement was then performed to activate the AFM feedback system.

A final carefully controlled tip approach is conducted to reduce the tip-bubble distance

to approximately 500 nm to 1 pm. This is done manually until the tip touches the

bubble. It is retracted to detach the tip from the bubble. The distance of tip approach

and tip retraction can be used to estimate the tip-bubble distance. This is used to
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control the final fine tip approach again with the tip-bubble distance in the range of

500 nm to 1 pm. Finally, force measurement is performed and force curve is

recorded.

4.3.4 Interaction Forces

Force meøsurement and reliûbi@

Interaction forces were calculated using Hooke's Law (Equation 4.1) where the tip

deflections (x) are obtained by converting signal output (tip deflections) recorded from

AFM measurements with the spring constant value obtained from calibrations

(section 4.3.2). For each combination of buffer concentration and pH, 3 sets of

approximately 100 force measurements per set were petformed to ensure sufficient

data were collected to satisfy statistical requirements. A complete set of data detailing

interactions forces and the resulting force curves in various buffer concentrations at

various pHs are summarised in Appendix A.

Typical force curves obtained from AFM measurements of the interactions forces

between an inclusion body and an air bubble (in 0.1 M buffer concentration at various

pH values) are presented in Figure 4.16. As expected, the interaction force varies with

pHs. This will be further discussed in the following sections. In most cases, the

resulting force curves followed a normal distribution as illustrated in Figure 4.17 with

a standard deviation in the range of 4 to ll%o (or 0.6 nN to 1.3 nN). As well, the three

independent sets produced more or less similar mean values (Figure 4.18). This

confirms that the experimental results were reproducible. The means of the three sets

interaction force data represents the overall measured interaction force. This value is

considered as the interaction force at a given buffer concentration and pH'

Air bubbles are deformable and consequently when a particle approaches an air

bubble, bubble deformation may occur. When the net interaction forces between the

particle and the bubble are repulsive, the particle pushes the bubble surface from its
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equilibrium position. In addition, the net attraction forces causes bubble deformation

in which the bubble surface moves towards the particle forming ellipsoidal shape-like.

This phenomena has been considered in the measurement of particle-bubble

interactions (Ducker et al., 1994: Fielden et a1.,1996). Stiffness of the bubble (K¡)

represents the tendency for bubble deformation @ucker et aI., 1996). This bubble

stiffness can be calculated from the slope of the measured extending force curve to the

left after it passes the point of the tip-sample interactions (blue circle) in Figure 4.19.

A typical bubble stiffness in pure water (approximated from Equation 4.4) is K6 =

0.065 + 0.005 N m-rlDucket et al', L994).

Assuming that the bubble and the AFM cantilever act as two springs in series, the

nreasured stiffness (K,r) is given by (Ducker et a1.,1994):

111
-= -+-K^ K, Kb

(4.3)

where K" is the cantilever stiffness (cantilever spring constant), the bubble stiffness

can be measured experimentally by measuring the cantilever deflection per unit

sample translation when pushed against a hard surface (Cr,) and the cantilever

deflection per unit sample translation when pushed against the bubble (Cå)' The

stiffness of the bubble is calculated as follows:

K (4.4)Kb
K, 

-1
K^

1

K
ch

cb

Bubble deformation is neglected in our force measurements for the following reasons.

First, a small bubble possesses a high surface tension which preserves its surface

configuration from deformation, in other words, small bubbles are relatively stiff. The

size of the air bubble employed in our experiments is less than 1000 ¡"lm' Second, the

inclusion body particle size (0.3 pm) is much smaller than the air bubble size and thus

the viscous force opposing film drainage is very small (Ducker et al', 1994)' Hence'

bubble deformation is very small in the inclusion body-bubble interactions. Ducker ¿/
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al. (lgg4) has concluded that the bubble deformation is negligible in their

measurement although they employed much bigger particle size (a silicon particle

with diameter 6-10 Pm).

Figure 4.16 AFM force curve of interactions between inclusion body and an air

UuUUte as plots of z position versus tip deflection. The measurements were conducted

in 0.1 M buffer soluiion at various pH values. The unit of z position (x axis) is 0.15

pm/division. The unit of tip deflection (y axis) is 0.1 pm/division for pH 3 to 4 and
'O.2 

p.mldivision for pH 5 to 10. For all pH values, the z range and scan rate are 2 þm

(except pH = 3 and4,l¡rm) and 0.5H2, respectively'
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Figure 4.17 Interaction forces between inclusion body and an air bubble in 0.1 M

¡Jffer solution at pH 5 follow a normal distribution. Three sets of approximately 100

AFM force measurements for each set were performed'
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Figure 4.18 Interaction forces between inclusion body and an air bubble (in

0.i M buffer solution) obtained from the three sets of AFM force

measurements yield similar mean values.
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Force Analysis

Several forces may contribute to the interactions between a particle and a bubble'

These include equilibrium forces, such as the van der Waals, electrostatic double

layer, hydration and hydrophobic forces, and nonequilibrium forces, such as viscous

forces (Ducker et al.,Igg4). Gravitational forces can be ignored due to small size of

particles. Additionally, surface and capillary forces (due to air nuclei trapped on

particle surfaces) have been suggested as a possible contributor to this interactions

(Fielden et aI., 1996). These forces are applicable to the interactions between an

inclusion body and an air bubble system. Viscous forces may be neglected as the

measured forces are independent of velocity (Ducker et a1.,1994). The van der Waals

forces for dissimilar bodies (in this instance the inclusion body and the air bubble) can

be attractive or repulsive (Israelachvili, 1992). The electrostatic double layer forces

are expected to be repulsive for pH values above 5 as air bubbles in water or inorganic

(eg. NaCl) solution are negatively charged at all pH values (Weyl, 1951; Li and

Somasundaran,IggI e. ß92) and the inclusion bodies are negatively charged at a pH

of approximately above 5 units (section 3.1.3).

Figure 4.19 A typical force curve obtained from AFM measurement of adhesion

force between inclusion body and air bubble (in 0.1 M Buffer, pH 6), showing tip-

sample interactions due to long-range forces and adhesion force (Fo¿) referred as

interaction force in this studY.
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An analysis of the forces mentioned previously could be performed by observation of

the AFM force curve as the tip approaches the bubble (extending curve) as illustrated

in Figure 4.19. It appears that net attractive forces result from the tip-sample

interactions (in this instance inclusion body-bubble interactions) due to long range

forces as shown by the curve marked with the blue circle in Figure 4.19. These long

range forces were not the prime focus of this work. Detailed discussion of this topic is

readily available in the literature (Butt, t99l;Weisenhorn et a1.,1992; Ducker et al.,

1994; Senden and Drummond, 1995). Our main interest lay with the adhesion force,

which is detected as the tip is pulled from the bubble (retracting curve, refer to Figure

4.Ig). As indicated, various forces such as van der Waals, electrostatic double layer,

hydrophobic, and surface and capillary forces may contribute to this adhesion force.

Such forces are then referred to as interaction forces. The adhesion force quantifies

the strength of the interactions between an inclusion body and an air bubble. This is a

significant fundamental parameter in flotation design. Consequently, discussion of

the experimental results will focus principally on this issue'

Inclusion B ody-Bubble Interaction F orces

As expected, the interaction forces between the inclusion body and an air bubble

varies with buffer concentration and pH (Figure 4.20 and Table 4.3). The strongest

interactions are observed at 0.1 M buffer concentrations whilst interactions at buffer

concentration of 0.2 M appears to be stronger than that at 0.05 M. This does not

follow the general rule. It was expected that the interaction forces would increase

with increasing concentration due to the reduction of Debye length (r') which

diminishes the electrostatic repulsion (Butt, 1991). However, the experimental results

did not follow this pattern. This behaviour is a consequence of the variety of forces

responsible for the overall interactions measured as an adhesion force. A similar

discrepancy has also been noted by Ducker et al. (1994) and Fielden et al. (1996)

where they observed attractive forces for silica particle and bubble interactions which

should be repulsive according to the Derjarguin-Landau-Verwey-Overbeek (DLVO)

theory. The experimental results confirms the significant contribution of other forces
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(hydrophobic forces in particular) to the interaction force. The stronger forces

measured in 0.1 M buffer compared to 0.2 M, suggest that the hydrophobic forces are

affected by ionic strength. It is possible that there is a certain point beyond which

hydrophobic forces are affected by ionic strength. The highly compressed double

layer at high ionic strength may limit (to some extent) the hydrophobic interactions

between bubble and inclusion body. Unfortunately, the fundamental basis of

hydrophobic forces (interactions) remains unclear and hence, quantitative analysis of

these forces is not Possible.
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Figure 4.20 Interaction forces between inclusion body and an air bubble in

n*ioor pH and buffer concentrations: (o) 0.05 M, (o) 0.1 M and (¡) 0.2 M.

Non-monotonic variation of the interaction force with pH shows the effect of

electrostatic forces. This can be explained by considering the surface charge on the

inclusion body and the bubble. The largest interaction force occurred at pH = 5 for all

buffer concentrations. This is in agreement with the results of electrophoretic

mobility study of the inclusion bodies (chapter 3). The surface charge magnitude of
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inclusion body is minimum at the approximately pH 5 to 6 depending on the ionic

strength. In this pH range, hydrophobic properties are expected to be dominant due to

minimisation of electrostatic effects. The magnitude of air bubble surface charge

clecreases with ionic strength and increases with pH (Li and Somasundaran, 1992).

Despite their negative charge in inorganic salt (eg. Nacl) solutions at all pH value

(Weyl, 1951; Li and Somasundaran, 1992), air bubbles are hydrophobic in nature

(Ducker et al., Igg4). This may cause less significant effects of ionic strength on air

bubbles. As well, since the air bubbles are negatively charged throughout the pH

range, the effects of pH on the inclusion body are more pronounced than those on the

air bubbles. This is confirmed by the strongest interaction forces being measured at

pH 5 rather than at lower PHs.

Table 4.3 Interaction forces between inclusion body and an air

bubble measured by AFM in various buffer concentrations and pH.

Interactions forces (Fua, nN)

pH 0.05 M 0.1 M 0.2 M

3

4

5

6

7

8

9

10

r0.67

10.14

13.82

10.66

9.67

9.68

10.16

9.68

+ 1.15

+ 0.63

+ 0.80

+ 0.51

+ 0.43

+ 0.61

+ 1.03

+ 0.78

15.60

18.70

25.33

19.75

14.80

T7.II
t7.69

11.36

+ 0.82

+ 1.30

+ 0.65

+ 0.69

+ 0.85

+ 0.71

+ 1.13

+ 0.84

Lt.76

t2.77

15.92

t2.52

r0.72

t2.02
rt.47
9.90

+ 0.95

+ I.I2
+ 0.79

+ 0.90

+ 0.99

+ 0.98

+ 0.81

+ 0.89

Interøction Force between Various Tips end øn Air Bubble

All inclusion body-modified tips used for measurements have been examined using

the SCOM technique. However, it remains a possibility that the measured interactions

are not the interactions between inclusion body and an air bubble but those of bare tip

or modified tip (silanised or SPDP-modified) with an air bubble . Therefore, control
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experiments were performed for three different tips, i.e. bare, silanised and SPDP-

modified tips, to determine if a difference exists for various tips and bubble

interactions. Typical force curves and interaction force data are presented in

Appendix A (Figures A.3 and A.4; table A.2 to A,.4). The interaction force between

silanised tip and an air bubble appears the strongest (range: 27.6 to 82.24 nN) whilst

that for a bare tip was the weakest (1.3 to 11.4 nN). The interaction force between an

air bubble and SPDP-modified tip (I4.2 to 33.3 nN) or lB-modified tip (9.6 to 253

nN) are intermediate with the interaction force for SPDP-modified tip stronger than

that for lB-modified tip. A force spectrum has been constructed from the interaction

forces between various tips and an air bubble measured in various buffer

concentrations and pH (Figure 4.21). This force spectrum demonstrates clearly that

the interaction force between an air bubble and various tips differs from one tip to

another. Hence, it is reasonable to conclude that the reported interaction forces

represent the interactions between the inclusion body and the bubble'

Bare

SPDP

Silanised

0102030405060708090
Interaction Force (nN)

Figure 4.21 Theforce spectrum of interaction forces between various tips and an air

UuUUte measured by AFM in various buffer concentration and pH.

Figure 4.22 lllustrates the interaction forces between an air bubble and various tips

(including bare, silanised and SPDP-modified tips) in a variety of buffer

concentrations and pHs. Relatively similar pattern of ionic strength effects on the

interaction forces were observed for these tips, i.e. the strongest interactions forces are

detected for 0.1 M buffer concentrations. However, no general pattern of the effect of
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pH on the interaction forces emerged. This evidence supports the previous suggestion

that pH has a stronger effect on the inclusion body compared to the air bubbles' A

discontinuity was observed for several of the curves in Figure 4.22, fot example the

bare tip-bubble interactions at 0.1 M buffer and the silanised tip-bubble interactions at

0.2 M buffer. This discontinuity may be caused by the change in buffer solution for

the two different pH ranges, i.e. acetic acid buffer (saline) for pH 3-6 and tris buffer

(saline) for pH 7-10.

The bare tip used in this study was carefully washed with organic solvents

(chloroform and ethanol) and treated with UV light. This treatment causes the tip

surface to become hydrophilic and explains why the lowest interaction forces

measured were for the bare tip. The strongest interaction forces occurred for silanised

tip and suggests that the tip surface became hydrophobic due to silanisation (SH

termination) whilst the SpDp-modified tip is less hydrophobic compared to silanised

tip. A similar observation was reported by Tsukruk and Bliznyuk (1998). They found

that the adhesion force between a silanised tip (NH2 terminated) and a silanised (NHz

terminated) silicon wafer was significantly stronger than the adhesion forces between

a SilN¿ tip and a Si3Na surface.

Final Remarks

The attachment of inclusion body particle to the tip may result in successful

attachment of one or more particles. Consequently, the measured interaction forces

may be contributed by a single or multiple inclusion body particles. This constraint

has been anticipated. A cross linker (SPDP) a few nanometer long was introduced as

a bridge connecting the inclusion body particle and the tip. As the tip is pyramidal in

shape, it is expected that the sharp end of the pyramid provides a very small area

which limits the number of SPDP molecules incorporated and hence reduces the

possible number of attached inclusion body particles. The length of the cross linker

provides an extension from the tip surface and hence reduces the possibility of the tip

surface influencing the measured interaction forces. In addition, the inclusion body
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particles are hung on the tip surface at various height due to the geometry of the tip.

This reduces the possibility of interaction force measurement between a bubble and

many inclusion body Particles.

The SCOM examination did not permit any evaluation of the number of inclusion

bodies attached to the tip due to limited resolution of the optical microscope. A

possible method to examine the tip and attached bodies is by scanning electron

microscopy. However, this technique requires a special sample treatmenlpreparation,

such as gold-coating. It must also be performed in vacuum. These constraints

prohibit accurate examination of the attached inclusion bodies due to the possibility of

changes (deformation) during sample preparation processes. Consequently,

evaluation of the tip by the SEM was not undertaken in this study. However, tip

examination by SEM should be considered.

The advances in micro- and nano-technology should result in improvement of the

possibility of single particle attachment to the tip. Several recommendations have

been proposed earlier (section 4.3.I) to improve tip modification techniques. In

addition, the micromanipulator and high resolution optical microscope may be

employed to pick a single inclusion body particle and position it in such a way to

ensure single particle attachment to the tip surface. This approach may also be

possible applied using AFM or both AFM and micromanipulator can be employed

concurrently.

A more significant reduction in the possibility of the tip surface influence on the

interaction force measurement may be achieved by applying longer cross linkers. For

example, polyethylene glycol (PEG) - base cross linkers have longer chains which will

provide a longer brid.ge for the tip and the inclusion body particles. The length of this

cross linker depends on the PEG polymerisation. The advanced methods in polymer

synthesis may produced significantly long chain of PEG with required physical

property, eg. the chain's strain strength.
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Figure 4.22 Interaction forces between an air bubble and bare tip (a), silanised

tit o) and sPDP-modified tip (c) measured in various pH and buffer

concentration: (o) 0.05 M, (o) 0.1 M and (l) 0.2 M.
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4.4 CONCLUSION AND RECOMMENDATION

AFM appears to be reliable and a powerful technique for measuring interaction forces

between an inclusion body and an air bubble. The interaction forces measured in

various buffer concentration and pH lie in the range of 9.7 to 25.3 nN and are

reproducible with standard deviation of 4-1I %o. Control experiments have confirmed

that the possible influence from other interactions (i.e. bare tip/bubble, silanised

tip/bubble and SpDp-modified tip/bubble) is negligible as shown by distinctive force

spectrum (Figure 4.2I) for each case. The highest interaction forces were measured in

0.1 M buffer and at a pH of 5 for all buffer concentration. Hydrophobic forces

provide a stronger contribution to overall interaction force than electrostatic double

layer forces. It also appears that the ionic strength affects the hydrophobic forces.

The effects of pH are significantly stronger to the inclusion body compared to the air

bubble. The surface and capillary forces may also contribute to the interaction forces.

The rough surface of inclusion body particles may facilitate entrapment of air nuclei

on their surface.

The chemical modification technique used for attaching inclusion body to the AFM

tip has been demonstrated as reliable. The attachment results may be examined by the

SCOM technique. As well, the FITC labelling technique is suitable for inclusion body

detection. Tip modification should be performed with extreme care as the

cantilever/tip combination is very small and delicate. Examination of the

cantilever/tip prior AFM measurement is recommended.

Recommendations are included to improve tip modification and particle attachment.

This study confirms the potential of AFM for further exploration of other applications

which will bring the Nano World era into reality.
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Chapter 5

DISSOLVED.AIR FLOTATION :

Mathematicøl Modeling

Dissolved-air flotation (DAF) has been used widely in wastewater and Water treatment

for decades. This method has a great potential for inclusion body recovery' The

population balance model developed by Tambo et al. is adopted and modified' A

model is proposed for the recovery of inclusion bodies by DAF. The model has also

been extended to the case when aggregation is introduced to promote bigger particles.

The key parameters of DAF design and operation are resulted from this model which

represent equilibrium and kinetics requirements for the performance of DAF.
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5.1. PRINCIPLES OF DISSOLVED.AIR

FLOTATION

Dissolved-air flotation (DAF) has been exploited primarily for waste-water and water

treatment because it can produce very small bubbles (less than 100 pm (Edzwald,

1995)). The bubbles are formed by the pressure reduction of air-saturated

water/solution. This sudden reduction decreases the solubility of the air in

water/solution. As a consequence fine bubbles are released. DAF is normally

categorised into three different types: vacuum flotation, micro-flotation and pressure

flotation (Zabel,Igg2). In vacuum flotation, water is saturated with air at atmospheric

pressure. Small bubbles appear in the water when vacuum is applied to the flotation

cell. This method is seldom applied because of a limit to the dissolved air, operation

is confined to the batch mode and the high cost of vacuum system (Zabel, L992).

Micro-flotation is also less popular as a consequence of limited dissolved air and the

requirement for tall columns. In this method, water is saturated with air at

atmospheric pressure at the bottom of a tall column. Bubbles are formed as this air-

saturated water flows upward as a consequence of the reduced hydrostatic pressure.

Pressure flotation is the most commonly employed method'

Pressure flotation, generally known as DAF, can be grouped into 3 categories: full-

flow, split-flow and recycle-flow DAF. In the full-flow DAF, the inlet stream is

pressurised with air whereas only a portion of inlet stream is pressurised with air in

the split-flow mode. In the recycle-flow setup, a fraction of clarified effluent is

recycled to the flotation cell following saturation with air to supply air bubbles. Each

mode has advantages and disadvantages depending on the application. For example,

full-flow and split-flow may be unsuitable for handling fragile flocs as they may be

destroyed by the applied pressure. In this case, recycle-flow DAF may be more

appropriate.

In general, the elementary processes of flotation as outlined in chapter 1 (section

1.5.2) apply to DAF. However, there are some notable features unique to DAF' For
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example, the bubble size is very small and in some cases may be smaller than particles

(eg. floc separation in water treatment).

5.L.L Bubbles

Bubble Formation and Size

Bubble formation in DAF consists of two steps, i.e. nucleation and growth (Edzwald,

1995). Bubble nuclei are formed when an air-supersaturated water flows across

nozzle (pressure reducing valve) creating a sudden pressure reduction. This

phenomena follows the thermodynamic principle of minimising the free energy

change. If air is assumed as an ideal gas, the critical diameter of bubble nucleus (d.ø)

for homogenous nucleation is given as:

4o (s.1)d"t
AP

where o is the surface tension and AP is the pressure difference (reduction) across the

nozzle. Figure 5.1 shows the critical diameter of the bubble nucleus as a function of

pressure change (reduction). Smaller nuclei are formed at higher pressure changes,

i.e. higher saturation pressure produces finer bubbles. The formation of bubble nuclei

is easier in a heterogenous system, particularly in the presence of particles or other

surfaces containing scratches and crevices (Ryan and Hemmingsen, 1993; Zhou et al''

1995). As well, impurities present in the water (eg. detergent) may increase the rate of

generation of bubble nuclei (Jackson, 1994). Such nuclei grow into bubbles in the

second step.

A typical bubble size in the range of 10 to 120 pm is commonly obtained (Takahashi

et al., 1979; Zabel, 1984; De Rijk et al., 1994; Fukushi et al., 1998) with a mean

bubble size of 40 pm (Edzwald, 1995) to 60 pm (Fukushi et al., 1998)' The bubble

size created in DAF depends on the saturator pressure and the injection flow rate
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(Takahasi et al.,lg7g). Bubble size decreases with the saturator pressure. However,

an increase in pressure above 500 kPa has a small effect on the bubble size (Heinanen

et aI., I992;De Rijk et al., Igg4). To obtain small bubbles, saturator pressure of 400

to 600 kpa is recornmended (Edzwald, 1995). Increased bubble growth due to

coalescence and reduced hydrostatic pressure is negligible in DAF systems (Takahasi

et al., LgTg). The type of the nozzle or pressure reducing valve also affects the bubble

size (Zabel, 1984; Fukushi et a1.,1998). This is a consequence of the differences in

pressure drop for various nozzles or pressure reducing valves. A typical experimental

measurement of bubble size is presented in Figure 5'2'
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Figure 5.1 Critical diameter of bubble nucleus for homogeneous

nucleation of air in water at 20"C as a function of the pressufe change

(after Edzwald, 1995).

Rise Velocity of a Bubble

The rise velocity (also known as terminal velocitY) of a bubble varies with the

diameter of the bubble. The rise velocity of small bubbles increase linearly with the
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bubble size. However, this linear correlation is no longer valid for medium and large

bubbles. Hence, Clift et aI. (1978) proposed three regimes according to the shape of

the rise bubbles, i.e. spherical, ellipsoidal and spherical-cap regimes' Bubbles

pmduced in DAF are confined to the spherical regime. Since the air bubbles formed

in DAF are very small, they rise under laminar flow conditions. For bubble size less

than 130 pm, the bubble rise velocity can be calculated using Stokes' Law as follows

(Zabel,1992):

8(p* - P)du' (s.2)ub=
IStt

where: vø is the rising velocity of the bubble, g the gravity constant, p, and pa the

density of water and air, respectively, d6 the bubble diameter and p the dynamic

viscosity of water.

0.005 0.01

Bubblediannter, d6 @m)

1

0.5

I
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Figure 5.2 Size distribution of bubbles for continuous flow experiment (after

Fukushi et a1.,1998)

Orifice Mean volume
opening size diameter

(mm) ú (cm)

0.0061

""-" 2.0 0.058

Sannation pressure 392 YJ a

Recycle ratio 0.14
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Stokes' Law assumes that the bubble motion is equivalent to the motion of a solid

sphere under laminar flow condition. However, the rise velocity of a very small

bubble in liquid is altered by the non-rigid surface of the bubble. Hence, the rise

velocity of bubble follows the Rybczynski-Hadamard correlation (Levich,1962):

g(p*- p" )do' p+ p.
It= (s.3)

6¡t 2p+3¡t"

Since the viscosity of water is much larger than that of air (lt>> tt"), the rising

velocity of the bubble can be simplified into equations (5.4) as follows:

lb=
g(P*- P)do'

L2l.t
(s.4)

5.L.2 Bubble-Particle Interactions

Several mechanisms has been proposed for agglomeration between bubble and floc

(Kitchener and Gochin, 1981). These mechanisms include entrapment of bubbles

within a condensing network of flocs, growth of bubbles from nuclei within flocs and

attachment of bubble to flocs during collision. These mechanism are proposed mainly

for the removal of floc in waste-water and water treatment where flocculation and/or

coagulation may be performed concurrently. The second mechanism is likely to occur

in most cases, particularly in wastewater and water treatment. This is because bubble

nucleation is enhanced in heterogeneous system as previously discussed. However, in

general, the third mechanism is considered dominant. In general, particle-bubble

interaction analysis is based on this mechanism as outlined in chapter 1 (section

r.s.2).

Hydrophobicity has also been acknowledged as an important factor in DAF. Despite

their hydrophobic nature, the small air bubbles generated in DAF are highly negatively

charged (Okada and Akagi, 1987; Fukushi et al, 1998). As a consequence'
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electrostatic repulsion is expected as the particles are normally negatively charged.

Hence, charge alteration (reduction, neutralisation or reversal) is recommended to

minimise this electrostatic repulsion.

It has been suggested that charge neutralisation of the particle and production of

hydrophobic particles provides favourable conditions for DAF (Edzwald, 1995). This

suggestion is in agreement with the experimental results. In wastewater and water

treatment, this is usually performed by addition of flocculant and/or coagulant. For

example, addition of a coagulant (polyaluminium chloride, PACI) decreased the

negative charge of green algae (Chlorella vulgaris) and the DAF process was

improved significantly (Edzwald, 1995). In this case, the addition of flocculant and/or

coagulantp rovide larger particles which are then readily removed by DAF' Charge

neutralisation may alter the hydrophobicity of the particle. It has been suggested that

for many particles, hydrophobicity may be increased by simply reducing the particle

charge (Edzwald, 1995). A detailed discussion of hydrophobicity has been presented

in chapter 4.

5.L.3 Bubble Requirement for DAF

Several factors affect the performance of DAF processes, such as bubble size and

bubble concentration (and particle concentration). A knowledge of these variable is

essential to design an appropriate DAF unit, for example a saturator and a flotation

tank. Bubble concentration has been a major concern in DAF design because of its

direct effect on recovery efficiency.

The air (bubbles) requirement for DAF may be expressed by three different measures:

air bubble mass concentration (C,), ait bubble volume concentration (fu) and air

bubble number concentration (Nb). Assuming air is an ideal gas, the amount of air

dissolved in water can be calculated by Henry's Law as follows:

(s.s)
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where: P is the partial pressure of the gas in the gas phase, x mole fraction of the gas

in the liquid phase and H the Henry's Law constant. Assuming that the air is a single

component gas and incorporating efficiency factor of the saturator into Henry's Law,

the mass concentration of air in the saturator @dzwald, 1995) is:

Crnt=f+ (s.6)

where: C"o¡ is the mass concentration of air in water, / efficiency factor of the

saturator, P¡ the total pressure of the saturator and Ho Henry's Law constant for air

(4.18 kPa/mg[L at 20'C).

Air is primarily composed of nitrogen (-797o) and oxygen (-2I7o). Oxygen solubility

exceeds that for nitrogen, consequently the percentage of nitrogen in the air increases

in a closed saturator system. At steady state, the saturator air is approximately 887o

nitrogen and L2Vo oxygen causing a reduction of approximately 9Vo in the dissolution

of air compared to saturation with atmospheric air (Edzwald, 1995). The efficiency

factor, f, is introduced to compensate for this effect and to allow for mass transfer

efficiency differences in various saturators. Saturator efficiency (fl for unpacked and

packed saturators is typically 60-70 Vo andg}To,rcspectively @dzwald, 1995)'

The amount of air bubbles supplied to the flotation tank can be varied by altering

saturator pressure and the recycle ratio in a DAF system with recycle system. Table

5.1 presents the variation of bubble concentrations with recycle ratio. For DAF with

recycle, the mass concentration or air per unit volume (Cr) can be calculated from a

mass balance in the flotation tank @dzwald, 1995):

cr=
(c*, -c,)R,- K (s.7)
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The air bubble volume concentration can also calculated from equations (5.8) and

(s.e).

Q, -C,
Psat

(s.8)

N, (s.e)

where: Go, is the air bubble mass concentration in the recycle stream, equation (5.6),

Cothe dissolved air concentration remaining in the solution at atmospheric pressure,

Kç the influent flow saturation factor given by (Cr - Co) where Co is the mass air

concentration of the influent flow and psat the density of air saturated with water

vapour (1.19 mg/cm3 at 20oC)

Table 5.1 Air bubble mass, volume and number

concentrations as a function of recycle ratio for a

constant saturator pressure 483 kPa*.

6Qt,

frdut

R, C,
(m/L)

0¿

(ppm)

Na

(#/mL)(Vo)

5

8

10

15

3.50

5.45

6.68

9.59

2900

4600

5600

8000

8.75 x 104

1.20 x 10s

1.70 x 10s

2.40 x l}s

* Overall fficiency of 70Vo for dissolving air and for the

saturator,20T.

Normally, the bubble requirement for DAF is varied depending on the application and

the solid concentration. For example, for the thickening of activated sludge, the

volume or air required is usually proportional to the solid content, in contrast to the

water treatment where the volume air required mainly depends on the volume of water

to be processed (Zabel, Igg2). Typical values of airlsolids ratios in commercial

practice for sludge thickening are 15 to 30 mL airlg solids whilst for water treatment
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approximately 380 mI- airlg solids corresponding to 8-10 g airlm3 raw water (for a

solid concentration in the raw water of 20 mg.L) (Zabel, L992). A typical clarification

result (measured as turbidity of processed water) as a function of air supplied to

flotation tank in water treatment is presented in Figure 5.3. Excess air bubbles are

normally required to ensure adequate collisions between particles and bubbles (Zabel,

te92).

Plant Flow rate 108 m3/h

o 3.18 mm nozzle

a 2.78 mm nozzle

¿' 2.18 mmnozzle

Plant Flow rate 108 m3/h

tro x 2.L8 mmnozzle

tr

K "-X"

0

4 6 8 10 t2

Air added (g airl# raw water)

Figure 5.3 Effect of air added to the performance of flotation (after kees et al.,

reTe)
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5.2 DAF KINETICS MODELS

Two major models have been proposed for DAF modelling, i.e. the single collector

collision(SCC) model by Edzwald and co-workers (Edzwald et a1.,1990; Malley and

Edzwald, l99I; Edzwald, 1995) and the population balance (PBT) model by Tambo

and co-workers (Tambo et a1.,1986; Fukushi et a1.,1995). These models have been

developed and tested in the application of DAF in water treatment' A comparison of

these models is presented in Table 5.2'

Table 5.2 Comparison of SCC (Edzwald et al) and PBT (Tambo et al.) models:

typical values of parameters and concepts (after Fukushi et a1.,1995).

PBT model SCC model

Generated Air Bubble

Size range, d"Qtm)
Rise velocity, v¡ (cm/sec)

Zetapotential (mV)
Pressure, P (kPa)

Recycle ratio, R,
Concentration, Nb (c*')

I0-I2O (Ave: 60)

vt = E do2lI2¡t
-150 (at pH 7)

392
0.1

104 - 105

10-100 (Ave:40)
vo= gd62lI8¡t"
not measured

345-585
0.08

104 - los

Produced Flocs

Size range, dr(¡tm)
Density, p, (glcri)
Suitable mobility

(¡r.m/secVcm)

loo - 103

floc density function
0 to +1 (clay floc)

-1 to +1 (colour floc)

1oo - 102 (best: 1o-30)

1.01 (assumed)

0.5 or less

Bubble-Floc Collision

Collision model
Flow regime
Mechanism

Attachment mechanism

Rise velocity of
agglomerate, v¡u (cm/sec)

Population balance
Turbulent flow

Locally isotropic turbulence,

viscous subrange diffusion
Electric al-charge interactions

(coverage of precipitated
coagulant on a floc surface)

According to Eq. 5.19
0.1-2.6 (observed)

Single collector collision
Lamina flow

Brownian diffusion,
interception, gravitY

Electrical-charge
interactions, water laYer at

floc surface
Nearly equal to v¡

about 0.3
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5.2.! Single Collector Collision (SCC) Model

Edzwald et aL developed the SCC model based on the single collector collision

theory. This model has been widely employed in a variety of applications, including

froth flotation (Flint and Howard,lg7I), dispersed air flotation (Reay and Ratchclift,

Ig73), air filtration (Friedlander, Lg77) and water filtration (Yao et aI., l97L;

O'Melia, 1980 & 1985; Tien, 1989). The collision mechanisms includes Brownian

diffusion (r7r), interception (r7) and gravity settling (no). The single collector

collision efficiency defines the ratio of particle-bubble collision rate to particle-bubble

approach rate. The total collision efficiency is

4, =4o*rlt *4c

The individual collision efficiency can be derived from particle trajectory analysis

(and substituting v¿ in Equation (5.2)) expressed as follows:

(s.10)

n.=ors[ #il;) t;J (s.11)

(s.r2)

(s.13)
4c

)t

a

dt,

db

where: k is Boltzman's constant, T absolute temperature, d, particle diametet, d6

bubble diameter, prpatticle density, pwwater density, p water viscosity, v¡ bubble rise

velocity and g gravitational force acceleration'
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The removal efficiency of partictes by a single bubble (R) is expressed as

R = ØrtTlr(tooør)

where crpa is the attachment efficiency (fraction of successful collision). The rate of

particle removal can be obtained by extending the particle removal by a single bubble

to a system containing a bubble concentration of N¿'

+= -@oon)(hv,N,)No (s.1s)

where N, is particle number concentration and A6 projected area of the bubble. This

equation is often simplified similar to first-order chemical kinetics as follows:

(s.14)

(s.16)dN__!_ = _kN
dt

p

where k = (øo6er)(4vrNo)

The rate of particle removal can be expressed in terms of the bubble volume

concentration (Nå) and bubble diameter (d¡), setting 4 = nl4du' '

+=-l,,,^ry (s.17)

It can also be expressed as the particle removal rate per flotation tank depth (då) as

follows

dNP

dh
(upbrlr) (s.18)3

The right hand side of Equation (5.1S) is identified as the key parameters for design

and operation of DAF. (aruN r) represents pre-treatment parameters prior flotation

2
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and qr(þufdr) represents flotation reaction zone parameters. Detailed description of

these parameters is summarised in Table 5.3.

Table 5.3 Summary of SCC model parameters and effects on design and operation

Parameter Dependence Comments

PRE.TREATMENT PARAMETERS

upb

(particle-bubble
attachment efficiencY)

1. Particle-bubble charge

interactions

2. Hydrophilic nature of
particles

1. Favourable flotation: requires

reduction in particle charge and

hydrophobic particle

2. Increase u.or,toI: oPtimum
coagulation and PH conditions

Np

(particle number
concetration)

1. Raw water qualitY

2. Coagrùant tyPe and

conditions
3. Flocculation time

1. Concentration and size of
particles

2. Coagrúant may add Particles

3. Flocculation may reduce No

and increase do

REACTION ZONE . FLOTATION TANK

4r

(total single collector
effrciency)

1. Particle-bubble collisions
from diffusion and

interception

2. Minimumr1rfor do =1 Pm

1. Increase t/r: Produce floc size

of 10's of microns

2. Short flocculation times

dp

(bubble diameter)

Controlled by pressure

difference across nozzle and

injection flow

1. Desire microbubbles: range 10-

100 pm, median 40 Pm
2. 4rn dp-zirate of collection of

particles o'do-1

3. Smaller bubbles: better
performance

Qu

(bubble volume

concentration)

1. Saturator pressure

2. Recycle ratio

1. Increasing /, increases N¡:

more bubbles for collection of
particles

2. Increase Qr: more bubble

volume for reducing floc
density
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5.2.2 Population Balance (PBT) Model

Tambo et aL developed their PBT model based on the population balance model of

bubbles, particles, bubble-particle agglomerates and the rate of bubble-particle

collision and attachment. DAF is considered to consist of four steps: 1) coagulation

and flocculation prior the flotation (pre{reatment); 2) bubble generation; 3) bubble-

particle collision and attachment in a mixing zoîe; 4) rise of the bubble-particle

agglomerates in a flotation tank. This model represents parameters in steps 3 and 4.

The pBT model describes the process of bubble-particle collision and attachment as

well as the rising velocity of the bubble-particle agglomerate. The model is

formulated by counting the number of particles (flocs) with attached i bubbles (nr,i,

cm-3¡ within an elapsed time of mixing (t, sec.). Several assumptions were adopted to

derive the model (Fukushi et al., 1995), such as the bubble size does not vary

throughout the time, particle detachment is negligible, a maximum attachable number

of bubbles on a certain size particle (floc) exists and the agitation intensity in a mixing

zone can be expressed by the mean effective energy dissipation rate (following the

theory of local isotropic turbulence)'

The rising velocity of bubble-particle(floc) agglomerate was derived by incorporating

the buoyancy of attached bubbles and the change of particle (floc) density with the

size into Stoke's correlation. The floc density function was developed previously

(Tambo and Watan abe, 1979). The correlations for calculating the rising velocity of

bubble-particle agglomerate (v6) are as follows:

i(p* - p) - a(d o lD-K' (d d)'
vou

4g

3þKro i+(do d)'
duo (5.19)

I

ã (s.20)

(s.2r)

doo = (do+ido)

r6idb2 45d +6i1+ )'d,ldo45

)'i+(auf d,dr'

z
p

+
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where Kp¿ is the constant of drag force (16 for bubbles and 45 for flocs), Kp the

constant of the floc density function, d.6, the diameter of the bubble-particle(floc)

agglomerate.

Generally, the PBT model is more applicable to DAF practice compared to the SCC

model. In the SCC model, the flow regime is laminar and collision occurs due to

Brownian diffusion, interception and gravity settling. Given the bubble and particle

size, the Brownian diffusion and gravity settling contribution in the collision process

will be minor. Edzwald and co-workers (1990, 1991) have pointed out that the

gravity settling was negligible in their model. Hence, interception is in dominant

mode in the collision process. However, in practical DAF system, the bubble-particle

mixing zone is in turbulent flow. Hence, the SCC model may be more suitable for

dispersed air flotation or froth flotation (Fukushi et a1.,1995). Another limitation of

the SCC model is that is best applied to the batch mode'

By contrast, The PBT model satisfy the normal requirements of practical DAF

systems, i.e. a turbulent flow regime in the mixing zone where the collision and

attachment of bubble and particles occurs. As well, this model has been further

developed (Matsui et aL, 1993) to extend its coverage. The initial model was

developed for the case where the particle (floc) was larger than the bubble (dp < dø).

In the improved model, both cases (i.e. do > dø and d, < dø) are considered' This

model is applicable to the removal of inclusion bodies by D,AF. In this case, the

parricle (dp = 0.3 pm) is smaller than the bubble (dø = I0- 120 pm). A detailed

discussion of the model is presented in the following section.
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5.3 DAF MODELING FOR INCLUSION BODY

RECOVERY

5.3.1 Model DeveloPment

The pBT model developed by Tambo and co-workers (Matsui et a1.,1998) is adopted

with modifications. This model was initially developed for applications in wastewater

and water treatment to remove flocs from water. Flocs were formed by flocculation

and/or coagulation processes prior flotation. As a consequence' the model

incorporates the effect of these processes into the population balance model, eg. by

introducing a particle porosity (/). In our model, we have not initially considered pre-

treatment to form bigger inclusion body aggregates (this could be possible). The

mean diameter of inclusion bodies is approximately 0.3 pm (chapter 3) and typical

bubble size generated in DAF is in the range of 10 to 120 p,m with mean diameter of

60 pm (Fukushi et a1.,1998). Hence, the model is developed for bubble diameter

larger than particle diameter (dø> dp).

Ris e v elocity of bubble -pq'rticle agglomerøte

Consider j particles attached on a single bubble forming an agglomerate, then the

rising velocity of bubble-particle agglomerate can be derived by equating forces upon

this agglomerate as follows:

2ro-- 
p)sdu' -[ iro,- P*)8d,3 = F, (s.22)

The bubble-particle agglomerate can rise if the buoyancy force of this agglomerate is

larger than the gravitational force and the drag force. In this case, the gravitational

force is much smaller than the buoyancy force given that the particle is much smaller

than the bubble, hence it is reasonable to assume that:

Modelling 156



Lu{p*- p)sdr' =[o*sdo' ,r[ iro,- p)sdu' 6'23)

Then Equation (5.22) can be rewritten as

Io*sd] = n, (s.24)

For the bubble-particle agglomerate, the particles attached to the bubble may retard

motion on its surface (Iævich, 1962). This is similar to the case for a rigid particle

moving in liquid. Hence, by taking the sphericity (<p) of the agglomerate into account,

the drag force (Fo) may be expressed as

F, =3n¡td rrv{p
_J,

2 (s.2s)

V/hen the particle is smaller than the bubble and the number of particles (¡) attached

on the bubble is large, the diameter of the agglomerate (dpø) can be approximated by:

d (do
t 

+ jdr)1 (s.26)

Substitution of Equarions (5.25) and (5.26) into Equation (5.24) results the rising

velocity of bubble-particle agglomerate :

g P*dr' I
2 (s.27)

pb

v apb I
3Iï¡t(do3 + ¡drt)

Kinetic s of b ubble -particle a'gglomeration

The collisions and attachments between bubbles and particles in flotation tank/column

is assumed to be a heterogeneous agglomeration process. The model of bubble-
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particle agglomeration involves of the rate of collision and attachment between

bubbles and particles and a population balance between bubbles, particles and bubble-

particle agglomerates. The collision frequency between bubbles and particles is

assume to follow a second order kinetics (Suffman and Turner, 1956; Levich, 1962;

Fukushi et al,1995) exPressed as:

N = knnno (s.28)

where N is the collision frequency between bubbles and particles (rrr3s-r), k the

collision rate coefficient (m-3s-l), nothe number concentration of remaining bubble

(m-3) and n¿thenumber of concentration of particles with diameter of ¿ (--3)'

The collision between bubbles and particles is facilitated by motion in the fluid due to

turbulence and by the relative motion between particles and bubbles as a consequence

of gravity and turbulence. However the relative motion due to turbulence is negligible

as turbulent acceleration is much smaller compared to gravitational acceleration in the

fluid flow of DAF (Suffman and Turner, 1956). Hence, the rate of collision constant

is derived by taking into account the effect of collisions due to motion within

turbulent fluid and gravitational relative motion (Suffman and Turner, 1956)

simultaneously as follows

þ- (s.2e)

where, k7 is a collision rate coefficient contributed by the turbulent fluid motion and

expressed as (Suffman and Tumer,1956, Levich, 1962):

kr' + ko'

(s.30)

where, a is a constant (o.20g according to suffman and Turner (1956) and 0.385

according to Tambo et aL (198I)) and e the rate of energy dissipation per unit volume

k, = aG(d t + d. ), = offro, + d )3
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of fluid (Wm-3). kc is a collision coefficient which relates to the relative gravitational

motion and given bY (Levich, 1962):

ko=
2n

(d 
o + d)21(p r - p)d r' - (pu - p.)du'lL

p
1 (s.31)

36 3

Since the gravitational force is much smaller than the buoyancy force (Equation 5.23),

then frc can be rewritten into:

8Qu I

It dø nn

(s.32)

If the flotation condition is homogenous (well mixed), the collisions is predominantly

caused by particle transport by turbulent flow motion, hence:

k =k,
(s.33)

Assuming a uniform particle and bubble size, the decrease of particle number by

collision-attachment to bubble is

o" =+Ep*(d o+ d.)'

dn

- 
= -dkn(t,on (s.34)

where n is the number concentration of remaining particles (--'), cr the attachment

efficiency of bubble-particle collision (dimensionless), k the collision rate constant

(-'.-t) andn.othe initial number concentration of bubbles (rn3)'

The attachment efficiency represents the ratio of successful collisions to all collisions.

As a number of particles attached to the bubble increases, the likelihood of successful

attachment in the consecutive collisions decreases. Hence, the attachment efficiency

is proportional to the number of attachment sites on the bubble. Consider j particles

with an initial attachment efficiency of cxo and a maximum number of particle

attachable to the bubble equals to mo, the attachment efficiency can be written as:

Modelling 159



&=üo Fi
m(t

(s.3s)

The particle is attached to the bubble surface, hence the maximum number of particle

attachable to the bubble surface is in proportion to the bubble surface area (= d62) and

in opposite proportion to the area occupied by a single particle attached to the bubble

surface (= dpz). Hence, the maximum number of particle attachable to the bubble is

(s.36)

Populøtion Bølance Model

Several assumptions have been made to derive the population balance of bubbles,

particles and bubble-particle agglomerates in the contact zoîe of flotation

tank/column. These include:

1. Bubbles and particles are uniform in size, i.e. their size distribution is neglected.

2. Bubble coalescence is negligible.

3. Many particles may attach to a single bubble but a single particle may not attach to

more than one bubble.

4. Detachment of particle from bubble is negligible'

Consider j particles attached to bubbles with initial bubble number concentration of

nop (m-3),the population balance equation for the number of particles is:

(s.37)

where ro is the initial number concentration of particles (m-3) and n is the number

concentrations of remaining particles (m-3). The number concentration of remaining

particles (unattached to bubbles) as a function of time can be derived by integration of

Equation (5.34) following substitutions of Equations (5.35) and (5.37) as follows:

Jfla,ollo-n=
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n 1 (s.38)
nor- no * n

ffinfln,o ffinfln,o

where K = üokno, is the rate constant (s-t)

The number concentration of unattached particles in the separation zone can be

obtained by introducing the hydraulic detention time of a contact zone (contact zone

residence time or contact time) into r in Equation (5.38). A certain condition exists

where there is not sufficient bubbles for attachment with given number of particles.

This condition occurs when the initial particle concentration is greater than the

maximum available bubbles for bubble-particle attachment, i'e' no>mano,' This

condition is undesirable in DAF. A new parameter is introduced as a measure of this

condition, i.e. a ratio of supplied over consumed bubblos, 4" ' DAF is favoured if

Ar. is greater than unitY.

¡ __ffinflop (5.39)åsc :
no

when bubbles are in excess (4. >> l), then Equation (5.3S) can be simplified into

L= exp(-Kt) (s.40)
no

Bubble C onc entration Re quirernent

The air-solid ratio and air supply-consumption ratio have been employed widely as

important parameters in the design and operation of DAF. The air-solid ratio is

particularly important in DAF recovery of high concentration suspension (Zabel,

Igg2). For DAF with partial recycle-flow pressure, the air solid ratio (,4") is defined

AS:
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LPa^R, (s.41)

(s.42)

(s.4s)

A,
s,

where, aP is the pressure difference (Pa), a*the quantity of air released per volume of

water per unit of pressure difference (kg.m-3.Pat), R, the recycle ratio and S, the

suspended solid concentration of influent (kg.*')'

The air-solid ratio can also be stated as a function of the suspended solid

concentration in the contact zone (Srr) and the bubble volume concentration (/r) or

the bubble number concentration (no,o) as follows:

A,

4,,

The relationship between the air-solid ratio and the ratio of supplied over consumed

air bubbles (also known as the air supply-consumption ratio) can be obtained by

combining Equations (5.39) and (5.42).

A, (s.43)
7l ,3

= Pndn flo
o

and the mass concentration of suspended solid in contact zone is written as:

s ,, -- [ 
p 

od. o'no
(s.44)

Substituting Equation (5.44) into (5.43), the ratio of supplied over consumed air

bubbles (in number) can be represented as:

5.3.2 Summary of KeY Parameters
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Performance of DAF is usually assessed by two different parameters, namely

equilibrium and kinetics requirements. In the proposed model, the equilibrium

requirement is represented by the air-solid ratio (As) or the air supply-consumption

ratio (Asc). The kinetic requirement is represented by the rate constant, K' The

correlations of these key parameters are summarised as follows:

E quílib rium r e qaír e me nt :

' ffinfln.o
a =-¡tsc -

no

2

(s.3e)

(s.42)

(s.4s)

(s.38)

Ptþt
s",

4..
odnfrPunn

6SJT

Kinetíc s re quire me nt s :

n 1

nor- no + n

ffinfln,o ffinfln,o

where K = üoknn, is the rate constant (s-t)

The rising velocity of the bubble-particle agglomerate has also been introduce as

follows:

I P*du'
I

Q' (s.27)vpb 1
3t8¡t(du3 + idp3)

5.3.3 Results and Discussion
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Equation (5.45) implies that the air supply-consumption ratio is proportional to the

air-solid ratio by a factor of a"(pod.rl P"d). The requirement of the air-solid ratio

may be interpreted as the necessary quantity of air supplied in excess of that consumed

by bubble-particle collision-attachment. The diameter of the air bubble depends on

the saturator pressure and the type of nozzle or pressure reducing valves, but is usually

around 50 pm (Edzwald and wingler, 1990;Fukushi et a1.,1998). By considering the

steric configuration of the attachment of particles to a bubble, Mitsui et al. (1998)

assumed the value of o6 approximately 1. Since, the diameter of air bubble is roughly

constant and the density of the particle and the air are fixed, then the size of the

particle dictates the correlation between Asc and As. Given a value of Asc (eg' 1, a

minimum air requirement), the air solid ratio (As) increases with the particle slze (dp).

This is simply because the maximum number of paficle attached to a bubble (mò is

less for larger particles (given a fixed bubble size). As well, an increased buoyancy

force (due to air bubbles) is necessary to compensate for the larger gravitational force.

For clay-aluminium flocs, Matsui et al. (1998) suggested that A.sc = 0'01 A5' Hence'

the air supply-consumption ratio of 1 or larger indicates the air-solid ratio of 0.01 or

larger (As 2 1 when Asc21). The air-solid ratio is suggested to be the parameter that

balances the gravity forces due to suspended solids with the buoyancy force due to air

bubbles (Matsui et a1.,1993). Typical values of the air-solid ratio in wastewater and

water treatment practice are 0.018 to 0.036 (Melbourne and Zabel,1977)'

The density of inclusion bodies is assumed 1260 kg.m-3 lUiadetuetg, 1996). The

density of air at standard condition is approximately L29 kg'--'(Perry's Chemical

Engineers Handbook). The mean diameter of inclusion bodies is known to be 0.3 pm.

Assuming c6 equals to 1 and the diameter of bubble is approximately 50 pm' the

proportional factor between the air supply-consumption ratio and the air-solid ratio is

5.86. This factor is much larger than the normal value proposed by Tambo et al'

(0.01). Consequently, an extremely high value of the air-solid ratio results. This

effect is a consequence of the density of the inclusion bodies. In the case of flocs, the

density is relatively small, very similar to that of water or slightly lower. Such a large
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air-solid ratio would clearly be uneconomic and it is obvious that aggregation of the

inclusion bodies is necessary if a practical process is to be devised.

For the system, the kinetics requirement can be analysed in term of the number of

particles not yet attached to the bubbles (Equation (5'38)). The rate constant,

K = aokno', represents the rate of the particle attachment. Clearly, this rate constant

is a function of the initial bubble concentrati on (nop) and the collision rate coefficient

(k) which primarily depends on the particle size (dp) and to a smaller extend the

bubble concentrati on (Qt). Clearly, the bubble concentration and the particle size will

affect the kinetics of particle removal by bubbles. The design of DAF must satisfy

both equilibrium and kinetics requirements. As the particle size of inclusion bodies is

fixed, then the bubble concentration is the key parameter in DAF design and operation

for inclusion body recovery.

Clearly, if we desire a practical and economic process, inclusion body aggregation

must be introduced prior the DAF step. In general, particles tend to aggregate when

the net surface charge (known as electrophoretic mobility ot zeta potential) equals or

nearly zero. The electrophoretic mobility study has indicated that the isoelectric

points of inclusion bodies lies in the range of 5 to 6 depending on the ionic strength

(chapter 3). This result has also been supported by the measurements of inclusion

body-bubble interaction forces (chapter 4). The largest interaction force observed was

at pH 5. These imply that inclusion bodies are likely to aggregate at pH

approximately 5 to 6. Our initial experience in the laboratory indicates that inclusion

bodies are easily aggregated to form larger particles. Treated particles were observed

to sediment a short time after pH treatment. Hence, such a step needs to be introduced

to enhance the recovery by DAF and provide an economic process. Time constraints

did not permit for the experimentation on this step, but the key operation conditions

have been identified.

A number of considerations should be taken into account as a consequence of

introduction of an aggregation step. The proposed model does not consider particles

as aggregates. The aggregation process for inclusion bodies is similar to that for
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flocculation and/or coagulation in the wastewater and water treatment. The model

derivation suggested by Tambo et al. for wastewater and water treatment applications

can be employed. Hence, a number of adjustments must be performed to incorporate

the aggregation process into the proposed DAF model'

Modeling Íor the recovery of inclusion body aggreg&tes

As a consequence of the aggregation process' pores are present in the aggregate and

hence a parlicle porosity (0) must be introduced. Thus, the mass concentration of

suspended solid in contact zone (S") can be rewritten:

s,, =[pr(r-Q)do3no (s.46)

A mass balance of on aggregated particles suggests that:

G-Ðp*+QP*= Ppu+ P* (s.47)

p¡¿ is the density of inclusion bodies (identical to p, in the case of zeto aggregation)

and consequently in this case ppin all Equations must be replaced by to the density of

the aggregates, The buoyant density of the aggregate particle, ppø ma! be expressed in

the following correlation (Tambo and Watan abe, 1979):

Pú = gpoodr-' (s.48)

where g ¡,o is a coefficient related to the size-density relationship of the aggregate

particle (kg.m-3.m') and e is a constant related to the size-density relationship of the

aggregateparticle (dimensionless). In the case of water treatment flocs, the value of ¿

is approximately 1 (Tambo and \vatan abe, 1979; Tambo et a1.,1981). If it is assumed

that this also applies to inclusion body aggregates, then substitution of Equations

Modelling 166



(5.36), (5.46), (5.47) and (5.48) into Equation (5.43) provides the air supply-

consumption ratio as:

(s.4e)

As was the case without an aggregation process, Asc is proportional to A5 but a

complex proportional factor has been introduced.

Any aggregation process will affect both the equilibrium and kinetics requirements.

Larger sized aggregates have a higher probability of collisions and the DAF

performance will improve by icreasing bubble-particle collision rate. However, an

increase in air supply is necessary for larger particles. This is a complex trade off that

is worthy of detailed experimental study and theoretical study (including model

validation). As stated earlier, a study of this was initiated by time constraints have

limited process to very preliminary and rudimentary studies (simply confirming that

promotion of aggregation is possible). Such studies will provide a challenge for

future workers.
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5.4 CONCLUSION AND RECOMMENDATION

A DAF model has been derived based on population balance theory' The model is

based on previous work in the water treatment area. It is proposed as a potential tool

for the design of DAF systems for the recovery of inclusion bodies. The performance

of DAF is described in terms of equilibrium and kinetics requirements. As expected,

the model implies that the air-solid ratio or the air supply-consumption ratio are the

key parameter for equilibrium requirement and the particle size and the bubble

concentration are the key parameter representing kinetics requirement. Unfortunately,

the air-solid ratio required for inclusion body recovery is much larger than to those for

floc removal in the wastewater and water treatment and suggested exceeds 5.86. This

is not likely to provide an economical process.

Consequently, aggregation of inclusion bodies will be necessary to enhance their

recovery by DAF. A modified model is proposed to incorporate aggregation aspects

in the DAF model. The model produces similar broad conclusions to those obtained

from the model without aggregation. However, the proportional factor relating the air

supply-consumption ratio and the air-solid ratio is expressed by more complex

correlation. Aggregation will provide an increased bubble-aggregate collision rate.

This will be offset to some extent by increased settling forces to be overcome. A

detailed trade off is required. It is recommended that a detailed experimental program

be undertaken to validate the model and determine unknown constants. The model

should then provide a valuable design tool to consider flotation as an alternative to

centrifugation or filtration for inclusion body recovery'
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Chapter 6

OVERALL DISCUSSION AND

CONCLUSION

This study has demonstrated the importance of the physicochemical characterisation

in downstream processing of recombinant proteins, in particular for separation process

based on differences in surface chemistry such as flotation. The physicochemical

properties of an insulin-like growth factor 1 analog, LR3-IGF-l, have been

characterised. These include electrophoretic mobility, particle characteristics and

interaction forces between inclusion bodies and an air bubble' Various methods have

been employed including micro-electrophoresis, SDS-PAGE, scanning electron

microcopy and atomic force microscopy. In addition, optimisation of the production

of the inclusion bodies was performed by fed-batch fermentation with improved

feeding strategy. Finally, mathematical models have been proposed to design

inclusion body recovery using dissolved-air flotation technique by taking into account

the physicochemical properties previously studied'
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The demand of a variety of proteins and other biological materials have increased

dramatically in the past few decades as a result of the exploration of their potential

clinical applications. This has forced biotechnological industry to improve the

production system and subsequent downstream processing for achieving

competitiveness in the market place.

Insulinlike growth factor 1 analog LR3-IGF-l is produced in recombinant E. coli as

insoluble aggregates known as inclusion bodies. This protein is marketed as a media

supplement for mammalian cell cultures, The demand for this protein is expected to

increase as new biopharmaceutical products approach phase Itr clinical trials which

demand in increased supply of tissue and cell cultures' media. The protein is currently

produced by fed-batch fermentation using a constant-rate feeding strategy. High level

of glucose and acetate accumulation resulted. This inhibits cell growth and introduces

a significant limitation on productivity improvement. Hence, an optimised feeding

strategy, called a novel 3-stage feeding profile, has been proposed to decrease or

eliminate these problems (chapter 2).

The application of this new feeding profile has reduced glucose accumulation

significantly and as a result higher cell concentration has been achieved. Protein

concentration has increased approximately two fold. Fusion protein concentration of

4.3 dLcorresponding to an actual IGF-I concentration of 3.6 glL has been achieved.

Several attempts were made to increase the size of the inclusion bodies, such as the

application of yeast extract supplemented nutrient feed. Unfortunately, improvement

in inclusion body size was not achieved. This has consequences for subsequent

downstream processing.

The existing method for inclusion recovery is centrifugation following

homogenisation to release the IB from the cell. This method incurs a high capital and

operating cost. As well, the size similarity between inclusion bodies and cell debris

limits separation performance. Hence, it is obvious that an altemative fractionation

technique is necessary. Dissolved-air flotation (DAF) is considered as a potential

method for inclusion body recovery. This technique has been widely applied in
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wastewater and water treatment for decades. However, fundamental understanding of

DAF processes remains Poor.

The exploration and synthesis of downstream processing sequence is normally

performed by a traditional engineering (empirical) approach which does not provide

fundamental understanding of the process. Recent advances in various scientific and

technological disciplines have allowed fundamental study of processes from micro to

molecular levels, for example using the Atomic Force Microscopy technique. Studies

of DAF are norïnally performed with this engineering approach, possibly due to

practical reasons. This may contribute to the relatively poor understanding of the

fundamental basis of DAF. Clearly, fundamental understanding will improve design

and lead to an efficient DAF system.

physicochemical characteristics of particles and the interactions between the particle

and the bubble dictate the elementary processes of flotation. Unfortunately, these

have not been extensively researched. Hence, this work aims to rectify this

deficiency. A fundamental approach is applied replacing the tradition empirical

engineering approach. This study is expected to provide fundamental basis for a

rational design of flotation recovery.

The electrophoretic mobility measurements provide a net surface charge map of the

inclusion bodies and cell debris as a function of electrolyte type, ionic strength and

pH. This map may be exploited and employed for the improvement of chemical and

physical processes, such as aggregation, precipitation and flotation' Several

significant outcomes have been identified from the measurement of the

electrophoretic mobilitY :

r The net surface charge of inclusion bodies is a minimum at approximately pH 5 to

6 depending on the ionic strength and the type of electrolytes present in the

solution. The net surface charge reduces with ionic strength and the valency of the

electrolytes.

o Cell debris are highly negatively charged at normal pH and their isoelectric points

(i.e.p. = 2-3) are significantly lower than inclusion bodies (i.e.p. = 5-6). Clearly,
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there exists the possibility for separating inclusion bodies from the debris based on

this isoelectric point difference.

i The electrophoretic mobility or the isoelectric point of inclusion bodies can be

employed as a qualitative measure of the purity of inclusion bodies.

The first result will be useful in several processes, such as aggregation and flotation,

and analysis of surface chemistry including electrostatic and hydrophobic properties'

Particle aggregation is normally promoted when the net surface charge of the particles

is minimum, i.e. approximately at or close to its isoelectric point. This phenomena

was observed in our laboratory and confirmed by the presence of particles in the short

time. In addition, such a condition is generally favourable to flotation separation

since the possible electrostatic repulsion between particles and bubbles is minimal'

An electrophoretic mobility map of inclusion bodies can be employed to predict their

surface chemistry which provides valuable insight for several processes' for example

flotation. It is expected that the surface of the inclusion bodies will become more

hydrophobic approximately at or close to the isoelectric point as a consequence of the

minimal surface charge. This prediction has been confirmed by the results of the

AFM measurement of the interaction forces between inclusion bodies and an air

bubble.

The difference in isoelectric point of inclusion bodies and cell debris may be exploited

to design the optimal conditions for their separation, eg. using flotation. For example,

at pH5-6, inclusion bodies posses minimum surface charge whilst cell debris is highly

negatively charged. At this condition, inclusion body-bubble attachment should be

favoured compared to cell debris-bubble attachment. At pHs less than 5, aggregation

between the inclusion bodies and cell debris may be promoted by the attractive

electrostatic interactions. This aggregation is clearly undesirable'

It appears the majority of impurities incorporated with inclusion bodies are negatively

charged. Larger isoelectric points were observed in inclusion bodies subjected to

more extensive purification. This difference provides practical and qualitative

measure of protein purity. Electrophoretic mobility measurement is easily performed

in a short time. By contrast, standard purity tests may be complex, expensive and

Conclus ion and Recommendation
172



time consuming, for example using high performance liquid chromatography (I{PLC)'

This initial finding may lead to a simple quantitative tool for analysis of inclusion

bodies purity. However, various aspects need refinement and extensive validation of

the method is required.

particle characteristics including particle size and the surface nature of the inclusion

bodies has been examined using various techniques. The mean particle size of the

inclusion bodies is approximately 0.3 pm. The scanning electron microscopy has

shown that inclusion bodies posses an irregular shape and rough surface. This was

confirmed by the AFM imaging results. Particle characteristics may be employed to

design and/or improve fractionation techniques. The potential of AFM for surface

imaging was noted with some recommendation proposed to improve image

resolution. The shape inegularity and sutface roughness may be beneficial for

flotation processes This will be discussed in later sections'

Clearly, mapping of electrophoretic mobility and particle characteristics are essential

as they have direct and indirect implications to physico-chemical processes and the

fundamental surface chemistry of the particles (inclusion bodies).

Atomic force microscope (AFM) is a new tool, with significant potential for surface

imaging and force measurement. It can resolve at the nanometer scale and measure

forces to picoNewtons. This powerful tool has become increasingly important in

numerous studies at the micro to molecular levels. It is paficularly beneficial for

biological applications as it can perform measurements in liquids in which most

biological processes occur. In this study, AFM has been employed to measure the

interaction forces between inclusion bodies and an air bubble. Such interaction forces

contribute to the bubble-particle attachment, an important component of the

elementary processes in flotation. Measurement of interaction forces between an

inorganic particle and an air bubble have been performed by several workers (Butt,

1994; Ducker et al., 1994; Fielden et al, 1996). They employed a standard silica

sphere and attached it to the AFM tip. The interaction (adhesion) force between a

silica particle and an air bubble was then measured. This measurement has permitted
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an analysis of the forces involved in the bubble-particle interaction. This is a niche for

gaining a fundamental understanding of flotation processes.

To date, the measurement of interaction forces between an air bubble and a designated

particle in a commercial flotation process has not been performed. All measurements

used a standard particle. This may be due to some practical reasons. Measurement of

the interaction force between the designated particle and the bubble will provide the

designer of flotation system with useful information to optimise process conditions'

Hence, the interaction forces between inclusion bodies and an air bubble were

quantified using AFM (chapter 4). Inclusion body particles were attached to the AFM

tip by chemical modification. The tip is silanised to functionalise its surface with a

SH group. A cross linker was introduced as a bridge between the functionalised tip

surface and inclusion body particle. One end of the cross linker is reactive to SH

group and forms a strong covalent bond by coupling reaction. The other end of the

cross linker is reactive to an amine (NHz) group which is readily available in the

inclusion bodies.

The introduction of a cross linker between inclusion bodies and the tip surface provide

several benefits including a reduction in the number of attached particles to the tip

surface and a reduction of the possibility of influence from the tip surface on the

interaction force. The tip modification strategy appears reliable for inclusion body

attachment although some modifications and improvement may be required to achieve

improved and controllable inclusion body attachment'

Interaction forces between inclusion bodies were measured by AFM in various buffer

concentration and at a variety of pH. Three sets of 100 measurements per set were

performed for each combination of buffer concentration and pH' In most cases' the

force measured followed a normal distribution and the mean values of the three sets

were similar. This indicates highly reproducible measurements and thus, it can be

concluded that AFM is reliable for this force measurement.

The measured interaction forces lie in the range of 9.7 to 25.3 nN with standard

deviations of 4 to IIVo. The interaction force between various tips and bubbles
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depends upon the type of tip. This confirms that the measured force indicates the

strength of the inclusion body-bubble interaction. As expected, this force varies with

buffer concentration (ionic strength) and pH. The largest interaction forces measured

was at pH 5 tbr all buffer concentrations. The electrophoretic mobility measurements

also indicated that inclusion bodies posses minimal net surface charge at pH 5-6' This

suggests that contribution of other forces to the overall interaction force measured is

significant. Hydrophobic forces provided more pronounced effects compared to the

electrical double layer forces. It also appears that the ionic strength affects the

hydrophobic forces. The effects of pH are significantly stronger for the inclusion

bodies compared to the air bubble. Clearly, interdependency among various

physicochemical properties exists. Consequently, a comprehensive examination of

physicochemical properties will provide useful fundamental understanding in

numerous applications.

Dissolved-air flotation has been proposed as a potential technique for inclusion body

recovefy. Mathematical models have been developed based on a population balance

model identifying several key parameters for the design of a DAF system' Both

equilibrium and kinetics requirement influence the performance of the DAF system'

The air supply-consumption ratio and the air-solid ratio are the key parameters for

equilibrium requirement whilst the particle diameter and bubble concentrations are

central to the kinetics requirement. Physicochemical properties derived in this work

have been incorporated to the analysis of the mathematical model and the design of

the DAF system. As noted previously, inclusion body aggregation may be promoted

at pH = 5-6. This factor has been considered in the mathematical models, some

modifications have been introduced to accommodate aggregation process. This has

demonstrated the importance of physicochemical properties.

Ma,j or a,chiev ement ønd c ontributions :

o Measurement of interaction forces between inclusion bodies and an air bubble

using AFM, including tip modifications to attach the inclusion bodies to the AFM

tip. This is the first measurement performed on a designated particle instead of the
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standard particle normally employed (eg. silica particle). This work has also

demonstrated the potential application of the AFM fundamental studies and

imaging, particularly in the biotechnology field'

o Characterisation of the physicochemical properties of inclusion bodies (and cell

debris to a certain extent) including electrophoretic mobility and various particle

characteristics (size, surface nature). Such properties are not readily available in

the literature.

o Development of DAF mathematical models for the inclusion body recovery. This

should provide an impetus for the exploitation of DAF in biotechnology'

o Optimisation of the fed-batch fermentation through improved feeding strategy

(novel 3-stage feeding profile). This has significantly improved the production

yield.

In summary, this work has demonstrated the importance of physicochemical

properties of inclusion bodies for their separation processes, in particular flotation'

A map of physicochemical characteristics, in particular electrophoretic mobility and

inclusion body-bubble interaction forces, provides a fundamental basis for a rational

design of DAF system. These results have been implemented in the mathematical

modeling of DAF system for inclusion body recovefy. Physicochemical studies have

suggested that aggregation process should be promoted to enhance the performance

of DAF. This has also been incorporated into the mathematical model. Additionally,

the production of inclusion bodies using fed-batch fermentation has been improved by

applying an optimised feeding strategy resulting a significant increase in the

production yield.
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NOMENCLATURE

Clnt

Aø

As

Asc

Azao

A$o

constant (0.209 accofding to Suffman and Turner (1956), and 0.385

according to Tambo et al. (I98I))

the amount of air released per volume of water per unit of pressufe

difference (kg.m 3.Pa-t)

projected area of the bubble (- nl4d62, mz)

ail solid ratio

ratio of supplied over consumed bubbles or air supply-consumption ratio

absorbance at wavelength 280 nm

absorbance at wavelength 490 nm

dissolved air concentration remaining in the solution at atmospheric

pressure (-gLt)

mass air concentration of the influent flow (mgLt)

mass concentration of air in water (mgLt)

mass concentration of air per unit volume (mgLt)

critical diameter of bubble nucleus (m)

bubble diameter (m)

particle diameter (m)

diameter of the bubble-particle(floc) agglomerate (m)

diameter of the agglomerate (m)

maximum particle diameter (m)

particle size (m)

constant related to the size-density relationship of the aggregate particle

efficiency of bubble/particle collision

efficiency of bubble/particle attachment

efficiency of bubble/particle collection

gravitational effect

interception effect

ideal collision efficiency or maximum collision efficiency

co

Csat

C,

dra

d.ø

dp

døp

dpa

du*t

D

e

Ec

Et

Ecou

E6

E¡,

E¡¿

co

Nomenclature
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E¡,

Es

f
Fo¿

Fo

oô

h

H

Ho

j
k

k

inertial effect

efficiency of stability of the bubble/particle aggregate

saturator efficiencY factor

adhesion force (or interaction force, nN)

drag force (N)

gravitational constant (-t-')

height of flotation tank/column (m)

Henry's Law constant

Henry's Law constant for air (4.18kPa/mglI- atzÚC)

number of particle

Boltzman's constant

collision rate constant in collision frequency correlations (rn3s-l) or

spring constant in Hooke's Law (Nrnt)

collision coefficient which relates to the relative gravitational motion

collision rate coefficient contributed by the turbulent fluid motion

rate constant of particle-bubble attachment (= u"okno,o , s'r)

influent flow saturation factor

constant of drag force (16 for bubbles and 45 for flocs)

constant of the floc density function

maximum number of particle attachable

number concentration of remaining particles (rn3)

number of concentration of remaining bubble(rn3)

initial number concentration of bubbles (rn-3)

number of concentration of particles with diameter of d.(m-3)

initial number concentration of particles (m3)

collision frequency between bubbles and particles (m3s-1)

bubble volume concentration (m3)

particle number concentration (rn3)

partial pressure of the gas in the gas phase (Pa)

saturator total Pressure (Pa)

radius of bubble (m)

detector radius (m)

kc

kr

K

Ky

Kr¿

Kp

ma

n

na

lIa,o

nd

n0

N

Na

Np

P

Pt

f6

rd

Nomenclature
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rp

r0

R

R,

Ss

S"t

t

T

l,l.B

Vb

vbp

Wn

\üc

)c

radius of particle (m)

particle start radius (m)

removal efficiency of particles by a single bubble

recycle ratio

suspended solid concentration of influent (kg.tn')

suspended solid concentration in the contact zone (kg'm3)

time (s)

absolute temPerature (K)

electrophoretic mobility (m2v-r s-r)

rise velocity of the bubble (*t-t)

rise velocity of bubble-particle agglomerate (ms r)

work of adhesion of water (N.m)

work of cohesion of water (N.m)

mole fraction of the gas in the liquid phase (in Henry's Law) or

cantilever deflection in Hooke's Law (m)

Greek Symbols

a

üpt

qo

AG

AP

L,p

s

attachment efficiency of bubble-particle collision

p article -bubble attachment efficiency (fraction of successful collision)

efficiency of initial attachment

free energy change of attachment process 0{.m)

pressure difference across nozzle or pressure reducing valve (Pa)

density difference between particle and fluid (kgrn')

rate of energy dissipation per unit volume of fluid (Wrn3), or

relative dielectric constant (= er€o ) in the Helmholtz-Smoluchowsky

relationship

dielectric constant of electrolyte solution

dielectric constant of vacuum

bubble volume concentration

er

e0

Qo

Nomenclature
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Tsc

Tsr

ftn

rl

rÌr

4o

4t

4c

a
_1K'

p

interfacial tensions of solid/gas (N/m)

interfacial tensions of solid/liquid (N/m)

interfacial tensions of liquid/gas (N/m)

viscosity (m.Pa.s or cP)

total single collector efficiency

collision mechanisms include Brownian diffusion

interception

gravity setting

sphericity (of particle)

Debye-screening length or double layer thickness (m)

specific growth rate in fermentation (h-t) or viscosity of water (m.Pa.s or

cP)

viscosity of air (m.Pa,s or cP)

contact angle

density of water (kg*')

density of air (kg*')

density of particle (kgrrr.')

density of fluid (kgrn3)

coefficient related to the size-density relationship of the aggregate particle

(kgm-3m")

density of inclusion bodies (kg*')

density of air saturated with water vapour (kgrla'; 1.19 mg/cm3 at20"C)

surface tension (Nm-t)

collision time (s)

contact time between the bubble and the particle (s)

thin film drainage time (s)

induction time (s)

time for particle sedimentation from r0 to rd (s)

the sliding time (s)

þn

e

P,

Pn

pp

P¡

P puo

P¡o

Pstt

o

TC

Tro,

tF

Ti

îs

îst

Nomenclature
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Trpc

a
(

three phase contact time (s)

angular velocity

zeta potential (mV)

Nomenclature
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APPENDIX A

AFM FORCE CURVES AND DATA

Figure A.L AFM force curve of interactions between inclusion body and an air

UuîUte as plots of z position versus tip deflection. The measurements were conducted

in 0.05 M buffer solution at various pH values. The unit of z position (x axis) is 0'15

pm/division. The unit of tip deflection (y axis) is 0.1 pm/division for pH 3 and 7 to

i0, and 0.2 pm/division foi pH 4 to 6. For all pH, the z nnge and scan rate are 1 pm

(except pH= 4 - 6,2 ¡tm) and 0.5 Hz respectively'

pHI
'i'i
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Figure 4.2 AFM force curve of interactions between ^t
UuîUte as plots of z position versus tip deflection. The me ted

ln 0.2M buffer soluiion at various pH values' The unit o '15

pm/division. The unit of tip deflection (y axis) is 0.1 ¡r,m/division for pH 3 and0'2

¡r,m/division for pH 4 to 10. For all pH, the z raîge, scan size and scan tate ate 2 p'm

(except pH = 3, 1 pm) and 0'5 Hz respectively'
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Figure 4.3 AFM as

plò-ts of z position iÍ
buffer solution at

pm/division. The unit of tip deflection (y r 10'

5I.45 nm/division). For ali pH values, the z tange' scan size and scan rate are 500 nm

(except for pH = 10, 514 nm) and 054H2 respectively'
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Figure 4.4 AFM force curve of interactions between sPDP-modified tip and an air

bubble as plots of z position versus tip deflection. The measurements were conducted

in 0.2M buffer soluiion at various pH values. The units of z position (x axis) and tip

deflection (y axis) are 0.15 and0.2 pm/division respectively' For all pH values' the z

range, scan size and scan Íate are 2 pm and 0'5 Hz respectively'
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Table 4.1 AFM data of interactions forces between inclusion body and an air bubble

measured in various buffer concentration and pH' Each interactions force data

presented in the table is a mean value of approximately 100 (Exp' 1,2 and 3) and 300

(Overall) AFM force measurements'

Buffer Concentration: 0.05 M

Exp. 1 Exp.2 Exp.3 Overall

Std. dev. Fu¿ (nN) Std. dev' Fu¿ (nN) Std' dev' Fo6 (nN) Std. devpH Fu¿ (nN)

10.71

10.10

13.88

t0.67

9.58

9.68

r0.20
9.82

J

4

5

6

7

8

9

10

L.T7

0.66

0.78

0.51

0.4r
0.51

0.83

0.68

10.78

10.06

13.91

10.66

9.69

9.49

r0.32
9.60

1.13

0.59

0.82

0.51

0.45

0.49

1.05

0.59

10.51

r0.26
13.66

ro.64

9.73

9.86

9.98

9.62

0.95

0.60

0.52

0.41

0.40

0.59

0.95

0.7r

r0.67

10.14

t3.82
10.66

9.67

9.68

10.16

9.68

1.15

0.63

0.80

0.51

0.43

0.61

1.03

0.78

Buffer Concentration: 0.10 M

Exp.1 Exp.2 Exp.3 Overall

pH Fu¿ (nN) Std. dev. Fu¿ (nN) Std' dev' Fu¿ (nN) Std' dev' Fu¿ (nN) Std. dev

3

4

5

6

7

8

9

10

15.68

20.06

25.16
19.49

t4.75
17.01

t6.63
10.83

0.86
r.36
0.66
0.52
0.86
0.87
1.16

0.68

15.53

17.86

25.90
t9.56
14.77

16.83

17.53

12.20

0.78
0.82
0.48
0.36
0.89
0.61

0.78
0.66

15.58

18.24

24.89
20.20
15.09

t6.70
18.47
11.10

0.65

0.83

o.49
0.90
0.72
0.46
0.96
0.67

15.60

18.70

25.33

19.75

14.80

T7.IL
t7.69
tr.36

0.82
1.30

0.65

0.69
0.85

0.71

1.13

0.84

Buffer Concentration: 0.20 M

Exp. 1 F;xp.2 Exp.3 Overall

pH Fu¿ (nN) Std. dev. Fu¿ (nN) Std. dev. Fu¿ (nN) Std' dev' Fu¿ (nN) Std. dev

3

4
5

6

7

8

9

10

12.o3

12.54

t5.37
t2.26
10.36

11.87

11.15
10.83

0.85
0.86
0.65
0.55
0.96
0.93
0.72
0.7r

rt.69
13.45

16.09

12.53

r0.67
t2.22
11.65
9.16

0.69
0.98
0.55

0.65

0.92
r.24
0.84
0.54

1T,54

12.32

t6.29
t2.78
11.15

12.30

11.60

9.62

0.76
1.06

0.61

o.7t
1.01

0.98
0.81

0.71

1r.76
12.77

t5.92
t2.52
r0.72
12.02

1T,47

9.90

0.95

t.r2
0.79
0.90
0.99
0.98
0.81

0.89
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Table A.2 Interactions forces between bare tip and an air bubble measured by AFM

in various buffer concentration and pH. Each interactions force data presented in the

table is a mean value of approximatéty too (Exp. 1, 2 and 3) and 300 (overall) AFM

force measurements.

Buffer Concentration: 0.05 M

Exp. 1 F;xp.2 Exp.3 Overall

pH Fu¿ (nN) Std. dev. Fu¿ (nN) Std. dev. Fu¿ (nN) Std. dev. Fu¿ (nN) Std' dev'

3

4

5

6

7

8

9

10

6.42

6.83

6.01

5.2r
4.69

4.07

4.12

r.72

0.57

0.71

0.57

0.45

1.74

1.09

1.00

0.60

7.25

7.01

6.28

5.49

4.41

5.03

3.88

1.50

0.90

0.59

0.57

0.55

0.7t
r.42

t.07
0.61

6.90

7.37

6.34

5.19

4.30

3.74

4.r5
r.64

0.72

0.83

0.75

0.83

0.83

1.06

1.08

o.73

6.86

7.07

6.2r
5.29

4.47

4.28

4.05

r.62

0.81

0.74

0.65

0.64

r.20

T.4I

1.08

0.65

Buffer Concentration: 0.10 M

Exp. 1 Exp.2 Exp.3 Overall

PH Fu¿ (nN) Std. dev. Fn¿ (nN) Std. dev. Fo¿ (nN) Std' dev' Fu¿ (nN) Std. dev

3

4
5

6

7

8

9

10

9.22
9.42
10.39

8.95

8.78

5.97

9.34
t0.24

0.98
0.53

0.63

0.39
1.59

0.81

0.78
0.75

8.48

8.68

9.85
9.21

9.21

5.50
9.50
to.37

0.81

0.57

0.63

0.54
1.58

1.00

1.1 I
r.04

8.38

8.16

9.87
8.82

8.43

6.03

11.39
ro.42

0.68
0.55
0.69
0.50
0.95
0.7r
1.61

0.98

8.69

8.75
10.03

8.99

8.81

5.83

10.06

r0.34

0.91

0.75

0.69

0.50

1.91

0.89
r.52
0.98

Buffer Concentration: 0.20 M

Exp. 1 E;xp.2 Exp.3 Overall

PH Fu¿ (nN) Std. dev. Fu¿ (nN) Std. dev. Fu6 (nN) Std' dev' Fn¿ (nN) Std. dev

3

4
5

6

7

8

9

10

3.53
4.70
6.04
5.79

9.73

9.r7
10.39

8.47

0.66
0.54
0.47
0.51

3.34
0.72
1.1 1

0.78

3.65

4.65
6.32
5.94
T2.LI
9.06
10.16

7.64

0.45

0.47

0.68

0.51

0.94
0.94
0.83

0.83

3.42
4.70
6.04
5.79
9.73

9.17

10.39

8.47

0.44
0.54
o.47
0.51

3.34
o.72
1.1 1

0.78

3.53
4.67
6.18
6.01

11.39

9.66
t0.29
8.05

0.46

0.50

0.60

0.62

2.37

0.96

1.09

0.90
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Table A.3 AFM data of interactions forces between silanised tip and an air bubble

measured in various buffer concentration ancl pH. Each interactions force data

presented in the table is a mean value of approximately 100 (Exp' I,2 and 3) and 300

(Overall) AFM force measurements'

Buffer Concentration: 0.05 M

Exp. 1 Bxp.2 Exp.3 Overall

pH Fo¿ (nN) Std. dev. Fu6 (nN) Std. dev, Fu¿ (nN) Std' dev' Fu¿ (nN) Std' dev'

3

4

5

6

7

8

9

10

27.83

34.30

30.53

32.88
:75.40

64.32

56.1 1

46.88

3.28

5.29

3.39

3.18

1.59

1.95

1.89

3.70

29.25

34.09

28.99

28,65

80.33

65.53

55.94

44.r7

2.6t
4.t3
4.66

3.03

1.88

2.t6
4.7r
t.7L

27.65

37.37

32.63

37.40

74.5r

63.50

57.49

47.0t

2.29

5.01

3.54

2.78

1.65

t.69
2.4r
2.08

27.95

34.69

30.64

32.93

75.58

64.39

56.29

46.50

3.10

5.16

3.72

3.90

2.68

2.01

2.58

3.40

Buffer Concentration: 0.10 M

Exp. 1 Exp.2 Exp.3 Overall

pH Fu6 (nN) Std. dev. Fu¿ (nN) Std. dev. Fn¿ (nN) Std' dev' Fu6 (nN) Std. dev

3

4
5

6

7

8

9

10

72.33
68.62

70.r2
68.69

67.88
84.03

81.78

77.55

0.50
0.51

0.34
0.23
0.81

0.24
0.35
0.70

75.74
67.78
67.t4
65.83
68.78
82.20

81.48

76.55

0.52
0.67
0.48
0.88
1.05

0.34
0.51
0.82

73.t0
68.02

67.46
65.92

70.10
80.67

8r.64
68.66

0.50
o.73
o.24
0.41

0.89
0.35
0.38
0.49

73.72
68.14

68.24

66.81

68.92

82.24
81.53

75.69

0.61

0.81

t.73
2.31

1.61

0.89

0.48

2.80

Buffer Concentration: 0.20 M

Exp. l F;xp.2 Exp.3 Overall

pH Fu¿ (nN) Std. dev. Fo6 (nN) Std. dev. Fu¿ (nN) Std' dev' Fu¿ (nN) Std. dev

3

4
5

6

7

8

9

10

30.51

3r.04
42.T1

32.85

33.64
35.82
22.18
33.69

0.77
r.99
r.93
2.r8
1.86

2.29
t.93
2.32

27.78
3r.29
42.24
32.93
41.80
38.28

35.32
32.O9

2.30
2.62
2.6r
2.79
1.51

3.02
2.29
r.79

27.37
30.10
4t.69
32.62
40.01

35.58

35.03
29.99

2.02
r.62
0.80
r.l4
t.69
1.31

2.47
t.94

27.64
30.81

42.0r
32.80
37.99
37.3r
32.78
31.96

2.r7
2.32
2.32
2.46

2.55

2.64
2.29

2.25
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Table A.4 AFM data of interactions forces between SPDP-modified tip and an air

bubble measured in various buffer concentration and pH. Each interactions force data

presented in the table is a mean value of approximately 100 (Exp' I,2 and 3) and 300

(Overall) AFM force measurements.

Buffer Concentration: 0.05 M

Exp. 1 F:xp.2 Exp.3 Overall

pH Fn6 (nN) Std. dev' Fo¿ (nN) Std. dev. F"¿ (nN) Std. dev. Fu¿ (nN) Std' dev'

3

4

5

6

7

8

9

10

13.82

22.63

28.05

20.37

r7.09

26.9r

2r.06
17.37

0.88

0.81

r.34
0.82

2.07

r.97

1.1 1

0.99

13.31

23.40

26.67

20.44

18.29

25.95

19.T7

r8.23

0.91

0.90

0.84

0.50

r.27
r.63

0.50

0.91

15.36

25.10

28.25

t9.63
16.70

28.89

2t.99
18.26

r.24
0.98

0.67

0.27

0.68

2.0r
r.24
r.t7

T4.16

23.71

27.66

20.36

t7.59
27.26

2t.35
t7.93

2.rl
t.39
L.l4
0.68

2,r4
2.24

t.36
1.1 1

Buffer Concentration: 0.10 M

Exp. 1 Exp.2 Exp.3 Overall

pH Fu6 (nN) Std' dev. Fu¿ (nN) Std. dev. Fu¿ (nN) Std. dev. Fn6 (nN) Std' dev

3

4
5

6

7

8

9

10

30.10
32.57
28.9r
28.18
33.30
28.39

30.59
25.89

1.04

t.23
t.r9
0.84
r.24
r.28
0.63
0.72

27.43
27.04
29.56

28.62

34.4r
26.36

33.09
26.48

1.35

0.99
0.68

0.79
1.16

0.7r
0.86
0.57

28.66
28.00
29.26
28.66

32.65
25.O4

31.87
27.67

r.54
0.95
0.95
0.56
0.89
0.50
r.28
o.77

28.73

29.06

29.24
28.49

33.34
26.5r
3r.78
26.73

1.88

2.70
1.08

0.77

1.30

r.66
t.46
1.00

Buffer Concentration: 0.20 M

Exp. I F;xp.2 Exp.3 Overall

pH Fu¿ (nN) Std. dev' Fu¿ (nN) Std. dev. Fo¿ (nN) Std. dev. Fo¿ (nN) Std' dev'

3

4
5

6

7

8

9

10

2r.79
23.15

28.25

19.70

r7.7t
r7.93
t6.64
20.7t

1.58

1.35

r.28
1.50

1.08

t.29
2.16
2.25

2T,IO
23.44
27.18
t9.26
18.68

L7.44
t7.42
20.50

r.44
0.56
1.08

0.79
0.96
0.85

t.49
2.52

2t.44
23.83
27.76
20.26

19.25

18.39

t7.69
20.27

o.97
1.09

1.00

0.99
0.92
0.77
r.79
1.90

2t.44
23.47
27.73
t9.74
18.55

t7.92
r7.25
20.49

r.54
1.18

1.30

r.29
0.98
1.10

r.97
2.38
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