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Abstract

The aim of the present study was to increase the understanding of how the cell surface
properties affect the performance of unit operations used in primary protein
purification. In particular, the purpose was to develop, set up and apply methods for
studies of cell surface properties and cell interactions.

A method for microbial cell surface fingerprinting using surface plasmon resonance
(SPR) is suggested. Four different Escherichia coli strains were used as model cells.
Cell surface fingerprints were generated by registration of the interaction between the
cells and four different surfaces, with different physical and chemical properties,
when a cell suspension was flown over the surface. Significant differences in
fingerprint pattern between some of the strains were observed. The physical properties
of the cell surfaces were determined using microelectrophoresis, contact angle
measurements and aqueous two-phase partitioning and were compared with the SPR
fingerprints. The generated cell surface fingerprints and the physical property data
were evaluated with multivariate data analysis that showed that the cells were
separated into individual groups in a similar way using principal component analysis
plots (PCA).

Studies of the behaviour of the model cells on stirred cell filtration and in an
interaction test with different expanded bed adsorption (EBA) adsorbents were
performed. It could be concluded that especially one of the strains behaved
differently. Differences in the properties of the model cells were indicated by
microelectrophoresis and aqueous two-phase partitioning which to some extent
correlated with observed differences in behaviour during filtration and in an
interaction test with EBA adsorbents.

The impact of high-pressure homogenisation of E. coli cell extract was examined,
with a lab scale and a pilot scale technique. The DNA-fragmentation, visualised with
agarose gel electrophoresis, and the resulting change in viscosity was analysed. A
short homogenisation time resulted in increased viscosity of the process solution that
correlated with increased concentration of released non-fragmented DNA. With
longer homogenisation time the viscosity decreased with increasing degree of DNA-
fragmentation.

The results show that strain dependant cell surface properties of E. coli may have an
impact on several primary steps in downstream processing.

Keywords: Downstream processing, cell surface properties, surface plasmon
resonance, contact angle measurements, microelectrophoresis, aqueous two-phase
partitioning, filtration, EBA adsorbents, high-pressure homogenisation
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Sammanfattning

Målet med denna studie var att öka förståelsen för hur cellytors egenskaper påverkar
funktionen hos enhetsoperationer använda i primär proteinrening. Mer specifikt var
syftet att utveckla och tillämpa metoder för att studera egenskaper hos cellytor samt
deras interaktion med andra ytor.

En SPR-baserad (surface plasmon resonance) metod föreslås för karakterisering av
mikroorganismer. Fyra olika stammar av Escherichia coli användes som modellceller.
Cellkarakteristik genererades genom att registrera interaktionen mellan cellerna och
fyra olika ytor, med olika fysikaliska och kemiska egenskaper, då en cellsuspension
flödades över ytan. Signifikanta skillnader i cellkarakteristik mellan vissa av
stammarna kunde observeras. De fysikaliska egenskaperna hos cellytorna undersöktes
också med mikroelektrofores, kontaktvinkelmätningar och fördelning i vattenbaserade
tvåfassystem och jämfördes med den SPR-baserade cellkarateristiken med hjälp av
multivariat dataanalys. Principalkomponentanalys av SPR-data respektive av data från
de fysikaliska metoderna separerade stammarna från varandra på ett likartat sätt.

Modellcellernas beteende vid filtrering och deras interaktion med olika adsorbenter
för EBA-kromatografi (expanded bed adsorption) studerades. Det kunde konstateras
att särskilt en av stammarna betedde sig annorlunda. Skillnader i cellernas egenskaper
undersöktes med mikroelektrofores och genom fördelning i vattenbaserade
tvåfassystem viket i viss utsträckning korrelerade med beteendet under filtreringen
och med graden av interaktion med EBA-media.

Inverkan av högtryckshomogenisering på en E. coli suspension studerades med en
labskale- och en pilotskalemetod. DNA-fragmenteringen, visualiserad med
agarorgelelektrofores, och den resulterande förändringen i viskositet analyserades.
Det kunde konstateras att en kort tid av homogenisering resulterade i ökad viskositet
hos processvätskan vilket korrelerade med ökad halt av frisläppt ickefragmenterat
DNA. Med längre tids homogenisering minskade viskositeten med ökande grad av
DNA-fragmentering.

Resultaten visar att stamspecifika cellytsegenskaper hos E. coli kan ha en inverkan på
flera primärreningssteg i bioprocesser.
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1 Aim of the study

In the development of downstream processes, or improvements of existing ones, the

equipment and separation media are important parameters. However, less focus has

been on how the cell surface properties and cell stability affects the performance of

the unit operations. An increased understanding of the interaction between cells and

the separation media and how this affects the performance of the unit operations in

primary protein purification could be one of the key issues for providing integrated

upstream-downstream process solutions. Thus, the purpose of the present study was to

increase the understanding of how the cell surface properties affects the performance

of unit operations used in primary protein purification. In particular, the purpose was

to develop, set up and apply methods for studies of cell surface properties and cell

interactions.
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2 Introduction

Man has utilized biotechnology for several thousand years without knowing that

microbes and enzymes are responsible for the reactions, or not even knowing the

existence of microbes and enzymes. The discovery of microorganisms was linked to

the invention of the microscope in the late 17:th century. Prokaryotic cells were for

the first time observed by Antoni van Leeuwenhoek in 1684 (Madigan et al., 2000).

Until around 1850, particularly through discoveries by Louis Pasteur, the use of

biotechnology was completely based on experience. This original experience based

biotechnology mostly concerned processing of food with examples like wine and

bear, bread, cheese and other dairy products. Also fermentation of meat and

vegetables, e.g. sausages and pickles, has a long history and was originally developed

as a preservation technique besides e.g. salting and drying.

In the latter half of the 19:th century the newly evolved science of microbiology made

it possible to use specific microorganisms to produce certain chemicals like ethanol,

acetone, acetic acid, butanol and citric acid. In the 1940s a new era in the

biotechnological industry started when complicated organic molecules, like antibiotics

and enzymes, became possible to produce (Enfors and Häggström, 2000). The

importance of penicillin, discovered by Alexander Fleming in 1929, and other

antibiotics for human health during the second part of the 20:th century cannot be

exaggerated.

By the 1970s, the knowledge about bacterial physiology, biochemistry and genetics

had raised to a level that made it possible to manipulate and transfer genetic material,

genetic engineering. This led to a new era of biotechnology with products like human

growth hormone, insulin and other heterologous, i.e. foreign for the production host,

proteins (Watson et al., 1992).

The main applications for this kind of products are as pharmaceuticals, diagnostics,

genetic engineering and for promotion of agricultural production (Enfors and

Häggström, 2000). There is a great potential for the products and their contribution to

the mentioned application areas is expected to increase (Walsh and Headon, 1994).

Many traditional biotechnological processes are also improved by genetic



3

engineering, enzyme production is one of them. Enzymes, i.e. biological catalysts, are

proteins and are important in many areas both as the final product and as a tool in

industrial production. The largest group of industrial enzymes is proteases, which

stands for about 60% of the market and hydrolyse specific peptide bonds of proteins.

Proteases are used in such different areas as in detergents, in food processing and in

leather treatment (Gerhartz, 1990).

Another new technology in this area is genetically modified crops for improved

agricultural efficiency, for more environmentally friendly production and for added

nutritional values in the food products. Transgenic animals and genetically

transformed plants are other new concepts for production of recombinant proteins and

other pharmaceuticals (Kalyanpur, 2002). Not only red biotechnology (medical

applications) and green biotechnology (agro-food applications) is expected to increase

in importance. An area that can be expected to grow with increased oil prices is white

biotechnology (industrial applications) when petrochemical products are replaced by

biotechnologically produced products based on renewable resources.

2.1 Industrial protein production

A process for protein production consists of cultivation, performed in a number of up-

scaling steps, and downstream processing. There are three main categories of

cultivation techniques. The simplest is the batch process where, with some exceptions,

all substrate components are present and in excess initially. It is simple and easy to

implement but high cell densities cannot be achieved due to limiting factors.

A continuous process is fed with medium in the same rate as the culture is withdrawn

from the bioreactor, the volume is thus kept constant. Continuous processes can be

useful tools for physiological studies but are genetically unstable and are not to a great

extent used in industrial processes.

In fed-batch processes one substrate component, usually the carbon source, is fed to

the bioreactor at a rate that make its concentration growth rate limiting, thus, the

growth rate is controlled by the feed rate. Limitations like oxygen, mass and heat

transfer can then be avoided as can by-product production due to overflow
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metabolism. With fed-batch processes it is therefore possible to achieve high cell

densities and high productivity. Achievable cell densities for E. coli processes could

be up to 100 grams per litre (dry weight).

A growth medium must contain all components that are required for cell growth and

in addition to that it must be composed to give a suitable pH, buffer capacity and ionic

strength. Since the pH often is influenced during the cultivation acid or base usually is

fed to the bioreactor. Sometimes also additional salt solutions and anti-foaming

chemicals are added during cultivation. A medium that only contains a minimum of

the components that are required is called a minimal medium while a medium where

one or more components are in abundance is called a rich medium. In a defined

medium the chemical composition is known exactly. A complex medium partly

consists of raw materials that cannot be exactly chemically defined e.g. agricultural

by-products, yeast extract (lysed dried yeast cells) or blood serum.

The overall goal of downstream processing is to separate the target protein from cells,

media, other proteins, catabolites and impurities and to achieve the desired purity and

the desired form of the product. When the application of the product is as a

pharmaceutical the purity and safety demands can be extremely high. An important

demand is also to achieve a desired overall yield. There is always a compromise

between high yield and high purity. With increasing purity requirements the

achievable yield is decreasing and vice versa.

What complicates the procedure is the highly complex biological process stream and

that the protein product often is sensitive to heat and harsh chemicals. The product is

also often present in quite low concentrations. In intracellular protein production a

theoretical (since it is captured inside the cells and not actually present in the solution)

product concentration at cell harvest of 2-3 grams per litre is regarded as high.

Intracellular production also means that the cells have to be disrupted in order to

recover the target protein. The cell disruption will also result in release of other

proteins than the product, of DNA and of other cell components, which further will

complicate the process. The downstream processing often consists of several unit

operations, which can be categorized by their purpose, i.e. primary purification, high-

resolution purification and product formulation.
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2.2 Composition and diversity of Escherichia coli and its

outer membrane

There is a wide range of production hosts for biotechnological products, in addition to

many bacteria also different kinds of yeasts, moulds and animal cells are used. A

production host that has become very widely used is the enteric rod-shaped, about 1

times 2 µm, gram-negative bacterium Escherichia coli, which is more studied than

any other bacterial species. Advantages of E. coli as a production host are the big

genetic knowledge basis, the well established and relatively simple fermentation

technology and its rapid growth and high productivity (Walsh and Headon, 1994).

These factors also make E. coli economically attractive for industrial processes.

Disadvantages are its endotoxin production, that the product sometimes is in form of

inclusion bodies and that it is not able to perform posttranslational modifications of

proteins (Walsh and Headon, 1994).

A bacterial cell consists of a cell wall and a cytoplasmic membrane surrounding the

cytoplasm where the most important ingredients are ribosomes and the chromosome.

Sometimes some extra chromosomal DNA is also present usually arranged in circular

plasmids, which in biotechnology have an important function as bearers of genetic

information (Madigan et al., 2000). An important component of the cell wall is

peptidoglycan, which provides mechanical strength and consists of sugar derivatives;

linked by glycan chains to sheets, and a group of amino acids, which forms cross-

links that connect the glycan chains. In Gram-positive bacteria the peptidoglycan

layer is thick and is the dominant component of the cell wall. Another important

component is negatively charged teichoic acids, partially responsible for the negative

charge of the cell surface as a whole (Hancock, 1991).

Gram-negative bacteria (see figure 1) has a much thinner peptidoglycan layer but has

in addition an outer membrane which composition is thought to be of major

importance for the cell surface properties (Hancock, 1991). The outer membrane is

highly organized and consists of a bilayer of phospholipids and lipopolysaccharides

(LPS) with porin protein channels. Proteins, many of them lipoproteins, make up

about half the weight of the outer membrane. The outer membrane LPS chains make
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the cell extremely hydrophilic but proteins outside the LPS in some cases makes the

surface very hydrophobic (Hancock, 1991; Madigan et al., 2000).

Figure 1. Schematic illustration of the cell membrane of a Gram-negative bacteria.

The diversity of bacteria, one of the three domains of life, is enormous. 14 bacterial

divisions are known but the real number is perhaps 50 or more (Madigan et al., 2000).

The specie of E. coli belongs the genera of Escherichia, which is a part of the family

of Enterobacteriaceae, which in turn belongs to the Proteobacteria (Madigan et al.,

2000). Traditionally bacteriologists have relied upon morphological features and some

metabolic properties to classify bacteria. Partly this also reflects the evolutionary

relationships but since genetic methods have become available it is obvious that the

previous classification not always is optimal. At present both genetic and nongenetic

characteristics are used for classification (Madigan et al., 2000). What makes it more

complicated is the natural transfer of genetic material both within and between

bacterial species. It is also so that because of large population sizes and short

generation time’s evolutionary changes in bacteria can be very rapid.

A countless number of clones or strains of E. coli have been isolated and genetically

modified and their properties can sometimes differ significantly. Sometimes a single

knocked-out gene is the only difference between two strains. The genome of E. coli

K-12 was the first to be completely sequenced; now also the genomes of some other

strains are. Many different E. coli strains are used as production hosts. Examples of
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host strains from which they are derived are E. coli K-12, B and ML. There can be

considerable differences in surface structure between different strains. E.g., it is

known that K12 mutants completely lack the hydrophilic O antigen (Nikaido, 1996).

It has also been suggested that plasmid-encoded products can modify the surface

hydrophobicity (LaMarca et al., 1990).

2.3 Primary purification in downstream processing

Downstream processing is an important and sometimes critical part of bioprocesses,

especially primary purification where complex process streams with cells and debris

still present are handled. The presence of cells and cell membranes can have a great

impact on the performance of many of the unit operations following the cultivation

step. Fouling of filtration membranes (Reis and Zydney, 2001) and adsorption to solid

surfaces e.g. chromatography beads (Fernández-Lahore et al., 2000) have been

documented. The properties of a cell suspension are in addition to concentration and

the buffer that the cells are dissolved in, i.e. pH and ionic strength, dependant on the

cell surface properties. It is known that the growth environment, growth rate and

growth phase of the cells influences the regulatory mechanism determining cell

surface properties (Gilbert et al., 1991). It is also known that there can be considerable

differences in the cell surface properties between different bacteria and also between

strains of the same specie (Mei et al., 1998; Nikaido, 1996). The properties of the cell

homogenate can also be influenced by these factors as well as of the homogenisation

procedure.

The primary purification is the first step after the cultivation and deals with the

complex process liquid with cells present and is often a bottleneck in the downstream

processing, especially when going to larger scale and high cell densities. The product

can sometimes be expressed extracellulary, e.g. in mammalian cell cultures. The cells

should then carefully, in order to avoid contamination by intracellular proteins, be

removed before further purification (Kalyanpur, 2002). This will not be further

described here.

When the product is expressed intracellulary, as it normally is regarding E. coli, the

first step is often to separate the cells from most of the broth that contain salts,
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catabolites, impurities and more that can be a problem in the following purification.

Volume reduction is usually also a result and purpose of this solid-liquid separation

that usually is called cell harvest.

2.3.1 Centrifugation

A method that is traditionally widely used for solid-liquid separation is centrifugation.

Disk stack and decanter centrifugal separators can both be used in a continuous mode

to separate cells from liquid (Gerhartz, 1990). Cell harvest is the most important

application of centrifugation in biotechnology but centrifugation is also applied in e.g.

dewatering, liquid-liquid extraction and precipitate recovery.

2.3.2 Filtration

The other method of choice for cell harvesting is filtration. Filtration is used in many

different applications for solid-liquid separation and there are several different types.

In the traditional dead-end filtration the liquid flow is perpendicular to the membrane.

In the now very widely used cross-flow (or tangential-flow) filtration (Kalyanpur,

2002; Kroner et al., 1984) the input stream flows parallel to the filter area and thus

prevents the accumulation of a filter cake and hence an increased resistance to

filtration (see figure 2).

Figure 2. Schematic illustration of the principle of cross-flow filtration.

With this technique it is also possible to wash the cells via diafiltration where addition

of a buffer during filtration keeps the volume of the re-circulated material constant.

The filtering is usually performed using microporous membranes with pore sizes

around 0.2 µm (Reis and Zydney, 2001). Selection of membrane, feed and permeate
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flow rates and transmembrane pressure is critical and the process is greatly affected

by the properties of the culture broth and the cells. Hydrophobic chemicals added

during the cultivation to prevent foaming can be of considerable concern during

filtration in causing flux drop (Kalyanpur, 2002; Kroner et al., 1984). There are not

many studies of membrane fouling coupled to bacterial material in the literature.

However, the importance of the extracellular matrix in resistance during

microfiltration of bacteria has been emphasised (Hodgson et al., 1993; Li et al., 2003).

After the solid-liquid separation dilution to a desired concentration in a controlled

buffer solution can be made.

2.3.3 Cell disruption

The next step in the primary purification is cell disruption in order to get the product

into the solution. The most widely used technique is mechanical disruption with high-

pressure homogenisation where the cell suspension is pumped through a

homogenizing valve at a pressure of 50-150 MPa (Engler, 1990; Middelberg, 2000)

and the cells are disrupted by shearing forces. Another mechanical method is the

bead-mill where glass balls of 0.2-1 mm are used to break the cells (Gerhartz, 1990).

Enzymatic cell lysis with lysozyme and chemical permeabilization seems to be

promising alternatives with an advantage of less contamination of proteins, nucleic

acids and cell debris (Asenjo and Andrews, 1990; Naglak et al., 1990). Other

techniques are thermal cell disruption that can be an alternative if the product is less

heat sensitive, drying (Gerhartz, 1990) and freezing/thawing (Benov and Al-

Ibraheem, 2002). In laboratory scale sonication (Benov and Al-Ibraheem, 2002) is

another alternative.

2.3.4 Clarification

The protein product is now released from the cells and the next step will be

clarification. Usually the clarification method is either centrifugation (Axelsson,

1999) or tangential flow filtration with a small pore sized microfilter, e.g. 0.2 µm, or

an ultrafiltration membrane with even smaller pore sizes (Kalyanpur, 2002).
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The characteristics of the process streams in microfiltration have been described by

Belfort et al. (1994). Salts and small organic molecules like sugars, peptides, amino

acids and alcohols are characterized by very high osmotic pressures and mutual

diffusion coefficients (Belfort et al., 1994). Intermediate size solutes at high

concentrations, e.g. proteins, can also exert relatively high osmotic pressures.

Deposition and adsorption of crystallized salts, precipitated proteins and

polyelectrolytes can occur inside a microporous membrane and thus reduce the

permeation flux (Belfort et al., 1994). The presence of suspended colloids and

particles affects the flow properties and changes the viscosity (Belfort et al., 1994). It

has been shown that the method of homogenisation and how it is performed has a

considerable impact on the viscosity of the process solution and the performance of

centrifugation and filtration in the clarification step (Agerkvist and Enfors, 1990;

Mosqueira et al., 1981; Quirk and Woodrow, 1984).

2.3.5 Further processing

The particulate free process stream will then be further treated to obtain the desired

product purity. This treatment often consists of several steps including ultrafiltration,

nanofiltration, that is, reverse osmosis, and different chromatography methods. These

methods are ion exchange chromatography, hydrophobic chromatography, affinity

chromatography and size exclusion chromatography (Kalyanpur, 2002). The high-

resolution purification and the following treatment will not be further described here.

2.3.6 Alternative approaches and techniques

There are alternative approaches to the description above with techniques like

precipitation (Glatz, 1990) and flocculation (Agerkvist et al., 1990; Wang et al.,

1979). The principle of precipitation is simply to convert solutes to solids by adding

precipitants with suitable properties so that they selectively make either the product or

impurities insoluble. The precipitate can then be removed by some solid/liquid

separation step, e.g. filtration. Flocculation can be applied on whole cells, cell debris

and soluble proteins. With flocculating agents extended bridges can be formed

between particles and thereby form open aggregates, flocs.
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Methods have been developed that combines e.g. clarification and protein purification

and thereby reduces the total number of process steps and increase the overall yield.

Examples of such methods or unit operations are expanded bed adsorption (EBA)

(Chase, 1994; Hjorth, 1997) and extraction in aqueous two-phase systems (Hustedt et

al., 1985; Kula, 1990). Extraction in aqueous two-phase systems (see figure 3) builds

on the principle that biomolecules, cellular particles or impurities with different

surface properties will partition differently between two immiscible aqueous polymer

phases. The polymers can be chosen and the system designed so that the separation

can be based on size, charge, hydrophobicity or biospecific recognition. The partition

coefficient K is defined as the concentration in the top phase CT divided with the

concentration in the bottom phase CB, thus K = CT / CB. The principles of aqueous

two-phase systems are further described in section 2.4 where it is presented as an

analytical method.

Figure 3. Schematic illustration of the principle of aqueous two-phase partitioning (in lab scale). In the
left test tube the cells (or particles) mainly partition to the top phase of the two-phase system. In the
right test tube the cells mainly partition to the bottom phase and the interface due to different properties
of the cells and/or the aqueous polymer system.

2.3.7 Expanded bed adsorption

Expanded bed adsorption (EBA) is a quite newly introduced chromatographic method

that is developed from the common chemical engineering method fluidised bed. EBA

enables isolation of the product directly from a cell suspension or cell homogenate

and thus combines clarification, concentration and initial protein purification in one

single step (Hjorth, 1997; Lihme et al., 2000). Thus, the technique has great potential

to reduce the number of unit operations and thereby increase yield and save both time

and costs. In contrast to traditional chromatographic techniques the adsorbent in EBA

is, as the name indicates, expanded by an upward flow of liquid during loading of the

material (see figure 4). This is what makes it possible for crude material to pass

through the column without clogging. Elution is preferably performed in packed bed

mode since it will reduce the volume of eluent used and result in a higher

Top phase

Bottom phase

Interface
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concentration of the eluted product (Chase, 1994). The column and the high-density

adsorbent media, the gel matrix, are designed to avoid turbulence and back mixing.

The adsorbent particles or beads must have significantly higher density than the raw

material to avoid that they follow the column effluent (Lihme et al., 2000). Some

adsorbents with high protein-binding capacity are based on agarose-quartz, which are

also stable at high pH, which is necessary for cleaning (Hjorth, 1997). The most

common purification principle used in EBA processes is ion-exchange

chromatography.

Figure 4. Schematic illustration of the principle of the
chromatographic technique expanded bed adsorption (EBA).

It is known that the efficiency of EBA processes is influenced by the degree of cell-

adsorbent interactions. The properties of the adsorbents as well as of the cell or cell

debris is here of course of major importance. A correlation between cell-adsorbent

interaction, bed stability and adsorption performance has been reported (Fernández-

Lahore et al., 2000). Several have reported that adsorption of cells and cell debris,

binding of nucleic acids and the degree of viscosity of the process liquid affects the

stability of the fluidisation and the efficiency of the process (Barnfield-Frej et al.,

1994; Feuser et al., 1999a; Feuser et al., 1999b). The zeta potential of the biomass and

the adsorbents have shown to be an important factor for characterising their

electrostatic interactions and has been suggested as a tool for designing EBA

processes (Lin et al., 2003).
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2.4 Methods for cell surface characterization

Several methods for physical characterisation of microbial cell surfaces are known

from the literature and the following review of methods does not claim to be complete

but lists the most renowned. The methods can be divided into charge dependant and

hydrophobicity dependant methods. Added to these categories is also aqueous two-

phase partitioning that is dependant on both charge and hydrophobicity, to what extent

the partitioning depends on the respective properties can be influenced by the choice

of system.

2.4.1 Methods for charge measurements

There are attractive van der Waals forces between particles in a liquid, which causes

aggregation and flocculation. Two mechanisms counteract this process, electrostatic

and steric stabilization. The first is due to the particles charge, which will cause a

repulsive force between the particles and if it is high enough it can prevent

flocculation. The other one is surface coating, usually achieved by adding polymers,

which prevent the particles to come so close that flocculation can occur.

A charged particle in an ionic medium will attract ions with the opposite charge,

which will form a strongly bound layer on the surface of the particle. Outside this

strongly bound layer a loosely bound diffuse layer of ions is formed. Within this

diffuse layer is a notional boundary. The potential at this boundary is known as the

zeta potential and the plane at this boundary is called the hydrodynamic shear (see

figure 5). The magnitude of the zeta potential depends on the nature of both the

particles surface and the dispersant (James, 1991).
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Figure 5. Schematic illustration of the zeta potential.

Microelectrophoresis

The principle of the method is to measure the rate of migration of cells or other

particles in a known electric field. This can give a value of the zeta potential. The

method is capable of providing quantitative information about the electrochemical

structure of the cell surface. The conventional equipment uses direct microscopic

observation and manual measurement of the mobility. However, there are now

automated systems that make the results more accurate and the analysis faster. There

are some advantages with the conventional system though; among them that one can

ensure that the measurements are made on cells and not on debris or other particles.

One commercial available instrument is the automated Malvern Zetasizer. It consists

of a quartz capillary cell with electrodes at either end. An electric field is applied and

crossed focused laser beams illuminate the sample in a crossing point. Particles will

move towards the electrode of opposite charge and the velocity will be settled by the

magnitude of the charge. The particles in the crossing point scatter light that fluctuates

with a frequency proportional to their velocity – the Doppler shift. The frequency is

measured and from this the velocity is calculated. Dividing with the applied field

derives the electrophoretic mobility and the zeta potential is then calculated using

Henrys equation, which after an approximation applicable on aqueous solutions and

moderate ionic strengths equals the electrophoretic mobility with the zeta potential

times the dielectric constant divided with the viscosity (James, 1991). There are

several examples in the literature on zetapotential measurements of microbial cells

(Bruinsma et al., 2001; Burks et al., 2002; Li and McLandsborough, 1999).
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Colloid titration method

A polyelectrolyte cation of known concentration is mixed with a known amount of

cells, which are heated to 60° C. The polymer cation will bind to the negative groups

of the cell surface. The polyelectrolyte, that is, that part that is not bound to the cells,

is then titrated against a polyelectrolyte anion. From this the polyelectrolyte binding

capacity can be determined. This is repeated for different pH-values. The pH-value at

which no cations are bound to the cells is called the isoelectric point although this

value is the same as the true isoelectric point, that is, when the electrophoretic

mobility is zero, only if the cations are bound stoichiometrically to the negative

charges and exclusively by electrostatic forces. Some problems connected with this

method are that it is difficult to find the endpoint of the titration when the cells are

present, that heat treatment can affect the properties of the cells, that some

polyelectrolyte may enter the cells, and that all charged sites on the cells may not be

bounded, especially if the distribution of charges are not uniform (James, 1991).

Isoelectric focusing of cells

Cells are allowed to migrate in an electric field and a pH-gradient. The cell will

migrate to the point where the pH-value is the same as the isoelectric point for the

cell. At this point the cell net surface charge is zero and therefore the cell will stop

migrating. The method is separating in respect of the isoelectric point only. Specific

chemical treatment of the cells before using the method allows characterization of

surface groups. The isoelectric point obtained by this method is often much higher

than the value obtained by electrophoretic studies. The reason is that isoelectric

focusing can detect groups lying deeper in the membrane that do not affect the

electrokinetic properties of the cell. Advantages of this method are the availability of

commercial equipment and that it is easy to handle. The main disadvantage is that

adsorption of ampholytes can occur which affects the result (James, 1991).

Ion-exchange chromatography

Cells affinity for ion-exchange resins will depend on their surface charge. The affinity

will increase with the charge. Negatively charged cells can be separated by increased

concentrations of sodium chloride in the elute. To avoid separation in respect of size it
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is important that the resin particles are not too small. The method is useful for

separating cells in respect of charge on a relative basis (James, 1991). Arvidsson et al.

has used chromatography on E. coli. They used supermacroporous matrices and

different ligands and could conclude that it was an attractive tool for manipulating

microbial cells chromatographically (Arvidsson et al., 2002).

2.4.2 Methods for hydrophobicity measurements

A surface is hydrophobic when a water droplet does not spread and hydrophilic when

it does. Even particles and cells can be hydrophobic or hydrophilic, or actually their

surface. That means that they repel or attract water molecules respectively. However,

the property of a cell for instance is not just either hydrophobic or hydrophilic but

something on a scale in between, it has a hydrophobicity, sometimes also called

hydropathy (Mei et al., 1991).

Contact angle measurements

This method is often used to get an indication of the hydrofobicity of solid surfaces

(see figure 6). The best result is obtained with smooth and homogenous surfaces,

something that is obviously not the case for cells. A layer of cells is usually produced

on agar or on a membrane filter in order to get as uniform a surface as possible.

Bacterial lawns on a membrane filter is produced by applying a negative pressure and

slowly deposit about 50 layers of cells which are suspended in water. Needed for

measuring is a micro-syringe to apply the droplets and viewing optics with some type

of measuring equipment. There are different ways to measure the contact angle. One

is a so-called goniometer, which is slow and observer dependent. If the droplets are

assumed to be spherical, the contact angle could be calculated from information about

height and base width. This is also slow but not that observer dependent. Much faster

is to use an automated, real-time image analysis system. Since the result of the

measurement is depending on the dryness the drying time should be taken in

consideration. A common problem is that the droplet spreads quite fast after it has

been positioned. Reasons can be too short drying time or that the number of cells is

too low. One cannot measure the contact angle immediately either, since it takes 5 –7

seconds before getting to the equilibrium. (Mei et al., 1991) Several examples of

contact angle measurements on various microbial strains can be found in the literature
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(Bruinsma et al., 2001; Burks et al., 2002; Harkes et al., 1992; Mei et al., 1998; Reid

et al., 1996). Usually a combination of polar and apolar liquids are used for the

measurement. The most common are water, formamide, methyleneiodide and α-

bromonaphtalene (Mei et al., 1998). Glycerol (Simonsson et al., 1991) and n-propanol

mixtures (Busscher et al., 1984) have also been used. With contact angle data

generated with at least two polar and one apolar liquid and data of the liquids

respective surface free energy components (γLW and γAB) and electron-donating (γ-)

and electron-accepting (γ+) parameters it is possible to calculate the corresponding

values for the actual microbial strain (Mei et al., 1998). With the calculated values of

the strains surface free energy components and electron-donating and electron-

accepting parameters it is in turn possible to calculate the free energy (∆G) of

aggregation of the organism in water (Mei et al., 1998). Hydrophilic cell surfaces will

generate a positive ∆G and hydrophobic cell surfaces, i.e. the cells will tend to

aggregate when present in a water suspension, will generate a negative ∆G (Mei et al.,

1998). Thus, the free energy of aggregation can be used as a measure of microbial cell

surface hydrophobicity.

Figure 6. Schematic illustration of the method with contact angle measurements.

Adhesion to hydrocarbons

Bacterial (microbial) adhesion to hydrocarbons (BATH) (or MATH) is a fast method

to get a screening of the relative hydrophobicity. The method is based on the

partitioning of cells in the interface of a biphasic hydrocarbon-aqueous system. The

so-called BATH test could be described as follows. An aqueous suspension of cells is

mixed with a liquid hydrocarbon in a glass test tube and the phases are then allowed

to separate. Hydrophobic cells will be bound to hydrocarbon droplets so the upper

phase will consist of cell-coated droplets of hydrocarbon. If the light absorption of the

aqueous phase is examined before and after the procedure and is compared to a
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Liquid drop
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control solution one can calculate the percentage of cells that binds to the hydrocarbon

which is a measure of the hydrofobicity of the cells. Bioluminescence can be used as

an alternative to optical density. Modifications of the buffers ionic strength,

composition and pH have been done in order to improve the test. A modified version

of the test where parameters like mixing time and volume ratios have been varied and

taken in consideration (Mei et al., 1991). Busscher, van der Belt-Gritter and van der

Mei concluded that a MATH test should not be considered as a method to determine

microbial cell surface hydrophobicity since the outcome of the test will reflect a

complicated interplay of electrostatic interactions and the relative magnitudes of van

der Waals and various short-range forces operating (Busscher et al., 1995; Mei et al.,

1995). There are examples in the literature of the BATH applied on some E. coli

strains (Li and McLandsborough, 1999).

Hydrophobic interaction chromatography (HIC-column)

Columns with Sepharose beads are here used to investigate the hydrophobicity of

cells. The Sepharose is made hydrophobic by covalent binding of a hydrophobic

ligand like octyl- or phenyl residues and will then bind hydrophobic cells with respect

to their hydrophobicity. A buffer with the cell suspended is applied to the columns.

Columns with unsubstituted Sepharose, that is, Sepharose that is not made

hydrophobic is used as a control. The cell concentration in the buffer/cell suspension

and in the elute is measured. The result can be presented as the hydrophobic index,

HI, defined as the percentage of cells eluted from the control columns (control eluted)

minus the percentage of the cells eluted from the hydrophobic columns (octyl eluted)

divided with control eluted.

HI = (control eluted – octyl eluted) / control eluted

Hydrophobic strains obviously gets a HI value close to one and hydrophilic strains

close to zero. Pasteur pipettes can be used as columns. The results are very much

dependant on the type and concentration of salt, temperature, pH and the properties of

the hydrophobic ligand (Mei et al., 1991).

Salt aggregation test

Hydrophobic cells aggregate generally at lower salt concentration than hydrophilic

cells and this phenomenon is used in this test. A small volume of a bacterial solution
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is mixed with an equal volume of a solution of ammonium salt (sulphate for instance)

in sodium phosphate buffer on a microscope glass slide. A set of different

concentrations of the ammonium sulphate is used for this purpose. The minimal salt

concentration that yields a visible aggregation is determined by comparing with a

slide prepared in the same way using pure phosphate buffer. Factors that have a great

impact on the result are the cell density, type of ammonium salt, pH, temperature and

duration of mixing. (Mei et al., 1991)

2.4.3 Aqueous two-phase partitioning

An aqueous two-phase system is formed when two water-soluble polymers are mixed

above a critical concentration. The systems are characterised by a water concentration

about 85-90%. Partitioning in aqueous two-phase systems is a method for separating

and characterising particles with respect to surface properties. Also molecules can be

separated with this method (Albertsson, 1986). See also section 2.3.6 and figure 3.

Partitioning of particles in general

The polymers could be either charged or uncharged. Both polymers could have the

same charge or opposite charge or one polymer could be charged while the other is

uncharged. For some systems phase separation does not occur. If phase separation

occurs two different phenomena could be observed. The two polymers (at least the

main part) are collected in different phases or the two polymers are collected in the

same phase while the other phase consists almost entirely of solvent. The phase

separation is very much dependent on pH and salt concentration if one polymer or

both are charged. However, if both polymers are uncharged, the phase separation

occurs independently of pH and salt concentration. (Albertsson, 1986)

The partition between the phases depends on the molecular weight and chemical

properties of the polymers used in the phase forming system and the size and

chemical properties of the partitioned particles. It is mainly the groups on the surfaces,

which come in contact with the phase components, that affect the partition and

therefore this is a surface dependant phenomenon. Ions of a salt have different affinity

for the two phases and therefore an electrical potential difference will establish
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between the phases. This has a great impact on the partition of charged particles.

(Albertsson, 1986)

The fact that many factors affect the partition makes it possible to use the method for

separations in respect to several different properties by modifying the system. The

following are some of the properties of the particles surface that could be used to

separate them (Albertsson, 1986):

- Surface area (size of particle)

- Charge

- Hydrophobicity

- Affinity (to specific ligands that can be bound to the polymers)

When particles with equal properties are added to a system of polymers, which is first

mixed and then is let to phase separate the particles will distribute between the two

phases and the interface. If there is no adsorption at the interface the tendency for the

particles to collect in one phase increases with the size of the particles. If there is

adsorption at the interface the tendency to attach to the interface will increase with the

size of the particles, the interfacial tension of the system and the concentration of the

polymers. The effect of reducing the molecular weight of one polymer is that the

particles have more affinity to the phase rich in that polymer.

Partitioning of cells

An example of a system of polymers is polyethylene glycol (PEG) and dextran.

Dextran is a class of polysaccharides consisting of partly branched polyglucosechains.

It can be formed by different bacteria and is commercially derived from strains of

Leuconostoc mesenteroides. It is uncharged and water-soluble. PEG is also an

uncharged and water-soluble polymer that consists of the monomer ethylene oxide

from which it is manufactured by polymerisation. When mixing these two polymers

above a critical concentration a top phase and a bottom phase enriched in PEG and

dextran, respectively, will be formed. This system has been used for several studies of

cells (Albertsson, 1986).
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Experiments have shown that variation in the quantity of cells in a system generally

does not affect the distribution behaviour in the system. Other experiments have also

shown that variation of the ratio between the volumes of the top and bottom phases

neither affect the distribution behaviour. This is a quite surprising fact since it for

soluble substances does affect the distribution (Albertsson, 1986).

The most widely used system contains typically 5% (w/w) PEG 4000 or 6000 (i.e. an

average molecular weight of 4000 or 6000 grams per mole) and 5% dextran T500 (i.e.

an average molecular weight of 500 000 grams per mole). Inorganic salt ions often

partition unevenly in the system and could therefore cause a difference in electrostatic

potential between the two phases. A way to reduce this phenomenon is to increase the

ionic strength by addition of more salt. Sodium chloride has been used for this

purpose (Magnusson and Stendahl, 1985) but potassium sulphate is probably a better

choice since it tends to partition more evenly in the system (Johansson, 1974). In this

way an almost electroneutral system can be created. This system separates particularly

on the basis of van der Waals interactions, that is, hydrophobic properties. The use of

hydrophobic PEG-ligands facilitates the study of the hydrophobic properties.

Positively charged bistrimethylamino-PEG and negatively charged bissulfo-PEG are

useful for studying the role of surface charge in the distribution (Magnusson and

Stendahl, 1985). The isoelectric point of the cells can be determined by using two

systems with different types of salt and varying the pH. When plotting the partition

coefficient against pH the curves for the two systems will cross at the isoelectric point

of the cells (Albertsson, 1986).

The distribution could be determined in several ways (Magnusson and Stendahl,

1985):

- Particle counting

- Turbidity measured by a spectrophotometer

- Radiolabelled bacteria

- Biological effects – e.g. viable count on agar plates

- Enzyme- or radio-linked immunosorbent assays (ELISA or RIA)

- Biochemical identification – e.g. protein or DNA content
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The surface charge of cells is related to the number of anionic and cationic groups on

the surface while the hydrophobicity is relative to the number of hydrophobic amino

acids, lipid material or other hydrophobic domains. (Magnusson and Stendahl, 1985)

One example of where aqueous two-phase partitioning has been used for

characterisation of cell surfaces is a comparison between smooth (S) and rough (R)

Salmonella typhimurium bacteria where differences in charge density and

hydrophobicity were concluded (Magnusson et al., 1977; Stendahl et al., 1977). The

differences between the cells have been confirmed by electrophoresis (Stendahl et al.,

1977) and by contact angle measurements (Cunningham et al., 1975).

In a study of three different E. coli strains and three corresponding recombinant

strains of the same host, containing specific plasmids, it was shown that host cells and

its corresponding recombinant types can behave differently in an aqueous two-phase

systems and thus have different surface properties. It was suggested that plasmid-

encoded products might modify the surface hydrophobicity of the E. coli cell

(LaMarca et al., 1990).

2.5 Surface plasmon resonance

A type of biosensors, to which Biacore belongs, is based on a phenomenon called

surface plasmon resonance (SPR). Incident light will be totally reflected up to a

certain angle since the refractive index is lower on the other side of the interface.

Although no light, and thus no energy, is lost to the medium on the other side of the

interface, there is a leak of electrical field intensity called the evanescent field wave.

If the surface is coated with a thin layer of gold the p-polarized part of the wave will

penetrate the layer and may excite electromagnetic so called surface plasmon waves.

For a constant wavelength of the light the excitation will occur only at a specific angle

of incidence, the SPR-angle. Since the excitation involves absorption of energy the

phenomenon causes a dip in the intensity of the reflected light. The SPR is dependent

on the refractive index of the medium that the evanescent wave penetrates, i.e., the

material that is in contact with the surface of the interface. (Biacore AB, 2001)
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The principle of the Biacore system has been described in detail (Jönsson et al., 1991),

only a brief description will follow here (see figure 7). A gold covered and modified

surface is mounted on a plastic carrier and when placed in the instrument four

different flow cells are formed. Through a microfluidic system a buffer solution is

flown continuously over the sensor surface in each flow cell. Samples are injected and

introduced as plug-flows in the buffer stream. Biomolecules or particles in the sample

are thus able to interact with the gold-coated modified surface. The other side of the

interface is illuminated with monochromatic light. The refractive index at the surface

is related to the mass of the bounded material. Changes in the mass will thus change

the SPR-angle, i.e., the angle of incidence that results in the drop in intensity of the

reflected light. The angle is monitored as a change in the detector position for the

reflected light intensity dip. The SPR-angle is monitored as a function of time and

represents changes in the mass of the bounded material in real time. The graph is

called a sensorgram and the intensity is expressed in resonance units. (Biacore AB,

2001)

Figure 7. Schematic illustration of the principle of the Biacore.

The method is used for analysis of specificity, concentrations, kinetics and affinity. It

has mostly been used for biomolecules, especially proteins. There are also examples

in the literature of studies with whole cells. Binding interaction studies of antibodies

(Medina et al., 1997) and collagen (Medina, 2001) to immobilized E. coli are

examples where whole cells have been used as ligand on sensor chip surfaces in

Biacore. Other examples are Staphylococcus (Holmes et al., 1997) and red blood cells

(Quinn et al., 2000) that have been used as interacting particles in Biacore analysis.

Flow of buffer
and sample
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3 Present investigation

3.1 Strains and cultivation

For the fingerprint method four E. coli strains were used as model cells and the data

presented is based on these. Three of them were K12 strains; MC4100 (Casadaban,

1976), AF1000 that is a MC4100 relA+ derivative (Sandén et al., 2003) and RV308

(Maurer et al., 1980). In addition to this an E. coli ML3 mutant (Kaback, 1971) was

used, ML308. Cultivations were performed in shake flasks with a salt medium with

glycerol as carbon source supplemented with trace elements. The cells were harvested

by centrifugation at an OD600 value between 2 and 4 and, in case of freezing, re-

suspended in a glycerol solution before freezing. Detailed descriptions are found in

paper I and II.

For the homogenisation experiments the wild-type E. coli K12 strain W3110

(ATCC27325) cultivated with fed-batch technique to an OD600 value between 100 and

130 was used. A more detailed description is found in paper III.

3.2 Development of a method for cell surface fingerprinting

with surface plasmon resonance (paper I)

To examine if it is possible to use surface plasmon resonance for E. coli cell surface

fingerprinting a BiacoreTM 2000 system was used. In addition, measurements with

microelectrophoresis, the contact angle method and aqueous two-phase systems were

performed with the cell samples. In the Biacore 2000 measurements are performed on

specifically designed Sensor Chip surfaces grafted with specific ligands. In the

experiments presented here adsorption to four Sensor Chip surfaces (Sensor Chip L1,

C1, CM5 and HPA) were studied. The surfaces differ with respect to properties like

charge and charge density, polarity and surface topography (see figure 8). A more

detailed description is found in paper I.
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Figure 8. Schematic illustration of Sensor Chip surfaces. a) Sensor Chip CM5 has a backbone of
unbranched 500 kD dextran chains with carboxylic groups attached along the chains. Each dextran
chain contains about 2800 glucose units and the chain extension is about 100 nm at physiological
conditions. b) Sensor Chip C1 has no dextran chains, with carboxyl groups attached to the surface. c)
Sensor Chip L1 has dextran chains as Sensor Chip CM5, with both carboxylic and alkyl groups
attached along the chains. d) Sensor Chip HPA has no dextran chains, with alkanthiols grafted to the
surface.

The cell samples, in volumes of 5 µl were injected to the system after a cleaning

procedure. The injections were repeated three times and the samples, i.e. strains, were

injected on individual flow channels. The running buffers used were 10 mM sodium

phosphate, pH 6.4, 7.4 and 8.4 with and without addition of 100 mM sodium chloride

and designated as high salt and low salt, respectively. The experimental procedure is

described in detail in paper I.

Figure 9 shows a typical example of a Biacore sensorgram generated from a cell

sample when flowing over a sensor chip surface. The response value, expressed in

resonance units (RU), is drastically increased when the sample plug flow is introduced

due to the change in refractive index in the sample bulk solution compared to the

buffer. Thereafter the signal increases at a slower rate as material is bound to the

Sensor Chip surface, the association phase. When the sample plug flow has passed the

Sensor Chip surface the response value is decreased rapidly to a relatively stable level

that is the dissociation phase. During this phase the response value is slowly

decreased as material bound to the surface is released. Thus, two dissociation report

points D1 and D2 (defined as a certain time period after the sample injection) marked
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in the figure were selected to evaluate the adsorption pattern for the different cells and

to generate cell surface fingerprints. (The difference between D1 and D2 is small

compared to the bulk signal for the chosen response scale in the figure and is therefore

difficult to observe). The D1 and D2 values are given as relative responses, i.e. the

difference between the response value at the indicated point and the response value at

the baseline, i.e. before the sample plug flow.

Figure 9. Schematic illustration of sensorgram with report points
D1 and D2 in the dissociation phase.

The reproducibility of the cell fingerprint method was investigated by several repeated

sample injections on an L1 surface. The procedure and the results are presented in

detail in paper I. It could be concluded that although variations in the results were

observed it was possible to detect significant differences between cells.

During the set up of the cell fingerprint method, also a brief study on the effect of pH

and ionic strength on the relative surface response was performed. In this study the

CM5 and the L1 Sensor Chip surfaces were used together with E. coli ML308. The

results are presented in detail in paper I. ML308 seemed to be generally more

attracted to the lipophilic surface of L1 than to the hydrophilic surface of CM5 since

the responses were higher with L1. Interestingly, the differences were small with the

high ionic strength buffer but very clear with the low ionic strength buffer. If

hydrophobicity would have been the governing parameter for this change in

interaction on the L1 surface, the change should have been the opposite, i.e. the

interaction should have increased with increasing NaCl concentration. Nevertheless,

the ionic strength of the buffer had a larger impact on the interaction compared to pH

in the examined range. Therefore, in order to limit the number of runs, it was decided

to use two buffers with different ionic strength but with the same pH, 7.4, in the

further experiments.
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The concentration dependence of the generated response signal was also investigated.

It was found to be almost linear within the tested range without reaching saturation.

Based on this limited cell concentration study it was decided to use 100 times diluted

glycerol cell stock in the further experiments but to normalise the response values

with respect to the concentration differences between the different cell glycerol

stocks.

After the initial experiments to set up the fingerprint method an application test was

performed on the four E. coli cells in order to test accuracy and reproducibility and to

get data for an evaluation of the correlation with the cell surface properties obtained

with other physical methods (see below).

The cell concentrations in the cell-glycerol stocks used in the cell fingerprint

application test were determined by flow cytometry. The concentration in the different

cell stocks were relatively similar with a variation of about ±10 % around the average

concentration of 10.2 ⋅ 1010 cells/ml for all cells. The measured cell concentrations

were used to normalise the relative response values for a given strain.

The Sensor Chips CM5, L1, C1 and HPA (see figure 8) were used in the application

test. The running buffer, equal to the dilution buffer, was 0.1 M sodium phosphate, pH

7.4, with and without addition of 0.1 M NaCl, respectively. Figure 10 summarises the

Biacore fingerprints for the report points D1 and D2 with the four E. coli strains.
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Figure 10. Biacore fingerprints based on the report points D1 and D2 (see figure 2) of four E. coli
mutants on four different Sensor Chips (see figure 1) with a 10 mM sodium phosphate buffer, pH 7.4,
with 0 M NaCl (-) and 0.1 M NaCl (+) respectively. The fingerprint values are divided with the sample
concentrations (flow cytometry, table 1). The presented average values are based on triplicate
measurements and the error bars represent the standard deviation.

The D1 and D2 report points on all surfaces displayed a response to the change in salt

concentration. Furthermore, it is quite clear that the ML308 strain displayed a

different interaction compared to the K12 mutants on all surfaces except the CM5

chip at high salt concentration. The observed differences in the surface behaviour

between the K12 mutants were less pronounced. The response was higher at high

ionic strength for all K12 mutants while the pattern was the opposite for ML308. The

exception to this pattern is the CM5 chip for which all mutants got lower values at the

higher ionic strength, thus, the same trend was here observed for the ML308 and the

K12 mutants. Although the response signals of the CM5 and the C1 surfaces (the

surfaces with exposed charge residues) were similar for all strains at low salt

concentration and also the lowest observed, the ML308 strain with a weakly positive

net charge (see below) gave a slightly higher response value compared to the K12

mutants. However, at high salt the signal was drastically increased for the K12

mutants but only for the C1 surface. The less hydrophilic character of this surface

lacking the charged dextran matrix compared to CM5 might explain this. At low salt
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concentration both the L1 and HPA surfaces with their exposed alkyl residues on the

surface displayed a higher relative response for all strains compared to CM5 and C1,

still with the highest values for ML308. At high salt concentration on L1 and HPA a

similar behaviour as on the C1 surface was observed, i.e. an increased response was

measured for the K12 mutants. The highest response values at high salt concentration

were obtained for the K12 mutants at the C1 and HPA surfaces, i.e. the surfaces

lacking the charged dextran matrix. The differences in surface topography could also

have an impact on the size of the relative response values since the SPR signal is

decreasing exponentially with the distance from the gold surface. Thus, it was

difficult to distinguish one effect from another among the factors contributing to the

observed relative response values. However, although the standard deviations were in

some cases relatively high, especially when using the high ionic strength buffer,

significant differences in cell response patterns were observed on some of the

surfaces. For details, see paper I. A comparison and interpretation of the fingerprint

data (figure 10) as well as the correlation with physical property data from the other

methods (see below) will be further discussed.

3.2.1 Physical property methods

To understand more about which properties are reflected when cells are contacted

with the four Sensor Chip surfaces the physical properties of the cell surfaces were

also collected with common methods used for cell surface characterisation:

Microelectrophoresis (zeta potential determination), contact angle measurements and

aqueous two-phase partitioning.

The zeta potential of the cells was measured with microelectrophoresis at pH 7.4. For

details, see paper I. The three K12 mutants had quite similar zeta potentials, i.e.

between –35 to –40 mV. ML308 on the other hand was found to be completely

different with a slightly positive value. This means that the three K12 mutants are

carrying negative net surface charge while the ML mutant has a weak positive net

charge.

Contact angle measurements were performed using diiodomethane, formamide and

water, see paper I. Although quite big variations were obtained within repeated
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samples there were significant differences between some of the strains. Especially, the

difference between the genetically very closely related MC4100 and AF1000 were

striking. In fact MC4100 is the strain that stands out as being the most different

compared to the other three. This is in contrast to the results obtained with

microelectrophoresis, aqueous two-phase partitioning (see below) and the fingerprint

method.

From the contact angle data it is possible to calculate the free energy of aggregation in

water (see above in section 2.3.2). Using average values of the measured contact

angles, the following values of free energy (mJ/m2) in decreasing order of surface

hydrophobicity were obtained: MC4100 (0.1), RV308 (13.0), ML308 (31.2), AF1000

(32.2).

Aqueous two-phase partitioning was performed in two PEG-dextran systems with and

without addition of NaCl, see paper I. Figure 11 presents the distribution of biomass

recovery in the PEG-rich top and dextran-rich bottom phases and the interface. The

differences in partition behaviour between the strains were small when using the

system with low ionic strength but were very clear with the high ionic strength

system. ML308 stands out as most different from the other ones. This result agrees

with what was previously found when the partition behaviour of three different K12

mutants was compared with E. coli ML3081 (Albertsson and Baird, 1962). Both ML

mutants, ML308 and ML3081, remained in the PEG-rich top phase when NaCl was

added to the PEG and dextran aqueous two-phase system, while the K12 mutants

partitioned to the bottom phase and interface in different proportions. The partitioning

behaviour of the cell is dependent on the overall surface properties including charge

and hydrophobicity. The PEG-rich top phase is more hydrophobic compared to the

dextran-rich bottom phase (Albertsson, 1986). In the low ionic strength system the top

phase has a positive electrical potential relative to the bottom phase caused by the

different affinities of the salt ions for the phases. In the high ionic strength system the

situation is the opposite, i.e. the top phase is negative relative to the bottom phase

(Johansson, 1974). Thus, qualitatively the partitioning behaviour of the K12 mutants

carrying net negative surface charge (as seen with microelectrophoresis) could be

explained by the difference in charge properties of the two-phase systems. However,

for the ML mutant with a net surface charge close to zero it is not that clear. It is
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known that when the ionic strength is increased the charge dependency is reduced and

the partitioning should become more dependent on the hydrofobicity (Magnusson and

Stendahl, 1985). Therefore, one interpretation could be that ML308 has a more

hydrophobic surface character compared to the K12 cells. However, the picture

becomes more complex when comparing with the cell fingerprint pattern (figure 10).

The different interaction pattern that was shown by ML308 compared to the K12

mutants does not in a simple way support the assumption that the surface of the

former should be more hydrophobic. On all the Biacore surfaces containing

hydrophobic properties (L1, C1, HPA) the interaction of all K12 mutants increased

with increasing NaCl concentration, while the opposite was observed for ML308. In

addition, the theoretical model applied on the contact angle data did not suggest

ML308 as the most hydrophobic cell, but rather the opposite. Thus, the factor

governing the partition behaviour of E. coli ML308 in the aqueous two-phase system

might be the lack of net surface charge and not hydrophobicity primarily.
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Figure 11. Aqueous two-phase partitioning in PEG-dextran systems with and without 0.1 M NaCl
respectively. The data is presented as relative biomass recovery in the phases and the interface.
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3.2.2 Multivariate data analysis

To further evaluate the Biacore fingerprint patterns for the different strains and

compare these with data from the physical property measurements multivariate data

analysis was applied, see paper I for details. The multivariate data analysis evaluation

of the Biacore data is based on the dissociation points D1 and D2.

Figure 12. PCA score plots of principal component 1 and 2 based on physical methods data (A) and
Biacore data (B), respectively. The percentage of the variation within each principal component is
stated on the axes. In the Biacore PCA score plot both the D1 and D2 report points are marked (B).
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Two Principal Component Analysis (PCA) models were applied. The first model is

based on all data from the physical data (scaled to unit variance) and the second

model is based on all data obtained from the Biacore measurements (scaled to unit

variance). Figure 12A and 12B show the resulting score plots and allows for a

grouping of the four different strains based on the variance of the data in the physical

and the Biacore measurements, respectively. The PCA plot from Biacore data (figure

12B) shows a separation of the strains regarding the Biacore response points D1 and

D2 (thus in total 8 score values), in contrast to figure 12A, where a grouping of the

strains is based on the responses of the different strains to the physical measurements.

Additional measurements of one of the strains (ML308) for reproducibility control

(see paper I) are also included (thus resulting in 5 score values). Only the first two

principal components of each PCA model are shown, which are, based on cross-

validation, significant. It is most interesting to observe that both models separate

ML308 (which is the only non-K12 strain) along the 1st component axis. In addition,

the K12 mutants AF1000, MC4100 and RV308 are grouped along the 2nd component

axis in both models. The grouping of the K12 mutants, however, differs between the

Biacore model and the physical data model: in the Biacore plot (figure 12B), the

mutants MC4100 and RV308 are grouped together, in the physical data plot (figure

12A), RV308 and AF1000 are grouped closer together. As MC4100 is a relA mutant

of AF1000 one might expect that they should be grouped together on a score plot.

However, since the Biacore measurements and the physical methods are not based on

exactly the same measurement principles, a different separation of the various strains

in the two models is not surprising. In addition, this indicated that the surfaces of the

related mutants MC4100 and AF1000 actually are different. The relA gene has an

important function in the stringent response and a mutation in the relA gene indirectly

affects the biosynthesis of fatty acids and phospholipids in E. coli (Cronan and Rock,

1996; Seyfzadeh et al., 1993; Shokri et al., ). Since these compounds are important

components of the E. coli outer membrane it is most likely that a relA mutation also

affects the cell surface properties. Still, one can conclude from figure 12 that both the

physical methods and the Biacore method could be used to qualitatively separate

different E. coli mutants into individual groups.
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3.3 Correlation between cell surface characterisation

methods and the performance in primary purification

operations (paper II)

This work was a first attempt to evaluate the SPR cell fingerprinting as a tool to

predict the performance of unit operations in the primary recovery of proteins. In

addition, the cell surface properties were probed by partitioning in aqueous two-phase

systems and by z-potential measurements. Also filtration characteristics of an

ultrafiltration (UF) membrane and the cell interaction with expanded bed adsorption

(EBA) media were investigated. The same four E. coli strains as in the previous work

(3.2, paper I) were used. For a detailed experimental description see paper II.

3.3.1 Zeta potential

In figure 13 the zeta potentials of the bacterial strains in the pH-range 4.4 to 8.4 and

the conductivity range 1.4-2.8 mS/cm, are presented (see also paper II). The zeta

potentials of the three K12-strains, which had a similar pattern, were highest at the

lowest pH, 4.4, and declined with increasing pH up to pH 7.4. Further increase of pH

to 8.4 did not change the zeta potential significantly. The zeta potential of RV308

were at all pH-values slightly higher than that of the two genetically closely related

AF1000 and MC4100 whose values were very similar. The trend of the zeta potential

data also indicated that the pI- values of the K12-strains were between pH 3 and 4.

This compares well with the pI-value measured of an E. coli (strain not given) in a

biomass-EBA interaction study focused on electrostatic properties and zeta potential

measurements (Lin et al., 2003). The zeta potential of ML308 at pH 4.4 was slightly

positive, around 4mV, and only a very minor decrease in the values was observed

with increasing pH. The zeta potential at pH 8.4 was still slightly positive. This means

that the K12 strains were carrying a negative surface net charge and ML308 had a

small positive net charge. The differences in electrostatic properties between the K12-

mutants and ML308 strain must be related to a significant difference in the chemical

architecture of the surfaces.



35

-50.00

-40.00

-30.00

-20.00

-10.00

0.00

10.00

3 4 5 6 7 8 9

pH

Z
et

a 
p
o
te

n
ti
al

 (
m

V
)

ML308 MC4100 AF1000 RV308

Figure 13. Zeta potential data presented as average values and standard deviations based on 5 repeated
measurements on each E. coli strain at the pH-values [conductivities (mS/cm)] 4.4 [1.4], 5.4 [1.8] in 10
mM Na-acetate buffer, and 6.4 [2.1], 7.4 [2.6], 8.4 [2.8] in 10 mM sodium phosphate buffer
supplemented with 10 mM NaCl.

3.3.2 Aqueous two-phase partitioning

The results of the aqueous two-phase partitioning experiments are shown in figure 14,

and are presented in detail in paper II. The results were similar to previous

measurements on different cultivation batches (paper I) See also figure 11 in section

3.2.1. ML308 partitioned in a similar way at the two ionic strengths tested while the

K12 strains all changed partition behaviour when the ionic strength was increased.

MC4100 and AF1000 behaved very similar while RV308 differed somewhat from

them. The surface properties are directly reflected by the partitioning behaviour of the

cell particles (Albertsson, 1986). Thus, the ML308 strain differs significantly from the

other strains in surface properties. The genetically closely related MC4100 and

AF1000 seem to be closely related with respect to the surface properties while RV308

is slightly different. Thus, it seems like the partition and the zeta potential data

qualitatively support each other in the way that they rank the relative relations

between the cells.
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Figure 14. Aqueous two-phase partitioning data of four E. coli strains presented as average values (of
duplicate measurements) of biomass recovery in the top phase, bottom phase and the interface. The
error bars indicate the highest and the lowest values in the duplicate measurements. The partitioning
was performed in PEG-dextran systems buffered to pH 7.4 with and without addition of 100 mM NaCl
respectively.

3.3.3 SPR cell surface fingerprint method

The cell surface fingerprint method was applied in the way that has been described

above (section 3.1 and paper I) with four Sensor Chip surfaces and the values were

normalised with the sample concentration measured with flow cytometry as

previously (see further in paper II). The data is presented in detail in paper II (figure

3). The variations within some of the samples are quite high which affects the

accuracy of the evaluation. However, the generated cell fingerprints were evaluated

with multivariate data analysis and the resulting PCA-score plot is shown in figure

15A.

The different strains were separated from each other into individual groups. In

addition, when this data set is compared with a previous analysis of the same strains

from separate cultivations (paper I) shown in figure 15B, there seem to be both

similarities and differences. Again the PCA model separated the K12 strains mainly

along the 2nd component axis, but in a different order. Another difference is that

previously some of the K12-strains were grouped together. The ML308 was separated

along the 1st component axis as previously but now in the opposite direction. The

explanation of the significance of this change of the PCA-plots is not known, i.e. if it

reflects a real change in surface properties of one or more cells or inaccuracy of the

method.
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Figure 15. PCA score plots of principal component 1 and 2 based Biacore data. The percentage of the
variation within each principal component is stated on the axes. Both D1 and D2 report points are
marked. A: entirely based on data from this study (paper II) B: entirely based on data from a previous
study (paper I). C: based on data from paper II (AF1000, MC4100 and RV308) together with data from
paper I (ML308).
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However, a closer comparison of the cell surface fingerprint generated in this work

(paper II) and the one in the previous work (paper I) revealed that while the K12-

strains showed similar patterns in both, ML308 clearly showed a changed pattern. The

effect of this was tested in a PCA model where the older ML308 fingerprint data was

evaluated together with the fingerprint data for the K12 strains generated in this work

(paper II). The resulting PCA score plot (figure 15C) now shows a separation of the

strains that is more similar to the one obtained for the data in the previous work (paper

II). This might support the assumption that the change in the PCA score plot is caused

mainly by an altered ML308 surface.

3.3.4 Stirred cell filtration

The filtration experiments were performed in batch with a small-scale stirred cell

filtration unit, which imitates continuous cross-flow filtration by creating a high

tangential flow at the filter surface (see figure 16).

Figure 16. Schematic illustration of the lab scale technique stirred cell filtration.

The results of stirred cell filtration experiments with the four different E. coli strains

are presented in figure 17A as flux values obtained at the different pH and salt

concentration conditions (see also paper II for more details). A 3-fold difference was

obtained between the highest and lowest flux-values with significant differences

between the four strains. At all conditions tested MC4100 showed the highest flux

followed by AF1000, ML308 and finally RV308 that had the lowest value. That

ML308 with a slightly positive zeta-potential has lower flux compared to MC4100

and AF1000 with negative zeta-potentials (figure 13) might partly be explained by the

fact that the poly(ethersulfone) UF membrane is weakly negatively charged
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(according to the manufacturer). However, that RV308 with a similar zeta-potential as

the two other K12-strains gave the lowest flux-value shows that also other surface

properties are involved in governing the filtration behaviour. All strains had their

highest fluxes at solvent conditions pH 7.4 and low salt concentration. A clear trend is

that the flux-values decreased for almost all strains when the salt concentration was

raised. The only exception is ML308 at pH 6.4 where no significant flux alteration

was observed. For MC4100 and AF1000 no significant or a very small change in flux

with respect to change in pH were measured at both salt concentrations. However, for

RV308 a drop in flux was observed when the pH was lowered (at both low and high

salt concentration). Interestingly, for ML308 at high salt conditions the flux increased

with decreasing pH.
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Qualitatively there is a correlation between the relative fluxes (figure 17A) and the

aqueous two-phase partitioning data (figure 14) for the different cells. The strains

changing their partitioning to the bottom phase when increasing the ionic strength of

the system also results in a decrease of the flux in the filtration experiments when the

salt concentration of the buffer is increased. Especially the MC4100 and AF1000

behave almost in the same way, but also RV308 is more similar to the two other K12

strains than to ML308 (figure 17B). However, for the absolute flux values it is more

difficult to make a conclusion. Although the SPR and aqueous two-phase partitioning

methods were able to probe differences between the strains it is not easily correlated

with the obtained flux-values.

3.3.5 EBA adsorbent interaction test

When EBA chromatography is used as a primary purification operation it is essential

that the cells do not adsorbs to the separation medium. Interaction studies between six

Streamline adsorbents and four freshly prepared E. coli strains were performed as test

tube experiments. The EBA adsorbents and the experimental conditions are shown in

table 1. The recovery of E. coli cells in the process liquid after removal of the

separation medium was determined. For a detailed experimental description and data

presentation, see paper II. The biomass recoveries for two of the adsorbents are shown

in figure 18. Biomass recoveries of 80% or above were assumed to indicate low to

zero attractive interaction. Biomass recoveries below 80% were assumed to indicate a

higher degree of attractive interaction.

Table 1. EBA absorbents and conditions tested, with and without addition of 100 mM NaCl.

Adsorbent type Buffer pH interval
Streamline DEAE (anion) 10mM Na-phosphate 6.4 – 8.4
Streamline Q XL (anion) 10mM Na-phosphate 6.4 - 8.4
Streamline SP (cation) 10mM Na-acetate

10mM Na-phosphate
4.4 – 5.4
6.4

Streamline Quartz Base Matrix 10mM Na-acetate
10mM Na-phosphate

4.4 – 5.4
6.4 – 8.4

Streamline Direct HST  (multi modal) 10mM Na-acetate
10mM Na-phosphate

4.4 – 5.4
6.4

Streamline A800 Base Matrix 10mM Na-acetate
10mM Na-phosphate

4.4 – 5.4
6.4 – 8.4

The two Streamline Quartz and Streamline A800 base matrixes (data not shown), the

cation exchanger Streamline SP (paper II) and the multi-modal cation exchanger
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Streamline Direct HST (paper II) did not interact with any of the E. coli cells at any of

the tested solvent conditions. The same behaviour was observed for the anion

exchanger Streamline DEAE in the presence of 100 mM NaCl (figure 18A).

However, without NaCl in the buffer the adsorbent did interact with all three K12-

strains but not with ML308 (figure 18A). The decrease in interaction at higher pH

values is probably an effect of the DEAE anion exchanger losing some of its positive

charge at high pH. The anion exchanger Streamline Q XL showed a strong attractive

interaction with the E. coli cells (figure 18B), the only exception being ML308 in the

presence of salt. RV308 interacted most with the adsorbent, closely followed by

MC4100 and AF1000. The presence of salt decreases the interaction with the cells

somewhat, but it is still strong (ML308 excepted).
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Qualitatively the adsorption behaviour of the cells can be understood from the charge

properties of the cells and chromatography media. The K12-strains with their negative

surface net charge showed attractive interaction with anion exchangers while ML308

with a small positive surface net charge did not. Interestingly, the ML308 strain did

not show any significant adsorption to the cation exchangers either. Thus, it seems

like zeta potential measurements of cell particles is a useful and maybe even a

sufficient tool to predict interactions between ion-exchange chromatography media

and cells or cell homogenate besides the test tube batch adsorption studies (Lin et al.,

2003). Although both cell surface fingerprinting and aqueous two-phase partitioning

separates the strains with respect to their surface properties, this data is not yet easily

correlated to the chromatography media adsorption pattern. Multivariate data analysis

of the physical property data would have facilitated the evaluation but the amount of

data was insufficient for principal component analysis.
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3.4  Effect of homogenisation on DNA size and viscosity

(paper III)

In this study the impact of high-pressure homogenisation on an E. coli cell suspension

was studied with a lab scale (French Press, below designated FP) and a pilot scale

(High-pressure homogeniser, below designated HPH) technique. The change of cell

suspension viscosity and protein release was measured and the DNA-fragmentation

was visualised with agarose gel electrophoresis. A cell suspension, dry weight 44 g/l,

of a wild-type E. coli strain, W3110 (ATCC27325) was used. Both techniques were

applied at 400 and 800 bars pressure respectively. Samples were collected after 1 and

two cycles (FP) and after certain non-discrete numbers of passes (HPH). For further

details, see paper III.

Figure 19 shows the viscosity at different shear rates of samples homogenized one or

two times in the French press (FP) at 400 and 800 bars, respectively. Highest viscosity

was obtained after homogenisation one time at 400 bar. The viscosity profile of this

sample exhibited typical non-Newtonian visco-elastic properties with declining

viscosity at increasing shear rate. That is what can be expected of solutions of non-

fragmented DNA (Goodman et al., 2002).
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Figure 19. Viscosity of samples homogenized 1 and 2 times respectively in a lab scale high-pressure
homogeniser, French Press (FP) at 800 and 400 bar respectively. For comparison data for a non-
homogenized cell suspension is included.
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After an additional pass through the French press, the viscosity declined and the

visco-elastic properties were less well pronounced. Corresponding analyses of

disintegrate produced at 800 bar showed that the viscosity was lower and also here a

second pass reduced the viscosity and the visco-elastic behaviour. For comparison

data for a non-homogenized cell suspension is included. This suspension had a lower

viscosity and exhibited Newtonian properties.

When the homogenisation was performed with the pilot-scale high-pressure

homogeniser (HPH) the effects of increased passes and pressure were less

pronounced. At 400 bar (figure 20), a weak visco-elastic tendency was observed but

the viscosity (at 1000 s-1) initially increased slightly with increasing homogenisation

time. At 800 bar (figure 20) very small differences in viscosity were observed in the

homogenisation time interval 2-8 min, corresponding to average number of passes

equal to 1.2 – 4.9 passes.
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Figure 20. Viscosity of samples homogenized in 1, 3, 5 and 7 min respectively in a pilot scale high-
pressure homogeniser (HPH) at 400 bar.
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Figure 21. Viscosity of samples homogenized in 2, 4, 6 and 8 min respectively in a pilot scale high-
pressure homogeniser (HPH) at 800 bar.

The viscosity differences may depend on both the disintegration efficiency, i.e.

concentration of DNA and on DNA fragmentation induced by mechanical forces.

Therefore both the protein concentration and the DNA size were analysed during the

homogenisation processes. The disintegration efficiency was analysed both with a

simple estimate using spectrophotometry at 280 nm (A280) and with chemical protein

analysis according to Bradford (Bradford, 1976).

The protein release kinetics is shown in Figure 22, which contains both the simpler

A280 measurement and the total protein concentration according to Bradford. Both

measurements are normalised to the highest values observed, which were obtained in

the sample homogenised twice with the French press which yielded A280 = 107 and

21.2 g/L. Homogenisation with the HPH at 400 bar shows a typical gradual protein

release approaching a maximum with about 85% yield (according to A280) after 13

min, corresponding to 11.1 passes. When the higher pressure, 800 bar, was used about

76% yield (according to A280) was obtained already after 2 min (1.2 passes) and this

increased to 87% after 4 min (2.4 passes). Further homogenisation up to 10 min did

not result in higher protein yield. In the HPH at 800 bar the maximum release was

reached after approximately 2.5 passes while 7.5 passes were needed at 400 bar. Thus,

these results agree with the theory that the cell breakage and protein release is a

function of the pressure and number of passes (Middelberg, 1995).
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Figure 22. Protein concentration (normalised values) expressed as the absorbance at 280 nm and as
mg/l according to Bradford. Samples homogenized at 400 and 800 bar, for indicated times or number
of cycles, from pilot scale (HPH) and lab scale (FP) high-pressure homogeniser respectively.

Comparison of the A280 data with the total protein analysis shows that the simpler A280

measurement seems to give the same information on the disintegration kinetics as the

total protein analysis.

Table 2 illustrates a comparison of the protein release data in figure 22 with the

viscosity data (at 979 s-1) in figure 19-21. It reveals different rheological responses to

homogenisation in the French press and in the HPH. In the French press the viscosity

declined with increased degree of homogenisation, while in the HPH at 400 bar the

viscosity first increased with increasing degree of homogenisation, but declined when

the homogenisation time was extended above 5 min. At the higher pressure, 800 bar,

the viscosity decreased from 2 to 4 min homogenisation but then remained

approximately constant in the interval 4-8 min. When comparing the viscosity

changes with the relative protein release it is observed that as long as the normalised

protein concentration was less than about 75 % the viscosity increased with increased

degree of homogenisation, but when the homogenisation treatment was extended
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further the viscosity declined. However, a constant minimum viscosity was reached in

the 800 bar HPH at homogenisation time of 4 min. A plausible explanation is that first

the viscosity increases due to increased release of DNA but this reaction is balanced

by a mechanical fragmentation of the DNA that results in declining viscosity if the

mechanical treatment is extended.

Table 2. Viscosity at shear rate 979 s-1 and normalised values of the absorbance at 280
nm of homogenised samples.

Sample Viscosity (mPa*s) Absorbance 280 nm
at shear rate 979 s-1 (normalised values)

FP 800 bar, 1 cycle 3.27 84.30
FP 800 bar, 2 cycles 2.91 100.00
FP 400 bar, 1 cycle 3.64 63.19
FP 400 bar, 2 cycles 2.91 80.95
HPH 400 bar, 1 min 2.45 45.32
HPH 400 bar, 3 min 2.54 60.16
HPH 400 bar, 5 min 2.73 70.04
HPH 400 bar, 7 min 2.64 76.68
HPH 800 bar, 2 min 2.54 75.71
HPH 800 bar, 4 min 2.36 86.92
HPH 800 bar, 6 min 2.36 86.40
HPH 800 bar, 8 min 2.36 88.35

To investigate if the viscosity declination correlated with changes in the DNA size

distribution, agarose gel electrophoresis was performed with samples from the HPH

and the French press homogenisation (figure 23). The samples were RNase treated

prior to analysis in order to degrade the RNA. The DNA size seems to be very widely

distributed and 1 pass French press homogenisation initially resulted in a majority of

the DNA in the range of 10 000 bp. After 2 passes most of this large-size DNA had

disappeared, probably due to fragmentation to smaller molecules. Analysis of the

DNA size during the 400 HPH homogenisation showed a transient accumulation of

DNA with size in the range 1500-5000 bp with a maximum after 5 min. This band

almost disappeared after 9 min homogenisation (average 7.4 passes). Corresponding

analysis of cells homogenised with the HPH at 800 bar revealed a similar pattern with

transient accumulation of DNA with a somewhat smaller size that appeared already

after 4 min (average 2.4 passes). These data support the hypothesis that the declining

viscosity after extended mechanical treatment is caused my mechanical fragmentation

of DNA to shorter molecules with lower viscosity. Similar DNA fragmentation was

observed when Bacillus cereus cells were disintegrated with ultrasonication (Gabig-
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Ciminska et al., 2005), but in that case the size distribution of the DNA was narrower

than observed with HPH disintegration of E. coli.
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Figure 23. Agarose gel electrophoresis. Samples homogenised at 400 and 800 bar, for indicated times
or number of cycles, from pilot scale (HPH) and lab scale (FP) high-pressure homogeniser respectively.
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However, after 2 cycles in the FP the intensity was decreased very much for both

pressures indicating a large degree of DNA fragmentation. The staining intensity after

2 cycles are less than the intensity of the last HPH samples at both pressures. An

explanation for this difference between the HPH and FP could be that in the HPH

process the pressure was reduced in two stages (750 + 50 bar) compared to the FP

process where it was released in one step.  It has previously been shown that a two

stage HPH reduces viscosity more than a one stage HPH (Datar and Rosén, 1987).

It was shown that the HPH process was very effective in breaking the E. coli cells and

releasing its protein content and at the same time keeping the viscosity of the process

liquid low. However, the measured viscosity-shear rate profiles were significantly

lower than described by others using the same type of HPH-processes (Agerkvist and

Enfors, 1990; Datar and Rosén, 1987). One explanation could be that the experiments

(Agerkvist and Enfors, 1990) were performed on a cell suspension that had been

stored frozen prior to the experiment. Also in the other work (Datar and Rosén, 1987)

much higher viscosities were recorded. However, here it was not stated if the E. coli

cells had been stored frozen. This indicates that freeze storage could have an impact

on the HPH cell breakage process and thereby the process liquid conditions.

A brief study was made with long-time (about two years) freeze-stored E. coli cells. It

indicated much higher viscosity values with a non-Newtonian behaviour after one

cycle in the FP at 400 bar (data not shown) that could support the hypothesis of the

influence of freeze/thawing. However, when the homogenisation experiments were

repeated with cells where the freezing and thawing procedures were carefully

controlled (the cell suspension was spread out to give a layer between 0.5 and 1 cm

thick allowing for rapid freezing followed by storage at - 20°C for 5 days) no

significant differences in viscosity profiles were observed compared to the presented

data on fresh cells. Thus, more experiments have to be performed in order to clarify

how, and to what extent, freeze-storage affects the viscosity of E. coli process

solutions and, if it does, which factors that are responsible for this phenomenon.
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4 Concluding remarks

The present study shows, that there are considerable differences in surface properties

between different E. coli strains and that these differences may influence the

performance of primary protein purification operations.

In this study the SPR technique has been used in a novel way as an E. coli surface

fingerprint method. When E. coli cells were flown over four different Sensor Chip

surfaces cell surface fingerprints were generated based on individual differences in

surface properties. In addition, multivariate data analysis of the fingerprint results

separated different E. coli strains into individual groups. Furthermore, the strains were

separated in a similar way when applied on physical property data obtained with other

methods that showed that the four Biacore Sensor Chip surfaces qualitatively were

able to probe similar properties as the physical property methods. A fingerprint

method as suggested may be a useful tool for design and control of primary

purification in bioprocesses. A first application of the fingerprint method

demonstrated differences between E. coli strains with respect to their flux behaviour

in stirred cell UF and their interaction with different EBA media. The interaction

between E. coli cells and ion exchange based EBA-media could qualitatively be

explained by electrostatics. The UF process seemed to be much more complex with

respect to the cell - surface interaction. Thus, more work is needed to be able to

correlate e.g. cell flux properties with a surface characterisation method like SPR cell

fingerprinting or cell aqueous two-phase partitioning.

Initial experiments indicated a correlation between the degree of cell disruption in

high-pressure homogenisation, the release of DNA and the fragmentation of DNA and

thus the viscosity of the process solution, which can affect the performance of the

further process steps.

This work shows that the surface properties of E. coli may vary between strains and

that these properties have effects on the performance of unit operations in primary

protein purification. Thus, there is a need for further development of tools for

predicting feedstock behaviour in down-stream processing.
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