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ABSTRACT.

Mechanical disruption of bacterial suspensions to release soluble protein, also results
in the formation of bio-colloidal material such as cell wall debris, nucleic acids etc.
Its effective removal on an industrial scale (by centrifugation/ filtration), has proved
to be difficult, due to the sub-micron size and colloidal nature of the debris. A
number of downstream processing operations are required to remove these materials,
due to their detrimental affect on high resolution operations. Destabilisation of
homogenates using polymers has proved to be an effective method for selectively
flocculating this material, thus facilitating its removal.
Physico-chemical properties of the cationic polymer polyethyleneimine (PEI) were
studied to determine how these influence flocculation effectiveness and mechanism.
Potentiometric and colloid titrations provided charge density data, whilst dynamic
light scattering and size exclusion chromatography yielded information concerning the
hydrodynamic radii and molecular weight averages for various commercial samples.
From this two grades of PEI (low and high molecular weight), were selected for
further flocculation studies.

Model systems consisting of bentonite, latex or washed cell debris were used to
determine the effect of the flocculation process on the PEI molecular weight
distribution. The charge difference between the polymer and material influenced
which part of the molecular weight distribution was involved in the flocculation
process. Other model systems studied included the interaction of PEI with phosphate,
nucleic acids etc., to examine polymer interaction with homogenate components.

Flocculation of cell debris under a variety of conditions showed that pH and ionic
strength can be used to modulate the flocculation process especially with respect to
soluble protein recovery. Phosphate addition to the polymer, before flocculation,
reduced the charge density and resulted in improved protein recovery at low ionic
strengths. Pre-flocculation of whole cells followed by disruption and re-flocculation,
also resulted in greater protein recovery at lower doses. Determination of protein.

nucleic acid, lipid and cell debris removal across a range of polymer doses enabled
the optimum conditions for protein recovery to be determined. A radiolabelled assay
for PEI was developed to quantify remaining FBI after flocculation; the minimum
residual concentration occurred at the optimum flocculant dose.
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1
1.1

INTRODUCTION.
THE ROLE OF SELECTIVE FLOCCULATION IN DOWNSTREAM
PROCESSING.

The recovery of soluble proteins and enzymes is generally performed by the
sequential application of relatively few procedures which are common to a wide
variety of downstream processing operations. However, variations in the methodology
and process sequence have proved sufficient for the isolation of many proteins and
enzymes to varying degrees of purity; the methods used reflect costs, scale and the
effect of impurities (Bonnerjea et a l, 1986). Initially, the purification sequence will
depend upon the location of the product. If the enzyme or protein is secreted into
the medium, then in many circumstances the removal of microorganisms {eg> by
centrifugation) is sufficient to remove the bulk of the microbial contaminant.
However if the protein is located within the organisms then rupture of the cells will
be necessary; the most common methods involve mechanical disruption, due to cost
considerations and ease of scale-up. Breakage of the cells to release the contents will
produce a biocolloidal suspension containing a substantial fraction of polydisperse
sub-micron particles, as well as releasing the cytoplasmic contents (nucleic acids,
proteases etc.). Microorganisms contain from 1 to 25% nucleic acid on a dry mass
basis (Cordes, 1986) mostly in the form of RNA; lipids constitute approximately 10%
of cells (Milbum et al., 1990). These can cause various problems in bio-processing,
the most common being the increase in viscosity associated with the release of
nucleic acids, and the poor clarification of homogenates by centrifugation due to the
colloidal nature of the cell wall debris, its low density and the low relative centrifugal
forces developed in industrial units. The colloidal size range conventionally covers the
size range 1 nm to 1 pm (Gregory, 1989). This size subjects colloidal particles to
significant diffusion (Brownian motion); interparticle repulsive forces are often
significant and promote stability of the suspension giving rise to slow settling
characteristics.

The enzymes and proteins of interest are generally present as a small fraction of the
total protein. Hence it is essential that the early stages of downstream processing
remove as much contaminants such as nucleic acids, unwanted protein and cell wall
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material as is possible. The objective of the primary recovery stages is to obtain a
well clarified supernatant; the success of these stages will have a direct impact on any
subsequent high resolution stages. Whilst major advances have been made for certain
bioprocessing operations, such as chromatography, comparatively little improvement
has been seen in the early stages of downstream processing, involving cell breakage
and effective cell debris removal, either in technique or equipment.

The conventional separation methods of filtration and centrifugation have given poor
performance in the separation of bio-colloids, since the matter in colloidal
suspensions tends to remain separate and discrete (ie> after collisions due to Brow oian
motion they are repulsed). One practical method of dealing with colloidal
suspensions is to alter their surface chemistry in order to induce coagulation, which
makes the resultant floes easier to separate. The merit of employing polymeric
flocculants is their ability to produce stronger and larger floes than those obtained
with

inorganic

flocculants

(eg:- metal

ions).

Effective

flocculation

using

polyelectrolytes is dependent upon the charge density of the polymer, the surface
charge density of the particles and the pH and ionic strength of the medium. Control
of the morphology of flocculated biological material is essential, since it tends to be
cohesive, which can lead to poor dewatering during processing.

The presence of nucleic acids in homogenates makes the suspension viscous and
hinders further downstream processing operations. Polyethyleneimine

(PEI) has

been shown (Atkinson & Jack, 1973) to be more effective than a range of other
substances (which included streptomycin sulphate, protamine sulphate, quaternary
ammonium compounds and heavy metal ions), for the selective precipitation of
nucleic acids. The extent of precipitation of synthetic mixtures of DNA and RNA was
greatly increased by the presence of added salts and buffers. Synthetic
polyelectrolytes have gained increasing importance in industrial solid-liquid
operations as a replacement for inorganic electrolytes. The polyelectrolytes have
tended to be long chain, high molecular weight, water soluble organic materials.
Their large molecular size and high charge density are important characteristics for
the destabilisation of colloidal suspensions; also they are effective at low
concentrations. In this thesis, the pre-treatment of bacterial cell homogenates with
polymeric materials which cause the selective flocculation of the sub-micron cell
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debris and other contaminants in order to facilitate their removal, will be
investigated. Centrifugation will be used to separate the floes since this method
confers several advantages, including continuous operation and a low sensitivity to
variations in the feed stream and the ability to operate in an aseptic fashion.

1.1.1 DEFINITION OF FLOCCULATION.

The terms ’flocculation*, ’coagulation’ and ’agglomeration’ have no universal
definition, their use depends on the area in which they are used and the supposed
mechanism of action (Gregory, 1989). Here the term ’flocculation’ will refer to the
aggregation of primary particles into larger structures (floes) by the action of
polyelectrolytes.

1.1.2 SELECTIVE FLOCCULATION AND POLYELECTROLYTES.

There are two distinct areas of bioprocessing in which polyethyleneimine (PEI) has
been employed as a selective flocculant. The first is in the selective precipitation of
unwanted bio-colloidal material (cell debris etc.) in order to facilitate in the
clarification of bacterial homogenates. The second area is the co-precipitation of
nucleic acids and the enzymes involved in nucleic acid metabolism eg:- restriction
endonucleases, ligases, polymerases, (Jendrisak, 1987). The advantages of such
coprecipitation are the rapid concentration of certain enzymes whilst the rest of the
protein remains in solution. Elution of the precipitated material under conditions of
increased ionic strength caus^the enzymes to be released, while the PEI and nucleic
acids remain complexed due to stronger ionic interactions. The selectivity of these
purification processes is attained by altering the pH and the choice of buffer
solutions (ionic strength) during the precipitation and the subsequent elution stages
(Jendrisak, 1987). Optimisation of these processes must deal with two conflicting
requirements; the first is that the best precipitation of nucleic acids occurs at low
ionic strengths, whilst optimal DNA dependent RNA polymerase precipitation occurs
at 0.5 M NaCl (Jendrisak, 1987). Salt concentrations in excess of this tend to reduce
the protein precipitation. This implies that agglomeration occurs by charge
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neutralisation with the nucleic acids forming strong precipitation complexes with the
PEI; it has also been suggested that bridging of the nucleic acids (in a depolymerised
state) might contribute to the process by bridging flocculation (Jendrisak, 1987) due
to the extended configuration of the molecules.

The other major use of PEI has been in the selective flocculation of cell debris,
nucleic acids, lipids and unwanted protein material from bacterial homogenates, in
order to facilitate their removal (by centrifugation) and reduce column fouling
(Milbum et a l, 1989; Cordes, 1986; Atkinson & Jack, 1973; Persson, 1987). The
flocculation of nucleic acid material also reduces the solution viscosity and increases
the density difference between the suspension and floe, thus aiding in their recovery
by physical methods. The disadvantages of other precipitating agents such as metal
salts, protamine sulphate and streptomycin sulphate has been their lack of sensitivity
and high degree of protein dénaturation (Atkinson & Jack, 1973).

The formation of the floes is thought to occur in three stages, the first being the
complex formed between the PEI and the bio-colloidal material. The second is the
increase in size brought about by Brownian motion, and finally the agglomeration of
the primary particles leading to the formation of floes. Some studies (Atkinson &
Jack, 1973) have stated that the effectiveness of PEI flocculation was unaffected by
pH in the range 4 to 9 and a salts concentration in the range 1 to 500 mM; whilst
others (Cordes, 1986) have observed a greater degree of flocculation at pH 6
compared to pH 8. A linear relationship between the PEI dosage and the quantity
of bio-colloidal material in suspension was also observed, thus implying that the
mechanism of action was by charge neutralisation (Cordes, 1986).

An extension of the method of selective precipitation has been reported (Milbum et
al., 1990; Persson, 1987) where an additional flocculating agent has been used in
conjunction with PEI, in order to enhance removal cell debris material. The addition
of PEI and chitosan (Persson, 1987) prior to homogenisation, with the addition of
calcium during the flocculation ageing process (at a suitable pH) produced the
highest cell debris removal. The concentration of calcium was found to be critical;
insufficient levels lead to poor flocculation, whilst an excess reduced the product yield
due to less selective flocculation. The antifoam concentration had no significant effect
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on the flocculation process or on product yields. The use of chitosan alone (Persson,
1987) resulted in gelatinous floes which proved to be difficult to recover by
centrifugation in addition to giving reduced product yields. On a pilot scale process
(1000 L fermentation), the combination of PEI and chitosan produced a 10-fold
improvement in cell debris removal compared to unflocculated homogenate at the
same centrifugal throughput.

In another study, PEI and borax (Milbum et al, 1990) were used to remove cell wall
debris, nucleic acids, lipids and high molecular weight proteins from yeast
homogenate. It had already been shown (Bonnerjea et a l, 1986) that borax selectively
complexed with carbohydrate (mannose) material in the cell wall and aided the
removal of most cell debris at low centrifugal forces. The sequential addition of borax
and centrifugation in a scroll decanter centrifuge, followed by PEI and re
centrifugation in a disc-stack centrifuge produced excellent removal of cell wall
debris, nucleic acids and lipids in addition to a 30% removal of soluble proteins.
These proteins were found to be of a high molecular weight and possibly associated
with other material (nucleic acids); however the remaining soluble protein (MW =
26 to 500 kDa) was unaffected by the addition of PEI. The quantity of PEI required
was not significantly altered by the borax pre-treatment, however it was sensitive to
the quantity of bio-colloidal material present.

Cordes (1986,1990) reported the removal of nucleic acids from highly clarified yeast
supernatants focusing on the precipitate size distribution, protein loss and nucleic
acid precipitation. They reported that PEI did not flocculate cell debris although this
is not the experience of many other studies (eg> Milbum et al., 1990). It is possible
that the doses used were insufficient to bring about flocculation; altematively
overdosing would cause restabilisation of the debris. They reported that
coprecipitated protein is predominantly of a large molecular weight and exhibited
both low and high isoelectric points. Optimal nucleic acid removal occurred at doses
of 1.5 to 2 mg PEI per gram yeast, slightly more was removed at lower pHs. Across
the range 60 to 227 g

yeast, nucleic acid and protein removal were independent

of dose when expressed relative to the yeast concentration.

Parker et al (1990) have enhanced the selectivity of the precipitation process by
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cloning )8-galactosidase with an additional amino acid tail consisting of five or eleven
aspartic acid residues. The longer fusion tail could be selectively removed from the
clarified supernatant, however nucleic acids were co-precipitated. Nuclease
pretreatment followed by precipitation gave over a five-fold enrichment. The native
enzyme was poorly precipitated by PEI. Selectivity was attributed to the binding
strength of the polyanionic tails to the cationic PEI. The fusion of histidine or lysine
residues to prevent precipitation would have been a better alternative; since
separation from nucleic acids would have been facilitated in one step.

The removal of DNA by selective adsorption onto submicron sized polymeric
particles (SSPPs) in the presence of proteins, has been reported (Kim & Rha, 1989).
Selectivity was achieved by increasing the ionic strength, this selected the higher
charge densities of the phosphate groups on the polynucleotides. The phosphodiester
group is a strong acid with a pKa of approximately 1; this regular and high charge
density allows adsorption onto the positively charged particles in salt concentrations
up to 0.6 M. It was also reported that bovine serum albumin (BSA) adsorption was
completely inhibited at salt concentrations greater than 0.17 M.

1.1.3

FACTORS CONTROLLING FLOCCULATION SELECTIVITY.

Selective flocculation is based upon the absorption of the polymeric flocculant to a
particular component. For the successful application of selective polyelectrolytes the
factors governing the interactions of the polymers’ functional groups with the bio
colloids surface have to be determined. This approach requires the design of specific
polymeric flocculants and conditions for each application. Most early commercial
flocculants were designed primarily for the total flocculation of suspended colloidal
material for recovery in solid-liquid separation processes (Tenney et a l, 1973). There
are few reports on the application of selective polymers for the flocculation of
bacterial cell debris (Persson et a l, 1987; Milbum et a l, 1990).

For selective flocculation to occur, the polymeric flocculant has to be selectively
adsorbed onto the bio-colloid(s) of interest. The surface property of the bio-colloid
(eg:- hydrophobicity, surface charge, etc.) chosen as the basis for selective
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flocculation, must represent the greatest difference between the behaviour of the
colloid to be flocculated and the remainder of colloids in suspension. In order to
achieve selective flocculation, the characteristics of the following must be
determined:- (1) the polymeric flocculant, (2) the bio-colloid surface and (3) the
medium in which the colloid is suspended. Selective flocculation will depend
primarily on the functional groups of the polymer and nature of the surface sites on
the colloid; but the process can be greatly influenced by the conditions prevailing in
the aqueous medium. The pH and ionic strength of the suspending medium will have
a direct influence on the electrochemical state of the colloid’s surface. It will also
control the degree of ionisation of the polyelectrolyte, and hence determine its
conformation {ie> degree of extension) and effective molecular size.

Hydrogen and hydroxyl ions act as potential determining ions for most particles; the
magnitude and nature of the charge is determined for the solution pH. For bridging
flocculation (see section 1.2.3) it is advantageous to reduce the charge on the
particles to near the iso-electric point, so that a close approach of particles is
possible. For the charge patch flocculation mechanism (see section 1.2.2) a high
charge density on the polymer and a high charge difference would increase
adsorption and hence flocculation. The ionic strength of the medium has a direct
effect on the thickness of the electrical double layer associated with the particles.
Compression of the double layer by increased ionic strength would be desirable for
the bridging and charge neutralisation mechanism. Solids loading will also have a
direct effect upon the efficiency and extent of flocculation. Large numbers of
particles will promote inter-particle collisions by either Brownian motion (perikinetic
flocculation) and/or agitation (orthokinetic flocculation) leading to better flocculation.

Possible mechanisms for the interaction of polymer functional groups with colloidal
material can be divided into two groups, namely physical and chemical interactions.
Physical forces tend to act over longer distances; they include electrostatic, dipole
and van der Waals attraction and hydrophobic bonding. Chemi-sorption can occur
by co-ordination and hydrogen bonding. The van der Waals and dipole attractions
can be effectively discounted for obtaining selective adsorption, since by their nature
they will be unselective and difficult to control.
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The surface characteristics of biological colloids are ill-defined, system specific and
subject to considerable variations. The surface characteristics of micro-organisms are
further complicated by the presence, in many cases, of extracellular compounds {eg>
polysaccharides excreted by the micro-organism and lipoproteins), adsorbed ions and
other colloidal matter. This is further complicated in the case of microbial
homogenates, by the presence of the cellular contents which greatly add to the
variety of colloidal matter and will also alter the medium environment. Proteins,
nucleic acids, polysaccharides and lipids as models in order to determine binding site
interaction and availability for biological systems.

For the selective flocculation of cell wall debris, a constituent should be selected
which exploits charge differences, in order to achieve selective adsorption. A pH
should be selected where one type of functional group is to be the dominant one in
any selective action. The main charge determining groups on cell walls are phosphate
and carboxyl groups (pKa = 3); also from a colloidal point of view, nucleic acids may
be regarded as macromolecular polyphosphates. Both of these species have
considerable negative charge at neutral pHs compared to soluble protein. Hence this
property could be exploited in order to achieve selective flocculation.

1.1.4 WHOLE CELL FLOCCULATION.

Reports on whole cell flocculation have been primarily concerned with improved
methods of recovery from fermentations broths (Gasner & Wang, 1970; McGregor
& Finn, 1969; Nakamura, 1961; Treweek & Morgan, 1977; and Eriksson, 1987). A
wide variety of mineral hydrocolloids, inorganic and organic electrolytes were
screened; however the strong anionic and cationic polyelectrolytes (high molecular
weight) were found to give the best performance. Major differences in flocculation
performance were found between cells used directly from fermentation broths, and
those washed and resuspended in buffer. The flocculation of unwashed cells was
found to be dependent upon adsorbed material on the cells surface, as well as
biopolymers (proteins, nucleic acids and polysaccharides) secreted into the medium,
in which case additional polyelectrolyte was required for the same degree of
flocculation performance (McGregor & Finn, 1969). The intensity and duration of
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shear also directly affected flocculation performance; excessive shear conditions
caused the leakage of RNA and protein from E.coli and P.fluoresens and the removal
of the polysaccharide coat from L.delbrueckii (McGregor & Finn, 1969) thus
requiring additional flocculant. Other factors of importance include temperature,
ionic strength, charge density, bacterial age and genus. Hence the optimum flocculant
concentration was highly system speciflc, and dependent upon the bacterial
characteristics, the growth conditions and environment. Divalent ions (Mg^^, Ca^*)
used in conjunction with high molecular weight polyelectrolytes were found to
enhance flocculation performance (Mcgregor & Finn, 1969; Nakamura 1961). In one
study (McGregor & Finn, 1969), a ten-fold reduction in flocculant dosage was
observed in order to achieve the same performance. But it was uncertain by which
mechanism the divalent ions brought about this improvement. However, it was
reported that at the ionic strengths used, the electrophoretic mobility of the cells was
approximately zero, possibly indicating a charge neutralisation mechanism.

A more recent study (Eriksson, 1987) reported that chitosan (a cationic
polyelectrolyte) was more effective than a range of non-ionic and anionic polymers.
The optimum polyelectrolyte concentration was directly related to the concentration
of extracellular polysaccharides released into solution. High charge densities and high
molecular weights were thought to be more effective for improved flocculation.
Treweek

and

Morgan

(1977)

studied

the

flocculation

of E.coli,

using

polyethyleneimines of varying molecular weights and showed that the higher
molecular weights were the most effective. The mechanism for flocculation of E.coli
cells was stated to be due to adsorption coagulation (charge neutralisation) and not
polymer bridging since the extension of PEI segments from the cell into the medium
was shown to be less than 5 nm. The PEI caused localised charge reversal due to the
cationic segments adhering to the cell surface, leading to a charge-patch model of
flocculation. The effectiveness of the high molecular weight PEI species at low
concentrations was attributed to the formation of this 'charge mosaic'. The alignment
of positive surface patches with negative areas on approaching cells was thought to
result in strong electrostatic attraction, in addition to a reduction in the double layer
interaction energies. Low molecular weight PEI was less effective due to the smaller
size of the individual molecules, leading to insufficient neutralisation of the cell
surface charge and hence the inability to create positive patches. The flocculation
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mechanism was attributed to coagulation, due to reduction of the double layer
interaction energies via adsorption. Treweek and Morgan (1979) give one of the few
reports of polymer characterisation and itr impact on whole cell flocculation. Data
from light scattering and size exclusion chromatography provided information
concerning the weight and number average molecular weights for a range of
commercial PEI samples. These tests showed that the PEI samples had high
polydispersities (approximately 56) indicating a broad molecular weight distribution.

The flocculation of E.coli and B.subtilis washed and unwashed cells was achieved with
chitosan and a variety of synthetic high charge density polyacrlyamides (Hughes et
at., 1990), however Zymomonas mobilis was not flocculated. The inability to flocculate
Z.mobilis was attributed to the presence of non-ionic extracellular polymers attached
to the cell’s surface. The chitosan was thought to act by hydrogen bonding with the
polysaccharides (from the cell) in addition to direct electrostatic interaction with the
cell surface.

The influence of molecular weight, sign, charge density and degree of ionisation on
the effectiveness of flocculation of E.coli cells, using substituted diethylaminoethyl
methacrylate (DEAEMA) has been investigated (Tarasova et a l, 1985). The
DEAEM A was substituted with various chemical groups, so that its behaviour was
either cationic or ampholytic; also the degree of substitution was varied in order to
alter the charge density. The molecular size was determined for each molecular
weight in order that the flocculation effectiveness of each be determined separately.
It was observed that the charge density was the most important factor affecting
flocculation. The increase in positive charge density produced a corresponding
increase in the dimensions of the polymer. The increase in effectiveness of
flocculation was thought to have been achieved by the neutralisation of cell surface
charge followed by polymer bridging. This was shown to be due to higher charge
densities giving rise to increased molecular sizes. The increase in non-ionic
dimensions due to an increase in molecular weight alone, had no affect on the
flocculation performance of the ampholytic polyelectrolytes.

Busch and Stumm (1968) have stressed the importance of extracellular polymers
excreted from bacteria, since anionic and non-ionic polyelectrolytes are capable of

27

effecting flocculation. Extracellular polymers cause flocculation by bridging and if
isolated, can cause flocculation in other bacterial suspensions. Polyacrylamide (non
ionic), polystyrene sulphonate, polygalacturonic acid and dextran were all found to
flocculate bacteria. Under excess polymer concentrations redispersion occurred due
to occupation of surface sites and steric interactions.

Flocculation of whole animal cells whilst retaining viability, in order to increase cell
densities has been reported {AnnnlnsetaL, 1989). Strong cationic polymers flocculated
the cells but were severely toxic; neutral and anionic polymers were not toxic but
were ineffective. The polymer charge density was found to be directly responsible for
the flocculation capability and toxicity. Poly-L-histidine, a weak cationic polymer, with
the imidazole amine having a pKa of approximately 5.5, was found to give optimum
performance in terms of flocculation whilst not affecting cell viability for a variety of
cell lines. The low toxicity of poly-L-histidine was thought to be due to its low
solubility and charge at physiological pH.

1.2

FLOCCULATION MECHANISMS.

1.2.1 INTRODUCTION.

An understanding of the flocculation mechanism of bio-colloidal material with
polymers is essential for the selective aggregation of unwanted material from
bacterial homogenates. Bio-colloidal material may be hydrophilic or hydrophobic in
nature; whilst water soluble polymers can be either charged or uncharged, and thus
classified as polyelectrolytes or non-ionic polymers respectively; PEI has been
classified as a weak cationic polyelectrolyte (Horn, 1980). The stability or otherwise
of colloidal particles can be described in terms of a balance between electrical
repulsion and van der Waals attraction, this is usually referred to as DLVO theory
(Gregory, 1978b). The electrical repulsion between charged particles in dilute
electrolyte solutions can be sufficient to prevent a close approach of the particles. By
increasing the charge on the particles, or by increasing the ionic strength of the
solution, the electrical repulsion can be reduced enough to allow the particles to
approach close enough for van der Waals forces to operate, and allow agglomeration
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to occur. Flocculation of particles may be the result of bridging between particles by
the adsorbed polymer chains; or if the particles and polymer have opposite electrical
charge, then charge neutralisation may be responsible.

Effective flocculants are usually homopolymers with a linear or branched structure;
they may be non-ionic but more commonly have ionisable groups. The important
characteristics of

polymeric flocculants are the molecular mass (degree of

polymerisation), relative charge density, sign of charge and an extended configuration
when dissolved. From the wide range of flocculants that are available (Kitchener,
1972), it is obvious that no specific structure is required other than the properties
stated above; selectivity can be controlled by a selection of those properties and
conditions. For the mechanism of flocculation to be understood the properties of the
flocculant along with a detailed consideration of the surface properties of the
material to be coagulated are required. It has been noted (Gregoiy, 1969) that
certain polyelectrolytes with a high charge density and low molecular weight have
good de-fiocculant (dispersant) properties. The size and shape of polymer molecules
in solution is of considerable interest from the standpoint of flocculation. These
depend upon the ionic strength of the solution and the degree of ionisation.
Repulsion between the segments causes the chains to expand, but this effect is
reduced as the ionic strength of the solution is increased, because the charges are
screened by counter ions. Unfortunately, most reported work (Gregory, 1978b) on
polymeric flocculation has been undertaken with poorly characterised materials
usually of commercial origin. This is especially with regard to quoted molecular
masses which are invariably average values (derived from viscosity data), and
represent broad distributions of molecular masses.

The configuration and behaviour of macromolecular polyelectrolytes at the solidliquid interface will depend upon a number of factors, especially the interaction
energy between polymer segments and solvent molecules and the number of surface
sites and their distribution on the particle’s surface. The attachment of a long chain
polymer to a surface involves the individual adsorption of polymer segments (trains)
onto surface site’s; whilst other segments extend into solution (loops and tails). The
size and number of loops and tails will depend on the interaction of the surface and
polymer as well as its flexibility. Since the system is dynamic, small polymers may be
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displaced by larger ones. Short chain polymers tend to adsorb in a flat configuration,
whereas high molecular weight linear polymers adsorb by segments on the surface
and loops extending into solution. The two main parameters which characterise the
polyelectrolytes behaviour are molecular weight (chain length) and charge density.
The charge density or fraction of monomer units that carry charge will determine the
configuration of the adsorbed polymer chain. When the strength of interaction
between the polymer molecule and the surface is weak (few cationic charges), the
adsorbed polymer will consist of numerous long loops and tails. Only a few segments
will be adsorbed onto the surface, and the extension of loops and tails will increase
with molecular weight. In the case of strong interaction, loops and tail sizes are small,
and the majority of the segments are either attached or very near to the surface, in
a flat configuration. Hence the actual flocculation mechanism will be determined by
the charge density on the polymer. The mechanisms by which flocculation can occur
can be divided into two main groups; charge neutralisation and bridging flocculation.

1.2.2

CHARGE NEUTRALISATION.

In many applications, it has been found that the most effective flocculants are those
of opposite charge to the particles. The strong interaction of the polyelectrolyte with
the colloid possibly allows it to adsorb in a flat configuration, thus reducing the
possibility of polymer bridging. The neutralisation of the

particle charge by

adsorption may alone be responsible for the destabilisation due to the compression
of the electrical double layers which permit the van der Waals forces to draw the
particles together. If charge neutralisation alone were the flocculation mechanism,
then high molecular weight polymers would not be required since polyelectrolytes
with a high charge density would be more effective.

The most direct evidence that charge neutralisation governs some flocculation
processes, comes from measurements of electrophoretic mobility (Dixon et a l, 1967;
Bentham, 199o; Gregory, 1978b). It has been noted that the optimum dosage of some
cationic polyelectrolytes corresponds with the quantity required to give near zero
electrophoretic mobility {ie\- to neutralise the particle’s charge). From DLVO theory,
the charge neutralisation mechanism should only occur when the zeta potential is low
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enough to eliminate repulsion between particles; flocculation at higher zeta potentials
might indicate bridging through a repulsive barrier. Gregory (1969) has shown that
for the flocculation of anionic latex with two cationic polymers, the critical
flocculation concentration (CFG) of the lower molecular weight polymer occurred at
a low zeta potential, hence charge neutralisation was thought to take place; also the
polyelectrolyte was quantitatively adsorbed up to the point of charge neutralisation.
The electrophoretic mobility could be reduced by lowering the pH; this resulted in
less flocculant being required. For higher molecular weight polyelectrolytes, the CFG
occurred at a considerably more negative zeta potential, indicating a bridging
mechanism. At low surface coverages, positively charged segments would extend for
a considerable distance allowing bridging despite considerable electrical repulsion;
low surface coverage would also increase the chances of attachment of other
particles. For both molecular weights, the amount required to give zero mobility was
directly related to the charge densities on the polymers. The low molecular weight
polymers appeared to be completely adsorbed up to the point of charge
neutralisation. Dixon et al, (1967) showed that the electrophoretic mobility of silica
is sensitive to the presence of low concentrations of cationic polymer over a wide
range of molecular weights. Also the charge on the silica changed from negative to
positive in the polymer concentration range, which coincided with the range where
the best flocculation occurred. Additional polymer caused the mobility to increase
rapidly, but had little effect on the flocculation; at higher concentrations redispersion
of the silica occurred.

An extension of the charge neutralisation theory has been proposed (Gregory, 1973)
to account for some effects of molecular weight and ionic strength. The 'chargepatch* model recognises that many cationic polymers have a high charge density,
whilst the particles’ surfaces may have a low negative charge density. Hence even
when the particle has an overall neutral charge, there may still be areas of negative
charge on the particles’ surfaces, along with localised patches of adsorbed polymer
carrying excess positive charge. Particles with this ’mosaic’ distribution of charges
which come into contact, are likely to coagulate through electrostatic attachment.
This uneven charge distribution would lead to extra attractive contribution to the
interaction energy. Aggregate strength is likely to depend on the charge difference
between the patches on the particles. It has been noted (Gregory, 1973) that cationic
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CATIONIC
POLYELECTROLYTE

F igure 1.1 C h a rg e P a tc h F locculation.

The polymer adheres to localised regions on the particles
surface which produces a mosaic distribution of charged
areas. Electrostatic attachment of particles leads to
flocculation.
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polymers flocculate latex particles at a higher rate than simple salts, which reduced
the surface charge in a uniform manner. The increase in molecular weight of polymer
caused an increase in the breadth of the optimum flocculation dose region, as well
as an increased rate of flocculation. When flocculation is expressed in ’equivalent’
amounts of charge neutralisation, the effect of the polymer molecular weight
disappears (Gregory, 1976).

Cationic polyelectrolytes are subject to changes in charge and molecular size by
alteration of the pH and ionic strength; their adsorption onto oppositely charged
surfaces may also change with these properties. Lindquist and Stratton (1976) noted
that the mechanism by which polyethyleneimine (PEI) flocculated colloidal silica
depended upon the solution conditions. It was noted that at pH 9 and above,
flocculation is brought about by a bridging mechanism, due to the low cationic
character of the PEI molecule. At pH values less than 9, where the cationic charge
is higher, it was proposed that flocculation is brought about by electrostatic
interactions (charge neutralisation). At high pH values, the optimum polymer dosage
decreases with increasing molecular weight; this dependence is not present at lower
pH values.

The effect of a high shear field on the aggregates is one method of distinguishing
between the polymer bridging and charge neutralisation mechanisms of flocculation.
In the case of bridging, the floes are not readily reformed, whilst those produced by
charge neutralisation can recover after being disrupted.

1.2.3

BRIDGING FLOCCULATION.

Bridging flocculation occurs when segments of a polymer chain adsorb onto more
than one particle, without necessarily removing or neutralising the charge barrier. For
adsorption to occur there must be some favourable interaction between the polymer
segments and the particle surface. This may arise from ionic interactions due to the
opposite charges on the polymer and particle, giving rise to a strong interaction. For
non-ionic polymers, the mechanisms of interaction include hydrophilic and hydrogen
bonding. The above interactions are short range and could not operate if a strong
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electrical repulsion exists between the particles and the polymer chains; also an
electrolyte (salt) is required to promote adsorption (Atkinson & Jack, 1973). This is
not simply an ionic strength effect, but thought to be due to anions promoting
adsorption by binding groups on the polymer chain to oppositely charged sites on the
particles surface.

Ruerhwein and Ward (1952) first suggested the bridging flocculation mechanism,
since a typical polymeric flocculant molecule has similar dimensions to many colloid
particles (0.1 - 1 pm) so that attachment of the polymer chain to more than one
particle could occur. Bridging flocculation requires that the absorbed polymer extend
far enough from the particle surfaces to attach to other particles and that there is
sufficient surface available for adsorption. If excess polymer is adsorbed, then the
suspension can become restabilised due to surface saturation or steric stabilisation.
The DLVO theory (Gregory, 1978b) states that the repulsion between two particles
is dependent upon the ionic strength; at low ionic strengths the electrical double layer
around a particle can be large ( approx. 100 nm), and so inter-particle repulsion is
the dominant factor. At high electrolyte concentrations, the degree of double layer
repulsion will fall to about 1 nm in 1 M NaCl (Gregory, 1978b), hence bridging is
more likely to occur. In the case of polyelectrolytes the situation is complicated, since
the size of the polymer is a direct function of the ionic strength; high ionic strengths
will give rise to smaller polymers due the screening of repulsion between the charged
segments on the molecule.

Michaels (1954) considered the effects of charge density and molecular weight on the
action

of polymeric flocculants. The flocculation of clay suspensions by

polyacrlyamide has been found to improve with increasing chain length. There was
also found to be an optimum degree of hydrolysis (anionic character) of
approximately 30%. This was explained in terms of an increasing expansion of the
polymer chain by mutual repulsion between charged segments (as the degree of
hydrolysis increased), and a decreasing tendency of the anionic polymer to adsorb
onto negative particles. The expansion of the chain would give better flocculation by
acting as a bridge, whilst reduced adsorption would give the opposite effect; the
optimum degree of hydrolysis would be a compromise between the two effects.
Hence for a given polymer there would be an optimum concentration; this is
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consistent with bridging theory which requires that the particle’s surface should be
partly covered with adsorbed polymer. Excess flocculant causes the surfaces to
become saturated and hence the particles are restabilised. Floes broken by shear may
not reform when the shear is removed, since the polymer chains might adopt a flatter
configuration on the particle.

In La M er’s (1966) quantitative theory of bridging flocculation the most important
parameter is the fractional coverage (f) of the particle surface by the adsorbed
polymer segments. Since bridging requires the attachment of adsorbed polymer onto
vacant sites of other particles, the effect is greatest when the term /(I-/) is maximal
{ie> f = 0.5), hence ’half surface coverage’. However the precise definition of
coverage is difficult, since it depends on the configuration of the adsorbed polymer
chains. If the polyelectrolyte is present in excess, then the particle becomes
restabilised due to surface saturation or steric stabilisation. It is clear that / is
dependent on polymer adsorption, this should not be too strong since a proportion
of the segments must remain unattached for adsorption to other particles (Gregory,
1978b).

The above listed mechanisms are not mutually exclusive, and it is possible for more
than one to occur in a given process. The stability of suspensions of hydrophobic
colloids is largely due to the surface potential, hence the interaction between colloid
and polyelectrolyte may lead to destabilisation as a result of charge neutralisation.
However most hydrophilic colloids are stable due to the ionisation and hydration of
certain functional groups at the surface of the material. Factors affecting interactions
between colloidal surfaces and polymers include particle size and density, the
concentration, configuration and molecular weight of the polymer, pH and ionic
strength of the solution, and intensity and time of agitation. For the polymer bridging
mechanism, the optimal polymer concentration for aggregation will be a function of
the total surface area of the colloidal suspension. At low concentrations or after
shearing, the absorbed polymer molecules have a greater chance of being adsorbed
onto the same colloidal particle, thus reducing the total amount of polymer bridging
in the system. The pH and ionic strength of a solution have a profound effect on
flocculation. These effects include the surface (zeta) potential, the charge and nature
of the double layer surrounding each particle, as well as the overall charge, charge
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Figure 1.2 Bridging Flocculation.
S egm ents of a polymer chain adhere to more than
one particle without necessarily neutralising the
charge barrier. High molecular weight linear
polyelectrolytes commonly act by bridging flocculation.
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density and shape of the polyelctrolyte.

1.2.4

POLYMER CONFORMATION ON ADSORPTION.

The adsorption of polymers onto surfaces is the key to the flocculation mechanism,
selectivity and its effectiveness. Polyelectrolyte adsorption onto oppositely charged
surfaces is described by complicated theory involving conformational entropy of the
polymer chain. High salt concentrations will screen lateral interactions along the
polymer allowing conformational changes, usually a reduction in hydrodynamic
diameter (see section 3.1.5). High salt concentrations will also cause weaker binding
of the polymer due to increased charge screening. If the binding is already weak, as
in the case of soluble protein, then restabilisation may occur. Short chain polymers
tend to attach in a flat configuration to a solid surface. High molecular weight linear
polymers which are flexible will adsorb with segments on the solid surface and loops
protruding into solution. Gregory (1976) has suggested that polycations with fairly
high charge density adopt a flat configuration on a particle’s surface, due to strong
ionic interaction between oppositely charged groups. PEI is a spherical molecule
which will affect its flexibility due to the proximity of other groups.

The relationship between molecular weight, the quantity of polymer adsorbed and
its conformation on adsorption have been discussed (Perkel & Ullman, 1961). The
molecular weight could be related to the limiting amount of polymer adsorbed onto
a non-porous surface by:

C = K (M T

(1 1 )

where C is the adsorbed polymer concentration at saturation, M is the molecular
weight, and K and n are constants. The value of n can be related to the conformation
of adsorbed polymer. If the polymer adsorbs in a flat configuration then on a weight
basis the amount of polymer adsorbed will be independent of polymer molecular
weight (n = 0). If the polymer attaches by only one point, then the polymer
adsorption (on a weight basis) would be directly proportional to the polymer
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molecular weight (n = 1). Lindquist and Stratton (1976) determined that n = 0.1 for
the flocculation of colloidal silica with PEI, suggesting that the PEI lies almost flat
on the silica surface. Treweek and Morgan (1977) determined that n = 0.24 for the
flocculation of E.coli with PEI; they suggest that the PEI molecule has a
configuration intermediate between a coiled sphere (n = 0.33) and a flat disc (n =
0 ); they assumed that the bacterial surface was non-porous.

PEI shows decreasing adsorption onto porous adsorbents with increasing polymer
molecular weight (Kane et a l, 1964; Horn, 1980). These observations are explained
by assuming that the amount of PEI adsorbed at equilibrium is governed by the pore
size distribution (Horn, 1980), and the size and shape of the molecule being
influenced by the ionic strength and pH. The PEI molecule will have a reduced area
for adsorption due to restricted access to the interior surface if the pore size
distribution is in the same range as the PEI hydrodynamic diameter.

13

MODELS FOR FLOCCULATION KINETICS.

Particle transport to effect particle contacts in aqueous systems is essentially a
physical process, however particle destabilisation by attachment is a colloid/chemical
process and is controlled by chemical and physical parameters (Stumm and O ’Melia,
1968). The adsorption of a polyelectrolyte onto a surface and its subsequent
flocculation can be divided into the following stages:- firstly the polyelectrolyte is
mixed into solution. This is followed by polymer adsorption and rearrangement on
the particles surface. Finally, particles and/or polymer interact to form aggregates.
Particle transport can be divided into two processes:- perikinetic and orthokinetic
growth. Perikinetic growth is controlled by the diffusion of particles leading to
collisions (ie> due to Brownian motion). Orthokinetic growth is controlled by the rate
of fluid motion; particles must reach a minimum size whereby fluid motion promotes
particle collisions.
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1.3.1 PERIKINETIC GROWTH.

For a monodisperse suspension perikinetic growth is measured by the initial
depletion rate of particles according to Smoluchowski’s theory (Bell et a l, 1983), as
a second order process:

-ËL
dt

= k ..N^

where N is the particle number concentration,

(1.2)

is the rate constant (8irDd), D is

the diffusivity and d is the particle diameter. The limiting particle size for perikinetic
growth is 0.1 to 10 \im depending on the shear rate. Growth can be reduced by
electrical barriers (eg:- surface charge), this is described by Fuch’s modification of
Smoluchowski’s theory (Bell et al, 1983):

= £ ij v ^
dt

(1.3)

W

where W is the stability ratio:

(1.4)

where h is the particle separation distance, K is the Boltzmann constant (1.3805 x 10"'
JK^), <f)(h) is the potential interaction energy between two particles of constant
surface charge potential at distance h apart and T is the absolute temperature.

1.3.2 ORTHOKINETIC GROWTH.

The rate of decrease of particles caused by collisions in a uniform shear field where
the particle diameter is greater than 1 pm is described below; these collisions can

39

also promote aggregate breakup due to particle/particle collisions:

- —
dt

= -aG d^N^
3

(1.5)

where a is the collision effectiveness factor, G is the shear rate. Assuming the volume
fraction of the particles is constant, then the decrease in particle number
concentration is given by:

- —

dt

=

-a^^GN
7C

( 16 )

where <j)^ = volume fraction of particles (= 7rd^N/6). In terms of the ratio of final to
initial number concentrations N/N^, after exposure to shear for time t:

where N* is the final particle concentration, Nq is the initial particle concentration,
and t is time.

The flocculation models are complicated by shear breakup, polymer scission and the
mechanism of aggregation. The variety of macromolecules and colloidal particles
found in bacterial homogenates which will have different surfaces charges, densities
etc. will require far more sophisticated models for flocculation. Collision effectiveness
factors can be low because particles tend to follow fluid stream lines, thereby
reducing the chances of collision. Turbulent flow provides additional complications,
since the shear field is non-uniform and variable at any point in time. A turbulent
fluid may be characterised by the turbulence microscale (17), which gives a measure
of the eddies in the fluid:
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< ,\l/4

n

=

(1.8)

where 17 is the turbulence microscale, v is the kinematic viscosity and € is the energy
dissipation per unit mass of fluid. In turbulent systems during the early stages of
flocculation, the size of the floe will be smaller than the microscale length and hence
will remain unaffected.

1.4

FLOC STRUCTURE AND PROPERTIES.

1.4.1 PROPERTIES OF FLOCCULATED SYSTEMS.

Different measuring techniques (eg:- turbidity, settling rate, sediment volume, floe
size and size distribution) have been used for estimating the efficiency and optimum
dosage for a given flocculant. Approaches using optical parameters (eg:transmittance), are not sensitive to floe structure. Healy and La Mer (1963) pointed
out that filtration rate measurements are a better method of characterising
flocculated systems since they are influenced by the floe properties and the
unflocculated fines. Since floes are not homogenous with respect to size or structure,
it is only the average sizes or distributions that are measured.

Under given conditions, one of the major factors which influences floe structure is
the mechanism by which flocculation occurs. Floes formed by bridging have been
shown to be completely different from those formed by charge patch neutralisation
(Buscall et a l, 1984). The floes formed by charge patch neutralisation are similar to
those formed by inorganic coagulants; they tend to be small and consist of randomly
orientated particles. Bridging flocculation produces floes which are large and
sediment rapidly, though there is little particle/particle contact (due to the bridging).

The structure and properties of concentrated, flocculated suspensions are of primary
importance with respect to their separation and dewatering behaviour in
bioprocessing operations. Flocculated suspensions tend to be more viscous than stable
suspensions of the same size. An understanding of the behaviour of flocculated
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materials and control of their structure should allow effective matching of process
design to material properties. The suspension characteristics are dominated by a
limited number of factors, namely the primary particle size and shape and the solids
content (Stewart & Sutton, 1984). The techniques which have been used to study
morphology include optical microscopy, light scattering, sedimentation methods and
electronic (Coulter) particle counters,* however these techniques are only suitable for
dilute suspensions. Rheological techniques have been used (Stewart & Sutton, 1984;
Ward, 1990) to study concentrated flocculated suspensions, but structural information
concerning the floes has to be inferred and hence is model dependent. Freeze etch
microscopy is an alternative technique of probing floe morphology and the ultrastructural detail of concentrated aggregated suspensions (Stewart & Sutton 1984).
This has allowed quantities such as particle coordination

numbers

and

particle/particle contact areas to be directly measured. The effect of solids content
and particle size and shape have been examined in order to predict processing
behaviour on a larger scale. Whilst dilute systems tend to have a simple rheology,
flocculated dispersions tend to be highly non-Newtonian. At low solids contents, the
sedimentation rate is increased by flocculation, but at higher solids concentrations,
the sedimentation rate can be retarded by the formation of a network structure of
floes (the gel point). The extent to which the solids content can be increased is
dependent upon this gel point. Processing operations such as filtration and
centrifugation exert considerable pressure upon the particle network, hence the
compressibility of the network is important. Characterisation procedures have been
developed (Buscall et a l, 1984) to determine the effects of solids loading and particle
size and shape on the network compressibility above the gel point. These procedures
can be used to predict the efficiency of dewatering processes in large scale
equipment. Characterisation can be effected by equilibrium centrifugation, where the
equilibrium sedimentation volume of samples is noted at various speeds. These are
used to construct a series of curves of equilibrium sedimentation volume against
acceleration; these are then

converted into mean pressure against mean solids

content. The slope of this function is known as the network modulus, and is given by:

K

= <|) — = - V —
dV

(1.9)
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where K is the network modulus, P is the applied pressure, V is the volume of
flocculated network and <f> is the volume fraction. The network modulus (K) is a
measure of the resistance of the disperse phase to densification. The advantage of
using the network modulus is that it has dimensions of an elastic modulus. Since
concentrated suspensions are visco-elastic, it is possible to measure other plastic
moduli which are also characteristic of the particle network, for example, the instant
shear modulus. The value of the instant shear modulus appears to be identical to the
network modulus K, for all systems studied (Stewart & Sutton 1984). The instant
shear moduli for flocculated suspensions are measured using a pulse shearometer,
with the modulus being derived from the velocity of propagation of a transient pulse.
There is a clear particle size effect in flocculated systems, with curves for larger
species being moved to higher solids contents. The effect may be attributed to the
number of particle/particle contacts per unit volume of sediment outweighing the
decrease in strength of each individual particle/particle contact on moving to smaller
particle sizes. There is a specific critical concentration at which the suspension starts
to show solid-like behaviour. There is a rapid increase in the network modulus (K)
with solids content. This has consequences for dewatering because once the critical
concentration has been exceeded, substantial increases in concentrating pressure are
required to effect small increases in solids content. The primary particle shape has
a profound effect on the properties of flocculated suspensions. With non-spherical
particles, a space filling network can be obtained at progressively lower solids
contents {ie> as aspect ratios increase). The gel point at which the sediment starts
to form a cohesive structure, and the rate of increase of the network modulus
determine the response of the material irrespective of the dewatering equipment
selected. Slow speed centrifugation can be employed for predictive purposes.

The flocculation mechanism using polyelectrolytes affords additional control over the
suspension characteristics. The flocculation of anionic latex with PEI (50 kDa)
showed that the floes appeared to be more compact than in electrolyte (BaClg)
coagulated systems (Stewart & Sutton, 1986); the mechanism of flocculation
appeared to be charge-patch, with direct inter-particle contact. The floe network
strength was greater than in the electrolyte coagulated case, especially during
polyelectrolyte overdosing conditions. However solids content and particle size were
still the dominant influences on material properties. From the resulting floe structure,
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bridging was thought to occur to a small degree, however double-layer compression
(charge-patch) was thought to be the dominant mechanism.

1.4.2 FLOC STRENGTH AND DISRUPTION.

Floe strength may be defined as the resistance to fragmentation by shear forces; the
ability to withstand these forces depends on the physical and chemical bonds which
hold it together. Agitation may assist flocculation by increasing the rate of
interparticle collision, but it also promotes the rupture of large aggregates by
hydrodynamic forces. There are several mechanisms by which floes or aggregates may
be broken down; these include deformation due to pressure gradients, fragmentation,
erosion due to hydrodynamic shear, and particle/surface or inter-particle collisions
(Bell et a l, 1982). Two extreme systems can be described when characterising the
breakup of floes, namely liquid droplets and brittle solids. Liquid droplets in a
turbulent or laminar flow field deform as a function of the relative velocity across the
droplet (Choulaloyou et a l, 1977). For break-up to occur, the forces of distortion
must overcome the surface energy of the droplet. The abrasion of brittle crystals in
liquid suspensions describes the other extreme condition. The removal of protruding
edges (Nienow & Conti, 1978) proceeds as a first order process with respect to the
particle concentration. The frequency of collisions is dependent upon the power
being dissipated into the medium. Deformation of floe structure occurs in response
to relative velocity ie> variations in velocity over length scales comparable to the
aggregate size. Larger eddies tend to carry the floe along, whilst smaller ones have
little effect. The mechanical properties of floes will place them somewhere in the
range between brittle particle abrasion and liquid droplet break-up. Isoelectric soya
precipitate aggregates exposed to a laminar shear rate of 2000 s'^ show an initially
rapid decrease in aggregate size followed by a slow steady decrease (Hoare, 1982).
Exposure to shear for up to 50 hours does not attain the equilibrium value predicted
from orthokinetic aggregation and shear break-up.

There has been shown to be a correlation between floe size and the strength of the
aggregate for a given rate of shear (Smith & Kitchener, 1978). Here, the shear break
up of floes may be accompanied by the scission of bridging polymers and increased
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occupancy of available sites, which leads to lower effectiveness of subsequent
collisions in forming new floes. Size distributions of protein precipitate aggregates
under laminar shear (Hoare, 1982) indicating that aggregate break-up is by
fragmentation, since the floe size decreases rapidly during the first period of shear;
this proceeds until spherical aggregates are obtained. Further break-up is due to the
erosion of primary particles. The fragment size is a weak function of the shear rate
(Bell & Dunnill, 1982) whereas the rate of break down, especially of large aggregates,
is strongly dependent on the shear rate. From the simplified Smouluchowski
equation, the rate of flocculation was taken to be directly proportional to the shear
rate (G), implying that high shear rates would reduce the time required to produce
aggregates of a given size. But in practice upper limit of shear rates for a given
aggregate size will exist, since high shear rates will cause rupture.

Healy and Le Mer (1963) suggested that when a suspension flocculated by polymer
is exposed to prolonged agitation, the extended polymer segments fold back and
adsorb to surface sites, thus producing floes which are less resistant to shear. Further
adsorption occurs on the newly exposed particle surface thus leading to redispersion.
From their model of bridging flocculation, the maximum aggregation of the
suspension occurs at half the surface coverage, whilst the strength of the floes is
determined by the efficiency of bridge formation. Birkner and Morgan (1968)
suggested that the hydrodynamic forces cause a limited amount of polymer
desorption, or polymer rearrangement due to chain cleavage, leading to floe
breakage. Aggregates formed by particle destabilisation due to added salts were less
susceptible to breakup than those aggregates formed by polymers; however Smith and
Kitchener (1978) reported the opposite. As large floes (due to their size) are more
susceptible to rupture by hydrodynamic forces and they have proposed that the
strength of a floe of a given size will depend on the number of chains adsorbed per
unit cross-sectional area.

When floes are disrupted by shear, changes in the configuration of the adsorbed
polymer chain may occur, thus reflocculation may or may not occur when the shear
is reduced or stopped. Floes produced by a ’charge neutralisation’ mechanism are
veiy sensitive to shear, but are readily reformed once the shear is stopped. Floes
produced through a bridging mechanism are relatively stronger; when exposed to
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excessive shear they show irreversible breakage of the structure. Sikora and Stratton
(1981) noted that by varying the charge densities of polyvinylamine, they were able
to produce a ’charge neutralisation’ or a ’bridging’ mechanism to flocculate latex
particles. It was noted that floes produced using a polymer with a high charge density
(charge patch flocculation) readily reformed to the original state on cessation of
shearing. When floes produced by a bridging mechanism (low charge density
polymer) were subject to shear this led to an irreversible break down of floe
structure. It was observed that reconformation of the polymer had occurred as well
as polymer scission. Sikora and Stratton (1981) also postulated that when the
polymer chain undergoes mid-point scission, its charge would cause it to be
reabsorbed onto the particles surface.

Placek and Teague (1988) reported that the flocculation of paper fines was improved
by flocculation within various industrial disc-stack centrifuges. Flocculation prior to
centrifugation gave poorer results. The high shear accompanying tangential
acceleration provided fast and intensive mixing; the floes formed under these
conditions were more shear resistant and gave improved settling characteristics. They
also reported that the broth flocculated in the bowl gave a more compacted sludge
compared to pre-flocculated feed material.

Theoretical and empirical models for the prediction of shear breakup of floes have
not proved to be entirely successful due to the time dependent properties of the
precipitate during breakup. The simplest correlations for breakup usually relate the
maximum stable size of an aggregate to the shear rate. Tomi and Bagster (1978)
showed that the maximum stable size of floes is related to 0.5 of the power of the
average shear rate (G); Smith and Kitchener (1973) reported that the maximum
diameter is proportional to the -0.2 power of the average shear rate.

1.4.3 FLOC SIZING.

The floe size distribution resulting from the addition of polyelectrolyte will have a
direct impact on their recovery. Increasing the floe size will ease recovery, however
it will also render them more shear sensitive hence a balance between the two
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parameters should lead to optimal recovery. Techniques for floe sizing have been
extensively reviewed (Treweek & Morgan, 1977,1979); they reported the use of two
techniques namely forward light scattering and electrical resistance (Coulter
Counter). Only the Coulter counter measures the volume directly, however it
measures the particulate matter within the floe (provided that the floes are
conductive), hence the equivalent diameters will be different from the actual
diameters. Treweek and Morgan (1977) have reported techniques to correct for these
porosity effects using Exoli flocculated with PEI. Using the principle of the
conservation of volume between the flocculated and non-flocculated system, floe
porosity could be estimated. They also reported that floe size was maximal at the
optimum polymer dose, additional PEI led to smaller floes. An additional advantage
of electronic particle counters is the capability to measure number distributions in
order to estimate flocculation kinetics.

1.4.4

CENTRIFUGATION.

The mechanical disruption of a microbial culture will produce a suspension of
biological particles in the colloidal size range. The size range and rheology of the
suspension will depend on the cell type and morphology, their fermentation history
and the homogenisation conditions. Flocculation of the cell debris to aid in its
removal will alter the demands being places upon the centrifuge, since the nature of
the process stream has been changed. Several conflicting requirements have
influenced the design of industrial centrifuges. The capacity of a centrifuge may be
described by:

Vo =

(i)V

(1.10)

18 \L

where Vo is the sedimentation velocity; the first component of the right hand side
of the expression describes the terminal velocity of a particle of diameter (d), under
the influence of gravity. The second part relates to the performance of the centrifuge.
Small deviations from particle non-sphericity will significantly reduce sedimentation
efficiency. Another significant factor is hindered settling:
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where

is the hindered sedimentation velocity and a the geometric factor. The

value of a is 4.6 for monosized spherical particles; values for non-rigid, non-spherical
particles can be in the range 10- 100; this may result in significant deviations from the
Stokes law equation. Hence the Stokes law equation can only be used as an
approximate guide since biological particles do not have the characteristics of ideal
mono-sized spheres. Centrifuge performance will depend upon the density difference
between the colloidal solids and the suspending liquor, the size of the particles, the
liquid viscosity, the residence time in the unit, and the relative centrifugal force
(RCF).

The density difference between the colloidal particles and the surrounding medium
tends to be low. Also the disruption of cell with the concomitant release of nucleic
acids tends to increase the viscosity; these effects combine to considerably reduce
centrifuge performance and the problems are compounded by design restrictions
placed upon centrifuges. The radius of rotation is restricted since mechanical stress
increases with the square of the radius, hence safe operational limits are soon
reached. Biological products are temperature labile, and hence efficient cooling of
the bowl is required. Also native process material requires that any aerosols
generated by the unit be eliminated, thus the fitting of hermetic seals is required. The
advantages of centrifugation include the rapid speed of processing and low sensitivity
to variations in the feed stream. ’Soft’ feed systems have been developed to stop air
entrainment and hence reduce protein dénaturation at gas-liquid interfaces; they also
improve recovery of shear sensitive precipitates because the material is accelerated
more slowly.

The particle efficiency recovery of a centrifuge can be expressed by the grade
efficiency curve (Mannweiler et a l, 1989). This represents the relationship between
the fraction of solids recovered T(d) of size d as a function of the normalised size
d/dc. The critical particle diameter dc is the size of particle which will just be
recovered in the centrifuge. Mannweiler et a l (1990) has shown that the settling
properties of E.coli and yeast cell debris are poor. The settling properties are a
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function of particle shape, density difference (between particle and medium) and
viscosity. These characteristics combined with the sub-micron size of the debris result
in poor centrifugal recovery. From examination of the grade efficiency curve it can
be seen that for particles of floes greater than approximately 3 pm almost complete
recovery will result. Hence the production of large floes with poor shear resistance
is not necessary. Floes in the size range of 5 to 20 pm should produce excellent
centrifugal recovery with reasonable resistance to mechanical forces. Grade efficiency
curves can be used to evaluate the extent of floe breakup in a centrifuge (Bell &
Brunner, 1983). When breakup occurs the particle size distribution for the exit stream
will be different from that of the feed. The grade efficiency curve will become
negative at low values of d/dc, due to the production of fragments which were not
present in the original suspension.

Placek and Teague (1988) have reported on the flocculation of cells by the addition
of polyelectrolyte directly into the feed zone of a disc stack centrifuge. The high
shear accompanying fluid acceleration provided intensive and rapid mixing. Floes
formed under these conditions were reported to be more shear resistant than pre
flocculated suspensions which were subsequently fed into the unit. This mode of
operation was reported to make the requirement for hermetic seals and special bowl
geometries unnecessary since the floe were being formed in the region of most
intense shear.

Bentham et a/., (1990) have reported the use of a scroll decanter centrifuge for the
removal and dewatering of borax flocculated yeast cell debris. Various rheological
studies showed that the performance for recovery and dewatering were independent
of feed rate and differential scroll rate. Solid material recovery was high (85%) whilst
soluble protein loss in the sediment was only 1% due to good dewatering. The
advantages of using a scroll decanter centrifuge is the constant removal of solids from
the bowl, thus enabling continuous processing of feed streams with a high solids
content.
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1.5 CELL SURFACE CHARGE AND DEBRIS CHARACTERISATION.

An understanding of the surface properties of bacterial cell walls is essential if the
properties are to be altered in order to bring about flocculation. The properties of
interest include the zeta potential and the degree of hydrophobicity which arise from
the chemical constituents which make up the cell walls. The zeta potential is the
potential at the plane of shear around the particle, at the interface between the fixed
and mobile phases, when a particle moves in an electrical field (Ives, 1978). The fixed
and mobile phases are referred to as the Stem and Gouy-Chapman layers
respectively. The former is the layer of ions attracted to the overall charge (normally
negative on bacterial cell surfaces); the diffuse layer (oppositely charged) forms
around the Stem layer. The size and magnitude of the Stem layer indirectly controls
colloid stability, since it affects attachment of aggregating species. The repulsive
force between two similarly charged species is proportional to the square of the zeta
potential; it decreases exponentially with increasing distance between particles.
Polymer adsorption reduces the charge intensity of the Stem layer and causes
rearrangement of the counter ions in the diffuse layer. Bell et al, (1983) note that
for a stable, non-aggregating system, particle zeta potentials in the range +/- 10 to
4-/- 40 mV have been reported. The mobility of a particle in an electrical field is
related to the zeta potential by the Henry equation:
.

■

A ÏJ

( 1. 12)

where \i is the electrophoretic mobility, e is the dielectric constant of surrounding
medium, Z is the zeta potential, V is the viscosity and, f(K^) is the screening function
(a = particle radius). Commonly, the thickness of the double layer is small compared
to the curvature of the particle, so the Henry equation reduces to the Smoluchowski
form in which f(K,)= 1.5, hence:
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Mobilities

of cell debris from Saccharomyces cerevisae and S.carlsbergensis over

a range of pH 2 to 9 (at low ionic strength) were found to vary from +0.5 to -1.5 pm
s'^ V'^ cm'^ or approximately equivalent to +8 to - 25 mV (Eddy and Rudin, 1958).
Intact cells and cell debris were reported to behave in a similar fashion and varied
with yeast strain. Other variables included the growth conditions, the yeast age and
the culture medium. The iso-electric point was generally around pH 4. Yeast grown
on phosphate deficient media gave mobilities which were independent of pH, with
cells having virtually no charge. Cultures limited in carbon, sulphur or nitrogen gave
electrophoretic properties similar to those grown in full synthetic medium. It was
concluded that the phosphate was an integral part of the cell wall and not simply
bound to the exterior. The electrophoretic mobility was directly related to the
phosphate content for various cultures of yeast. Alkali extraction showed that the cell
wall protein also contributed to the zeta potential.

The electrophoretic behaviour of whole cells and partially ruptured cells of
Micrococcus lysodeckticus, E.coli, Bacillus megaterium, B.subtilis and S.cerevisiae have
been studied under a variety of pHs, ionic strengths and electrolytes (Neihoff &
Echols, 1973). The mobilities of the isolated cell walls were 5 to 15% lower for the
bacteria and 25% lower for the yeast, compared with those of the intact cells. Also
they exhibited the same species specific behaviour. The differences were attributed
to the removal of fimbriae or extracellular polysaccharide material. The fixed charged
groups were responsible for electrophoretic movement and electrostatic interactions
with other moieties; the properties of the surface are typical of the average bulk
properties of the wall. The gram negative bacteria were found to have isoelectric
points of approximately pH 3. Electronegative charge dominated the surface of all
the organisms studied except at low pHs. The authors noted that strong disruption
techniques such as ultrasonication, would produce very fragmented cell walls, whose
interior surfaces may be different from the exterior, however this was not examined.
The pH/mobility behaviour was thought to arise from the presence of carboxyl groups
on the surface; phosphodiester groups were also thought to be present. The positive
mobilities at low pHs indicate that cationic groups were also thought to be present.
Eriksson and Axberg (1981) reported that the electrophoretic mobility of washed
E.coli has an isoelectric point at approximately pH 4; at lower pHs the zeta potential
was positive indicating the presence of cationic groups. The zeta potential was
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negative throughout the growth phase of the culture. The authors viewed bacteria as
electrostatically and/or sterically stabilised colloids. The presence of extra cellular
polymers greatly influenced bacterial aggregation, especially when the distances
between the cells is sufficient for bridging to occur.

The surface composition of several yeast brewery strains has been determined by Xray photoelectron spectroscopy (Amoury & Rouxhet, 1988). Bottom fermenting
strains were found to be more electronegative than top-fermenting ones (-35 +/-5
mV compared to -12 +/-9 mV). The zeta potential at pH 4 was correlated with the
phosphate ion surface concentration and the contribution of carboxyl groups was
thought to be small.

The zeta potentials for various model systems have been reported (Douglas & Shaw,
1957); the pH/mobility relationship was determined for protein, lipid, polysaccharide
and polypeptide coated onto hydrocarbon droplets. These revealed the specific
nature of the ionisable groups. The mobility of protein coated particles (ribonuclease
and fibrinogen) gave zero mobilities close to the iso-electric points for the two
proteins. The polysaccharide coated surfaces gave low mobilities consistent with
neutral polysaccharides. Thymus nucleic acid gave negative mobilities except at low
pHs expected of the phosphodiester groups on the ribose-phosphate backbone. The
electrophoretic mobilities of model systems consisting of octadecanoic acid, octanol
and octadecylamine have been reported (Mehrishi & Seaman, 1968) with a view to
extending the electrokinetic data to complex biological systems. Increasing the ionic
strength (0.02 to 0.145 M) caused a reduction in electro-negativity of the acid and
amine. The electrophoretic behaviour could be related to the specific groups on the
particle surface.

Information concerning the properties of cell debris is scarce, Agerkvist and Enfors
(1990) have characterised the viscosity and particle size distributions of E.coli
homogenates after various mechanical methods of disruption. Although the protein
release was similar for the different methods, the physical properties were not.
Treatment of the homogenates with different nucleases showed that the DNA was
responsible for the increase in viscosity on disruption. The homogenates exhibited
pseudoplastic behaviour with some degree of hysteresis occurring. The particle size
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distribution for whole cells gave a mean diameter of 1169 nm; disruption produced
peaks corresponding to approximately 460 and 800 nm in diameter. The particle size
distributions showed a considerable degree of polydispersity, which was masked to
some extent by the method of measurement. The dynamic light scattering would tend
to skew the particle size distribution toward the larger particle sizes, since the light
scattered is proportional to th e ,radius of the particles which increases to the sixth
power.

1.6 REVIEW OF PRECIPITATING AND FLOCCULATING AGENTS.

The selective flocculation of cell debris and the removal of other contaminants
(lipids, nucleic acids etc.) has been tested using a variety of methods including the
addition of neutral salts, alcohols, iso-electric (acid) precipitation, ionic and neutral
polymers. Various common methods are reviewed below; they can be divided into
two groups. In the first the solvent environment is altered for example by the
addition of polymers (non-ionic) or neutral salt (usually to a high concentration). The
second group are comprised of flocculating agents (usually at low concentrations)
which interact directly with the cell debris, nucleic acids etc., to cause aggregation.
Ionic polyelectrolytes are included in this group.

1.6.1

SALTING-OUT.

The commonest method of precipitating proteins is salting-out; although usually
applied to mixtures of proteins, it has also been used in the purification of alcohol
dehydrogenase (ADH) from cell debris by the addition of ammonium sulphate
(Richardson et a l, 1989). Ammonium sulphate (40%) significantly reduces the
protein level, whilst the target protein (ADH) remains in solution; ADH is
precipitated at 60% w/v. Salting-out results from the solubility reduction due to the
addition of neutral salts and it depends on the character of the salt as well as the
protein of interest (Dixon & Webb, 1961). The most effective salts are those with
multiple charge anions; the cation is less important. The lyotropic series describes the

53

effectiveness of anions in promoting precipitation in the order:- citrate > phosphate
> sulphate > acetate » chloride > nitrate > thiocyanate. Monovalent cations are
more effective than divalent cations in the order

> Na"^. Ammonium

sulphate is the most commonly used due to solubility, density and cost considerations
(compared to citrate) and reduced temperature sensitivity compared to phosphate.
However it is difficult to use on a large scale because of its corrosiveness with the
quantities required. The resultant precipitates tend to be of a small size (< 5 pm),
with a small density difference compared to the surrounding medium. It is also toxic
with respect to clinical use and hence must be removed. An additional advantage of
ammonium sulphate use is the stabilisation of the protein, for up to years (Scopes,
1987); thus making it the normal packaging medium for commercial enzymes.

The mechanism of salting-out is not clearly understood (Dixon & Webb, 1961); the
addition of electrolyte to protein initially causes an increase in protein solubility, then
at higher electrolyte concentrations the solubility decreases. These effects are
respectively known as salting-in and salting-out. In the salting-out region, the
logarithm of the protein solubility against ionic strength approximates to a straight
line, expressed by the empirical relationship of Cohn:

Logs

= p - Æ/

(114)

where S is the protein solubility at ionic strength I; p and K are constants (Cohn,
1925). p is strongly dependent on pH and protein type, having a minimum at the
isoelectric point. The slope of the salting-out curve (K) is temperature dependent but
varies with salt and protein involved. It is the value of p which chiefly determines the
solubility of protein in strong salt solutions (Dixon & Webb, 1961).

1.6.2

ORGANIC SOLVENT PRECIPITATION.

Protein precipitation by the addition of water-miscible organic solvents (eg> ethanol,
isopropanol or acetone) is due to a reduction in the dielectric constant, thus
increasing electrostatic interactions between protein molecules resulting in
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precipitation. The dielectric constant is related to the relative polarity of the
constituents of the medium and has a major influence on protein solubility. Non
polar solvents have low dielectric constants compared to water, hence the addition
of organic solvents reduces protein solubility by promoting electrostatic interactions.

This technique has primarily been used on an industrial scale for the fractionation
of blood plasma, which can be finely controlled by adjustment of the pH, ionic
strength, temperature and protein concentration. However organic solvents tend to
denature proteins, hence precipitation is carried out at 0 to 10 °C. At higher
temperatures, the solvent molecules disrupt the hydrophobic interactions partially
responsible for the proteins structure thus causing dénaturation. Additional large
scale disadvantages include the need for flame proofing to handle the solvents.

The addition of ethanol to yeast homogenate on a small scale has been reported
(Scopes, 1984) for the purification of ADH, which is stable at concentrations of
greater than 30% w/v ethanol; whereas the majority of proteins and cell debris are
precipitated.

1.6.3

ISO-ELECTRIC PRECIPITATION.

Protein solubility is a function of its net charge which is determined by the weakly
acidic and basic amino side chains: altering the pH to the proximity of the iso-electric
point reduces electrostatic repulsion to a minimum, thus causing precipitation. The
rate of precipitation is determined by diffusion controlled collision of the neutral
molecules (Chan et a l, 1986). Enhancement can occur for proteins with low
hydration constants or high surface hydrophobicity (Scopes, 1987). Mineral acids such
as sulphuric and phosphoric are generally used since they are cheap and do not
require removal. Their major disadvantage is that they irreversibly damage proteins,
whose sensitivity to low pH can be amplified by the presence of mono-valent anions.
Other problems include a lack of sensitivity and the precipitation of protein-nucleic
acid complexes.

55

1.6.4

NON-IONIC POLYMERS.

Polyethylene glycol (PEG) is a commonly used precipitating agent, due to its
selectivity, low intrinsic viscosity and minimal protein dénaturation. It has found
widespread application in the fractionation of serum proteins (Poison et a l, 1964),
and has growing applications in the purification of enzymes from crude homogenates
(Foster et a l, 1973; Kula et a l, 1978). Its structure is:-

HO.CH2 - (CH2 - CH2 - 0 )„ - CH2OH

It has little or no tendency to interact with protein, and tends to stabilise them
(Ingham, 1984). It is neither toxic, corrosive or flammable and small temperature
variations do not influence precipitation. At the iso-electric point, less PEG is
required for a given system. Generally, the polymer molecular weight used is 2000
to 20000 daltons to avoid excessive viscosity.

The mechanism of PEG precipitation is generally attributed to an exclusion process,
whereby proteins are sterically excluded from regions of the solvent occupied by the
network of polymers. Studies with purified proteins indicate that the dependence of
solubility on PEG concentration is exponential (Atha & Ingham, 1981). Semi-log
plots of solubility data are usually linear according to the following equation (which
is analogous to the salting out equation):

Logs

= LogS^-^ C

(115)

where S is the protein solubility in the presence of PEG at concentration C and S^
is the apparent intrinsic solubility obtained by exptrapolation to zero PEG. The slope
is a constant which is influenced by the size of the protein and the PEG molecular
weight. The concentration of PEG required for albumin precipitation decreases as
the degree of polymerisation increases; PEG 4000 being more effective than PEG
400. The slope j3 tends to broaden at lower PEG molecular weights and the sharpest
separations are usually obtained with PEG molecular weights between 4000 and 6000
(Ingham, 1978); molecular weights greater than this lead to viscosity problems.
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1.7

REVIEW OF SELECTIVE FLOCCULATION AND FLOCCULATING
AGENTS.

Here, some of the agents used to effect selective removal of components from
homogenates are reviewed.

1.7.1 AMINES AND POLYAMINES.

The formation of insoluble precipitates when DNA and protamine sulphate are
mixed has been known for a considerable time (Alexander, 1953 and references cited
therein); this comes from observations that nucleic acid and cationic nucleoprotein
are in close proximity in cells. It was noted that the nucleic acid/protamine complexes
could be dissociated under high ionic strength conditions. Dye staining experiments
showed that the DNA/protamine complex is the result of electrostatic interaction
between arginine groups (of protamine) and the phosphate anion (of DNA).
Maximum precipitation occurred when the protamine concentration was 30% of the
nucleic acid, this was accompanied by a large viscosity reduction and was attributed
either to a decrease in molecular size or molecular interaction.

Cetyltrimethylammonium bromide (CTAB, a tertiary amine) has been used to
precipitate nucleic acids from a variety of bacterial homogenates (Jones, 1953). This
method gave improved separation over a number of alternative methods including
ethanol or calcium chloride precipitation or pH adjustment. The CTAB precipitates
were insoluble in dilute salt solutions, but soluble in 1 M NaCl. CTAB did not
appear to cause degradation of the nucleic acids, however some acidic
polysaccharides were co-precipitated. Atkinson and Jack (1973) have noted that
cationic detergents (eg> CTAB) and protamine sulphate tend to cause enzyme
inactivation, thus limiting their use to the precipitation of nucleic acids. Removal of
the CTAB is effected by dissolving the pellet in NaCl (1 M), followed by ethanol
precipitation.

The use of polyamines to neutralise DNA phosphate and hence cause the molecule
to condense has been observed (Bloomfield et a l, 1980). The interaction between
DNA segments was studied in order to determine the factors responsible for DNA
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packing in bacterial viruses. Condensation was found to be a strongly co-operative
process occurring over a narrow range of polyamine concentrations. Additional
polyamine was required at increased salt concentrations. Hexamine cobalt (Arscott
et a l, 1990) has also been used to induce condensation in plasmid DNA by screening
the electrostatic repulsions along the charged backbone.

1.7.2

INORGANIC MATERIALS AS FLOCCULANTS.

The role of inorganic materials in biochemical separation processes has mainly
centred on the fractionation of proteins and nucleic acids (Green et a l, 1986).
Inorganic materials can be divided into two main catergories:- metals and their
oxides, and various types of clay. Recently new materials have become available such
as sub-micron polymeric particles; these are discussed below. Inorganic materials
generally have several advantages which include their mechanical strength, so that the
particles’ shapes are retained under hydrostatic and hydraulic pressure. Inorganic
adsorbents are not prone to shrinkage or swelling, and there is generally a large
density difference from the suspending medium. Good thermal stability also allows
heat sterilisation or exposure to harsh cleaning regimes in order to remove unwanted
protein material. The inorganic oxides most commonly used are those of alumina and
titania, and the inorganic salt hydroxylapitite (calcium phosphate). Fullers clay,
various bentonites, and kieselghur are among the most frequently used earths; these
can be graded according to size. Whilst organic flocculants obviously contain a wide
variety of functional groups, the inorganic adsorbents generally contain hydroxyl
groups and metal ions. Organic materials adsorbed onto inorganic supports can
confer the advantages of both, namely specificity and good mechanical properties
(Atkinson and Jack, 1973).

1.7.2.1

METALS AND THEIR OXIDES.

The mechanism of action of inorganic supports is unclear, both silica and alumina
appear to act via specific forces such as electrostatic interaction and hydrogen
bonding (Green et a l, 1986). Silica is weakly acidic and adsorption is thought to
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occur by the formation of hydrogen bonds of the surface hydroxyl groups with the
proteins, functional groups. Most aluminas tend to be basic in nature (unless
specifically manufactured to be otherwise). It has been suggested (Morris and Morris,
1976) that the aluminium ions are the adsorptive species which provide electrophilic
centres to which donor groups are attracted. Goodboy and Flemming (1984) have
speculated that specific aluminas with tailored properties could be manufactured to
meet specific demands. Transition forms of alumina constitute the largest group of
useful adsorbents, whilst gelatinous aluminas comprise another group with potential
due to their high surface area and chemical activity. Ions such as aluminum and iron
are strongly hydrated in aqueous solution; six water molecules are chelated from an
octahedral structure.

The flocculation of E.coli by aluminum nitrate has been investigated (Rubin &
Hanna, 1968) and the neutral salt - pH domain of stability was determined for
coagulation. They reported that E.coli followed the Schulze-Hardy rule as do other
lyophobic colloids for uni- and di-valent salts. A sweep zone of aluminum hydroxide
precipitation and settling similar to that described for clays was observed, the process
was pH and aluminum ion concentration dependent. Suspensions of S.cerevisiae have
been flocculated using nickel powders with separation efficiencies of 99% being
reported (Weeks et a l, 1983). The nickel concentration required was approximately
proportional to the initial biomass present; pH in the range 2 to 9 and temperature
were found to have little effect. The disadvantages of this system are the quantities
of nickel required to achieve good flocculation, for example approximately 200 g
are required to flocculate 40 g

of yeast. The addition of nickel to yeast at pH 4.5

followed by a pH shift to 8 or 9 enhanced flocculation by the formation of larger
floes.

Flocculation of enzymes using polyvalent ions (Al^^ and Fe^^) has shown to
precipitate caldolysin (a protease) and j3-glucosidase (Collingwood er a/., 1988). The
precipitates were dissolved by the addition of citrate which complexed with the metal
ions. The ferric ions appeared to be more effective than the aluminium. U nder
overdosing conditions restabilisation occurred. The presence of phosphate reduced
the efficiency of the process by precipitating the metal ions.
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The coagulation mechanism for aluminum and iron salts is unclear (Dentel and
Gosset, 1988); double layer compression/neutralisation, adsorption of polymeric metal
hydroxide and sweep flocculation have all been suggested. It has been shown that the
metal hydroxides precipitate onto the oppositely charged surface causing charge
neutralisation. Gregory (1978a) has suggested that the metal hydroxides initially form
as a fine colloidal dispersion, these then form floes which enmesh the colloidal
particles by sweep flocculation.

1.7.2.2 BENTONITE AND OTHER CLAYS.

Fullers earth and bentonites are hydrous magnesium alumino-silicates which have
been shown to have potential as adsorbents (Green et a l, 1986) although
reproducibility between different groups has proved to be a problem. The separation
of M.methylotrophus cell debris from soluble enzymes using bentonite (Organosorb)
has been reported (ICI Patent App. 8801303). The clay is said to preferentially
adsorb onto the debris whilst leaving the protein (enzymes) in solution. The optimum
dose ranges were said to be 0.1 to 2 parts clay to 10 parts cell debris suspension.
Amidase activity was not affected whilst glucose-6-phosphate dehydrogenase and
cytochrome C activity were both reduced. However, the dewatering characteristics of
bentonite cell debris suspensions are poor (unpublished) since they tend to form
gelatinous mixtures; the quantity of bentonite required is also a disadvantage.

Serratia marcesens and a variety of other organisms have been successfully flocculated
using bentonite (Casey et a l, 1977). The presence of metal ions, especially
magnesium was found to be essential for flocculation; pHs of 4 to 6 and low ionic
strengths also promoted the process. No difference could be found between the gram
positive and gram negative bacteria with respect to their flocculation performance.
While the mechanism of flocculation was not clear there was a clear electrochemical
relationship between metal ions, bentonite and the bacteria. Further studies using
Sporosarcina ureae with bentonite showed that the electrophoretic mobilities of the
bacteria and clay both remained negatively charged in the pH range 3 to 10
(Alemzadeh et a l, 1977). The presence of magnesium reduced the mobility, however
the cells still remained negative. It was suggested that the magnesium was
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adsorbed/exchanged (for sodium) onto the surface of the bentonite. The formation
of ion bridges (with the divalent magnesium) were responsible for the flocculation
of S.ureae and bentonite. Assuming the formation of ion bridges is the major factor
controlling

flocculation,

the

affinities

of the

functional

groups

on

the

bacterial/bentonite surface for the cation would be important. Carboxyl/phosphate
and silanol groups would be the functional groups of bacteria and bentonite
respectively.

The disadvantages of bentonite and metal oxide use are the requirement for large
quantities to be used (due to low charge density) in order to effect flocculation; these
are usually added as a solid. Poor dewatering and batch to batch variability must also
be taken into account. The presence of metal ions can cause some enzyme
inactivation, and will limit the range of applications.

1.7.2.3

SUB-MICRON POLYMERIC PARTICLES (SSPPs).

SSPPs have been used for the selective removal of cell debris and whole cells (Kim
et a l, 1987); the cationically charged particles (mean diameter = 0.27 pm) were used
to adsorb the negatively charged cells/cell debris thus facilitating their removal. The
optimum concentration range was 0.4 to 0.6 and 0.4 to 0.8 gram SSPP per gram
DCW for E.coli cells and cell debris respectively. The optimum range was broader
for cell debris due to the release of nucleic acids etc. from the cells. For S.cerevisiae
the optimum range was 0.02 to 0.2 g SSPP per g DCW. Various functional groups
were attached to the surface of the SSPPs to produce positive or negatively charged
particles of varying charge density. The cationic groups used were quaternary amines,
the anionic group tested was sulphonic acid (the charge densities were 800 and 2400
pC cm'^ respectively). The anionic SSPPs did not flocculate the cells or cell debris.
The mechanism of flocculation was stated to be electrostatic interaction between
SSPPs and cells or cell debris; an excess of particles caused restabilisation and it was
sensitive to pH and ionic strength. However, the average floe size was relatively small
(approx. 3 pm). The limiting factor with the use of SSPPs would be the relatively low
charge density and steric interactions between the cells/cell debris and the particles
which were approximately one half to one quarter of their size. There was no
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removal or interaction with hexokinase from the yeast cell debris across the dose
range tested. Similar results were obtained for the recovery of creatininase from
Flavobacteriumfilamentosum and gylcerophosphate oxidase from Aerococcus viridans.

The removal of DNA by selective adsorption/desorption onto SSPPs has been
demonstrated (Kim & Rha, 1989); the process being modulated by ionic strength. A
range of SSPPs were tested with tertiary and quaternary amines of varying charge
density. Increasing the charge density of the quaternary amines produced an
increased DNA adsorption. The tertiary amines adsorbed lower amounts of DNA
compared to the quaternary amines. The degree of adsorption could be correlated
with the electrostatic difference between the particles and the DNA. Changing the
particle diameter could be used to control the amount of DNA removed. Protein
(BSA) adsorption in the presence of DNA or RNA could be controlled by ionic
strength and the type of salt selected, phosphate salts being the most effective at
modulating the adsorption process. Above phosphate concentrations of 0.17 M, only
DNA was adsorbed from DNA/BSA mixtures. SSPPs have been used to enhance the
recovery of protein from two-phase systems (Kim et al, 1987); here /3-galactosidase
was being adsorbed onto the particles with the debris. A PEG-dextran system was
used to partition the particles and debris into the salt rich lower phase whilst the
enzyme partitioned into the PEG upper phase.

The advantages of using SSPPs are that they can be removed after use (by filtration)
and their removal validated. The surface chemistry of the functional groups can be
varied to give a range of charge densities to modulate adsorption/desorption; however
the maximum charge density available may still prove to be a limitation. Their size
and hence surface area for interaction may also be altered to suit the application
required. The adsorption equilibrium is rapid and it has been shown (Kim & Rha,
1987) that adsorbed protein (ovalbumin) can be washed to remove unwanted
material, before desorption. It is possible that the presence of SSPPs could be used
to control the rheology and dewatering characteristics of flocculated suspensions;
however their resistance to mechanical stress has yet to be determined. The cost of
SSPPs is more than that of a polyelectrolyte such as PEI, but it is not prohibitive for
large scale operations.
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1.7.3 POLYACRYLAMIDES.

Polyacrylamides and their derivatives are the most commonly used flocculants
(Gregory, 1976). They are conveniently synthesised from the acrylamide monomer
to produce a wide range of molecular weights and can be modified to be anionic,
cationic or non-ionic in character. Charge density variations can be brought about by
the number of functional groups per molecule. The main disadvantage of
polyacrylamides is the toxicity of the monomer. Jackson etal, (1975) details methods
for the characterisation of polyacrylamides used for waste water treatment.

1.7.4 CHITOSAN.

Chitosan is a polyglucosamine usually of high molecular weight (10^) and a variable
charge density, which is controlled by the number of amines per glucose unit. It is
derived from the biopolymer chitin which is a poly-j8-(l-4)-N-acetyl-D-glucosamine;
it can be partly or completely deacetylated. Like PEI, chitosan is a cationic
polyelectrolyte; its chemical structure causes it to adopt a linear rigid structure in
solution. Agerkvist et a l, (1988, 1990) showed that E.coli cell debris could be
flocculated with chitosan, the process being sensitive to pH and ionic strength. The
optimum flocculation doses were between 12 and 43 mg chitosan per gram dry cell
weight in the pH range 4 to 6.9. The lower doses at lower pHs were attributed to the
increase in cationic charge density (with lower pH), this also caused an increase in
the hydrodynamic radius of the molecule. Increasing the ionic strength required
greater quantities of polymer. These observations were in accordance with the
charge-patch mechanism of flocculation. Degradation of the nucleic acids with
DNAase and RNAase reduced the amount of polymer required to reach the
optimum flocculation concentration, since the oligonucleotides did not precipitate
with chitosan. Soluble protein loss from the supernatant was considerable (50 to
80%) of the enzyme of interest )3-galactosidase showing a 36 to 59% loss at the
optimum dose. SDS-PAGE showed that high molecular weight protein was more
likely to be removed. Possible mechanisms for protein removal include charge
neutralisation and sweep flocculation, especially of the larger proteins. For smaller
proteins the charge neutralisation is not complete, hence the protein remains soluble.
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The addition of

or

caused a reduction in the optimum flocculation

concentration, with the Al^^ having the greater affect (Agerkvist et al., 1990). The
ions were shown to bind to the cell debris and hence reduce its surface charge, thus
it required less electrostatic destabilisation; the degree of selective removal remained
the same. Agerkvist et al, (in press) showed that the ionic strength could be used to
modulate the selectivity of the flocculation process. At 0.5 M NaCl, cell debris and
nucleic acids were extensively removed (95 and 88 %), whilst most of the protein and
86 % of the )3-galactosidase activity remained. Measurements of the sodium ion

concentration showed that it did not change over the whole range, hence it did not
interact with different species in the cell homogenate.

Agerkvist et al, (in press) reported that chitosans of different molecular weights
produce little change in the optimum flocculation concentration, however lowering
the charge density required considerably more flocculant. The lower molecular weight
fraction gave broader range of good flocculation. The lowest charge density chitosan
exhibited the weakest interaction with proteins however the removal of nucleic acids
was similar to the high molecular weight samples, but increased amounts were
required.

U rea was added in order to test for the hydrogen bonding capacity of chitosan in
E.coli homogenates. It reduced the effectiveness of chitosan as a flocculant with
doses increased by 50% in order to achieve the same degree of flocculation. The
results indicated that H-bonding was common in the flocculation process. The
mechanism of cell debris flocculation was reported to be non-equilibrium bridging
due to the relative insensitivity to molecular weight (on the cell debris flocculation),
and the insensitivity of floes to shear. Protein unfolding reduced the effective charge
density, improving its recovery, hence reducing the electrostatic interaction of protein
and cationic polyelectrolyte. However unfolded protein would also uncover more
hydrophobic groups, hence reducing the likelihood of charge neutralisation.

Low molecular weight chitosans are commercially available as nucleic acid and
endotoxin removers (Karita Water Industries Ltd., Japan). For E.coli homogenates
the use of chitosan reduced the D N A RNA and endotoxin levels to 0.9, 4 and 0.2%
of the original. Removal of DNA from B.subtilis, S.cerevisiae and HeLa cell
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homogenates gave similar reductions. A range of proteins tested (at pH 7.5) showed
reductions of 10 to 30% in the presence of DNA (which reduced chitosan/protein
interactions); the higher molecular weight and low isoelectric point proteins were
more likely to be removed. Over 90% of the DNA was removed in all cases.

The advantage of chitosan as a flocculant is that its cationic character is strongly pH
dependent, this allows a greater degree of modulation of the flocculation process
compared to PEI. The major disadvantage of chitosan is its poor solubility; it requires
acetic acid and salt solution in order to dissolve it. Also chitosan is insoluble above
pH 8 . Its poor solubility severely limits the biomass that can be flocculated and
usually dilution is required. For example, Agerkvist et a l, (1990) grew E.co/f to 5 g
DCW, this was then diluted 1:10 before flocculation was carried out. Normally
Exoli fermentations produce dry cell weights in the range 30 to 40 g L \

1.8

POLYETHYLENEIMINE.

1.8.1 INTRODUCTION.

Polyethyleneimine (PEI) is a water-soluble polymer with either a linear or branched
structure (depending on method of synthesis) and a variable molecular weight (Horn,
1980). It is a polyamine that acts as a weak base and exhibits a cationic character
which is dependent upon the degree of protonation (ie> the pH); the molecular
diameter is influenced by the ionic strength and the presence of counter ions. The
presence of neutral salts increases the basicity of PEI without changing the overall
characteristics of the titration curves. Since it is a polyamine, PEI exhibits a strong
affinity for anionic materials in aqueous solution. Its physicochemical properties have
allowed it to be used as a flocculating agent in a variety of industrial and laboratory
applications including the paper and sewage industries, as well as for the recovery of
metal ions (Horn, 1980). PEI has also been used in the purification of proteins since
it has been found to be effective for the removal of nucleic acids, lipids and some
proteins (Jendrisak, 1987; Burgess, 1991). PEI has also been used for the
fractionation of some enzymes (Boeringer Patent No. GB 1298431). The selectivity
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of PEI for certain anionic groups is thought to be controlled by the pH and ionic
strength of the medium as well as the PEI concentration. With weakly ionic groups,
such as tertiary amines, variations in solution pH will directly affect the charge
density and hence the flocculating ability.

1.8.2

MECHANISM OF ACTION OF PEI.

The increasing use of PEI as a selective flocculating agent in bioprocessing has lead
to interest in its physicochemical properties and how these influence the mode of
action. Its ability to form complexes is governed by the pH-dependent degree of
cationic charge density on the molecule and the charge density on the anionic
species. It is also influenced by the ionic strength of the medium which affects the
size and shape of the molecule (Horn, 1980). Hence the selective action of PEI in
complexing with anionic particles is governed by its degree of protonation and the
effective degree of charge neutralisation. It has been observed that PEI, when used
in a protonated state, adsorbs on oppositely charged surfaces in a flat configuration
(Lindquist & Stratton, 1976). The primary mechanism of flocculation is thought to
occur by the charge patch model (Gregoiy, 1973) since, after being subjected to
shear, flocculated systems have been shown to recover, hence lending support to the
’charge-patch’ model (Salt et al, in press). It is thought that selectivity for cell debris
and nucleic acids is achieved because of their greater negative charge in solution
compared to protein. Hence they are selectively charge fractionated before the
soluble protein due to the greater charge difference between the nucleic acids and
PEI compared to the protein. Treweek and Morgan (1979) tested five commercial
PEI samples of differing molecular weights for the flocculation of Exoli, they
reported that the high molecular weight fractions were more effective. Number
average molecular weights were obtained by size exclusion chromatography and
freezing point depression. Weight average molecular weights were obtained by light
scattering. The commercial samples used were showed high polydispersities (>50)
indicating broad molecular weight distributions.

Anionic colour bodies from softwood extract effluent were effectively precipitated
with a range of different molecular weight PEIs and low molecular weight polyamines
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(Kisla and McKelvery, 1978). Determination of the polyamine content showed that
the amount in the precipitate appeared to be directly proportional to the cationic
character of the polyamine used. By analysis of counter-ions (Na^ and Cl ) it was
shown that both localised and overall electrical neutrality was achieved primarily
through the association of anionic sites with polyamine cationic sites. It was shown
that the complexation was rapid and would occur even at non-precipitating polyamine
concentrations. Zeta potential measurements showed that the colour bodies went
from negative to positive with increasing dose, the optimum being at electrical
neutrality. It was concluded that coulombic interaction led to complex formation and
that this process was rapid. As the number of cationic sites per polyamine molecule
increased, the concentration required to achieve maximal colour removal decreased,
this was attributed to the increasing cationicity of the polymer with molecular weight.

1.8.3

STRUCTURE OF PEI.

Polyethyleneimines produced by the ring opening cationic polymerisation of
ethyleneimine are highly branched and contain primary, secondary and tertiary
amines in the ratio 1:2:1 (Dick & Ham, 1970). The branching sites are separated
mainly by secondary amine groups with one branch for every 3 to 3.5 nitrogen atoms.
Linear PEI can be produced by an alternative method of synthesis. The effect of pH
on the diameter of the molecule has been evaluated from intrinsic viscosity data,
using the Einstein-Stokes equation. Expansion of the diameter by up to 65% on
lowering the pH from 10.8 to 5 has been reported (Lindquist & Stratton, 1976). A
pH of 10.8 is considered to be the approximate point of zero charge of the PEI
molecule (Hostetler & Swanson, 1974). PEI adsorption has been shown to decrease
with increasing pH (Lindquist & Stratton, 1976); this has been attributed to the
decrease in charge density on the PEI molecule and the higher surface charge density
of substrates with weak acidic groups.

The charged PEI molecule (pH 3 - 9) is expected to change from a three dimensional
network to a flattened configuration when adsorbed on an oppositely charged
surface. This favours the formation of patches on the surface. It has been assumed
that reconformation of the molecule in the adsorbed state is complete before particle
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Figure 1.3 The Structure of Polyethyleneimine (PEI)
Produced by the ring-opening polymerisation
of ethyleneimine.
Ratio of primaryisecondary[tertiary amine
groups is 1:2:1.
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aggregation occurs. The idea that flocculation is controlled by coulombic interaction
based on the charge density of the PEI molecules is supported by the dependence
of the optimum flocculation concentration upon pH (Horn, 1980). Hence, with
greater cationic charge density, the ability of PEI to destabilise the dispersion
increases provided that the state of protonation of the oppositely charged species
remains unchanged. However, in bacterial homogenates there is a wide variety of
molecular species present, thus pH changes will affect the quantity of charge in the
system. Near the isoelectric point of protein, precipitation may occur due to a
reduction in their net surface charge.

1.8.4 PEI ASSAYS.

General methods for the determination of polyelectrolyte concentration in waste
waters have been reviewed (Wickramanayake et a l, 1987); most of the techniques
mentioned are unsuitable for the determination of PEI due to the presence of
interfering substances as may occur in cell homogenates. The sole technique where
interference was not a problem was a radio-immuno assay. This has been developed
for polyacrylamide, using a polyacrylamide antibody-bovine serum albumin conjugate.
Due to the high cost and lengthy preparation procedures, this method is better suited
to validating other techniques, additionally the method is polymer specific hence a
variety of antibodies may have to be raised.

1.8.4.1

COLLOID TITRATIONS.

Various methods have been used to determine the PEI concentration in solution. In
the absence of any interfering substances, colloid titration (Horn, 1980) has proved
to be the most sensitive with a detection limit of 50 ppb. Colloid titrations are based
on the stoichiometry of the reaction between a polycation {eg:- PEI) and a polyanion
(usually potassium polyvinyl sulphate) in the presence of a metachromic dye
(toluidine blue) which binds to the excess polyanion. The stoichiometry is directly
dependent on the degree of protonation. Hence for PEI increased sensitivity can be
achieved by lowering the pH. The potassium polyvinyl sulphate must be precalibrated
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in order to determine the degree of estérification since considerable differences occur
between commercial samples. For polyelectrolytes such as PEI the degree of
protonation varies with pH, hence this must be precisely determined for all
measurements.

Whilst offering the greatest sensitivity colloid titration cannot be applied to complex
systems such as bacterial homogenates, since any polyelectrolytes with positive charge
will bind to the polyanion. This technique has been used to determine the charge on
various proteins (Horn & Feuck, 1983). The contribution of each of the components
complexing with the polyanion would be impossible to determine, thus invalidating
this technique for complex systems. Colloid titrations have been used in simple
systems where no interference occurs. The absorption isotherms of the cationic
polymer 3,3-ionene chloride and 6,10-ionene bromide have been determined after
contacting on cellulose sols by colloid titration (Sandell & Luner, 1974) since the
cellulose does not react with the polyanion. The a</sorption of PEI on quartz sand
was determined by colloid titration (Suzuki & Kashike, 1987) after centrifugation and
filtration to remove the excess sand.

1.8.4.2

COPPER BINDING.

A colo Timetric technique based on the coloured complex formed between PEI and
cupric ions has been reported (Kindler & Swanson, 1971). The detectable
concentration range was 5 -100 mg L \ the absorbance was recorded at 269 nm. This
technique was used to determine the rate of PEI ac sorption onto cellulose fibres.
Fractionated PEI was used tb determine the effect of molecular weight, ionic
strength and pH on the sorption rate. Apart from pulp fibres (Hoestetler & Swanson,
1974) this technique has also been used to quantify residual PEI after the
flocculation of silica (Lindquist & Stratton, 1976).

This technique resembles the Biruet and Folin-Lowry method for the determination
of soluble protein concentration where, under alkaline conditions, copper ions bind
with peptide nitrogen atoms (cupric tetraamine) to form a purple/blue colour. This
method is adequate for the simple system where no interference occurs. However,
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in bacterial homogenates the cupric ions would be complexed by other components
such as protein. Since the soluble protein concentration varies with dose, pre
calibration of the homogenate would not be sufficient to infer the polymer
concentration. A modified biuret assay for residual poly-lysine from the flocculation
of nucleic acid has been reported (Spitnik et al, 1955) however the method was only
found to be semi-quantitive.

1.8.4.3

NITROGEN DETERMINATION (KJELDHAL).

PEI adsorption onto clay and pulp fibres has been determined from the nitrogen
content (Kjeldhal method; Alince, 1988) and from cellulose flocculation (Hoestetler
& Swanson, 1974). The disadvantages of this system are the same as for the previous
section, namely that the nitrogen contribution from the proteins etc. would have to
be taken into account. In a complex fractionation process such as flocculation this
would prove to be extremely difficult. Kjeldahl assays have been used to determine
the residual cationic polyelectrolyte concentration (PEI) after the flocculation of
algae (Tenney et a l, 1969) the suspending medium was used as a blank so that the
nitrogen content could be correlated directly with the polymer concentration.

1.8.4.4

AZO DYES.

Residual PEI from the flocculation of E.coli (whole cells) suspensions have been
determined (Treweek & Morgan, 1977) using l,2-napthoquinone-4-sulphonic acid
(NQS). It was reported that the NQS forms a complex with the PEI giving an
absorption maximum at 450 nm. The method involved using the E.coli suspending
medium as a blank because the NQS complexed with various medium components.
Problems associated with the use of NQS are discussed in the results section.

The interaction of PEI with other azo dyes has been investigated (Takagishi et al.,
1985); 2,4-dihydroxyazobenzene-4-sulphonate (Tropaeolin O) was found to give
maximal binding compared to similar dyes. It was reported that the hydroxyl groups
participate preferentially in the complex formation with PEI.
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1.8.4.5

PRIMARY AMINE ANALYSIS.

The absorption of poly-L-lysine onto asbestos has been assayed using a fluorescent
technique (Ozeki et al, 1989); fluorescamine reacts with primary amines to form
fluorophors which when excited at 390 nm fluoresce at 475 nm. This technique was
tested with PEI, however the reaction was poor. It was envisaged that the labelled
PEI could be used for flocculation studies. Disadvantages included the high
background fluorescence observed in homogenates.

o-Phthaldialdehyde reacts with amino acids under reducing alkaline conditions to give
strongly fluorescent compounds

= 340 nm; Ag = 455 nm) with detection in the

nanomolar range (Roth, 1971). This technique has been adapted to detect
polyacrylamides (to 20 ppb) in aqueous solutions containing common salts
(Hendrickson & Neuman, 1984). It was necessary to convert the polymer to its amine
derivative (Hofmann rearrangement). It was envisaged that this method would be
useful for cellulose flocculation (paper making).

1.8.4.6 ULTRAVIOLET ABSORBANCE AND REFRACTIVE INDEX.

Refractive index (Kindler & Swanson, 1971) has been used to detect PEI elution
from gel permeation columns. However it has been observed that ultraviolet (UV)
absorption is more sensitive (not reported here). PEI has an absorption maximum
at 225-230 nm (see Appendix 3); this has been exploited in SEC-HPLC experiments
to determine molecular weight distributions. Individual calibration curves are
necessary for different commercial grades of PEI (different molecular weight
distributions) in order to determine concentration from absorbance. The molecular
weight distributions of commercial grades of PEI are so wide that this technique can
not be used to determine the polymer concentration in supernatants, since no
individual peak can be detected relative to the other components.
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1.8.4.7

RADIO-LABELLED POLYMERS.

The radiolabelling of polymers has not been widely reported, however this technique
offers the best solution for polymer assay in complex systems, since it is not subject
to interference. Monomeric ethyleneimine tagged with

has been used to

synthesise low molecular weight PEI (Dixon et a l, 1974). This was used to determine
the adsorption isotherms for E.coli and Chlorella ellipsodia with excellent sensitivity.
The disadvantage of this system is that ethyleneimine is gaseous and toxic
(carcinogenic). Also, quench correction is essential throughout due to the nature of
the scintillation cocktail used. Biopolymers formed during growth and medium
components were found to impact on the flocculation process. Both cationic and
anionic polyelectrolytes have been

labelled (Black et a l, 1965) to study the

flocculation of kaolinite. A cationic polyacrylamide (PDADMA), it was labelled to
0.3 pCi mg'^ and was reported to give a sensitivity of 3 pg L^ (+/- 3%).

labelled poly-4-vinyl-N-methylpyridonium iodide (PVPMI) has been used to study
the flocculation of clay and fuLvic acids (Narkis et a l, 1975); the specific activity was
1.21 pCi mg'^ polymer with a lower sensitivity limit of 0.1 nCi. The disadvantages of
these systems include the synthesis and handling of radiolabelled polymers. Also the
use of these at a pilot or production scale for routine monitoring would not be
feasible. However for research applications, the radiolabelling of polymers has proved
to be the most effective assay in complex systems.

1.8.5 REMOVAL OF PEI FROM PROCESS STREAMS.

The removal of PEI after flocculation is essential in many applications. PEI removal
and its validation have been hampered by the inability to determine its concentration.
There are two methods by which residual PEI has been removed (Burgess, 1991).
The first involves ammonium sulphate precipitation (generally 40 to 60%); this
removes the protein whilst leaving the PEI in the supernatant. The precipitate is
resuspended for further purification or reprecipitated if required. The disadvantage
of this approach is the removal of ammonium sulphate usually by gel filtration or
dialysis. It has not been reported to what degree residual PEI bound to the protein
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is removed by the ammonium sulphate, this will be dependent on the strength of
interaction (ionic) between protein and polymer, Lindquist and Stratton (1976)
reported that below the critical coagulation concentration virtually complete
adsorption of the PEI occurred regardless of pH, ionic strength and molecular
weight. However their assay method using NQS is not sensitive so that residual
polymer might not be detected.

The second method for FBI removal is to pass the supernatant through a strong
cation exchanger {eg:- phosphocellulose); PEI elution is effected with a salt gradient.
The PEI will remain bound due to a stronger affinity for the highly negatively
charged matrix. Ammonium sulphate precipitation and cation exchange can also be
used sequentially for the removal of polymer. The disadvantage of cation exchange
is the requirement for desalting after elution. Also care should be taken to ensure
that the capacity of the exchanger is not exceeded. Weak cation exchangers {eg:- CM
cellulose) could also be used in order to effect elution at lower ionic strengths.

Ingham and Busby (1980) have reviewed methods for the removal of polyethylene
glycol (PEG) from plasma. The protein may be adsorbed onto an ion-exchange or
affinity resin or separated by ethanol precipitation. The extended configuration of the
PEG molecule gives it a large hydrodynamic radius thus rendering it difficult to
remove from globular proteins of similar or greater molecular weight using
conventional gel filtration methods. Studies into the removal of PEG by
ultrafiltration from crude preparations of human factor VIII, reported an increased
rejection of PEG due to irreversible binding of protein (Ingham & Busby, 1980).
Ultrafiltration enhanced by the addition of divalent anions (sulphate or phosphate)
to create a two phase system was found to give optimum separation. The protein
partitioned into the lower salt rich phase, whilst the PEG remained in the upper
phase. Ultrafiltration has also been reported (Bozzana & Glatz, 1991) for the
separation of polyacrylic acid from model protein systems. The polyacrylic acid was
of a high molecular weight hence the proteins were targeted as the permeate; protein
fouling caused increased rejection of the polyelectrolyte. Given the polydispersity of
commercial PEI molecular weight distributions, it is unlikely that ultrafiltration could
be successfully applied for PEI separation from flocculated suspensions.
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1.8.6

PEI AND SAFETY ISSUES.

The main issue concerning the use of PEI is the presence of the monomer,
ethyleneimine, which is highly toxic and carcinogenic. However PEI contains no
monomer above the detection limit of 0.1 ppm using GLC (BASF Safety Sheet);
which is unsurprising given the reactivity of ethyleneimine. Oral rat LD 50 doses have
been quoted between 1.45g kg'^ to 3.2 g kg'^ (Sigma-Aldrich Library of Chemical
Safety Data 2“** Ed.). It is quoted for PEI as being an irritant on inhalation or
ingestion.

The primary use of PEI is in the paper industry and ’Polymin P ’ has been approved
for use in paper and board for food packaging in amounts to 1% calculated on ’bonedry’ pulp (BASF information sheet). ’Polymin P’ has been approved in the USA for
use in paper and board for food packaging in amounts to 0.5% (Food and Drug
Administration [FDA] Title 21, FR part 176 subpart FB). More recently the FDA
has given clearance for PEI to be used in food as a secondary direct food additive
under the Food, Drug and Cosmetics act (Bahwekar et a l, 1991).

PEI has been found to be an excellent primary coagulant in river waters (Pressman,
1967), and also of humic substances present in drinking water (Glaser & Edzwald,
1979). It has been reported that PEI has gained clearance from the Environmental
Protection Agency and the FDA for use in potable water (Yamazaki et al., 1984).

1.9 INTERACTIONS OF POLYELECTROLYTES WITH SPECIFIC

CELLULAR

COMPONENTS.

1.9.1 POLYELECTROLYTE - PROTEIN INTERACTIONS.

Agerkvist et al (in press) showed that the co-flocculation of protein from bacterial
homogenates depends on the size and charge (pi) of the individual protein; larger
proteins with isoelectric points in the range where flocculation is performed (eg:- jSgalactosidase) are likely to be flocculated. Increasing the ionic strength allowed for
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more protein to be retained in the supernatant by screening the surface charge.
Agerkvist et al

(1990) showed that the interaction between protein and

polyelectrolyte (chitosan) was electrostatic with the polymer neutralising the anionic
patches on the protein’s surface. The fate of the protein depended on the degree of
neutralisation, which is a function of the conditions and the polymer dose.

Shaw (1980) described proteins as very hydrophilic colloids; they can be associated
with up to three times their own weight o f water which acts as a stabilising barrier
to aggregation. If the charge on the protein is low then the interaction will be
reduced due to the hydration barriers; 10 to 100 molecule layers have been estimated
to surround a protein molecule clustering on the ionised side chains. Structural
ordering would inhibit other molecules from approaching sufficiently close for
aggregation to occur. There is a requirement for sufficient negative charge on the
protein surface if interaction with polyelectrolyte is to occur. The need for sufficient
protein charge has been demonstrated by Sternberg and Herschberger (1974) with
precipitation of poly-lysines using polyacrylic acids; at least seven peptide units were
required before precipitation would occur.

The precipitation of lysozyme and haemoglobin were studied as a function of their
pH, electrical charge, salt and urea concentration using polyacrylic acids (Sternberg
& Herschberger, 1974) and enzyme dénaturation was reported to be low. Lysozyme
could be recovered (approx. 93%) in one step from egg-white. A m kture of four
enzymes (lysozyme, a protease, a-amylase and /3-galactosidase) could be precipitated
by stepwise fractionation; the lysozyme being precipitated first and the pgalactosidase last. Acétylation and succinylation of the lysine residues (of lysozyme)
giving 65% acétylation and 15 or 39% succinylation, shifted the pH optimum from
4.5 or 5.5 for the low and high molecular weight polyacrylic acids respectively. It also
narrowed the pH range for optimum precipitation. The precipitation of lysozyme in
the presence of urea occurred at the same pH. However considerably less was
precipitated and hence it appears that hydrophobic bonding did not occur to any
extent. Sodium dodecylsulphate (SDS) completely inhibited the precipitation of
lysozyme since it had a greater affinity for the protein. Increasing the salt
concentration caused the lysozyme to be redissolved (at the optimum pH); the low
molecular weight polymer was more sensitive to ionic strength than the high
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molecular weight sample. A range of proteins tested all precipitated when below their
iso-electric point where they would have had a net positive charge. The precipitation
yields were greater for the high molecular weight polymer. The interaction of
polyacrylic acid with proteins was electrostatic as shown by derivitisation of the
protein to alter their electrostatic properties and protein resolubilisation at high salt
concentrations.

The precipitation of whey proteins with the anionic polymers polyacrylic acid and
polymethacrylic acid, and the cationic polymers PEI and a polystyrene based
quaternary ammonium salt has been reported (Hill & Zadow, 1978). The quantity
of precipitated protein could be modulated by the pH and ionic strength. The anionic
polymers precipitated proteins at low pHs below their iso-electric points, whilst the
cationic polymers were more effective at high pHs. The precipitation was brought
about by charge neutralisation; the hydrophobicity of the polymer as well as its
charge density were also important parameters for protein precipitation.

1.9.2 POLYELECTROLYTE - NUCLEIC ACID INTERACTIONS.

The monomeric units of nucleic acid are nucleotides that consist of a phosphate, a
sugar (2-deoxy-D-ribose or D-ribose) and a purine or pyrimidine base. All of the
common bases are uncharged at neutral pH; all of the phosphate residues are
negatively charged and exposed to the exterior (this is especially true for the DNA
molecule). The phosophodiester unit is a strong acid with a pKa of approximately 1;
there is one negative charge per residue. This regular highly negative total charge
contrasts with proteins where positive and negative side chains are usually present in
comparable (although not equal) numbers; the pi of most proteins is above pH 4.
The DNA will be associated with histones which will screen the anionic charge from
the nucleic acid. Mechanical homogenisation tends to disrupt the DNA/histone
complex, causing the DNA to unwind and raising the viscosity of the suspension. This
electrostatic

difference

provides

a

fundamental

basis

for

selective

adsorption/desorption of nucleic acids from complex suspensions such as
homogenates, thus enabling their fractionation. Studies on the contraction of DNA
by the action of polyamines (Bloomfield et al., 1980) showed that for DNA
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condensation to result in precipitation, charge neutralisation of approximately 90%
must occur.

Spitnik et a l, (1955) viewed DNA at neutral pHs as a negatively charged
polyelectrolyte similar to polyphosphoric acid. The interaction of DNA with the
electropositive polyelectrolytes poly-lysine and polyvinylamine were studied. Under
low ionic strength conditions, molar ratios of 1 to 3 (amine to phosphorus) gave
complete precipitation for poly-lysine; a ratio of 1 to 1 only gave complete removal
for polyvinylamine. Similar results were obtained at 0.5 M NaCl. The poly-lysine
nucleic acid complexes could be dissolved in 1 M NaCl, whereas the polyvinylamine
precipitates remained insoluble at 4 M NaCl. The presence of magnesium was found
to ease solubilisation. This compares with the solubilisation of DNA from histone at
approximately 0.5 M salt. The mechanism of precipitation was shown to be charge
neutralisation, with the reduction in charge decreasing the solubility. The charge
density was thought to be the important factor governing the strength of the
interaction (and hence solubility) between the macromolecules; the cationic charge
density of histone (arginine and lysine) is lower than that of poly-lysine.

The interaction between DNA and ionene polymers (with the structure [N‘^(CH3)2(CH 2)mN^(CH3)2(CH 2)n]r ), with m - n values of 3-3, 6-6 and 6-10, was
examined (Mita et a l, 1977) to determine the binding behaviour of cationic polymers
with DNA. The cationic charge density was found to be critical and could be
controlled by selection of m and n, also there are no bulky side chains to interfere
with binding. The binding ratios showed that the precipitation of DNA by 3-3 ionene
was cooperative whilst the 6-6 and 6-10 ionene binding was non-cooperative. The
charge density of the DNA was critical in determining whether the ionene polymers
bound in a cooperative or in a non-cooperative manner, since the distance between
succesive cationic charges on the 3-3 ionene is less than that of the phosphate
charges on the DNA. The mean distance between neighbouring charges on the 3-3
ionene polymers is 50.5 nm whereas successive phosphate groups on polynucleotide
chains of DNA are 68 nm apart; for the 6-6 and 6-10 ionenes the distances are 88
and 113 nm respectively. Comparison of distances shows that the shorter distances
in between successive charges allows the polynucleotide to bind cooperatively to
DNA, while the polycations with larger distances bind non-cooperatively.
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Sternberg and Herschberger (1974) showed that polyacrylamides precipitate protein
below their isoelectric points; however nucleotides, nucleosides, polynucleotides and
yeast RNA were not precipitated at pHs down to 3.5, since both polyelectrolytes
were negatively charged. No other form of interaction other than electrostatic was
observed.

Mixtures of PEI and a weak polyacid, acrylamide-acrylic acid co-polymer, produced
phase separation into two liquid phases (coacervation) rather than the formation of
a solid precipitate (Polderman, 1975). The interaction between the two polymers was
thought to be due to cooperative electrostatic physical association. No chemical
reactions were shown to occur between the two polymers, this was thought to be due
to the distance between oppositely charged sites on the polymeric monomers being
quite different. In a system were the oppositely charge species where physically close,
precipitation occurred.

1.9.3

POLYELECTROLYTE - LIPID INTERACTIONS.

The removal of lipid and endotoxin material is essential in many purification
processes. The flocculation of bacterial homogenates with PEI has caused a large
reduction in the overall lipid concentration (Milbum et a l, 1990). However the
nature of the interaction between lipid and polymer is not clear. The action of
polyelectrolytes on lipid vesicles containing anionic groups has been reported (Oku
e ta l, 1986); the liposomes were used as simple models of biological membranes. The
addition of polyallylamine, PEI (linear or branched) or poly-lysine to vesicles
composed of phosphatidylserine and phosphatidylcholine caused aggregation. Calcium
and magnesium were found to have no effect on the liposomes. The polyelectrolytes
also induced intermixing of the liposomal components. When neutral liposomes
(phosphatidylcholine) were tested, no fusion was observed indicating that the
negative charge was essential for aggregation. The aggregation was caused by
multivalent binding of amine residues to the anionic head groups of the
phospholipids. Poly-lysine induced liposomal aggregation at the lowest charge ratio,
followed by polyallylamine, branched PEI and linear PEI. However the liposomal
aggregation by poly-lysine was easily reversed by the addition of polyaspartic acid.
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whereas the aggregates caused by polyallylamine and branched PEI were only
partially reversed. An excess of polymer caused a reduction in vesicular aggregation
and fusion because of charge reversal on the vesicle surface.

The role of the lipid head groups was shown to be critical in promoting the
interaction of dipalmitoylphosphatidylglycerol (DPPG) with branched PEI (Takigawa
& Tirrell, 1985). Dipalmitoylphosphatidylcholine (DPPC) which is zwitterionic did
not interact with the PEI. Melting phase transition studies showed that linear PEI
destabilised the DPPG vesicles whereas branched PEI stabilised them. The
destabilisation was due to mismatching of optimal geometries for lipid packing and
polymer-lipid ion pairing.

The immobilisation of histidine onto a suitable porous adsorbent has been shown to
be suitable for the removal of endotoxin (lipopolysaccharide) with a high reduction
under a variety of conditions (Matsumae et al, 1990). The apparent dissociation
constant for E.coli endotoxin was 7.3 x 10'^^ M; under the correct conditions
selectivity for endotoxin could be enhanced. Endotoxins from a variety of bacteria
showed similar reductions. The immobilised histidine also bound DNA, RNA,
heparin and pepsin, all of which are high molecular weight with low pis.

Heuck and Schlierf (1977) reported a procedure for the determination of j8lipoprotein cholesterol after removal of very low density (VLDL) and high density
lipoproteins (HDL) using PEI. The PEI was shown to have a strong affinity for lipids
and exhibited specific interactions toward some serum lipoprotein classes.

The

quantitative

flocculation

of

phosphatidylcholine

(PC)

vesicles

by

trimethylammonium glycol chitosan iodide (TGCI) in the pH range 3 - 1 2 has been
reported (Fujii et a l, 1978a,b). Salt-linkage between the polar phosphate groups of
PC and the trimethylammonium grouped of TGCI were found to be responsible for
the flocculation. Glycol chitosan (non-ionic) showed no such interaction.
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1.10

METHYLOTROPHIC BACTERIA.

Methylotrophic bacteria are those capable of growth on reduced one carbon
compounds; they have received a great deal of attention due to their potential
commercial applications. (Lindstrom & Stirling, 1990). The organism used in this
study - Methylophilus methylotrophus is a true methylotroph since carbon assimilation
occurs only via the ribulose monophosphate (RuMP) pathway. Originally commercial
interests were directed towards the development of single cell protein (SCP)
processes, however methylotrophs had little or no advantage over other organisms.
Methylotrophic biocatalysis for the production of chemicals has also shown problems
in development. Using methanol as a feedstock has often been cited as providing an
economic and quality advantage over other carbon sources, however this does not
hold true for most products. Now the primary use of methylotrophic bacteria is as
a source of enzymes and speciality proteins. The other area of interest is
bioremediation

since

methylotrophs

can

dehalogenate

various

potential

environmental and waste stream contaminants.

1.11 AIMS OF THESIS.

The aim of this thesis is to examine how selective flocculation using polyelectrolytes
can be optimised to effect fractionation of cell debris, nucleic acids ere., so that
protein can subsequently be recovered from the supernatant. The objective is that
selective flocculation will reduce the number of steps required by allowing the
supernatant to be applied directly to chromatography columns, with minimal matrix
fouling.

Characterisation of the physio-chemical properties of the cationic polymer
polyethyleneimine (PEI) should form the basis for the future selection of
polyelectrolytes in order to maximise selectivity. Attention has been paid to those
param eters which can be used on an industrial scale in order to modulate selectivity,
such as pH, ionic strength, polymer concentration, etc.
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Various studies of model systems containing only polymer and one other component
of interest {eg> DNA) should provide an insight into the mechanism of selective
interaction. The information can then be translated to complex systems, such as
bacterial homogenates. The ’operating window’ for optimum flocculation requires
investigation under a variety of conditions of pH, ionic strength, dry cell weight and
polymer concentration. The elucidation of the operating window and the effect of
various parameters should form the basis for future work covering on-line control
and monitoring of the flocculation process. It is essential that the residual amount
of polymer remaining in the supernatant after flocculation can be determined in
order that it is minimised and its impact on subsequent purification stages assessed.

The development of rational procedures for the testing of polymers, the material(s)
to be flocculated and the resulting flocculation performance should enable
procedures to be implemented for selecting the right polymer for the required
application.
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2 MATERIALS AND METHODS.
2.1

CHARACTERISATION OF POLYETHYLENEIMINE (PEI).

Polyethyleneimine (PEI) was obtained from two sources; these are refered to as
BDH ’Polymin P’ (BDH Chemicals, Poole, Dorset) and Polysciences (0.6 kDa)
(Polysciences Inc., Warrington, PA, USA). The former is claimed to have a molecular
weight betweem 40 kDa and 60 kDa, which is termed high molecular weight here.
The Polysciences PEI is termed low molecular weight.

2.1.1 POTENTIOMETRIC TITRATION OF POLYETHYLENEIMINE.
Polyethyleneim ineBD H , ’Polymin P’ or Polysciences (0.6 kDa) was dissolved to a
final concentration of 1% wA^ in deionised water or KCl (BDH Analar) solutions
(0.01 to 1.0 N). The PEI samples were equilibrated (18 h) under nitrogen, before use.
PEI solutions (25 mL) were titrated against HCl (IN ) at 20°C. The potentiometric
titrations were performed using an ’Autoburette’ instrument (Radiometer A/S,
Copenhagen, Denmark), consisting of a i l l 80 titrator, a PHM 82 pH meter, an
ABU 80 Autoburette and a TTA 80 titration assembly; pH readings were recorded
for every 50 or 100 pL of HCl added.

2.1.2

COLLOID TITRATIONS OF POLYETHYLENEIMINE.

Colloid titrations (Teremeya, 1952) were used to determine the charge density of the
two samples of PEI used.

2.1.2.1 STANDARDISATION OF POTASSIUM POLYVINYLSULPHATE.
It was necessary to determine the degree of estérification of PVSK in order to find
its exact normality. The method employed was that of Ueno and Kina (1985) using
cetylpyridinium chloride (CPC), a cationic surfactant. Cetylpyridinium chloride
monohydrate (0.488 g. Sigma) was dissolved in deionised water (500 mL) to give a
1/400 N stock solution. Toluidine blue (0.1 g. Sigma) was dissolved in deionised water
(100 mL). PVSK that is 100% esterified has an equivalent weight of 162.1
(C 2H 3O 4SK). Two sources of PVSK were used; these were supplied by Sigma (Poole,
Dorset) and Aldrich (Gillingham, Dorset). PVSK (0.41 g) was dissolved in deionised
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water (500 mL) to give a 1/400 N solution.
PROCEDURE:- Cetylpyridinium chloride (5 mL) and toluidine blue (75 pL)
solutions were placed in a stirred beaker and titrated with PVSK. During the titration
the solution became increasingly turbid; at the endpoint the solution cleared and
turned red. Absorbances were recorded at 420 and 605 nm (Perkin Elmer 552
spectrophotometer); the temperature was 22 °C throughout.

2.1.2.2 COLLOID TITRATION PROCEDURE.
PVSK (1/400 N) and toluidine blue (0.1% w/v) solutions were prepared as described
in the previous section (2.1.2.1). Polyethyleneimine (5 g, BDH ’Polymin P ’) was
dissolved in deionised water; the pH was adjusted (0.1 N HCl/NaOH), and the
volume adjusted to 1000 mL; the solution was allowed to equilibrate overnight. From
this a secondary PEI stock solution (50 pg mL'^) was prepared, this was further
diluted to give PEI final concentrations of 0.5, 1.0,1.5, 2.0, 2.5 and 5.0 pg m L '\
Polysciences PEI (0.6 kDa) stock solution (250 mg L^) was equilibrated overnight;
this was diluted to give a final concentration 2.5 pg m L'\
PROCEDURE:- PEI (BDH, ’Polymin P’) stock solution (10 mL) and toluidine blue
(75 pL) were titrated against PVSK (1/400 N, Sigma). The Polysciences PEI was
titrated against PVSK (1/400 N, Aldrich). The pH of the PVSK was adjusted to that
of the PEI solution. Absorbances (605 nm) were recorded for endpoint
determination.

2.1.3

SIZE EXCLUSION CHROMATOGRAPHY OF
POLYETHYLENEIMINE.

The SEC-HPLC system consisted of a Series 10 isocratic pump and an LC-75
spectrophotometric detector (Perkin Elmer, Beaconsfield, Bucks.). Data collection
employed a Perkin-Elmer series 970 interface downloading to PE Nelson model 2600
chromatography software coupled to the Gel Permeation chromatography software
(version 4) for molecular size analysis (on an IBM PS/2 PC). The software used
protein standards to determine elution times to create a calibration curve (point to
point fit); this was used to determine molecular weight distributions. The mobile
phase was acetic acid (0.5 M)/sodium acetate (0.5 M) pH 4.5, filtered (0.2 pm.
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cellulose nitrate, Whatman, Maidstone, Kent) and degassed before use; the flowrate
was 1 mL min \

PEI was dissolved in the mobile phase to 0.5% wA^ and equilibrated for 12 h.
Samples (100 jiL) were applied using a Rheodyne 7125 valve (Cotati, Calif.) to an
LKB Ultropac TSK G4000SW column (7.5 x 600 mm, LKB Produkter, Bromma,
Sweden); detection was at 230 nm. The column exclusion and total volumes were
determined using Blue Dextran and acetone respectively; the column was calibrated
using a range of molecular weight markers. These were thyroglobulin, aldolase,
catalase, ferritin (Pharmacia LKB, Milton Keynes, Herts.); carbonic anhydrase,
albumin (egg), albumin (bovine) and insulin (Sigma). All concentrations were Img
mL^; detection was at at 280 nm for all standards.

PEI concentrations were accurately determined by freeze diying stock solutions to
constant weight. These were found to give good agreement with the manufacturers
specifications.

2.1.4

SIZE EXCLUSION CHROMATOGRAPHY OF CLARIFIED
SUPERNATANTS.

Clarified supernatants from the flocculated cell debris samples (25 pL) were applied
directly to a size exclusion column. This consisted of an HR 10/30 column packed
with Superose 6 (Pharmacia, Milton Keynes, Herts.); the molecular weight separation
range is 5000 to 5 x 10^ Da. The mobile phase was KHgPO^ buffer (50 mM, pH 7.0);
eluates were monitored at 280 nm; the flowrate was 0.5 mL m in'\ The system used
was a Pharmacia FPLC unit consisting of two P500 pumps, an LCC-500 controller
and a UV-1 monitor (280 nm). The column exclusion and total volumes were
determined using Blue Dextran and acetone; the column was calibrated as described
in section 2.1.3. The distribution coefficients K^^ (K^) were calculated from:
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(2.1)

V - V

=

-tzf
't

Where

is the exclusion volume,

'o

is the total volume,

is the elution volume.

2.1.5 PHOTON CORRELATION SPECTROSCOPY OF PEI.

All photon correlation spectroscopy (PCS) determinations were performed on a
Malvern 4700c Sub-micron Particle Analyser (Malvern Instruments, Malvern, U.K.).
This consisted of a 30mW He-Ne laser (Spectra-Physics Stablite) at 632.8 nm, a 7032
correlator, a PCS8 temperature controller/photomultiplier power supply and a PCS7
stepper motor and used the ’Autosizer lie’ (version 5.32) software (IBM model 30
PS/2 computer). The analysis of the autocorrelation function was realized by the
method of cumulants which gave the z’ average and the variance of the diffusion
coefficient of the particles. Using Stokes equation the data permitted the calculation
of the particle size distribution. The photomultiplier was set at an angle of 90°
throughout and the temperature was controlled at 19.8 °C

0.1) . The sample was

analysed in a 3 mL square cell.

Count rate against PEI (BDH) concentration experiments showed that 0.8% w/v gave
the optimum scattering intensity; this concentration was used throughout. The
photomultiplier aperture (generally 100 or 150 pm) was adjusted to give a count rate
of 20 000 - 30 000 counts per second.

Deionised water or NaCl (BDH Analar) (0.05 to 1 M) were filtered (0.2 pm x 2) and
used to dissolve the PEI; the pH was adjusted (HCl, 0.1 N), then the samples were
centrifuged (1600%, 0.3 h) to remove any particulate contaminants (from the PEI).
The samples were either analysed within one hour or left at room temperature (22
°C) for one week.
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2.1.6

FLOCCULATION USING MODEL SYSTEMS.

2.1.6.1 BENTONITE.
Bentonite (BDH) was dissolved in water and centrifuged (250%, 60 s; Denley 401,
Billinghurst, Sussex), to remove particulate material. The supernatant was centrifuged
(250%, 0.3 h), decanted and the solids resuspended in deionised water, 0.05 M and
0.1 M NaCl, and the pH was adjusted to 7.0 (0.1 N HCl); the dry weight was 42.4 g
L^ . The conductivities of the suspensions were 1.56 mS cm '\ 3.3 mS cm'^ and 5.04
mS cm'^ for deionised water, 0.05 M and 0.1 M NaCl respectively (AGB 1000
conductivity meter). The packed weight was 8.5%, Westfalia packed weight centrifuge
tubes (Westfalia Separator, Oelde, West Germany).

2.1.6.2 ANIONIC LATEX.
The anionic latex

’Mowilith D50’ (Harlow Chemical Co., Harlow, Essex.) was

suspended in water and centrifuged (250%, 300 s), and then suspended in deionised
water to 28.6 g L \

2.1.6.3 CELL DEBRIS PREPARATION.
Frozen M.methylotrophus (ASl) was suspended in K2HPO 4 buffer (200 mL, 20 mM,
pH 7.2); after thawing the cells were sonicated on ice for 900 s (MSE Soniprep 150,
20 pm amplitude, 9 mm probe). The cell debris was centrifuged (400%, 300 s, 4 °C,
Denley 401) and the supernatant discarded. The solids were resuspended in buffer
and recentrifuged as before. This process was repeated a further five times, in order
to remove as much soluble material as possible. After the final resuspension, a
sample was centrifuged (1300%, 300 s, Eppendorf) and the supernatant (100 pL) was
applied to the SEC-HPLC column described below. Nothing was observed to elute
from the column (at 230 nm), indicating that most of the soluble material had been
removed and hence would not interfere with the PEI molecular weight distribution
measurements. The original dry cell weight was 14.6g L \

2.1.6.4 PEI PREPARATION AND FLOCCULATION PROCEDURE.
PEI (1% w/v, BDH, ’Polymin P’) was dissolved in deionised water, 0.05 M and 0.1
M NaCl; the pH was adjusted to 7.0 (0.1 N HCl). PEI was added to the washed cell
debris (0.5 mL), then the flocculated samples were centrifuged (1300%, 600 s) and
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the supernatant (100 pL) was applied to an Ultropac TSK G4000SW size exclusion
column as described in section 2.1.3.

2.1.6.5 ZETA POTENTIAL MEASUREMENTS.
The zeta potentials were determined by diluting the flocculated samples using
deionised water, 0.05 M or 0.1 M, as appropriate. The zeta potentials were
determined using a ’ZetaSizer 2C’ instrument (Malvern Instruments, Malvern, Worcs,
UK.), running Zetasizer release 1.1 software (Olivetti M24 computer). The system
consisted of a PC7 temperature controller, a PC I 6 power supply, a PC14 optical unit,
a K7032-NS correlator; the light source was a 5 mW He-Ne laser (632.8 nm). The
PC4 cell was used with the voltage range was set to 200 V for water and 20 V for the
salt solutions.

2.1.7

PEI - SDS INTERACTIONS.

PEI (BDH, ’Polymin P’) solutions in the range 0.01 - 0.2% w/v were prepared by
dilution (deionised water) from a 1% w/v stock solution, pH 7.0 (O.IN HCl). SDS
(Biorad) solutions were diluted with deionised water (pH 7.0) to the concentrations
required; these were 0.025, 0.05, 0.075 and 0.1 % w/v.
Polysciences PEI (0.6 kDa) solution was prepared in the same manner as the BDH
’Polymin P ’. SDS was diluted with deionised water to 0.04% w/v (pH 7.0). For the
Polysciences PEI, the diameter of the resulting aggregates were analysed on the
Malvern 4700c Sub-micron Particle Analyser (see section 2.1.5).
PROCEDURE:- SDS (1 mL) was added to PEI (1 mL) and the solutions were
vortexed (5 s). The absorbance readings were recorded at 360 nm (Perkin-Elmer 552
spectrometer).
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2.1.8

PEI - PHOSPHATE INTERACTIONS.

PEI stock solutions were prepared (BDH ’Polymin P’, 50% v//w stock, 100 g) and left
overnight to dissolve; the pH ’s were adjusted to 5,7,9 and 11 (HCl 1 N) and the
volume made up to 500 mL (10% w/v). From these stock solutions a range of
standard concentrations were prepared in the range 0 - 10% w/v, by dilution with
deionised water. These stock solutions were filtered (0.2 pm).
Na 2HP 04 .2 H 20 (100 mM, Sigma) was adjusted to the same pH as that of the PEI
solution and filtered (0.2 pm).
PROCEDURE:- Phosphate buffer (1 mL) was added to the PEI stock (1 mL), the
contents were vortexed (10 s) and left for 600 s (at room temp. 22°C). The contents
were centrifuged (300%, 0.3 h, 22°C, MSE Centaur 2, Crawley, Sussex), to remove
the precipitated material. Supernatant (0.5 mL) was diluted with deionised water (9.5
mL); then an aliquot (0.5 mL) was added to water (2.5 mL) and assayed for
inorganic phosphate by a modified form of the Friske-Subbarrow method (Robyt &
White, 1987).

INORGANIC PHOSPHATE ASSAY:Acid-molybdate reagent - (NH 4)Mo 7024.4H 20 (2.5 g. Sigma) was dissolved in
deionised water (50 mL); concentrated H 2SO 4 (13.6 mL) was added to water (36 mL)
and this was added to the molybdate reagent. Reducing agent:- Sodium bisulphite
(1.5 g. Sigma) and p-methylaminophenol (5 g. Sigma) was dissolved in deionised
water (500 mL).
PROCEDURE:- Acid molybdate reagent (1 mL), reducing reagent (1 mL) and
deionised water (5 mL) were added to the sample. The solutions were vortexed and
allowed to stand (0.3 h), then centrifuged (1600%, 600 s). The absorbances (600 nm)
were compared to a standard calibration curve for Na 2HP 04 (range 0 -150 mM).

2.1.9

PEI - DNA INTERACTIONS.

PEI (BDH) solutions 10% w/v stock were diluted to give final concentrations in the
range 0 to 1% w/v. PEI from Polysciences, (0.6 kDa) supplied as a 30% w/v solution,
was prepared as above.
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DNA solutions (BDH, calf thymus - highly polymerised) were prepared in deionised
water, 50, 100, 250 and 500 mM NagHPO^ buffer (pH 7.0), to give

final

concentrations of 2 mg mL’h this DNA (>50 kB) is termed high molecular weight
here. DNA (Sigma) was prepared as above; this DNA (< 5 kB) is termed low
molecular weight DNA.

PROCEDURE:- DNA solution (450 pL) was mixed with PEI (50 pL), the mixture
was vortexed then centrifuged (1600%, 600 s) within 300 s of mixing. Supernatant (50
pL) was assayed for D N A

DNA ASSAY:- The DNA assay was developed from methods reported by Leyva and
Kelly (1974) and Hutchison et a l, (1962); the whole assay could be carried out in 1
mL (Eppendorf). The perchloric acid (PCA) precipitation allowed for the removal
of acid soluble components. The assay is based upon the Burton (1959) method for
the determination of DNA from its ribose content.
Diphenylamine reagent (D PA 1 g) (BDH), was dissolved in glacial acetic acid (100
mL, BDH); concentrated sulphuric acid (2.5 mL, BDH) was added; the solution was
stored in the dark (at 4 °C). Acetaldehyde solution (0.5 mL, BDH, 100%) was diluted
in deionised water (25 mL), and stored at 4 °C; 0.1 mL was added to the DPA
reagent (20 mL) before use, to attenuate colour development.
Perchloric acid (PCA) solutions (BDH) of 0.4 M and 1.0 M were prepared.
PROCEDURE:- The sample (50 pL) was added to PCA solution (0.4 M, 400 pL)
vortexed and placed on ice (0.5 h), then centrifuged (16000g, 600 s). The supernatant
was removed and PCA (1 M, 400 pL) was added, the contents vortexed and placed
in a water bath (70 °C, 0.5 h). The samples were removed, cooled and DPA reagent
(600 pL) was added. The colour was allowed to develop overnight and read against
a reagent blank (600 nm. Philips PU8800 spectrophotometer). Concentration were
calculated from a standard calibration curve using highly polymerised DNA (BDH,
calf thymus), in the range 0 - 200 pg mL \
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2.2

HOMOGENATE (CELL DEBRIS) FLOCCULATION.

2.2.1 PROPERTIES OF Methylophilus methylotrophus CELL DEBRIS.

CELL DEBRIS PREPARATION:- Methylophilus methylotrophus cell paste was
suspended in K 2HPO 4 buffer (20 mM, pH 7.2) to approximately 30 g L^ DCW. The
cells were disrupted by sonication on ice (see section 2.1.6.3); then the cell debris was
concentrated by centrifugation (3500|g, 0.5 h, Denley 401). The supernatant was
decanted and the cell debris resuspended in the phosphate buffer and re-centrifuged;
the process was repeated twice more. The cell debris was then washed and
resuspended (twice) in KCl (1 mM). Finally it was centrifuged and resuspended
(twice) in 1 ,10 ,50 ,100 ,250 and 500 mM KCl.

ZETA POTENTIAL MEASUREMENTS:- Zeta potentials were determined using
a Malvern Zetasizer lie instrument (see section 2.1.6.5). The PC3 cell was used for
the 1, 10 and 50 mM KCl solutions. The instrument was operated in the voltage
stabilised mode (0 - 20 V, 23 °C). The modulator was set to -1, and the frequency
range was adjusted as required (usually 50 - 750 Hz). The PC4 cell was used for the
high ionic strength solutions (100, 250 and 500 mM KCl); it was operated in current
stabilised mode (0 - 200 pA) in the same frequency range.
The cell debris was diluted into KCl solution of the same ionic strength and the pH
adjusted with HCl/NaOH (0.01 N); dilutions were kept approximately constant
throughout.

PCS MEASUREMENTS:- The size distribution of the washed cell debris was
determined using the Malvern 4700 Autosizer instrument. All measurements were
performed at 90° and 25 °C (see section 2.1.5).

2.2.2 TH E EFFECT OF DRY CELL WEIGHT ON FLOCCULATION.

HOMOGENATE:- Methylophilus methlotrophus (ASl) was supplied as a frozen cell
paste (ICI Billingham). It was suspended in K2HPO 4 buffer (20 mM, pH 7.2) to give
the required dry weight; dilutions with the same buffer were carried out to give a
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series of lower dry cell weights. The suspensions were sonicated on ice (900 s, 20 pm,
MSE Soniprep 150, 9 mm probe).

POLYETHYLENEIMINE:- PEI (BDH, ’Polymin P’) supplied as a 50% w/v solution,
was diluted and the pH adjusted to 7.2 (2 N HCl), then further diluted (deionised
water pH 7.2) to give a 10% w/v stock. From this, further dilutions were prepared to
give final concentrations (when added to the cell suspension) in the range 0 - 1% w/v.

FLOCCULATION PROCEDURE:- One part PEI solution was added to 9 parts
homogenate (typically 1 mL in 9 mL); the mixture was vortexed and centrifuged
(100%, 600 s, MSE Centaur 2).

ASSAYS:SUPERNATANT TRANSMITTANCES:- Supernatant transmittances from the
flocculated supernatants were recorded (650 nm) without dilution (Perkin-Elmer
model 552 spectrophotometer).

SOLUBLE PROTEIN:- Supernatant soluble protein was determined by the Bradford
Coomassie Brilliant Blue dye (G250) binding method (1976). Samples were diluted
into the required concentration range with K2HPO 4 (20 mM, pH 7.0) aliquots (100
pL) were added to Bradford reagent (Biorad, 2.9 mL), and read against a reagent
blank (595 nm). Bovine serum albumin (BSA BDH) was used to calibrate the
reagent in the range 0 -100 pg m L \

DRY CELL WEIGHTS:- Aliquots (generally 1 mL) were dried to constant weight
in pre-weighed crucibles (120 °C, for approx. 24 h) and the dry cell weight
determined gravimetrically.

2.2.3 HOMOGENATE FLOCCULATION - pH AND IONIC STRENGTH.

BUFFER AND HOMOGENATE PREPARATION:- K^HPO^ was prepared at 20,
100 and 200 mM and at pH 5.5, 7.2 and 8.5 (outside the buffering range, the pH was
checked and titrated back if required). M methylotrophus cell paste was suspended
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in the phosphate buffer of the required pH/ionic strength. The cells were disrupted
as before (section 2 .2 .2 ).
PEI:- PEI (BDH, ’Polymin P’) was prepared as a stock solution and the pH was
adjusted to 5.5, 7.2 or 8.5 using HCl (2 N); the final concentration was 10% w/v.
Secondaiy stocks were prepared to give final concentrations of 0 - 1% w/v, using
deionised water at the required pH.
PROCEDURE:- PEI stock solution (0.5 mL) was added to the cell homogenate (4.5
mL) and vortexed (5 s), then centrifuged (lOOQg, 600 s, MSE Centaur 2).

ASSAYS:Supematant transmittances, soluble protein concentration and dry cell weights were
determined as described in section 2.2.2. The original dry cell weight was 12.8 g L \

ZETA POTENTIAL:- The electrophoretic charge on the cell debris (not centrifuged)
was determined using a Malvern lie Zetasizer (see section 2.1.6). The PC4 cell was
used for the 20 mM buffer, in voltage stabilised mode (0 - 20 V). The PC3 cell was
employed for the 100 and 200 mM buffers, in current stabilised mode (0 - 200 pA).

CONDUCTIVITIES:- These were recorded using an AGB 1000 conductivity meter,
calibrated with KCl (0.01 N).

FLOC SIZE ANALYSIS:- Floe size analysis was determined using an Elzone 280PC
instrument (Particle Data Inc., Elmhurst, IL, USA), controlled by a Dell personal
computer (AT) running PDI software (version EW8004) under Windows software
(version 2.1). Samples were diluted into Tris/HCl buffer (0.1 M, pH 7.2), as this gave
no observable floe size change over 1 h. The orifice (48 pm) was calibrated using
latex standards of 2.91 and 9.99 pm (Polysciences Inc.). Particle counts were taken
to a coincidence level of less than 1%.
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2.2.4 H O M O G EN A TE FLOCCULATION - PH O SPH A TE A ND PEL

H O M O G EN A TE PREPARATION:- M. methylotrophus (A Sl) cell paste (10 %)
was supplied by ICI Billingham; the cells had been cultured under conditions
which enhanced amidase production (the fermentations and hence cell pastes
were different from those reported previously). Frozen cell paste was suspended
in K2H P O 4 buffer of the required ionic strength (20, 100 and 200 mM, pH 7.2)
and disrupted (sonicated) as described previously (section 2.2.2). The original dry
cell weight used was 90.1 g L^ throughout.

P E I PREPA RA TIO N:- PEI solutions were prepared in one of two ways:(1) PE I (BDH, ’Polymin P ’, 20 g) was dissolved in deionised water; the pH was
adjusted to 7.2 (2 N HCl) and the volume made up to 100 m L (10% w/v); stock
solutions were prepared in the range 0 - 10 % w/v, as described (section 2 .2 .2 ).
H ere the hom ogenate was suspended in 20, 100 and 200 mM phosphate buffer
(pH 7.2).
(2) P E I (as above) was dissolved in deionised water, 100, 250 and 500 mM
K 2H PO 4; the pH was adjusted to 7.2 and the final volume was 100 m L (10% w/v);
these stock solutions were allowed to equilibrate overnight (22 °C). These PEI
stock solutions were further diluted with K2H PO 4 buffer of the appropriate ionic
strength, in the range 0 - 10% w/v (section 2.2.2). The cell debris was suspended
in 20 mM K 2H PO 4 buffer throughout.

FLOCCULATION:- Cell homogenate (4.5 mL) was added to PE I (0.5 mL) stock
solution to give a final PEI concentration in the range 0 to 1% w/v; the contents
were vortexed (5 s), and centrifuged (lOOOg, 600 s, MSE C entaur 2).

ASSAYS:Supernatant transmittances, soluble protein concentration and dry cell weights
were determ ined as described in section 2 .2 .2 .
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AM IDA SE ACTIVITY:The m ethod described is modified from that supplied by ICI Bilhngham
(J.Hinton).
REACTIO N:Polacrylamide + H 2O 4- 2H^

^

+ Polyacrylic acid

R EA CTIO N M IXTURE:- citrate-phosphate buffer (pH 6.0; M cllvanes buffer,
D ata

For

Biochemical

Research,

1987).

Phenate

reagent

-

sodium

phenoxide/acetone solution (Fisons AA7700). Sodium nitroprusside (Fisons) 0.1%
w/v solution in water (stored in dark); working solution were

dilution in

acetate buffer. Hypochlorite - working solutions were V28***dilution of hypochlorite
(10 - 14%, BD H ) in acetate buffer. Sodium acetate buffer was 50 mM, pH 6.0.

PR O C ED U R E:- sample or ammonia standard (5 pL) was added to citratephosphate buffer and incubated (600 s, 30 °C). The reaction was started by the
addition of acrylamide (1 M, 30 °C). Aliquots (100 pL) were added to phenate
reagent (1 mL) after 10 and 25 minutes. The colour was developed by the
addition of hypochlorite (1.5 mL) and nitroprusside (1.5 mL), then incubated (0.5
h, 30 °C). The absorbances were recorded at 630 nm and were com pared to a set
of standards (0.5, 1.0 and 2.0 mM ammonia). One unit of enzyme activity
liberates 1 pm ol of ammonia per minute (at 30 °C).

2.2.5 FLO CCULA TIO N O F W HOLE E.coli.

G R O W TH O F E.coli:- E.coli (K12) was cultured in a 150 L ferm enter (LH
Ferm entation, Stoke-Poges, Bucks.); the medium consisted (in 100 L) of KH 2PO 4
(300 g); NaHPO^ (600 g); NaCl (50 g); (NH 4)C 1 (400 g); glycerol (1.6 Kg, 1280
mL); yeast extract (3 Kg); polypropylene glycol (PPG, 15 mL); CaCl 2.6 H 2 0 (2.2
g) and MgS 0 4 .7 H 20 (25 g), the last two were sterilised separately. The conditions
were pH 7.0 (ammonia fed via pH controller), tem perature was 37 °C, airflow was
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100 L minute'^ and stirrer speed was 300 rpm. The culture was harvested (after
24 h) using a W estfaha CSA 8 centrifuge (9000g, 200 L h^). The dry cell weight
was 46.7 g

and the packed volume was 10 %, determ ined by centrifuging the

hom ogenate using packed volume tubes (Westfaha; 4000|g, 0.5 h, M SE C entaur
2 ).

POLYETHYLENEIM INE:- PEI (BDH, ’Polymin P ’) was dissolved in deionised
water; the pH was adjusted to 7.4 (2 N HCl) and the concentration adjusted to
2.5% w/v (with deionised water).

FLOCCULATION:- PEI stock solution (0.5 mL) was added to fresh cell
suspension (4.5 mL) and vortexed (5 s). The suspension was allowed to stand for
120 s; the test tube was inverted twice before sampling.

FLO C SIZE ANALYSIS:- Particle size distributions of the floes were determ ined
using the Elzone 280PC instrum ent as described in section 2.2.3; the buffer used
was Tris/HCl (0.1 M, pH 7.4), the 30 pm orifice was cahbrated with latex
standards (Polysciences Inc.), in the same buffer.
The whole cell floe diameters were also determined using the Malvern 3600
forward light scattering instrument (Malvern Instruments, Malvern, U.K).
Samples were diluted into the P S l stirred cell (Tris/HCl, 0.1 M, pH 7.4) to give
an obscuration value of 0.3. The 63 mm focal length lens was used throughout.

Z E T A PO TEN TIA L ANALYSIS:- Electrophoretic mobihties were determ ined
as described previously (section 2.1.6.5). The PC4 cell was used throughout; the
tem perature was 25 °C.
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2.2.6 ’D O U B LE FLO CCULATION’ O F E.coli.

E.coli FERM EN TA TIO N :- E.coli (K12) was cultured (Chemap, 7 L ferm enter)
using the following medium:- lactose (15.5 g L'^), MgSO^ (0.2 g L^), (N H 4) 2S04
(10 g L '), NaCl (5 g L '), Na 2H P 04 (2.1 g L*'), KH 2PO 4 (0.64 g L % yeast extract
(1 g L‘^), FeS 04 (0.2 g L'^), citric acid (0.2 g L'^), and trace elem ents (1 mL). The
conditions were 35 °C, air flowrate -1 0 L min^ and stirrer speed - 2000 rpm. The
cells were harvested at late log phase (approximately 12 hours), and stored for
a maximum of 10 hours (at 4 °C) before further processing.

HA RVESTING :- The culture (4 L) was divided and harvested in two ways:(1) The culture (2 L) was centrifuged (400%, 600 s, Denley 401) and resuspended
in K 2H PO 4 buffer (100 mM, pH 7.2), to a volume of 200 mL.
(2) PE I (BD H ) was added to the remaining culture (2 L; final concn.= 6.25x10 ^
g L^); the flocculated cells were centrifuged (500g, 900 s, M SE M istral 4L). The
supernatant was decanted to leave the flocculated cells (200 mL). The volumes
were kept the same for both methods in order to maintain the same biomass
levels.

DISRU PTIO N:- The biomass from both sources was sonicated on ice (900 s, 20
pm amplitude, M SE Soniprep 150).

FLO CCULATION:- The cell homogenate from both sources was flocculated as
previously described (section 2.2.5); the final PEI concentration range was 0 - 1 %
w/v.

ASSAYS:SU PERNA TANT TRANSMITTANCES - were recorded (650 nm) as described
previously (section 2 .2 .2 ).
PR O T E IN

CONCENTRATION:-

Soluble

protein

concentrations

were

determ ined by the Bradford method (section 2.2.2).
/3-GALACTOSIDASE ACTIVITIES:- /3-galactosidase was assayed using onitrophenylgalactose. The reagent mixture contained Na 2H P 04 (100 mM, pH 7.2),
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MgCl2 (1 mM) and m ercaptoethanol (20 mM). O-nitrophenylgalactose (3 mM,
Fluka, Glossop, Derbyshire) was added just before use. Supernatant (10 pL) was
added to enzyme reagent (2.5 mL) and maintained at 37 °C (600 s). The reaction
was stopped by the addition of cold NaCOj (2 mL, 0.5 M). The absorbance was
recorded at 420 nm (Phihps PU8800 spectrophotometer) against a reagent blank.

D R Y W EIGHTS:- Dry weights were determined by drying an aliquot of
hom ogenate suspension in a pre-weighed dry crucible (100 °C) to constant weight.
The original dry cell weights were 78.3g

and 68.4g

for the flocculated and

centrifuged cells respectively.

2.3

ASSAY FOR PEI - ^'PHOSPHORUS LABELLING.

2.3.1 PH O SPH A TE CHELATION BY PEI.
The chelation of phosphate by PEI forms the basis of the assay for residual PEI
in flocculated homogenates. ’Polymin P’ PEI was adjusted to pH 7 or 9 (1 N HCl)
and m ade up to 2% w/v. The PEI (0.5 mL) was then added to K 2H PO 4 buffer
(0.5 mL) at the same pH to buffer concentrations up to 1 M. The contents were
mixed then centrifuged (1400% for 600 s) and the supernatant phosphate
concentration was determ ined as described in section 2 . 1.8 .

2.3.2 ^'PHOSPHO RUS LABELLING PRO C ED U RE.

^'Phosphorus (185 MBq, 10 mCi, 1 mL) was obtained from Amersham
International pic., (Aylesbury, Bucks.) as the free orthophosphate (in dilute HCl).
The ^'phosphorus (200 pL) was diluted in deionised water (1.8 mL) to give a 1
mCi m L ' stock solution.

PE I (BDH, Tolymin P ’) stock solutions were prepared in the m anner described
in section 2.2.2. Polysciences PEI (0.6 kDa) was prepared as described in section
2.4.1. The labelled stocks were prepared in the same m anner as the BD H
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(Tolym in P ’) PE I labelled stocks (see below).
Labelled stocks were prepared from an aliquot of each stock (1.4 mL) being
removed and added to the ^^phosphorus stock solution (50 pL), to give a total
activity of 50 pCi per PEI stock sample (1.45 mL). Note; all the PE I stock
solutions were labelled to the same amount in order to give increasing accuracy
at low concentrations and to allow direct comparison across the dosage range.

2.3.3 FLO CCU LATIO N PRO CED U RE.

M.methylotrophus homogenate was prepared as described in section 2.2.2. E.coli
(K12) was from previous fermentations (see section 2.2.6) and was stored (-20°C),
the hom ogenate was prepared in the same m anner as the M,methylotrophus
hom ogenate. Packed yeast (Distillers Company Ltd.) was suspended in K2H PO 4
buffer (pH 7.0) and homogenised using an APV Rannie homogeniser operating
at 800 bar for five passes.

The quantities of materials used here are in the same proportion as those used
in previous sections (2.2.2). Aliquots of homogenate (1.125 mL) were placed in
Eppendorf tubes and labelled PEI stock solution (125 pL) was added to each; the
tubes were vortexed (5 s) and centrifuged (3000g, 600 s; Denly BM402).
Supernatant (50 pL) was removed and placed in a scintillation vial. Radioactivity
was determ ined by Cerenkov counting using a Phillips 4700 scintillation counter.
The average count rate (cpm) was recorded using the tritium channel. The counts
were carried out for 60 s unless otherwise stated. The initial

radioactivity was

recorded before each run. Radioactivity levels were corrected for

decay,

assuming exponential decay.

2.3.4 D R Y CELL WEIGHTS.

The dry cell weights of the M.methylotrophus cell homogenate were recorded as
described in section 2.2.2. The E.coli and yeast dry cell weights were prepared in
a similar fashion.
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2.3.5 SIZE EXCLU SION CH ROM A TOGRAPHY STUDIES O F LABELLED
PEI.
The filtration system consisted of a P I variable speed peristaltic pum p
(Pharmacia), a single path monitor UV-1 control unit and a single path UV-1/214
optical unit (214 nm, bandwith = 2nm). The mobile phase was K 2H PO 4 (100 mM,
pH 7.2) throughout, the PEI samples were dissolved in the same. Two sizes of
columns were used, these were H R 10/30 and H R 16/30 columns (Pharmacia). The
packings used were Superose 6 and Sephadex GIO (Pharmacia); the packings and
columns used are given in the results section, for each experiment.

2.4

MAIN FLOCCULATION STUDIES.

2.4.1 H O M O G EN A TE AND PEI PREPARATION.

PE I PREPA RATIO N:- PEI (BDH ’Polymin P ’, 20 g or Polysciences, 0.6 kDa,
30.3 g) was dissolved in deionised water and the pH adjusted as required; the
volume was then m ade up to 100 mL (10% w/v stock). Secondary stock solutions
were prepared in the range 0 - 10% w/v by dilution with deionised water.

H O M O G EN A TE PREPARATION:- M.methylotrophus cell hom ogenate was
prepared as described in section 2.2.2. The pH and ionic strength were adjusted
as required (see results section). E.coli cell debris was prepared as described in
section 2 .2 .6 .

FLO CCU LA TIO N PRO CED U RE:- The flocculation procedure employed is
described in section 2 .2 .2 .

2.4.2 ASSAYS.
2.4.2.1 TRANSM ITTANCES, D RY W EIGHTS AND SOLUBLE PRO TEIN .
Supernatant transmittances, dry cell weights and soluble supernatant protein
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concentrations were determined as described in section 2.2.2. Supernatant D N A
concentrations were determined as in section 2.1.8, except that 25 pL samples
were used. Samples of supernatant were frozen (-70 °C) for subsequent enzyme
assays. All assays were completed within four days.

2.4.2.2 RIBO N U CLEIC ACID (RNA) ASSAY:O R C IN O L REAGENT:- Orcinol (BDH, 0.3 g) was dissolved in concentrated
H Cl (100 mL). Ferric chloride (10% w/v, 1 mL) was added; the solution was
stored in the dark and used fresh.
STANDARD:- RNA (BDH, highly polymerised) was prepared as a stock (5 mg
mL^) in Tris/HCl (pH 7.0, 10 mM). Calibration standards were prepared in the
range 0 to 500 pg mL \ The calibration curve was linear in the range 0 - 250 pg
mL\
PR O C ED U R E:- RN A standard or sample (100 pL) was mixed with N aO H ( 1 M,
100 pL) and incubated (2 h, 37 °C). Orcinol reagent (800 pL) was added and the
samples placed in a boiling water bath (0.3 h), then cooled and centrifuged
(16000g,

0.3

h)

and

if

necessary

decanted

and

recentrifuged.

The

standards/samples were read against a reagent (orcinol) blank at 665 nm.

2.4.2.3 LIPID ASSAY:Lipids were assayed by a modified method of Laughton (1986) using Oil R ed O
(O R O ), a hydrophobic dye which binds lipids.
O IL R E D O :- O R O (Sigma, 2 mg mL^) was dissolved in propyleneglycol
(Sigma) and left for 24 h (with stirring). It was then centrifuged (16000g, 600 s)
to remove particulate material.
PR O C ED U R E:- supernatant samples (0.5 mL) were precipitated with perchloric
acid (PCA, 1 M, 0.5 mL) in Eppendorf tubes, then vortexed (5 s) and centrifuged
(16000g, 0.3 h). The supernatants were discarded and O R O reagent (250 pL) was
added. T he samples were left (48 h) on a shaking platform (Vibrax - Junke and
Kunkel). The supernatants were discarded, the pellet washed twice with
propyleneglycol (85% v/v, 0.5 mL) and then twice washed with deionised water
(1 mL). Isopropanol (IPA, BDH, 1 mL) was added (to extract the bound dye),
and left (0.5 h, with agitation). The absorbances were read against a solvent (IPA)
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blank at 490 nm. Phosphatidylcholine (BDH) standards gave a linear absorbance
change in the range 0 - 10 mg m L \ Lipid concentrations are quoted as a
percentage of the unflocculated blank samples.

2.4.3 EN ZY M E ASSAYS:-

2.4.3.1 GLUCOSE- 6 -PHOSPHATE D EH Y D RO G EN A SE
D-Glucose- 6 -phosphate:NADP^ oxidoreductase (EC 1.1.1.49).
REACTIO N:Glucose- 6 -phosphate + NADP^

^

6 -phosogluconolactone + N A D H + H^

REA C TIO N M IXTURE:- Glucose- 6 -phosphate (Sigma, 33 mmol L^); NADP^
(BDH, 3.8 mmol L^); MgCl2 (BDH, 0.63 mmol L^); Tris/HCl (0.5 mol L \ pH
7.5), (Bergmeyer, 1983).
PR O C ED U R E:- Sample (supernatant, 50 pL) was mixed with assay mixture (3
mL, 25 °C); the rate of absorbance change was recorded at 340 nm (Phillips
PU8800 spectrophotom eter). One unit of enzyme activity reduces 1 pmol of
NADP+ per 60 s at 25 °C.

2.4.3.2 CY TO C H RO M E OXIDASE (EC 1.9.3.1):(M ethod for assaying M.methylotrophus membranes).
Cytochrome oxidase was assayed by m easurement of oxygen uptake using a
jacketed Clark oxygen electrode (Digital oxygen system - M odel 10; R ank
B rothers Ltd., Bottisham, Cambridge). The polarising voltage was 0.6 V and the
electrolyte KCl (1.0 N); the output was recorded on a chart recorder (0-10 mV
FSD).
REACTIO N:N a Ascorbate (reduced) + V2O 2 + 2H^ + TM PD (oxidised)

^

TM PD (reduced) + Na ascorbate (oxidised) + H 2O
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REA CTIO N M IXTURE:- Glycylglycine (20 mM, pH 7.0, Fisons), L-ascorbic acid
sodium

salt

(2.5

mM,

Sigma),

N N N ’N ’- t e t r a m e t h y l - p -

phenylenediaminedihydrochloride (TMPD, BDH, 0.5 mM).

PR O C ED U R E:- Glyclglycine buffer (2 mL), sodium ascorbate (1 mL) and
TM PD (1 mL) were added to the reaction chamber; the tem perature and oxygen
uptake were allowed to equilibrate, then sample (10 pL) was added and the
oxygen uptake measured. The Og uptake rate of the control (buffer and sample)
was subtracted from that of the complete reaction mixture to give the net Og
uptake rate. O ne unit of enzyme activity consumes 1 pmol of O j per 60 s at 40
°C. A ir saturated buffer contains 380 ng atom O mL^ ie> 190 nmol O 2 mL^ (J.
Hinton, 1991).

2.4.3.S ALKALINE PHOSPHATASE:Orthophosphoric m onoester phosphohydrolase (EC 3.1.3.1).
REACTION:4-Nitrophenylphosphate + X-OH

^

4-nitrophenol + X-OPO3H2

1L
4-nitrophenolate
R EA CTIO N M IXTURE:- Tris/HCl (0.1 M, pH 9.0), 4-nitrophosphate (Sigma,
1.0 mM, stored in dark).

PR O C ED U R E:- Tris/HCl (1.5 mL) and 4-nitrophenylphosphate (1.5 mL) were
mixed and the tem perature equilibrated to 30 °C. The sample (100 pL) was added
and the reaction rate followed at 405 nm (Phillips PU8800 spectrophotom eter).
T he extinction coefficient of 4-nitrophenolate is 1.85x10^ M^cm^ at 405 nm. One
unit of enzyme activity produces 1 pmole of 4-nitrophenol per m inute at 30 °C
(Bergmeyer, 1983).
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2.43.4 /3-GALACTOSIDASE:/3-D-galactosidegalactohydrolase (EC 3.2.1.23).
RBACTION:2-Nitrophenyl-/3-D-galactopyranoside

^

Galactose + 2-nitrophenol

REA CTIO N M IXTURE:- K^HPO^ (100 mM, pH 7.2), MgClz (1 mM ),
m ercaptoethanol (BDH, 20 mM) and 2-nitrophenyl-/3-D-galactopyranoside
(ONPG, Fluka, 3 mM).

PR O C ED U R E:- Assay mixture (2.5 mL) was allowed to equilibrate (37 °C) and
then sample (10 pL) was added and the mixture incubated (600 s, 37 °C). T he
reaction was stopped by the addition of NagCO^ (0.5 M, 2 mL); the absorbance
was read at 420 nm. One unit of enzyme activity hydrolyses 1 pm ole of O N PG
at 37 °C. The extinction coefficient of 2-nitrophenol (ONP) used was 3.1
mM'^cm’^ (Veide et a l, 1983).

2.4.4 POLYALLYLAM INE (PAA).

Polyallylamine (PAA) was obtained from Polysciences Inc. (W arrington, PA,
USA) with a quoted molecular weight of 60 kDa, supplied as the hydrochloride
salt. The m easured molecular weight distribution is listed in Appendix 6 . PA A
was tested as an alternative to PEI, to determine how a change in chemical
functional groups would alter the flocculation performance and selectivity. It was
dissolved in deionised water and titrated to the required pH (IN H C l/H aO H ) to
give a final concentration of 10% w/v. The flocculation procedures used were the
same as those described in section 2 .2 .2 .

2.4.5 E.coli H O M O G EN A TE FLOCCULATION.
The E.coli culture, harvesting and flocculation procedures used are described in
section 2.2.6 (flocculated cell debris only). )3-Galactosidase assays are described
in section 2 .2 .6 .
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3

RESULTS.

3.1

PHYSICO-CHEMICAL PROPERTIES OF POLYETHYLENEIMINE
AND FLOCCULATION USING MODEL SYSTEMS.

3.1.1

INTRODUCTION.

The use of polyethyleneimine (PEI) as a selective flocculating agent in bioprocessing
has led to an assessment of its physico-chemical properties and how these influence
its mode of action. Its ability to form complexes is governed by the pH-dependent
degree of cationic charge density and the charge on the anionic species. It is also
influenced by the ionic strength of the medium which affects the size, shape and
effective charge density of the molecule (Horn, 1980). Potentiometric titrations will
provide information concerning the nature of the ionisable groups on the PEI, and
the influence of counter-ions. Colloid titrations will provide data concerning the
molecular charge as a function of pH.

3.1.2

POTENTIOMETRIC TITRATIONS OF PEI.

The potentiometric titration of ’Polymin P’ PEI across a range of ionic strengths was
performed. The titration of high molecular weight PEI is unusual in that the titration
curve is extended and flattened across the pH range (Shepard and Kitchner, 1956;
Bloys van Treslong, 1974-). The curves extend over a wider range of pHs than that
indicated by the Henderson-Hasselbach equation for titration of a single charged
functional group. The flattened part of the curve is due to the protonation of the
secondary amino groups (pK = 10; Shepard and Kitchener, 1956); these are
influenced by the polyelectrolyte chain interaction effects (Katchalsky, 1957).
Individual base groups are thought to retain their chemical affinity; however mutual
repulsion along the polymer chain as it becomes ionised affects the total free energy
of the polymer molecule. As the polymer chain becomes ionised it also becomes less
flexible due to steric and solvation effects. Details of the approximate behaviour of
polymeric titration have been discussed (Shepard and Kitchener, 1956) for low
molecular weight polyelectrolytes (less than 1 kDa). However some of the PEI
samples used in this study were of a high molecular weight (greater than 40 kDa).
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The titration curve of ’Polymin P’ PEI (for molecular weight see table 1) can be
regarded as consisting of three regions (figure 3.1.1); at low degrees of ionisation the
curve decreases steeply due to the presence of the primary amino groups; in the
middle region the ionisation of the secondary (and tertiary) groups occurs. At high
degrees of ionisation the predominant effect is the action of the two near-neighbour
secondary amino groups. A pH of 10.8 is considered to be the approximate point of
zero charge on the PEI molecule (Hostetler and Swanson, 1974). From the
potentiometric titration data for PEI it can be seen that decreasing the pH will
increase the charge on the polymer. Most of the primary amino groups (on the
exterior of the molecule) will be protonated at near neutral pHs, as well as a portion
of the secondary amine groups. However increasing the ionic strength increases the
basic behaviour of the polyelectrolyte in addition to reducing the effective the charge
density on the polymer. The presence of neutral salts (eg. NaCl) increases the
basicity of PEI without changing the overall character of the titration curve.

The potentiometric titration of Polysciences PEI (0.6 kDa, figure 3.1.2) showed that
on a weight for weight basis, approximately three times the amount of HCl was
required to reach the same pH compared to ’Polymin P’ PEI; hence the low
molecular weight PEI contained approximately three times the charge of the high
molecular weight. The titrations were performed on a weight basis and not a molar
basis due to the high degree of polydispersity, which would only result in an average
molarity and would not reflect the wide molecular weight distribution. If it were
possible to compare the two on a mole for mole basis, it is doubtful whether the
amount of charge would be the same since the number of primary amines would not
be equal due to differences in molecular weight.

Analysis of the difference in pH between the deionised water and the KCl (IN ) for
the two PEIs revealed little difference in the amount of HCl required. Hence the
degree to which the polymer becomes more cationic with increasing ionic strength
appears to be independent of molecular weight for those molecular weights studied.
This implies that the ionisable groups (amines) and the type of counter ion (Cl ) are
the important factors in this behaviour.
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3.1.3

COLLOID TITRATIONS OF POLYETHYLENEIMINE.

3.1.3.1 TH E STANDARDISATION OF POTASSIUM
POLYVINYLSULPHATE (PVSK).

The degree of estérification of PVSK must be determined before use^ since it is
rarely 100% esterified. The indicator used was toluidine blue, a cationic dye, that
binds excess PVSK and becomes red. The colour change due to metachromacy is
sharp, hence allowing accurate endpoint determination. Absorbance scans showed
that the absorbance maximum for toluidine blue was at 605 nm (data not included).
However it was reported (Ueno & Kina, 1985) that greater sensitivity could be
achieved at 420 nm (data not included). The stoichiometry of the reaction requires
that one mole of PVSK reacts with one mole of cetylpyridinium chloride (CPC).
From the titration it was found that the degree of estérification of the PVSK was
65%. Due to the poor degree of estérification, a second commercial PVSK sample
(Aldrich) was tested; however this was found to be only 37% esterified. Ueno and
Kina (1985) reported that their commercial grades of PVSK were 90 - 95% esterified.
The samples used here contained some insolubles which possibly caused this
reduction in the degree of estérification. Appendix 1, figures A.1.1.1/2 show the
standardisation of the two commercial sources of PVSK, the second sample (Aldrich)
shows a broad absorbance peak around the endpoint, whereas the first sample
(Sigma) exhibits a sharp endpoint. The volume of PVSK added to the cetylpyridinium
chloride in the case of the Aldrich PVSK is approximately twice that of the Sigma
sample. The endpoint data along with the shape of the titration curves indicates that
considerable impurities are present in the Aldrich sample.

3.1.3.2 COLLOID TITRATIONS.

Colloid titrations are a volumetric method for the determination of charged
poly electrolytes in aqueous solutions (Ueno and Kina, 1985) and they have been used
for the determination of concentration and charge density of organic polyelectrolytes
(Horn, 1978). Colloid titrations involve the reaction between oppositely charged
polyelectrolytes which lead to the formation of complexes. With flexible chain
polymers this reaction has been shown to occur stoichiometrically (Tereyama, 1952).
With PEI, the stoichiometry of the reaction with a polyanion (eg. potassium
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polyvinylsulphate) will depend on the degree of protonation {ie> the pH). The PVSK
was calibrated using cetylpyridinium chloride, hence its equivalent weight and
concentration were known thus enabling the volumetric determination of PEI. Little
information is available concerning the molecular weight dependence of this reaction
using PEI (Horn, 1980). Colloid titrations have previously been employed as a
method of assaying for PEI in aqueous solutions (to 50 ppb; Horn, 1978); they have
also been used to determine the charge density of various other polyelectrolytes {eg\Tiravanti et al., 1985).

The degree of interaction of the PEI with PVSK is dependent on the degree of
protonation of the PEI, and hence the pH of the solution; therefore the quantity of
PVSK used will determine the degree of protonation of the PEI. Figure 3.1.3 shows
the results of the colloid titration of unfractionated *Polymin P ’ PEI (see Appendix
1). The charge density of PEI, determined from the Faraday constant, is
approximately a function of pH. The graph can be divided into three regions; from
pH 11 to 9 the increase in charge density is rapid. This is due to the protonation of
the primary amine groups on the exterior of the molecule. The region from pH 9 to
4 corresponds to the protonation of the secondary amine groups on the polymer
backbone. From pH 4 to 2 protonation of the nearest-neighbour amines on the
backbone occurs. For ’Polymin P’ PEI no region was observed where the charge
density did not change with pH, this indicates that protonation occurs across the pH
range and complete protonation of the polymer was probably not achieved.

It has been reported that for aqueous solutions of polymer, colloid titration is an
accurate method for concentration determination (Horn, 1978). However for
solutions which contain many charged species (eg. bacterial homogenates), this
technique becomes invalid due to the non-selectivity of the counter ion (PVSK).
PVSK has successfully been applied to pure protein solutions to determine their
charge density (Horn et a l, 1983). The determination of residual PEI in bacterial
homogenates would not be possible by this method, since varying the PEI
concentration would vary the amount of residual charged molecules (protein, nucleic
acids etc.), hence any correction for the interference of the homogenate would not
be valid.
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The colloid titration of the Polysciences PEI (0.6 kDa, figure 3.1.4) showed three
clearly defined regions across the pH range; from pH 11 to 8.5, the increase in
charge density is rapid due to protonation of the primary amines. From pH 8.5 to 4
protonation of the secondary (and tertiary) amines occurs; whilst from pH 4 to 2 the
increase in charge density is negligible indicating that complete protonation of the
polymer had occurred. The Polysciences PEI had a molecular weight range (fig. 3.1.6)
of 600 to 1000; this would give the number of ethyleneimine units as approximately
14 to 24 (the molecular weight of one unit being 43). Hence there would be five to
seven primary (and tertiary) amines and twice that number of secondary amines per
polymer molecule given the ratio of 1:2:1 (primary:secondary:tertiary amines). The
relatively small size of the molecule would imply that charge interactions along the
polymer backbone would not be as pronounced as for the higher molecular weight
PEI, thus giving a more clearly defined titration curve (compare figs. 3.1.3 & 3.1.4),
and complete protonation by pH 4. On a weight basis the charge density of the lower
molecular weight PEI is nearly four times that of the high molecular weight sample,
however, no meaningful comparison can be made on a molar basis due to the
polydispersity of the PEI samples. However if this were possible, the charge density
of the higher molecular weight polymer would effectively be lower due to charge
shielding within the molecule giving rise to incomplete protonation.

3.1.4 MOLECULAR W EIGHT DISTRIBUTIONS OF PEI.

Many methods for determining the molar mass distribution of polymers depend upon
the dissolution or precipitation of polymer fractions, whose molar mass distribution
is narrow enough to be approximately monodisperse; the molar mass distribution is
reconstructed from the measured weights of the fractions. These techniques include
membrane osmometry, light scattering and viscosity measurements; generally these
methods will give an average value for the molecular mass, but not polydispersity
(Billingham, 1977). Polymer branching reduces the radius of gyration, hence
corrections must be applied when employing these methods. Gel permeation
chromatography (GPC) or size exclusion chromatography (SEC) separates polymer
molecules on the basis of their ability to permeate the pores of a rigid matrix. Large
molecules cannot enter the pores and are eluted first, whilst small molecules are held
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back by their penetration of the gel, hence the complete molecular mass distribution
can be determined without fractionation. PEI like many synthetic polymers is
polydisperse and hence can only be fully described by more than one molar mass
distribution term (see Appendix 2). The wide molecular mass distribution of PEI is
due to the method of synthesis involving the polymerisation of subunits. A large
number of solvent systems were screened for the SEC-HPLC of PEI; these included
phosphate buffers with salt (NaCl) to increase the ionic strength and reduce solutematrix interactions. However none of these were found to be suitable since the PEI
interacted with the column matrix and no elution would occur. This indicated that
the mobile phase was allowing electrostatic interaction to occur between the PEI and
the silanol groups. Silica based columns are generally ’end-capped’ to reduce the
number of silanol groups, which impart negative charge to the matrix however these
are never fully effective. Here an aqueous solution of acetic acid and an appropriate
salt (sodium acetate) was used to suppress the ionisation of the silanol groups, hence
preventing the PEI from interacting with the matrix. The molecular weight
distribution of ’Polymin P’ PEI (figure 3.1.5 and Table 1) shows considerable
polydispersity (12.8); the majority of the other commercial sources of PEI are also
very polydisperse with values of greater than 10. Billingham (1977) has stated that
the polydispersity values of greater than 10 are large; these are usually a result of the
method of polymer synthesis.

3.1.5 PHOTON CORRELATION SPECTROSCOPY OF PEI.

Photon correlation spectroscopy (PCS) is a technique which measures the diffusion
n
coefficients of particles undergoing random Brov^an motion; the hydrodynamic
diameter (sphere equivalent diameter) of a sample can then be obtained from the
Stokes equation. Here PCS was used to determine the hydrodynamic diameter of
’Polymin P ’ PEI under a variety of conditions. From figure 3.1.7 it can be seen that
under conditions commonly found in biological homogenates the diameter of the PEI
molecule will be approximately constant. Only under conditions of low ionic strength
will the molecule expand due to charge repulsion along the molecular chain. The
dominant force appears to be that of ionic strength over pH, since only at low ionic
strengths does the effect of pH become visible. The pKa of PEI is thought to be
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approximately 10.8 (Horn, 1980). However from the colloid titration data (figure
3.1.3) and the decrease in diameter (at pH 11), it appears that there is still some
charge on the molecule.

The PCS measurements were carried out using unfractionated ’Polymin P’ PEI, hence
the hydrodynamic diameter will be greater than the average expected from the
molecular weight distribution (as determined from GPC), since in solution the larger
molecules will scatter proportionally more light ( proportional to radius to the sixth
power) and hence increase the apparent diameter. Measurements were based on the
total scattered light intensity distribution only and not corrected for weight. Light
scattering measurements have been used to determine the weight-average molecular
weights and the radii of gyration of several sources of PEI (Treweek and Morgan,
1979). Their reported values are greater than those found here. In an earlier study
Koppel (1972) also reported data for ’Polymin P’ PEI which agrees with the data
presented here. The pH range used was wider than that used here and showed that
at pH values less than 5.0, there was a decrease in the hydrodynamic diameter due
to shielding of the cationic moiety by chloride ions added in the course of reducing
the pH.

Thiele and Gronau (1963) reported that PEI might exist in solution in the form of
macromolecular aggregates held together by hydrogen bonding. Hydrogen bonding
would be dependent upon the degree of protonation, with an optimum where the
number of donor and acceptor sites were equal. From a comparison of figures 3.1.7
and 3.1.8 it is clear that the hydrodynamic diameter does increase with time; this
implies that molecular aggregation does occur, however this process occurs slowly
(days), hence the samples processed within hours of dilution are representative of
single molecular species in solution. No investigations were carried out concerning
the kinetics of PEI molecular aggregation, however no change in hydrodynamic
diameter was observed during the preparation and size determination of fresh
samples (approximately one hour).

Static light scattering studies of PEI were carried out in order to determine the
molecular shape in solution. Intensity measurements were made from 135° to 30° (at
10° intervals) and compared to theoretical predictions given by Billingham (1977) for
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various shapes of molecules (spheres, cylinders, etc). The results (not presented here)
gave good agreement with spherical shaped particles, for those measurements that
were possible. However the complete range could not be tested, since the wavelength
of the laser is fixed and due to difficulties in fractionating PEI into sufficiently
narrow molecular weight distributions.
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Figure 3.1.1

Potentiometric titration of Tolymin P’ PEI (BDH).
PEI (1% w/v, 25 mL) was dissolved in potassium chloride solutions of
increasing ionic strength and titrated against HCl (1 N).
o Deionised Water; ^ O.OIM; 4- 0.05M; 0 O.IM;
■ 0.5M; V l.OM KCl.
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Figure 3.1.2

Potentiometric titration of Polysciences PEI (0.6 KDa).
PEI (1% w/v, 25 mL) was dissolved in potassium chloride solutions of
increasing ionic strength and titrated against HCl (1 N).
o Deionised Water; ^ O.OIM; 0 O.IM; ■ 0.5M; v

l.OM KCl.
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Colloid Titration of ’Polymin F ’ PEI (BDH). PEI dissolved in deionised
water, pH adjusted with O.IN HCl/NaOH. Titrated against PVSK.
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Colloid Titration of Polysciences PEI (0.6 KDa). Conditions were the
same as ’Polymin P’ PEI.
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Figure 3.1.5

Molecular Weight Distribution of ’Polymin P’ PEI by Size Exclusion
Chromatography. Column was a TSK G4000 SW (7.5 x 600mm), mobile
phase was acetic acid/sodium acetate (0.5M, pH 4.5) at 1 mL min.'^ PEI
samples (0.5% w/w) were dissolved in mobile phase.
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Molecular Weight Distribution of Polysciences PEI by Size Exclusion
Chromatography. Conditions were as above.
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MEASURED VALUES
PEI

QUOTED

WEIGHT

NUMBER

POLY

SUPPLIER

MOL. WT.

AYE. Mw.

AYE. Mn.

DISPERSITY

(kDa)

(kDa)

(kDa)

(-)

40 - 60

480.3

37.7

12.77

SIGMA

40 - 60

539

46.8

11.55

FLUKA

40 - 60

564

41.4

13.58

60

458.6

33.3

13.79

50 - 100

338

12.7

26.64

10

293

11.59

2.53

70

450

31.7

14.22

1.8

346

6.82

5.07

0.6

7.51

3.77

1.99

BDH
Polymin P

ALDRICH

POLYSCIENCES
Inc.
POLYSCIENCES
Inc.
POLYSCIENCES
Inc.
POLYSCIENCES
Inc.
POLYSCIENCES
Inc.

(Mw. - Weight Average Molecular Weight; Mn. - Number Average Molecular
Weight, see Appendix 2 for definitions).

Table 1:-

Polydispersities, Weight and Number Average Molecular Weight
Distributions for some commercially available PEI samples.
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Figure 3.1.7 Hydrodynamic diameter of Tolymin P’ PEI as determined by photon
correlation spectroscopy.
The hydrodynamic diameter of PEI was determined as a function of
pH and ionic strength. The PEI concentration was 0.8% w/v to give
optimum scattering intensity, the pH was adjusted with HCl/NaOH
(0.1 N). The temperature was 19.8 °C (+/- 0.1) and the photomultiplier
angle was 90°. Samples were analysed within one hour of preparation,
o

pH 11; ^

pH 9; V

pH 7; ■ pH 5.
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Figure 3.1.8 Hydrodynamic Diameter of Tolymin P’ PEI as determined by photon
correlation spectroscopy after storage for one week.
The hydrodynamic diameter of PEI was determined as a function of
pH and ionic strength. The PEI concentration was 0.8% w/v to give
optimum scattering intensity, the pH was adjusted with HCl/NaOH
(0.1 N). The temperature was 19.8 °C (+/- 0.1) and the photomultiplier
angle was 90°. Samples were stored for one week (sealed container)
before analysis
o

pH 11; A pH 9; V pH 7; ■ pH 5.
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3.1.6

FLOCCULATION USING MODEL SYSTEMS.

3.1.6.1 TH E ROLE OF MOLECULAR WEIGHT IN THE FLOCCULATION
PROCESS.

The molecular weight distribution of ’Polymin P’ PEI was found to be so wide that
it became a variable in the flocculation process. Here, model systems were arranged
to investigate how such a wide molecular weight distribution is affected by the
flocculation process ie:- whether the whole molecular weight distribution is involved
in the flocculation process or only a section of it. Model systems were chosen because
they could be separated from solution after flocculation so that the supernatant could
be assayed. Bentonite or latex were flocculated with ’Polymin P ’ PEI; the samples
were then centrifuged and the molecular weight distribution of the PEI remaining in
solution was determined (by UV absorption). Under optimum flocculation conditions
there was no detectable PEI remaining in solution, however ultra-violet absorbance
is not a sensitive technique in this case (see Appendix 3, figure A3.1). Overdosing the
system caused increasing amounts of PEI to remain in the supernatant. The
molecular weight distribution of the unbound PEI was found to be a function of the
strength of interaction between the polymer and the oppositely charged moiety.
Figure 3.1.9a shows the flocculation of bentonite under conditions of increasing ionic
strength; increasing the polymer concentration caused the weight average molecular
weight to approach that of the native PEI (0.48 x 10® Da, Table 1). Figure 3.1.9b
shows that bentonite is strongly electro-negative in solution and the addition of
increasing quantities of PEI causes charge neutralisation, followed by restabilisation
at high polyelectrolyte concentrations. Increasing the ionic strength reduces this
interaction due to charge screening. Appendix 5, figures A5.1.1/2 show the effect of
the flocculation of bentonite on the molecular weight distribution of PEI; the
distribution is skewed towards the higher molecular weights. Under increasingly
overdosing conditions the molecular weight distribution becomes increasingly similar
to that of native PEI (see fig. 3.1.5). Increasing the ionic strength reduces the
interaction between bentonite and PEI, hence requiring increased amounts of
polymer to achieve a similar zeta potential (figure 3.1.9b). Flocculation of latex with
’Polymin P’ PEI showed that the higher molecular weight fractions were
preferentially removed (figure 3.1.9c). As the dosage increased, the weight average
molecular weight increased toward that of the native PEI. Figure 3.1.9d shows that
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the anionic latex was weakly electronegative and required only low doses of PEI to
become electropositive. Appendix 5, figures A5.2.1/2 show that after flocculation the
molecular weight distribution is skewed toward the lower weights; under overdosing
conditions the weight average molecular weights increase.

Since the molecular weight distribution of PEI is polydisperse, it follows that the
range of diffusion coefficients must be equally wide. The species with the highest
diffusion coefficients will arrive at the surface first; if the interaction is strong then
there is little chance of that molecule becoming detached from the surface. However
if the interaction is weak, then other molecules with greater charge densities are
capable of displacing them from the surface. For the bentonite/’Polymin P’ PEI
system, since the surface is strongly electro-negative (due to the silanol groups) the
binding affinity is strong, hence the molecules that attach to the surface first remain
bound. Since the lowest molecular weight molecules have the highest diffusion
coefficients it is probable that they will attach to the surface first and then remain
bound (due to the high charge difference). This is reflected in the resultant molecular
weight profiles which show that the lowest molecular weights are removed first.
When the interaction between polymer and surface is weak, as in the latex/Tolymin
P ’ PEI system (surface carboxyl groups), the low molecular weight species will arrive
first but are subsequently displaced by molecules with greater charge densities {ie:higher molecular weights). The resultant molecular weight distribution shows that the
higher molecular weights have interacted with the latex and been removed;
overdosing gradually restores the molecular weight distribution. Another important
factor affecting the flocculation of both latex and bentonite is the charge density on
the surface ie:- the number of charged groups per unit area.

The washed cell debris (figure 3.1.9e) showed a similar pattern on the molecular
weight distribution of PEI as the latex, with the high molecular weight species being
removed under optimum flocculation conditions. Under over-dosing conditions the
trend is upward toward the average molecular weight of the native PEI. The type and
number of charged groups on the cell debris will determine its charge density.
Phosphate and carboxyl groups are the main groups on the cell debris surface which
will determine the j mobilities

(which was found to be -2.45 pm/sec/V/cm hence

weakly electronegative). From the residual PEI molecular weight distributions
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(Appendix 5, figure A5.3.1/2), it appears that the interaction is weak, with the high
molecular weight molecules displacing the lower ones. The implications are that
considerable ion exchange can occur on the cell debris during flocculation. It also
implies that the low molecular weight PEI molecules remain in the supernatant and
can interact with other charged species with different charge densities {eg> nucleic
acids). These results imply that methods to remove residual PEI must take into
account these changes in the molecular weight distribution especially if size exclusion
chromatography is to be used.

Felter and Ray (1970) studied the adsorption of polyvinyl chloride (PVC) onto nonporous calcium carbonate (CaCOj) whereby the molecular weight distribution of the
non-adsorbed PVC was determined by size exclusion chromatography. It was shown
that the high molecular weights were preferentially adsorbed. Below the isotherm
limiting plateau {ie> below surface saturation concentration), the molecular weight
of the adsorbed species was independent of the polymer concentration. It was
thought that the high molecular weight species displaced the lower ones at the
surface. Further work (Felter, 1974) using polycaprolactone (PCL) adsorbed onto
CaCOj showed that the low molecular weights were preferentially adsorbed. The
author points out the importance of kinetic factors in the preferential adsorption of
the low molecular weight fraction. The adsorption mechanism was thought to be
responsible for controlling the resultant molecular weight distribution. PCL is more
flexible and polar than PVC, which allowed it to uncoil on the CaCO^ surface leading
to irreversible adsorption of the low molecular weight fraction.

3.1.6.2

PEI - SDS BINDING RATIOS.

/
Milbum et al., (1990) noted that PEI removed lipids from cell homogenates; however
the nature of the interaction was not known, since PEI is hydrophilic and the lipids
are essentially hydrophobic. To investigate the interaction between Tolymin f*’ PEI
and hydrophobic molecules, it was added to solutions of sodium dodecyl sulphate
(SDS); the aggregation was followed by absorbance readings (at 360 nm). Figure
3.1.10a. shows that Ig of PEI will bind approx. 3.3g of SDS. Tanford and Reynolds
(1970) have reported that Ig of protein which is fully denatured, will bind 1.4g of
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SDS; and that this ratio is approximately constant for most proteins. Hydrophobic
interactions were thought to occur by the SDS molecules aligning themselves along
the unfolded protein, then more SDS molecules gather onto those already on the
protein. For PEI, it is likely that the sulphate groups form ionic bonds with the amine
groups on the PEI. Then additional SDS molecules could bind by hydrophobic
interactions to the SDS molecules already on the PEI, hence forming an aggregate
in solution. Figures 3.1.10b & c show that Ig of Polysciences PEI (0.6 kDa) binds
approximately 0.015g of SDS. This reduction in binding capacity with molecular
weight reflects the reduced number of binding sites (amine groups) for the SDS
molecules to attach and also a reduction in the number of hydrophobic sites for
secondary binding.

Under conditions where the PEI is in excess there will be relatively few SDS
molecules on each PEI molecule, hence the net charge of the aggregate will be
positive (due to the PEI). At the point of maximum aggregation, the overall charge
will be neutral; the hydrophobic SDS tails will extend out into the aqueous
environment. Aggregates could then hydrophobically interact with each other to form
larger aggregates (see figure 3.1.10c), which readily settle out of solution. When the
SDS is in excess, the charge on the aggregate will be negative. Secondaiy binding of
the additional SDS (by hydrophobic interaction) to the SDS molecules on the
aggregate will cause their sulphate groups to extend outwards into the aqueous
environment, thus causing a net negative charge. Under these conditions the
aggregates will have the same charge and hence will be restabilised in solution.

3.1.6.3

PEI - PHOSPHATE INTERACTIONS.

It was observed that PEI formed white precipitates when added to some phosphate
buffers. To investigate further, the concentration of phosphate, after the addition of
varying amounts of PEI, was determined. The effect of pH on the chelation of
phosphate was also investigated at different pHs, since pH directly controls the
degree of protonation of the PEI. The pKas of phosphate are 2.14, 7.2 and 12.4.
Figure 3.1.11 shows the reduction in phosphate concentration across the PEI
concentration range. Lowering the pH caused more phosphate to be removed from
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solution. However at pH 11 there was still considerable phosphate removal; this
implies that there is some charge on the PEI, even at pH 11. This presence of charge
has also been observed from the colloid titrations (see figure 3.1.3). There is no
information concerning which of the functional groups (primary, secondary or tertiaiy
amines) are protonated, and hence interact with the phosphate. It is likely that the
primary amines on the exterior of the molecule are responsible for the ionic
interactions with the phosphate. Since these groups are exposed to the surrounding
medium they will have fewer steric restrictions. Phosphate groups could interact with
most of the available amine groups of low molecular weight PEIs since the degree
of steric hind ra n e e will be less.

3.1.6.4

PEI - DNA INTERACTIONS.

A simple rapid micro-DNA assay procedure was developed in order that a large
number of samples could be screened. Here, DNA from two sources corresponding
to high ( > 5 0 kB) and low molecular weight (< 5 kB) were precipitated with two
PEI solutions (of high and low molecular weight, Tolymin P’ and Polysciences
respectively) under conditions of increasing ionic strength. This was to determine the
nature of the interaction between DNA and PEI, whilst also providing information
concerning optimal DNA removal. Figure 3.1.12a shows that the Tolymin P’ PEI
dosage required for the complete removal of highly polymerised DNA ( > 5 0 kB) is
ionic strength dependent, indicating that electrostatic neutralisation is the dominant
mechanism. Under the conditions used here, no DNA was resolubilised. Figure
3.1.12b indicates that the interaction of low molecular weight PEI (Polysciences, 0.6
kDa) and highly polymerised DNA is stronger than in the case of the high molecular
weight PEI. DNA was completely removed at low concentrations (of flocculant), and
low ionic strengths. It is possible to explain these results in terms of the efficiency of
charge neutralisation, whereby the smaller PEI molecules (low MW.) are able to
interact with the phosphate groups along the DNA backbone more effectively, since
steric hinderance effects would be lower. It appears that on a weight for weight basis,
the low molecular weight PEI is the more effective flocculant for DNA. However,
due to the polydisperse nature of the PEI molecular weights (see figure 3.1.3), it is
difficult to interpret these results on a mole for mole basis of PEI to DNA which
would give a clearer picture of the amount of flocculant required.
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Figure 3.1.12c shows the flocculation of low molecular weight DNA (< 5 kB) using
high molecular weight Tolymin P’ PEI. The pattern of nucleic acid removal is
somewhat different from the previous example (figure 3.1.12a), in that some
solubilisation of the DNA occurs and the effect of ionic strength is not pronounced.
The PEI concentration range required for complete removal is narrow; this implies
that the portion of DNA molecules being resolubilised are of a low molecular weight.
Figure 3.1.12d shows the flocculation of low molecular weight DNA using low
molecular weight Polysciences PEI (0.6 kDa). The pattern of removal differs from
the previous example (figure 3.1.12b) insofar as resolubilisation of the DNA occurs
and the process is sensitive to the effects of ionic strength. The flocculant
concentration required for maximal DNA removal was lower for the low molecular
weight PEI (Polysciences) than for the high molecular weight Tolymin P’ PEI in the
previous section. The results indicate that the physical state of the DNA has an
important bearing on whether it is flocculated (precipitated) by PEI; the other
important factors being molecular weight of the flocculant and ionic strength.
Excellent nucleic acid removal was achieved using high molecular weight DNA and
low molecular weight PEI; this indicated that steric factors are important, in order
that the PEI (or other flocculant) is able to interact at more points along the DNA
backbone. Several authors (Spitnik er a/., 1955; Bloomfield et a t, 1980) have reported
that the interaction of DNA with cationic polyelectrolytes causes it to condense; and
hence become insoluble. This would be related to molecular weight, with the higher
molecular weights being the least soluble and hence more likely to be removed from
solution. It is difficult to predict whether bridging flocculation plays any part in the
flocculation process, since the low molecular weight PEI (Polysciences) is too small
for bridging to occur (and it appears to be the more effective flocculant). It appears
likely that charge neutralisation followed by condensation of the DNA is the
dominant mechanism. Under physiological conditions, DNA not associated with
histone will form a rigid rod-like structure, due to charge repulsion along the
molecule’s backbone. This would allow opportunities for interaction with PEI or
other charged polyelectrolytes (such as proteins). Data from these model (two
component) systems can also be extrapolated to mixed systems {ie> homogenates);
since the pattern of nucleic acid removal and resolubilisation (see section 3.4) is
similar.
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Figure 3.1.9a The effect of flocculation on the weight average molecular weight of
Tolymin P’ PEI (BDH). Bentonite (strongly anionic) was flocculated
using Tolymin P’ PEI at pH 7.0. The weight average molecular weight
of native Tolymin P’ PEI is 4.803 x 10^ Da. Molecular weights were
determined by size exclusion chromatography, as described in figure
3.1.5.
o

Deionised Water;

^

0.05M NaCl;

v

O.IM NaCl.

126

1
<D
Û.
(0

-20

-40

0.00

0.10

0.05

0.15

PEI / Bentonite (mg/mg)

Figure 3.1.9b The effect of flocculation on the zeta potential of bentonite (strongly
anionic) flocculated using Tolymin P* PEI at pH 7.0. The bentonite
was suspended in salt solutions of incresasing ionic strength before
flocculation.
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Figure 3.1.9d The effect of flocculation on the zeta potential of latex (weakly
anionic) using Tolymin P ’ PEI at pH 7.0 in deionised water.
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Figure 3.1.9e The effect of flocculation on the weight average molecular weight of
Tolymin P ’ PEI using washed M.methylotrophus cell debris suspended
in 20mM KH 2PO 4, pH 7.0. The weight average molecular weight of
Tolymin P ’ PEI is 4.803 x 10^ Da. Molecular weights were determined
by size exclusion chromatography, see figure 3.1.5.
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Figure 3.1.10a Sodium Dodecyl Sulphate - Tolymin P’ PEI Binding Ratios.
The absorbance (360 nm) was read after mixing PEI and SDS
solutions. SDS and PEI were prepared in deionised water at pH 7.0.
Tolymin P’ PEI (Ig) will bind approximately 3.3g of SDS.
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Figure 3.1.10b Sodium Dodecyl Sulphate - Polysciences PEI (0.6KDa) Binding
Ratios. The absorbance (360 nm) and aggregate diameters were
measured after 15 minutes. The SDS and PEI solutions were prepared
in deionised water at pH 7.0. Aggregate diameters were measured by
photon correlation spectroscopy at 19.8°C (+/- 0.1 °C). The final
SDS concentration was 0.02% w/w. Polysciences PEI (0.6 KDa, Ig)
will bind approximately 0.018g of SDS.
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Figure 3.1.10c Sodium Dodecyl Sulphate - Polysciences PEI (O.ôKDa) Binding
Ratios. The absorbance (360 nm) and aggregate diameters were
measured after 18 hours. The SDS and PEI solutions were prepared
in deionised water at pH 7.0. The final SDS concentration was 0.02%
w/w. Polysciences PEI (0.6 KDa, Ig) will bind approximately 0.015g
of SDS. For further details see figure 3.1.10b.
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3.2

CELL DEBRIS FLOCCULATION.

3.2.1 CELL DEBRIS CHARACTERISATION.

Methylophilus methylotrophus cell debris is negatively charged with a pKa around pH
3.0 (figure 3.2.1); this implies that the charge originates mainly from the phosphate
(also sulphate and carbonate) groups on the debris surface. Here the relationship
between ionic strength and pH on the surface charge of the cell debris is investigated.
From figure 3.2.1 it is clear that the surface charge on the cell debris is both ionic
strength and pH dependent, with the lowest ionic strengths and neutral pHs giving
the greatest electronegative charge. Since flocculation using PEI appears to be mainly
due to charge neutralisation (see section 3.2.3), the best conditions would be those
of greatest charge difference. The selectivity of the flocculation process using PEI
appears to be dependent on the degree of charge of the species being flocculated.
Nucleic acids and cell debris appear to be the most electronegative species in
bacterial homogenates; hence these are ’selectively’ removed by PEI due to the
relative charge difference. At neutral pHs soluble protein will generally have a lower
degree of charge and hence be less susceptible to removal. As has been demonstrated
(section 3.1.5) PEI can be removed (ion-exchanged) from weakly charged species and
hence will become available for interaction with other (more electronegative) species.
Figure 3.2.1 demonstrates that the operating window for the removal of cell debris
would be at neutral pH and low ionic strength. The optimum pH to exploit the
charge difference between the cell debris and protein would be between pH 5 and
7, since the majority of proteins have isoelectric points in the region of pH 4 to 5.
The phosphate moieties of nucleic acids would remain highly charged in the pH
region 5 to 7 and hence should be equally susceptible to removal.

Photon correlation spectroscopy (PCS) showed the washed cell debris to be slightly
under 1 pm in size; due to the extensive washing and centrifugation process, the
contribution of smaller debris (or larger macromolecules) would not be significant
since they would have been largely removed. High molecular weight ’ Polymin P’ PEI
has a hydrodynamic diameter of approximately 70 nm; hence it is approximately one
tenth the ' diameter of the cell debris, low molecular weight PEI would be
considerably smaller. This size difference implies that bridging flocculation may be
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possible but the charge difference and optimal flocculant dosage at around zeta
potentials of zero imply that the primary flocculation mechanism is charge
neutralisation.

3.2.2

TH E EFFECT OF DRY CELL WEIGHT ON FLOCCULATION.

Figures 3.2.2a and 3.2.2b show the optimum ’ Polymin P’ PEI dosages for a range of
dry cell weights (DCWs); the degree of clarification achieved under conditions of low
relative centrifugal forces and short times was excellent. The resulting supernatants
were completely clear except at the highest DCWs. It should be noted that although
the optimum dosage is dependent upon DCW, the range over which the flocculant
is effective also changes with solids loading. When various normalisations of this data
were attempted in order to produce a relationship between dosage and DCW, they
were not completely successful because the optimum flocculation range varied with
original dry cell weight. The greater the solids loading the narrower the range over
which the flocculant was effective and this became apparent when the normalisation
of the PEI concentration over the original DCW range was carried out. Figure 3.2.2c
shows the result of the normalisation of PEI added over original dry cell weight. It
appears that the optimum is approximately 0.01 mg PEI / mg DCW. These results
indicate that although good clarification can be achieved, the optimum flocculant
dosage (and range) will have to be determined for each system under investigation
in order to determine the ’operating window’. Figure 3.2.2d shows the pattern of
protein removal for the range of original DCWs tested. Approximately half the
protein was removed in each case. The removal of soluble protein was similar for all
low ionic strength systems, sections 3.2.4 and 3.2.6 discuss this problem further.

3.2.3

CELL DEBRIS FLOCCULATION - pH AND IONIC STRENGTH.

Figures 3.2.3a/4a/5a show the effect of pH and ionic strength on supernatant clarity
for M methylotrophus cell debris. At low ionic strengths and pH 7.2, a clearly defined
dosage range can be identified (figure 3.2 3a). Increasing the ionic strength reduces
the effectiveness of the flocculant in terms of supernatant clarity. Figure 3.2.4a shows
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the experiment carried out at pH 5.5. It is clear that the dosage range is lower and
narrower than for the previous example. Also the effect of ionic strength appears to
be less obvious. At pH 5.5 the charge on the majority of soluble proteins will be
lower than at pH 7.2, hence the quantity of oppositely charged material for PEI to
bind to will be reduced. This explains both the lower optimum flocculant dosage
required (since there is less oppositely charged material available) and the narrower
effective dose range. When the optimum dose range is exceeded, charge reversal
occurs causing the cell debris to become restabilised in solution. At pH 8.5 (figure
3.2.5a) the amount of charged material available is increased and this is reflected in
the optimum dose range being extended; again the affect of ionic strength is reduced.
Figure 3.2.5b shows the zeta potential profile for cell debris at pH 7.2; comparing it
to the supernatant transmittance data (figure 3.2.3a) shows that the optimum
flocculant dosage occurs at about zero potential. This implies that charge
neutralisation is the primary flocculation mechanism. Increasing the ionic strength
requires additional FBI in order to obtain a similar reduction in electronegative
charge. At 0.01 mg PEI/mg DCW (for pH 7.2, 20 mM) maximal supernatant clarity
has been achieved, however the zeta potential is still negative. The data for 100 and
200 mM phosphate also show good clarity before a neutral zeta potential has been
achieved. Hence a reduction to zero mobility is not necessary to obtain maximal
clarity. This implies that flocculant dosage is critical if excess flocculant in the
supernatant is to be minimised.

Figure 3.2.4b shows the zeta potentials cell debris at pH 5.5; again the optimum dose
occurs near zero potential. The charge on the cell debris at this pH is reduced
(compared to figure 3.2.3b) hence the dosage required is reduced. At higher ionic
strengths electrophoretic neutrality is not achieved in spite of reasonable supernatant
clarity; this reinforces the argument that a sufficient reduction in zeta potential will
flocculate the suspension, but attaining zero potential is not necessary. Comparison
of figures 3.2.5a and 3.2.5b again shows that maximal supernatant clarity is attained
before electrophoretic neutrality. However at the higher PEI concentrations the
supernatant clarity declines whilst there is little change in zeta potential. Only at the
lowest ionic strength does the zeta potential increase, indicating cell debris
restabilisation.
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Figures 3.2.3c/4c/5c show the pattern of soluble protein removal across the range of
PEI concentrations; as in the previous section about half the protein is removed at
low ionic strengths. This protein loss is greatly reduced at higher ionic strengths;
showing the weak cationic behaviour of PEI, whereby moderate ionic strength
increases can substantially improve protein recovery. There appears to be little
difference between the 100 and 200 mM phosphate, indicating that at neutral pHs,
increasing the ionic strength becomes less effective. Figure 3.2.6c shows the resulting
pattern of protein removal at pH 5.5. Here non-specific flocculation (precipitation)
of cell debris and protein was observed by lowering the pH to 5.5 before the addition
of PEI, hence the lower initial protein concentration. The addition of flocculant
caused protein restabilisation back into the supernatant, since the binding of PEI (to
the protein) caused charge reversal (at the lower pH), thus resOlubilising it. It was
envisaged that reducing the pH would cause less protein to be removed due to its
lower surface charge. However it is clear that this reduction in charge caused the
soluble protein to precipitate before the addition of flocculant since the isoelectric
point of the majority of proteins is in the range pH 4 to 5. In a separate series of
trials (not included here) it was demonstrated that PEI appeared to have no effect
on the Bradford assay for protein, despite the fact that it is an anionically charged
dye.

Floe sizing by the electrical sensing zone method has demonstrated that the resultant
floe diameter is dependent upon the amount of PEI added. The floe size distribution
has been divided into two parts:- the first being the PEI doses from zero to the
optimum concentration, and the second being from the optimum to over-dosing
concentrations. Figures 3.2.3d/4d/5d show the cell debris floe diameters from zero
concentration to the optimum dose as determined by the percentage cumulative
undersize distributions for pHs 7.2, 5.5 and 8.5 respectively. The size distributions
increase to a maximum at the optimum dose. Figures 3.2.3e/4e/5e summarise the
flocculation data from the optimum to over-dosing conditions. The floe diameters
decrease with increasing dose above the optimum until the size distribution of the
original debris is reached. The optimum doses for the pH 7.2 and 8.5 examples were
0.0152 and 0.0174 mg PEI/mg DCW respectively; for the pH 5.5 example the
optimum dose was 0.0087 mg PEI/mg DCW. The average isoelectric point of protein
is between pH 5 and 6 , hence flocculation at this pH requires less polymer since a
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lower proportion of the molecules are charged. Between pH 7.2 and 8.5 there is little
change in the quantity of charged material available hence the optimum dosage is
approximately the same. The 90% undersize values for pHs 5.5, 7.2 and 8.5 were
approximately 14, 12 and 10.% pm respectively. The lowest pH appears to produce
the largest floes possibly because the protein close to its iso-electric point is
aggregating, thus increasing the floe diameters.

The limitations of the electrical sensing zone method include the inability to
determine the number and size of particles in the sub-micron size range. There is a
significant population of particles in the 10% undersize range even at the optimum
dosage. Although this will not significantly affect mass balancing, carry over of
particles in this size range will seriously impair the performance of downstream
processing operations such as chromatography and filtration. Centrifugation appears
to remove these particles, since the resulting supernatant is completely clear, hence
it is possible that other mechanisms such as sweep flocculation is occurring. Sweep
flocculation could reduce the population of particles in the 10% undersize range by
their attachment to larger particles during centrifugation.

Figure 3.2.3f shows the characterisation of M.methylotrophus homogenate using sizeexclusion chromatography, for unflocculated and flocculated homogenates. The
exclusion volume of the matrix used (Superose 6) is approximately 1 x 10^ D a as
quoted by the manufacturer. The exclusion volume was determined using blue
dextran as shown on figure 3.2.3F (arrow number 1). Material eluting before and with
blue dextran is eluted from the void volume of the matrix. This material is likely to
be colloidal in nature and possibly includes cell debris, low molecular weight nucleic
acids etc. Figure 3.2.3a shows that there is a significant reduction in this material on
comparison of the unflocculated supernatant to a low PEI concentration (0.00434
mg/mg PBI/DCW) and the optimum PEI concentration (0.0152 mg/mg). Figure 3.2.3f
shows that protein removal declines as the molecular weight decreases. Reasons
for the preferential removal of higher molecular weight protein are unclear; it is
possible that this protein is more likely to be associated with other components eg:cell membranes and hence is removed along with the debris on flocculation. Further
studies using chromatographic matrices designed for high molecular weight species
are required to investigate these observations further.
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3.2.4

HOM OGENATE FLOCCULATION - PHOSPHATE AND PEI.

Previous sections have demonstrated that soluble protein loss from the supernatant
can be considerable. Here two methods of reducing this loss were compared. The
first involved increasing the ionic strength (with phosphate) of the buffer used to
suspend the cell debris; it has already been demonstrated (figures 3.2.3a/4a/5a) that
increasing the ionic strength will reduce the soluble protein loss, albeit at the expense
of supernatant clarity. The second method involved the addition of increasing
amounts of phosphate to the ’Polymin P’ PEI during preparation of the stock
solutions (figures 3.2.7a/b/c). It has been shown that PEI chelates phosphate from
solution (figure 3.1.11). It was thought that this chelation would reduce the charge
density and hence improve protein recovery. This method has the advantage of
operating at reduced ionic strength since the PEI is diluted on addition to the cell
debris solution; this should allow high resolution steps {eg> ion exchange
chromatography) to be carried out directly after flocculation. Figure 3.2.6a shows the
effect of ionic strength on supernatant clarity. Between 20 and 100 mM phosphate;
an increase in the ionic strength has only a small effect on the range over which the
PEI is effective; further increases to 200 mM greatly reduces the flocculants
effectiveness. Pre-dosing the PEI with phosphate appears to decrease the final
supernatant clarity as well as the range over which it is effective (figure 3.2.7a).
Higher phosphate concentrations require increased PEI doses before any supernatant
clarity is achieved. However, the final phosphate concentrations are considerably
lower than in the previous example.

Figures 3.2.6b and 3.2.7b show the pattern of soluble protein removal using the two
different systems. Increasing the ionic strength (figure 3.2.6b) will bring about some
improvement in protein recovery, but at the expense of reduced supernatant clarity
and increased ionic strength. Figure 3.2.7b demonstrates that the addition of
phosphate to the PEI before flocculation increased the soluble protein concentration
for a modest increase in ionic strength. Figures 3.2.6c and 3.2.7c show amidase
activity across the PEI concentration range used here. At low ionic strengths the
enzyme was completely removed from solution, however by increasing the ionic
strength of the buffer or by the addition of phosphate to the PEI, enzyme recovery
can be achieved at some expense to supernatant clarity. However the amidase activity
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at 50 mM phosphate using pre-dosing is approximately twice that attained at 200 mM
phosphate buffer, used to suspend the cell debris. Thus enzyme recovery can be
regulated more effectively by the addition of phosphate to the PEI (before
flocculation) rather than by simply increasing the ionic strength, with the advantage
of reduced final ionic strength. It is possible that buffer containing carbonate or
sulphate would have a similar but somewhat reduced effect on PEI (due to the
valency of these anions).

3.2.5

FLOCCULATION OF WHOLE E.colL

The optimum flocculation dose for whole Exoli (figure 3.2.8) using ’Polymin P’ PEI
occurs well before the zeta potential reaches zero. Also very low doses of PEI are
required in order to destabilise whole cell suspensions. As the flocculant
concentration increases, the zeta potential gradually increases and becomes positive,
indicating that charge neutralisation is occurring, but it is not clear if this is the main
mechanism of flocculation. Two methods of particle sizing were employed in order
to determine the resultant floe size against PEI dose. For unflocculated cells the
median volume from the electrical sensing zone (Elzone) was almost the same as the
D 50 (median) volume from the forward light scattering instrument (Malvern 3600).
However, as the dosage increased the measured floe volume from the forward light
scattering (FLS) instrument greatly exceeded that of the electrical sensing zone. At
the optimum flocculant dosage, the median volume (diameter basis) was
approximately 11.5 pm for the electrical sensing zone, whereas forward light
scattering gave a value of approximately 40 pm. Treweek and Morgan (1977, 1979)
reported similar values for whole Exoli flocculation using PEIs with a range of
molecular weights (0.6 to 60 kDa). The electrical sensing zone method can
underestimate the size (volume) of floes if they are conductive, ie> if the porosity is
such that current can flow through as they pass through the orifice. It is not clear
from this study whether the floes are conductive or not. Treweek and Morgan (1977)
reported a method of correcting for porosity, which would increase the size of the
floes by 10%. Observations through the instrument microscope during measurement
revealed that the floes could only just be observed in the orifice, hence it is unlikely
that they were being deformed during passage through the orifice.
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The forward light scattering (laser light diffraction) instrument relies on the
diffraction of light being detected on a series of concentric detectors (rings) behind
the suspension through which coherent light is being passed, it also assumes that the
particles are completely opaque. The smaller particles will diffract light to a greater
extent. However if the refractive index is low (as is common in biological
suspensions) the diffraction will not be as great as expected, hence an over-estimate
of the floe size will occur; also changes in refractive index cannot be accounted for.
The instrument also relies on an algorithm which can be improved upon to obtain
a more precise particle size distribution. However, it can be seen that the forward
light scattering instrument is a far more sensitive to the state o f aggregation of the
suspension than the electrical sensing zone, and has the advantage of being adapted
to a flow-through configuration thus allowing on-line determination of dilute
suspensions. To conclude, neither technique accurately recorded the floe diameter,
however the electrical sensing zone method appeared to be considerably closer to the
true values.

3.2.6

'DOUBLE FLOCCULATION’ OF E.coli.

Flocculation of the cells before disruption would allow the polymer to become
attached to the exterior of the cell; on disruption most of the PEI would remain
attached to the cell debris (by electrostatic interaction). This would improve
selectivity since it would not be dependent solely upon the charge of the material
being flocculated. Since the cell debris had polymer already attached, it could act as
a focus for other material (cell debris, nucleic acids etc.) hence improving selectivity
further. Figure 3.2.9a shows the degree of supernatant clarity across the PEI dose
range studied here; the cell debris which had already been exposed to ’Polymin P’
PEI required considerably less flocculant to clarify the suspension. This effect is
synergistic (not additive) in so far as the total amount of PEI for both steps of the
’double flocculation’ is less than that required for the single step procedure. Biomass
levels were approximately equal for both procedures. Other trials (not reported here)
produced similar results.

Figure 3.2.9b shows the soluble protein concentration remaining in the supernatant
after flocculation; the concentrations have been normalised for original dry cell
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weight. As can be seen the amount of protein removed is considerably less when
using the double flocculation procedure, with over 70% remaining after the optimum
flocculation dose has been exceeded. Figure 3.2.9c shows that at the maximum degree
of supernatant clarification, /3-galactosidase is completely removed in the case of the
single flocculation. Pre-flocculation of the cells confirms the protein results (above)
where in over-dosing conditions more than 50% of the enzyme activity was recovered.
However at the optimum dosage (0.005 - 0.01 mg PEI/ mg DCW, figure 3.2.9c) there
was little enzyme loss. /3-galactosidase loss occurred when the optimum PEI dosage
had been exceeded by the flocculation of the soluble protein. This study makes it
clear that flocculation of the whole cells, before disruption, not only aids in their
recovery but also improves in the subsequent enzyme (protein) recovery, whilst
maintaining supernatant clarity. It allows the cell debris to act as an ion exchanger
in order to collect other unwanted homogenate components. Additional advantages
include less flocculant to achieve the same degree of clarification which reduces the
amount of flocculant carry over into the subsequent downstream processing
operations.
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Figure 3.2.1 M.methyltrophus washed cell debris zeta potentials as a function of pH
and ionic strength. The cell debris was washed twice in K 2HPO 4 buffer
(20 mM) and then twice in KCl (1 mM) before resuspension in KCl
solutions of increasing ionic strength, the pH was adjusted with
0.01 N HCl/NaOH.
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Figure 3.2.2a M.methylotrophus Homogenate Flocculation.
The effect of original dry cell weight on the supernatant transmittance
and the optimum dose of Tolymin P’ PEL The homogenate was
suspended in K^HPO^ buffer (20 mM, pH 7.2). The PEI was prepared
in deionised water, titrated to pH 7.2 and diluted to the required
concentration before use.
o 73.9 g L h

A 51.1 g L ';
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DCW.
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Figure 3.2.2b M.methylotrophus Homogenate Flocculation.
The effect of original dry cell weight on the supernatant transmittance
and the optimum dose of ’Polymin P’ PEI. For further details see
figure 3.2.2a.
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Figure 3.2.2c M.methylotrophus Homogenate Flocculation.
The effect of original dry cell weight on the normalised optimum dose
of Tolymin P ’ PEI (PEI/ original DCW) plotted against normalised
transmittance
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Figure 3.2.2d M.methylotrophus Homogenate Flocculation.
The effect of original dry cell weight on the protein concentration
remaining in the supernatant, plotted against the normalised
Tolymin P’ PEI dose. The homogenate was suspended in K 2HPO 4
buffer (20 mM, pH 7.2). The PEI was prepared in deionised water,
titrated to pH 7.2 and diluted to the required concentration before use.
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Figure 3.2.3a M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on supernatant transmittance at pH 7.2.
The homogenate was suspended in phosphate buffer of increasing
ionic strength and flocculated with Tolymin P’ PEI made up in
deionised water (at pH 7.2). The original dry cell weight was
12.8 g L \ Centrifugation was at lOOQg for 600s.
o 20mM;

a

lOOmM;

0 200mM KgHPO^.

150

2

0

1
c
î
CL

2
xpo

4

0.00

0.02

0.04

0.06

0.08

PEI / Dry Cell Weight (mg/mg)

Figure 3.2.3b M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on cell debris zeta potential at pH 7.2.
The homogenate was suspended in phosphate buffer of increasing
ionic strength and flocculated with Tolymin P’ PEI made up in
deionised water (at pH 7.2).
o 20mM;

A lOOmM;

0 200mM K^HPO^.

151

24 c>

B

Q

X>-

c
<D
O

S.
CO

0.00

0.02

0.04

0.06

0.08

PEI / Dry Cell Weight (mg/mg)

Figure 3.2.3c M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on specific protein concentration
remaining in the supernatant at pH 7.2. The homogenate was
suspended in phosphate buffer of increasing ionic strength and
flocculated with Tolymin P’ PEI made up in deionised water
(at pH 7.2).
o 20mM;

A lOOmM;

0 200mM K^HPO^.
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Figure 3.2.3d M.methylotrophus Homogenate Flocculation (pH 7.2).
The effect of ’Polymin P’ PEI dose on the floe size distribution at PEI
concentrations from zero to the optimum. The homogenate was '*
suspended in 20mM K2HPO 4 buffer (pH 7.2), PEI was prepared in
deionised water and the pH adjusted to 7.2. Floe diameters were
determined by the electrical sensing zone method. The flocculated
homogenate was diluted in Tris/HCl (lOOmM, pH 7.2) to a coincidence
level of less than 1% for the 48 pm orifice.
The PEI/original dry cell weight doses (mg/mg) were:(1) 0 and 0.000434 (2) 0.00434 (3) 0.00652 (4) 0.00869
(5) 0.0109 (6)0.013 (7) 0.0152.
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Figure 3.2.3e M.methylotrophus Homogenate Flocculation (pH 7.2).
The effect of ’Polymin P’ PEI dose on the floe size distribution at PEI
concentrations from the optimum to over-dosing. The homogenate was
suspended in 20mM K2HPO 4 buffer (pH 7.2), PEI was prepared in
deionised water and the pH adjusted to 7.2. Floe diameters were
determined by the electrical sensing zone method. The flocculated
homogenate was diluted in Tris/HCl (lOOmM, pH 7.2) to a coincidence
level of less than 1% for the 48 pm orifice.
The PEI/original dry cell weight doses (mg/mg) were:- (8 ) 0.01737
(9) 0.01955 (10) 0.02172 (11)0.02389 (12)0.02606 (13) 0.06949.
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Figure 3.2.3f Size exclusion chromatography of supernatants from flocculated
M.methylotrophus homogenate, using Superose on an H R 10/30
column. The mobile phase was K2HPO 4 (50mM, pH 7.2) and the
flowrate was 0.5 mL m in.'\ Further details are given in section 2.1.4.
The molecular weight markers were (1) blue dextran, 2 x 10^ kDa
(2) thyroglobulin, 669 kDa (3) ferritin, 440 kDa
(4) catalase, 232 kDa (5) aldolase, 158 kDa (6) BSA, 66 kDa.
o No PEI; ^ 0.00434 mg/mg; □ 0.0152 mg/mg PEI/original DCW.
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Figure 3.2.4a M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on supernatant transmittance at pH 5.5.
The homogenate was suspended in phosphate buffer of increasing
ionic strength and flocculated with Tolymin P’ PEI made up in
deionised water (at pH 5.5). The original dry cell weight was
12.8 g L \ Centrifugation was at lOOQg for 600s.
o 20mM;

a lOOmM;

0 200mM K2HPO 4.
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Figure 3.2.4b M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on cell debris zeta potential at pH 5.5.
The homogenate was suspended in phosphate buffer of increasing
ionic strength and flocculated with Tolymin P’ PEI made up in
deionised water (at pH 5.5).
o 20mM;

a lOOmM;

0 200mM K2HPO 4.
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Figure 3.2.4c M.methylotrophus Homogenate Rocculation.
The effect of ionic strength on specific protein concentration
remaining in the supernatant at pH 5.5. The homogenate was
suspended in phosphate buffer of increasing ionic strength and
flocculated with Tolymin P’ PEI made up in deionised water
(at pH 5.5).
o 20mM;

a

lOOmM;

0 200mM K^HPO^.
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Figure 3.2.4d M.methylotrophus Homogenate Flocculation (pH 5.5).
The effect of Tolymin P’ PEI dose on the floe size distribution at PEI
concentrations from zero to optimum. The homogenate was suspended
in 20mM K2HPO 4 buffer (pH 5.5), PEI was prepared in deionised
water and the pH adjusted to 5.5. Floe diameters were determined by
the electrical sensing zone method. The flocculated homogenate was
diluted in Tris/HCl (lOOmM, pH 7.2) to a coincidence level of less than
1% for the 48 pm orifice.
The PEI/original dry cell weight doses (mg/mg) were:(1) 0 and 0.000434 (2) 0.00087 (3) 0.00434 (4) 0.00652
(5) 0.00217 (6) 0.00434 (7) 0.00652 (8) 0.00869.
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Figure 3.2.4e M.methylotrophus Homogenate Flocculation (at pH 5.5).
The effect of Tolymin P’ PEI dose on the floe size distribution at PEI
concentrations from the optimum to over-dosing. The homogenate was
suspended in 20mM K2HPO 4 buffer (pH 5.5), PEI was prepared in
deionised water and the pH adjusted to 5.5. Floe diameters were
determined by the electrical sensing zone method. The flocculated
homogenate was diluted in Tris/HCl (lOOmM, pH 7.2) to a coincidence
level of less than 1% for the 48 pm orifice.
The PEI/original dry cell weight doses (mg/mg) were:- (9) 0.0174
(10) 0.0217 (11)0.0239 (12) 0.0261 (13) 0.0326 (14) 0.0695.
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Figure 3.2.5a M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on supernatant transmittance at pH 8.5.
The homogenate was suspended in phosphate buffer of increasing
ionic strength and flocculated with ’Polymin P’ PEI made up in
deionised water (at pH 8.5). Centrifugation was at lOOQg for 600s.
o 20mM;

a

lOOmM;

0 200mM K^HPO^.
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Figure 3.2.5b M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on cell debris zeta potential at pH 8.5.
The homogenate was suspended in phosphate buffer of increasing
ionic strength and flocculated with Tolymin P’ PEI made up in
deionised water (at pH 8.5).
o 20mM;

A lOOmM;

0 200mM K^HPO^.
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Figure 3.2.5c M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on specific protein concentration
remaining in the supernatant at pH 8.5. The homogenate was
suspended in phosphate buffer of increasing ionic strength and
flocculated with Tolymin P’ PEI made up in deionised water
(at pH 8.5).
o 20mM;

^ lOOmM;

0 200mM K2HPO 4.
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Figure 3.2.5d M.methylotrophus Homogenate Flocculation (pH 8.5).
The effect of ’Polymin F’ PEI dose on the floc size distribution at PEI
concentrations from zero to the optimum. The homogenate was
suspended in 20mM K2HPO 4 buffer (pH 8.5), PEI was prepared in
deionised water and the pH adjusted to 8.5. Floc diameters were
determined by the electrical sensing zone method. The flocculated
homogenate was diluted in Tris/HCl (lOOmM, pH 7.2) to a coincidence
level of less than 1% for the 48 pm orifice.
The PEI/original dry cell weight doses (mg/mg) were:(1) 0 and 0.00869 (2) 0.00174 (3) 0.00652
(4) 0.00869 (5) 0.013 (6) 0.0152 (7) 0.0174.
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Figure 3.2.5d M.methylotrophus Homogenate Flocculation (pH 8.5).
The effect of ’Polymin P’ PEI dose on the floc size distribution at PEI
concentrations from zero to the optimum. The homogenate was
suspended in 20mM K2HPO 4 buffer (pH 8.5), PEI was prepared in
deionised water and the pH adjusted to 8.5. Floc diameters were
determined by the electrical sensing zone method. The flocculated
homogenate was diluted in Tris/HCl (lOOmM, pH 7.2) to a coincidence
level of less than 1% for the 48 pm orifice.
The PEI/original dry cell weight doses (mg/mg) were:(1) 0 and 0.00869 (2) 0.00174 (3) 0.00652
(4) 0.00869 (5) 0.013 (6 ) 0.0152 (7) 0.0174.
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Figure 3.2.6a M.methylotrophus Homogenate Flocculation.
The effect of phosphate concentration on supernatant transmittance.
The homogenate was suspended in increasing phosphate
concentrations at pH 7.2 and flocculated with ’Polymin P’ PEI (made
up in deionised water pH 7.2). Original dry cell weight was 90.1 g L \
centrifugation was at lOOOg for 600s.
o 20mM;

^ lOOmM;

0 200mM;

Final [K^HPO^].
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Figure 3.2.6b M.methylotrophus Homogenate Flocculation.
The effect of phosphate concentration on supernatant protein
concentration. The homogenate was suspended in increasing
phosphate concentrations at pH 7.2 and flocculated with ’Polymin P’
PEI (made up in deionised water pH 7.2). Original dry cell weight was
90.1 g L \ centrifugation was at lOOQg for 600s.
o 20mM;

^ lOOmM;

0 200mM;

Final [KzHPOj.
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Figure 3.2.6c M.methylotrophus Homogenate Flocculation.
The effect of phosphate concentration on supernatant amidase
activity. The homogenate was suspended in increasing
phosphate concentrations at pH 7.2 and flocculated with Tolymin P’
PEI (made up in deionised water pH 7.2). Original dry cell weight was
90.1 g L \ centrifugation was at lOOQg for 600s.
o 20mM;

^ lOOmM;

0 200mM;

Final [K2HPO 4].
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Figure 3.2.7a M.methylotrophus Homogenate Flocculation.
The effect of phosphate concentration on supernatant transmittance.
’Polymin P’ PEI was pre-dosed with increasing phosphate
concentrations at pH 7.2, before flocculation. The homogenate was
suspended in K2HPO 4 buffer (20 mM, pH 7.2). Original dry cell
weight was 90.1 g L \ centrifugation was at 100% for 600s.
V Deionised Water;
• lOmM; □ 25mM;
X

50 mM

Final [KgHPOj.
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Figure 3.2.7b M.methylotrophus Homogenate Flocculation.
The effect of phosphate concentration on supernatant protein
concentration. ’Polymin P’ PEI was pre-dosed with increasing
phosphate concentrations at pH 7.2, before flocculation. The
homogenate was suspended in KgHPO^ buffer (20 mM, pH 7.2).
Original dry cell weight was 90.1 g L \ centrifugation was at
1000|g for 600s.
V Deionised water;
• lOmM; □ 25mM;
X 50mM Final [K2HPO 4].
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Figure 3.2.7c M.methylotrophus Homogenate Flocculation.
The effect of phosphate concentration on supernatant amidase
activity. Tolymin P’ PEI was pre-dosed with increasing
phosphate concentrations at pH 7.2, before flocculation. The
homogenate was suspended in K2HPO 4 buffer (20 mM, pH 7.2).
Original dry cell weight was 90.1 g L \ centrifugation was at
lOOOg for 600s.
V
Deionised Water; • lOmM; □ 25mM;
X
50mM Final [K2HPO 4].
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Figure 3.2.8

Flocculation of Whole E.coli with Tolymin P’ PEI.
Median floc diameter (volume basis) and zeta potential as a function
of PEI dose. Two methods of determining floc diameter were
employed, FLS - Forward Light Scattering; ESZ - Electrical Sensing
Zone (Elzone). Cells were suspended in Tris/HCl (0.1 M, pH 7.2). The
original dry cell weight was 46.96 g L \
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Figure 3.2.9a

E.coli Whole Cell and Homogenate Flocculation.
The effect of pre-flocculating whole cells before disruption on the
supernatant transmittance as a function of ’Polymin P ’ PEI dose. The
cells and homogenate were suspended in K^HPO^ buffer (20 mM,
pH 7.2), the PEI was diluted in deionised water and the pH adjusted
to 7.2. The cells were centrifuged at 400% for 600s, the flocculated
cells were centrifuged at 50% for 900s and the flocculated
homogenates were centrifuged at 100% for 600s. The original dry cell
weights of the flocculated and centrifuged cells were 78.3 g
and
68.4g
respectively.
o Pre-flocculated cells (followed by homogenate flocculation).
^ Flocculated homogenate only.
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Figure 3.2.9b E.coli Whole Cell and Homogenate Flocculation.
The effect of pre-flocculating whole cells before disruption on the
specific protein concentration remaining in the supernatant as a
function of ’Polymin P’ PEI dose. The original dry weights of the
flocculated and centrifgued cells were 78.3g
and 68.4g
respectively. Further details are given on figure 3.2.9a.
o Pre-flocculated cells (followed by homogenate flocculation).
^ Flocculated homogenate only.
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Figure 3.2.9c E.coli Whole Cell and Homogenate Flocculation.
The effect of pre-flocculating whole cells (double flocculation) before
disruption on the specific )3-galactosidase activity remaining in the
supernatant as a function of ’Polymin P’ PEI dose. Additional details
are given on figures 3.2.9a and 3.2.9b.
o Pre-flocculated Cells (followed by homogenate flocculation).
^ Flocculated homogenate only.
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ASSAY FOR RESIDUAL PEI IN HOMOGENATES.

3.3.1 INTRODUCTION.

Various methods were screened for a PEI assay, these included both chemical and
spectroscopic techniques. Residual PEI concentrations from the flocculation o ïE.coli
(whole cells) were determined (Treweek & Morgan, 1977) using 1,2-napthoquinone4-sulphonic acid (NQS). It was reported that the NQS complexes with the PEI giving
an absorption maximum at 450 nm. The method involved using the culture medium
as a blank because the NQS complexed with various medium components. Extensive
trials revealed two disadvantages with this technique. Firstly the colour change on
complexation was small (yellow to brown) hence sensitivity was poor. Secondly the
NQS was found to complex with proteins, nucleic acids and lipid material in model
systems giving a similar colour change to that found for PEI. These disadvantages led
to the conclusion that NQS was not suitable for assaying PEI in bacterial
homogenates. The interaction of PEI with other dyes has been investigated
(Takagishi et a l, 1985). 2,4-Dihydroxazobenzene-4-sulphonate (Tropaeolin O) was
found to give maximum binding compared to chemically similar dyes. It was reported
that the hydroxyl groups participate preferentially in the complex formation with PEI.
It was found that the binding of Tropaeolin O was proportional to the PEI
concentration (absorbance at 400 nm). However as with NQS the colour change was
small and non-specific binding was found to occur.

Ozeki et al (1989) assayed poly-L-lysine using a fluorescent technique involving the
reaction of fluorescamine with primary amine to form fluorphors which when excited
at 390 nm fluoresce at 475 nm. This technique was tested with PEI however the
fluorescent signal was weak. It was envisaged that the PEI could be labelled to
enhance fluorescence in order to improve monitoring. Disadvantages of this
technique included the high background fluorescence observed in bacterial
homogenates.

Extensive refractive index measurements were carried out in order to measure the
elution of PEI from chromatography columns. Refractive index measurements were
found to be less sensitive than UV reading for a given concentration, hence the latter
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technique was adopted for the various chromatographic studies of PEL However the
refractive index measurements against PEI concentration were useful for the various
light scattering studies {eg:- Zimm plots); the data are summarised in Appendix 7.

Various dissociating and non-dissociating polyacrylamide gel electrophoresis (PAGE)
systems were tested as a potential assay for PEL The development of staining
methods was carried out by polymerising ’Polymin P’ PEI with polyacrylamide in
plastic cuvettes. Once cast the cuvettes were broken open and the PEI/polyacrylamide
block sectioned into slices. The sections were then placed into various dyes including
coomassie blue, l,2-napthoquinone-4-sulphonic acid - NQS (in 20%

methanol),

india ink, napthol black and silver stain. The NQS and the silver stain gave the
strongest colour development. Due to the high molecular weight of ’Polymin P’ PEI
the resolving gel concentration was 5% polyacrylamide and generally a stacking gel
was not used. The non-dissociating gels showed that the PEI extended down most of
the lane due to the wide molecular weight distribution, no observable banding could
be seen. Using dissociating gels, banding was observed provided that the
concentration ratio of SDS to PEI was of the order of 5:1 (see section 3.1.5.2). Due
the high molecular weight of PEI, an agarose based gel system such as those used for
DNA, would possibly have been a better choice; however this was not developed.

3.3.2 ^^p h OSPHORUS LABELLING OF PEL

Due to the difficulties encountered in assaying residual PEI in the supernatant after
flocculation, a rapid method to assay PEI using radioactive phosphorus was
developed. Figure 3.3.1 shows that a solution of PEI (1% w/v) completely removed
phosphate from solution below an initial concentration of 30mM. It has been shown
previously (section 3.1.11) that this removal is pH dependent {ie:- relates to the
degree of protonation of the PEI). The concentration of radioactive phosphorus used
in this study was approximately 5nM, hence it is completely chelated by the PEL It
has also been shown that the presence of phosphate will affect the flocculation
behaviour of PEL However the concentrations where this occurs are far in excess of
those used in this section and thus there would be no measurable effect of the
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radiolabelled phosphate on the flocculation process. As stated in the methods section
(2.3.1), all PEI stock solutions were labelled with the same amount of radioactive
phosphorus, in order to give better accuracy at low concentrations of PEI. Even at
the lowest concentration of flocculant, the phosphate/PEI ratio is low enough not to
affect the flocculation performance of PEI.

Figure 3.3.2 shows a typical M.methylotrophus cell debris flocculation using conditions
(DCWs, ionic strengths etc.) similar to those employed in earlier sections. At the
optimum flocculant dose, the quantity of residual PEI was approximately 30% of the
initial concentration. For concentrations of flocculant above the optimum, the
amount of residual flocculant increases with increasing dose; this can be explained
in terms of unbound PEI remaining (in the supernatant) after charge neutralisation
has been achieved. Also under conditions of excess polymer, the floe size reduces
dramatically (section 3.2.3) thus the ability to recover these particles is reduced. At
dosages below the optimum (0.01 mg PEI/ mg DCW), the quantity of PEI remaining
in the supernatant is greater than at the optimum dose; it was originally assumed that
at concentrations below the optimum, all of the flocculant would have been removed.
However it can be seen that in the dosage range below optimum, the amount of
flocculant is not sufficient to bring about the formation of floes, which can be
separated under the centrifugal conditions used here. This is reflected in the zeta
potential still being electronegative in this region and in the supernatant
transmittance being very low (eg:- figures 3.2.5a & b). It has been demonstrated
(section 3.2.3) that floe size is a function of dosage with maximum floe sizes occurring
at the optimum flocculant dosage. At dosages below the optimum it is likely that the
PEI has adsorbed to the cell debris etc., but this has not brought about the formation
of floes of any significant size hence the PEI remains in the supernatant after
centrifugation. Figure 3.3.2 shows that the plot of the cumulative PEI added (ie:the PEI/DCW multiplied by the PEI fraction remaining in the supernatant) has a
slope of approximately one; this implies that the PEI being added is reappearing at
the same rate in the supernatant. The cumulative plot shows that in the PEI/DCW
range just below the optimum, the slope of the cumulative PEI plot approaches zero
hence the added PEI is being removed in the flocculated sediment. However at doses
in excess of the optimum, the slope of the cumulative plot rapidly approaches one.
Hence at concentrations just above the optimum dose, the rate of accumulation of
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PEI in the supernatant will be the same as that added.

Figure 3.3.3 shows a similar trend fox E.coli cell debris; the optimum dose and range
are similar to M.methylotrophus (figure 3.3.2). This indicates that the optimum PEI
required for any given system is related to the amount of charged material that is
available. Figure 3.3.4 shows the flocculation of S.cerevisiae debris; the DCW is
approximately twice that of the previous examples, however the optimum dose range
is 0.004 to 0.006 mg/mg PEI/DCW which is less than in the case of M.methylotrophus
ox E.coli. However the amount of labelled PEI remaining in the supernatant is higher
than in previous examples. This reinforces the idea that optimum flocculant doses
should be determined for specific systems; extrapolating to different systems is not
reliable. The effect of PEI flocculation on yeast homogenate, which had been pre
clarified with borax revealed that the optimum flocculant dose was lower than in
figure 3.3.4 (not shown); this is due to the reduced levels of biomass and hence
charged material that PEI is able to interact with. The cumulative plot of the E.coli
and

S.cerevisiae examples

(figure 3.3.3/4)

are

essentially

similar to

the

M.methylotrophus example (figure 3.3.2) in that at PEI doses above the optimum the
PEI remains in the supernatant. At doses slightly below the optimum to the optimum
dose the slope of the cumulative plot approaches zero indicating that the PEI added
to the system is not appearing in the supernatant.

Figure 3.3.5a shows the residual PEI fox M.methylotrophus cell debris flocculation; the
biomass level is lower (32.2 g L^) than in the previous example (fig. 3.3.2, 54g L ^),
however normalisation shows that the optimum dose is approximately the same. The
amount of labelled PEI remaining in the flocculated cell debris is shown in figure
3.3.5b; the maximum activity occurs at the optimum dose (ie:- the PEI is being
removed in the sediment). Above the optimum dose the cumulative plot of labelled
PEI has a slope of approximately one indicating that the PEI accumulates in the
supernatant under overdosing conditions. The slope of the cumulative plot above the
optimum dose is approximately 0.5, demonstrating that the added PEI is not
accumulating the sediment. The PEI clarified supernatant from the first flocculation
was reflocculated with a second dose of labelled PEI (figure 3.3.5c). Additional
flocculation occurred, however the optimum dose range was lower than before
(approximately 0.005 mg PEI/ mcj DCW); this is due to lower biomass levels as well
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as a reduction in the quantity of charged material available for the polyelectrolyte to
interact with. However these results indicate that at optimum flocculation, the
amount of PEI in the supernatant is not sufficient to bring about complete
flocculation although this material is available. This implies that PEI fractionates the
material according to charge; and whether or not this material is destabilised (and
hence flocculated) depends on the quantity of flocculant available and the amount
of charged material available to interact with it. The cumulative plot has a slope of
one below a dose of 0.015 mg PEI/ mg DCW, showing that the rate of PEI
accumulation in the supernatant is the same as that being added. No reduction in the
slope of the cumulative plot can be seen possibly because the amount of biomass is
low and the cumulative plot is not sufficiently sensitive to detect this. Above 0.015
mg PEI/ mg DCW the slope of the cumulative plot is greater than one
(approximately 1.35). In this case the slope of the cumulative plot can exceed one
because labelled PEI has been added to the system twice. The slope exceeds one
possibly because the PEI that had been added to the homogenate from the first
flocculation step is being released back into the supernatant due to high overdosing
of the system with the additional PEI from the second flocculation step.

3.3.3 SIZE-EXCLUSION CHROMATOGRAPHY STUDIES OF LABELLED PEI.

The degree to which residual PEI appeared to remain in the supernatant after
flocculation, along with the earlier studies on the effect of the flocculation process
on the molecular weight distribution, led to further studies to determine if the whole
of the molecular weight distribution was labelled equally or only a part of it. Due to
the nature of the experiments (radioactive labelling), the molecular weight
determinations were performed using soft gels on a low pressure system, rather than
HPLC; this also allowed larger labelled samples to be applied. Figure 3.3.6a shows
the molecular weight distribution for ^^P labelled BDH ’Polymin P ’ PEI, from a
Superose 6 column. Superose 6 is a cross-linked agarose capable of resolving
molecular weights between 5000 and 1.5 xlO^, which is suited to wide distributions,
such as that for PEI, but the resolution is poorer than that given by HPLC (figure
3.1.5). The radioactivity trace shows that the labelled phosphorus has been
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completely chelated by the PEI with the lowest molecular weights. Calibration with
protein standards (of known molecular weight) showed that the labelled molecules
had a molecular weight range of approximately 10000 to 500 (see also figure 3.3.6b).
The Einstein-Stokes equation shows that the lowest molecular weight species within
a size distribution will have the highest diffusion coefficients. Hence the possibility
of them chelating the labelled phosphate is highest. Further studies using only
showed that all of the phosphate had been chelated by the PEI, since the free ^^P
had longer elution times. The free ^^P eluted in the column total volume at the same
time as the acetone, which had been used to calibrate the column (data not shown).
Figure 3.3.6b shows the molecular weight distribution for ’Polymin P’ PEI using
Sephadex GIO, which is suitable for fractionating molecular weights below 1000. The
data shows more clearly that only the lowest molecular weights were labelled. The
shape of the molecular weight distribution is different since the gel is not suitable for
fractionation of high molecular weight molecules.

’Polymin P’ PEI was fractionated with ethanol using the method of Bloys van
Treslong (1974) in order to attempt to achieve a narrower molecular weight
distribution and determine which part of it would be labelled. Figure 3.3.6c shows
that the ^^P labelling still occurs at the lowest molecular weights even for the
fractionated PEI. Hence to achieve labelling of the whole PEI molecular weight
distribution, either a large quantity of radioactive phosphorus would have to be used,
or considerable time would have to be spent fractionating the polymer in order to
achieve a narrower molecular weight distribution. Fractionation using gel filtration
and Sephadex G50 Superfine (on a C 26/100 column, Pharmacia) was attempted, but
yields in a narrow molecular weight range were low and considerable gel shrinkage
occurred on application of the sample.

The disadvantages of this assay for PEI are that only part of the size distribution is
labelled and hence measured after fiocculation. However earlier studies (figure
3.1.9e) using washed cell debris have shown that the high molecular weight fraction
predominantly interacts with the cell debris. Dixon et al (1974) synthesised PEI
including

hence labelling the polymer backbone; however the molecular weight

attained was low (< 2000 Da). The advantage of ^^P labelling is that it is rapid and
simple; the assays are also rapid (approximately 60 s each), and require no
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scintillation cocktails (Cerenkov counting). Improvements could be effected by
chemically coupling the

to the PEI which would possibly label the molecular

weight distribution more evenly. Laboratory synthesised PEI sample with narrow
molecular weight distributions would also improve the labelling process.
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Figure 3.3.1

^^P-Phosphate Labelling Assay For PEI.
Phosphate chelation by ’Polymin P’ PEI as a function of initial
phosphate concentration. The PEI concentration was 1% (w/v) and
the pH was adjusted to 7 or 9 with HCl (2 N), it was then added to
solutions of increasing KgHPO^ concentration. After mixing and
centrifugation (1400% for 600s) the residual phosphate concentration
in the supernatant was determined,
o pH 7; A pH 9 K2HPO 4.
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Figure 3.3.2

^^P-Phosphate Labelling Assay For PEI.
The flocculation of M.methylotrophus homogenate as a function of
’Polymin P’ PEI dose. The homogenate was suspended in K 2HPO 4
buffer (20 mM, pH 7.2) to an original dry cell weight of 53.9g L \ The
flocculated homogenate was centrifuged at 3000g for 600s and the
supernatant assayed for residual PEI. The cumulative PEI / dry cell
weight (DCW) is the PEI / DCW (mg/mg) multiplied by the PEI
fraction remaining in the supernatant,
o
Residual PEI in the supernatant {% of control).
■

Cumulative PEI in supernatant (mg / mg DCW).
Slope = 1, ie:- rate of PEI addition is equal to rate
of PEI accumulation in supernatant.
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Figure 3.3.3

^^P-Phosphate Labelling Assay For PEI.
The flocculation of E, coli homogenate as a function of
’Polymin P ’ PEI dose. The homogenate was suspended in KgHPO^
buffer (20 mM, pH 7.2) to an original dry cell weight of 49.6g L \ The
flocculated homogenate was centrifuged at 300% for 600s and the
supernatant assayed for residual PEI. The cumulative PEI / dry cell
weight (DCW) is the PEI / DCW (mg/mg) multiplied by the PEI
fraction remaining in the supernatant,
o

Residual PEI in the supernatant {% of control).

■

Cumulative PEI in the supernatant (mg / mg DCW).
Slope = 1, ie> rate of PEI addition is equal to rate
of PEI accumulation in supernatant.
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Figure 3.3.4

^^P-Phosphate Labelling Assay For PEI.
The flocculation of S.cerevisiae homogenate as a function of 'Polymin
P ’ PEI dose. The homogenate was suspended in K^HPO^ buffer (20
mM, pH 7.2) to an original dry cell weight of 92.Ig L \ The flocculated
homogenate was centrifuged at 3000g for 600s and the supernatant
assayed for residual PEI. The cumulative PEI / dry cell weight (DCW)
is the PEI / DCW (mg/mg) multiplied by the PEI fraction remaining
in the supernatant.
o
Residual PEI in the supernatant (% of control).
■

Cumulative PEI in supernatant (mg / mg DCW).
Slope = 1, ie:- rate of PEI addition is equal to rate
of PEI accumulation in supernatant.
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Figure 3.3.5a ^^P-Phosphate Labelling Assay For PEI.
The flocculation of M.methylotrophus homogenate as a function of
’Polymin P’ PEI dose. The homogenate was suspended in KgHPO^
buffer (20 mM, pH 7.2) to an original dry cell weight of 32.2g L \ The
flocculated homogenate was centrifuged at 3000g for 600s and the
supernatant assayed for residual PEI. The flocculated solids were
assayed (for PEI) and the supernatants were reflocculated with
additional PEI, see figures 3.3.5b and 3.3.5c. The cumulative PEI is the
PEI/ DCW (mg/mg) multiplied by the PEI fraction remaining in the
supernatant.
o
Residual PEI in the supernatant {% of control).
■

Cumulative PEI in supernatant (mg/ mg DCW).
Slope = 1, ie> rate of PEI addition is equal to rate
of PEI accumulation in supernatant.
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Figure 3.3.5b ^^P-Phosphate Labelling Assay For PEI.
Assay for PEI in flocculated solids. The flocculation of
M.methylotrophus homogenate as a function of ’Polymin P ’ PEI dose.
The homogenate was suspended in K2HPO 4 buffer (20 mM, pH 7.2)
to an original dry cell weight of 32.2g L \ The flocculated homogenate
was centrifuged at 300% for 600s and the solids assayed for PEI. The
cumulative PEI is the PEI / DCW (mg/mg) multiplied by the PEI
fraction remaining in the sediment,
o
Residual PEI in the sûAment (% of control).
■

Cumulative PEI in sediment (mg / mg DCW).
Slope = 1, ie> rate of PEI addition is equal to rate
of PEI accumulation in sediment.
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Figure 3.3.5c ^^P-Phosphate Labelling Assay For PEI.
Reflocculation of clarified M.methylotrophus supernatants with
additional PEI as a function of ’Polymin P’ PEI dose. The homogenate
was suspended in K2HPO 4 buffer (20 mM, pH 7.2) to an original dry
cell weight of 32.2g L \T h e flocculated homogenates were centrifuged
at 300% for 600s. The clarified supernatants were reflocculated with
additional PEI. The total cumulative PEI / dry cell weight (DCW) is
the PEI / DCW (mg/mg) multiplied by the PEI fraction remaining in
the supernatant, then added to the PEI carried over from the first
flocculation.
o
Residual PEI in the supernatant (% of control).
■

Total cumulative PEI in supernatant (mg / mg DCW).
Slope = 1, ie> rate of PEI addition is equal to rate
of PEI accumulation in supernatant.
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Figure 3.3.6a ^^-Phosphate Labelling Assay For PEI.
Size exclusion chromatography of ^^P-labelled ’Polymin P* PEI using
Superose 6 on an HRlO/30 column. The mobile phase was K 2HPO 4
(100 mM, pH 7.2), the flowrate was 1 mL m in'\
o PEI Absorbance (214 nm).
■ Radioactivity (counts per minute).
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Figure 3.3.6b ^^P-Phosphate Labelling Assay For PEI.
Size exclusion chromatography of ^^P-labelled ’Polymin P’ PEI using
Sephadex GIO on an HRlO/30 column. The mobile phase was K2H PO 4
(100 mM, pH 7.2), the flowrate was 0.75 mL m in'\
o PEI Absorbance (214 nm).
■ Radioactivity (counts per minute).
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Figure 3.3.6c ^^P-Phosphate Labelling Assay For PEI.
Size exclusion chromatography of fractionated ^^P-Labelled ’Polymin
P’ PEI using Superose 6 on an HRlO/30 column. The mobile phase
was K2HPO 4 (100 mM, pH 7.2), the flowrate was 1 ml m in'\ The PEI
was fractionated with ethanol after adjusting the pH of the PEI to less
than 1.0 with HCl (5 N).
o PEI Absorbance (214 nm).
■ Radioactivity (counts per minute).
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3.4

MAIN FLOCCULATION STUDIES.

This section is concerned with the fate of various homogenate components (proteins,
nucleic acids, lipids etc.) during flocculation. The M.methyltrophus homogenate was
tested using a matrix of conditions (pHs and ionic strengths) and two PEI samples
of different molecular weights. The aim was to determine the optimum conditions for
protein recovery in the supernatant whilst enhancing the selective removal of
unwanted components. Low and high molecular weight PEI samples (Polysciences 0.6 kDa and ’Polymin P’ PEI - 480 kDa, see Table 1) were used so that information
concerning the effect of polymer molecular weight on the flocculation process could
be determined.

3.4.1

FLOCCULATION WITH HIGH MOLECULAR WEIGHT PEI
(’POLYMIN P’) AT DIFFERENT IONIC STRENGTHS:-

Figure 3.4.1a shows the supernatant transmittances as a function of ionic strength
(20,100 and 200 mM K 2HPO 4) across the ’Polymin P’ PEI dosage range studied (at
pH 7.0); increasing the ionic strength reduces the supernatant clarity^and shifts the
optimum dose. Observations of the solids precipitated indicated that solids removal
was still substantial despite poor supernatant clarity, hence measurement of
supernatant transmittance was a sensitive indicator of flocculation performance.
Dilution of the supernatants was not performed since it caused disaggregation of the
floes. Increasing the phosphate concentration appears to broaden the range over
which the PEI is effective since it hinders the restabilisation of the cell debris as well
as affecting the PEI directly by reducing its charge density (figure 3.1.11). The shift
in optimum flocculant concentration occurs due to phosphate chelation reducing the
polymer charge and hence its effectiveness so an increased quantity is required.
Soluble protein in the supernatant was lowest in the optimum flocculation range
(figure 3.4.1b); increasing the phosphate concentration to lOOmM gave an
approximate three fold increase in supernatant protein concentration. Increasing the
ionic strength further did not improve protein recovery indicating that the protein
that had been recovered had a low surface charge. Further increases in protein
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recovery would require substantially more phosphate.

Figure 3.4.1c shows that DNA is effectively removed by Tolymin P’ PEI and that
very little restabilisation occurs under overdosing conditions. The results are similar
to earlier work (figure 3.1.12a) where only high molecular weight DNA was
effectively precipitated by PEI. However the model system (DNA only) appears to
be more affected by ionic strength (phosphate concentration) possibly due to
phosphate chelation by the PEI. RNA removal (figure 3.4.1d) appears to be more
sensitive to ionic strength than D N A There is no evidence of restabilisation
occurring since the RNA concentration does not increase at high PEI concentrations.
However less RNA is recovered from solution at high ionic strengths. At low ionic
strengths the overall lipid concentration is reduced by over 50% at the optimum
dosage, with little restabilisation occurring (figure 3.4.1e). At higher ionic strengths
the removal is less dramatic indicating that the PEI is less likely to interact with lipids
in the presence of species with high negative charge densities such as free phosphate.

Figure 3.4.1f shows the glucose-6-phosphate dehydrogenase (G6PDH) activities
across the ’Polymin P’ PEI dosage range. The increase in activities at the higher PEI
dosages is due to restabilisation of the enzyme into the supernatant. This is due to
the relatively low charge on the enzyme which allows charge reversal to occur easily.
As in the case of soluble protein increasing the ionic strength results in more enzyme
being recovered. Cytochrome oxidase (figure 3.4.Ig) is an intra-membrane enzyme
involved in the respiratory chain; it is a good marker for cell debris (walls) due to its
hydrophobicity. It is completely removed from solution at optimum dosage, and little
restabilisation occurs. Increasing the ionic strength requires increased quantities of
PEI to remove the enzyme from solution. The low degree of restabilisation indicates
that the cell debris may not be primarily responsible for the reduction in
transmittance at higher PEI concentrations (see figure 3.4.1a), implying that other
species eg:- proteins are responsible. Protein would tend to have a lower charge
density than cell debris making it more susceptible to restabilisation, hence the dose
range where loss of enzyme activity (from the supernatant) occurs is considerably
narrower than that shown by the supernatant transmittances (compare figures 3.4.1a
& e).
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3.4.2

FLOCCULATION USING HIGH MOLECULAR W EIGHT PEI
(’POLYMIN P’) AT DIFFERENT pHs.

Figure 3.4.2a shows that the optimum flocculation dose is pH dependent; lowering
the pH required less ’Polymin P’ PEI. This indicates that supernatant clarity
(especially in the optimum range) is influenced by protein (or protein associated with
other cellular material). The average protein isoelectric point is between pH 5 and
6, hence in this range the overall charge on the protein will be low, making it more
susceptible to charge neutralisation. This is reflected in the optimum dosages being
pH dependent. The effect of pH on soluble protein remaining in the supernatant
(figure 3.4.2b) shows that the minimum concentration corresponds to the optimum
dose from the transmittance data (figure 3.4.2a). The overall protein loss is of a
similar order to the previous example (figure 3.4.1b). Maximal protein recovery
should result from increased ionic strength and increased pH at the expense of
reduced supernatant clarity.

DNA removal was of a similar order to the previous section (figure 3.4.2c). Changes
in pH did not appear to affect the removal of DNA to any great extent and
restabilisation was limited. It is possible that the high molecular weight nucleic acid
was completely removed and the remaining fraction of DNA was of a low molecular
weight. The pKas of phosphate imply that across the pH range studied the charge on
the DNA would decline with increasing pH. RNA was reduced (figure 3.4.2d) to a
similar level as in the previous section however its removal appeared to be
independent of ionic strength. Lipid removal was affected by pH (figure 3.4.2e) in
that lower pHs resulted in precipitation of more lipid (possibly associated with other
material). The higher pH caused more lipid to remain in solution (possibly because
the amount of charged species in the system is greater) however the overall reduction
is 10 to 15% compared to the lower pHs.

Glucose-6-phosphate dehydrogenase was extensively removed by ’Polymin P ’ PEI at
doses below the optimum (figure 3.4.2f). The removal is pH dependent with the low
pHs causing most removal. The isoelectric point for G6PDH is between 5 and 6
(Righetti et a l, 1975), hence its removal may be partly due to precipitation at the
isoelectric point. At high doses restabilisation was extensive with activities returning
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to that of the control. As in the previous example cytochrome oxidase was completely
removed during the flocculation process (figure 3.4.2g). The lowest pH (5.4) was
more susceptible than the higher ones; the decline in activity matching the increase
in transmittance indicating that the enzyme is a good marker for cell debris
(membranes).

3.4.3

FLOCCULATION USING LOW MOLECULAR W EIGHT PEI
(POLYSCIENCES) AT DIFFERENT IONIC STRENGTHS:-

On a weight for weight basis the Polysciences PEI (0.6 kDa) appears to be more
effective in that good supernatant transmittances were achieved at low polymer
concentrations (figure 3.4.3a). The optimum dosage range also appears to be wider
than for the high molecular weight PEI. However on a molar basis the high
molecular weight PEI would be more effective for a given biomass concentration.
The effect of ionic strength on protein recovery appears to be the opposite to that
found in the case of the high molecular weight PEI; here increasing the ionic strength
caused more soluble protein to be removed from the supernatant. The reasons for
greater protein loss at increased ionic strength are not clear.

DNA removal was effected at low PEI concentrations, to less than half if its original
concentration (figure 3.4.3c); restabilisation of the DNA back into solution did not
appear to occur at the high polymer concentrations. The high molecular weight PEI
(’Polymin P’) produced a residual DNA concentration of approximately 15 pg/mg
DCW, compared with approximately 50 pg/mg DCW found here. This indicates that
in mixed systems (homogenates), the high molecular weight PEI will produce the
lowest residual DNA concentration. The RNA remaining in the supernatant (figure
3.4.3d) appears to be more sensitive to the ionic strength than D N A Again the
residual RNA concentrations are higher compared to the high molecular weight PEI.
Additionally some restabilisation appears to occur with increasing ionic strength. At
low ionic strength the lipid concentration was reduced by approximately half, with
increasing ionic strengths producing a lower reduction. Comparison of the low and
high molecular weight PEI results (figures 3.4.le & 3.4.3e); shows that similar results
were attained in both cases. This indicates that the interaction of PEI with lipid
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material (in homogenates) appears to be approximately independent of ionic
strength.

The G6PDH (3.4.3f) followed the specific protein concentration (in the supernatant)
with the higher ionic strengths resulting in lower activities. This is the opposite of
that expected since the phosphate concentration appears to reduce the PEI’s ability
to react with other charged species in solution. It was noted that the high molecular
weight PEI was more susceptible to phosphate concentration. As in previous cases
cytochrome oxidase was completely removed (figure 3.4.3g) from the supernatant at
low polymer concentrations. The use of cytochrome oxidase as a marker for
membranes shows the effectiveness of the low molecular weight PEI as a cell debris
remover. The highest ionic strength (200mM phosphate) did result in slightly more
enzyme activity remaining in the supernatant.

3.4.4

FLOCCULATION WITH LOW MOLECULAR WEIGHT PEI
(POLYSCIENCES) AT DIFFERENT pHs.

Flocculation across a range of pHs produced equally good supernatant clarities using
the low molecular weight Polysciences PEI (figure 3.4.4a) at very low dosages. The
pH 8.0 example required slightly more PEI to achieve a similar clarity. This could be
attributed to greater charge on the protein (and cell debris), hence requiring more
polymer to achieve charge neutralisation. The specific protein concentrations shows
how pH affects the flocculation process. The lowest pH (5.4) produced the lowest
soluble protein concentration, because this is closest to the average soluble protein
isoelectric point; hence the amount of charge for the polymer to neutralise was
lowest. This was attenuated by the precipitation of protein at this pH, before the
addition of polymer. The effect is similar for the pH 6.2 example, again due to
proximity to the isoelectric point. The pH 5.4 and 6.2 examples produced a greater
degree of restabilisation back into the supernatant at high polymer concentrations.
This is caused by surface charge reversal on the protein, giving rise to restabilisation.
At pH 8.0 there will be more negative charge on the protein; this is reflected in the
increased amount of polymer required. There is also a lower degree of restabilisation
occurring, indicating that charge reversal is less predominant.
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DNA removal (figure 3.4.4c) was of a similar magnitude to that of the previous
section (figure 3.4.3c) and appeared to be unaffected by pH over the range studied
(5.4 to 8.0); also restabilisation back into the supernatant phase did not occur. RNA
removal (figure 3.4.4d) was of a similar magnitude to the previous section and
produced some resolubilisation at higher doses. The RNA removal appeared to be
unaffected by pH across the range studied. Lipid removal (figure 3.4.4e) appeared
to be largely pH independent. The dose required to reach the minimum residual
concentration was approximately double that required to achieve maximum
supernatant transmittance. The degree of removal was similar to that of the 20mM
K2HPO 4 (pH 7.0) shown in the previous section (figure 3.4.3e).

G 6PDH activity (figure 3.4.4f) was reduced to about one third of its original activity
at doses of less than 0.005 mg/mg PEI/DCW; this was especially pronounced at pH
5.4. Righetti et a l, (1976) quoted the isoelectric point for various G 6PDHs as being
between pH 5 and 6 . The pattern of removal appears to be similar to that of the
soluble protein (figure 3.4.4b) with resolubilisation back into the supernatant
increasing from about 0.01 mg/mg PEI/DCW, back to almost the original activity.
The pH 8.0 example required the greatest dose due to the increased charge as a
consequence of being furthest from the isoelectric point. The cytochrome oxidase
activity (figure 3.4.4g) rapidly declined to zero at around the optimum flocculation
dose, with a small degree of restabilisation occurring at higher concentrations. The
cytochrome oxidase was removed more rapidly at pH 8.0 possibly due to the greater
charge on the cell debris.

3.4.5

FLOCCULATION OF M.methylotrophus CELL DEBRIS WITH
POLYALLYLAMINE.

Polyallylamine (PAA) was tested as an alternative cationic polyelectrolyte to PEI to
evaluate flocculants with similar chemical structures in order to enhance selectivity.
PAA was also chosen since it was cheap (approximately the same price as PEI) and
readily available. Other polyelectrolytes such as poly-histidine and poly-lysine which
have been tested especially for animal cell cultures (Anunins & Wang, 1989) are
probably too expensive to find wide spread application. The PAA was reported to
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have a molecular weight of 60 kDa, however the actual molecular weight distribution
was found to be very polydisperse (Appendix 6). The PAA exhibits maximum
supernatant transmittance (3.4.5a) at doses slightly greater than that of ’Polymin P ’
PEI (high molecular weight). However the range over which maximum clarity was
achieved appeared to be greater. Restabilisation accompanied by a reduction in
supernatant transmittance did not occur over the dose range used. The supernatant
protein declined in concentration reaching a minimum at the optimum dose (0.01
mg/mg PEI/DCW). As in the case of ’Polymin P’ PEI (figure 3.4.1b), the removal of
protein could be reduced by increasing the ionic strength to lOOmM K^HPO^; further
increases in ionic strength produced only a slightly improved protein recovery.

DNA removal was of a similar order to that of ’Polymin P’ PEI under low ionic
strength conditions (20 mM phosphate). However the performance of the PAA was
severely reduced at higher ionic strengths. The DNA concentrations were declining
at the higher doses so it is likely that the optimum PAA concentration was not
achieved here. The supernatant RNA concentration (figure 3.4.5d) showed a similar
pattern of removal with dose as the ’Polymin P’ PEI (see figure 3.4.Id), although the
residual concentration was slightly higher. RNA removal by PAA (figure 3.4.5d) was
sensitive to ionic strength as shown by poor removal at 100 and 200mM phosphate.
The lipid concentration showed a rapid decline of approximately 25% at the
optimum flocculant concentration, however the residual concentrations were
approximately the same as for ’Polymin P’ PEI. Higher ionic strengths produced
overall reductions of about 30%, but this decline was gradual.

The G6PDH showed greater loss at higher ionic strengths, this was noted previously
(see figure 3.4.1f); the reason for increased removal at higher ionic strengths is not
clear, possibly hydrophobic interactions are being promoted causing aggregation.
Cytochrome oxidase removal by PAA (figure 3.4.5g) is very similar to that shown by
’Polymin P’ PEI (see figure 3.4.Ig) with the lowest ionic strength (20 mM phosphate)
being flocculated slightly before the higher ionic strengths.
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3.4.6 FLOCCULATION OVE.coli HOMOGENATE WITH HIGH MOLECULAR
W EIGHT POLYETHYLENEIMINE (’POLYMIN P’).

Flocculation using ’Polymin P’ PEI was also tested on E xoli cell debris to show that
selective removal could be applied across a variety of systems. The biomass was
approximately double that of the previous examples however the general trends and
optimum in terms of PEI/DCW proved to be similar to previous examples. Figure
3.4.6a shows the supernatant transmittances for the range of polymer concentrations
tested and good clarities were achieved at the optimum flocculant dose, whilst
increasing ionic strength tended to reduce the clarity. The soluble protein
concentration was also sensitive to ionic strength, with increasing ionic strength
resulting in substantially more soluble protein recovery. Protein restabilisation (figure
3.4.6b) was not as pronounced due to higher biomass; if greater polymer
concentrations had been used more restabilisation would have resulted.

At the optimum flocculation dose, approximately 80% of the DNA was removed
from the supernatant (figure 3.4.6c); increasing the phosphate concentration resulted
in greater polymer concentration to achieve the same degree of removal. Little
restabilisation of the nucleic acid material appeared to occur. The data for RNA
removal (figure 3.4.6d) followed a similar pattern to that of the D N A Overall lipid
removal for E xoli showed a similar pattern of removal to M.methylotrophus, its
removal being ionic strength dependent. The percentage reduction for the low ionic
strength case was approximately 60% in both cases.

)3-galactosidase was extensively removed at the maximum clarity (figure 3.4.6f),
increasing the ionic strength resulted in more enzyme being retained in the
supernatant. The reduction in alkaline phosphatase activity (figure 3.4.6g) occurred
at low polymer concentrations before the optimum dose, in addition the increase in
ionic strength cause more enzyme to be lost. It is possible that the binding of
phosphate to the enzyme caused it to become more electronegative and hence more
susceptible to removal. Atematively at higher ionic strengths hydrophobic
interactions are promoted thus causing more enzyme to be removed. These results
demonstrate that the affect of ionic strength must be tested for individual enzymes
to determine whether enzyme recovery is promoted.
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Figure 3.4.1a M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on the supernatant transmittance as a
function of ’Polymin P’ PEI dose. The homogenates were suspended
in K2HPO 4buffers (pH 7.0) of increasing concentration, to an original
dry cell weight of 25.7g L \ The flocculated homogenates were
centrifuged (lOOOg, 600s) and the supernatants assayed for various
components (see figures 3.4.1b to 3.4.1g).
□ 20mM; • lOOmM; V 200mM K 2HPO 4.
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Supernatant DNA Concentration as a Function of ’Polymin P’
PEI Dose. □ 20mM; • lOOmM; v 200mM K 2HPO 4, pH 7.0.
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Figure 3.4.1e

Supernatant % Lipid Remaining as a Function of Tolymin P’
PEI Dose. □ 20mM; • lOOmM; v 200mM K2HPO 4, pH 7.0.
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Figure 3.4.1f

Glucose-6-Phosphate Dehydrogenase Activity as a Function of
’Polymin P’ PEI Dose. □ 20mM; • lOOmM; V 200mM K 2HPO 4, pH 7.0.
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Figure 3.4.1g

Cytochrome Oxidase Activity as a Function of ’Polymin P’
PEI Dose. □ 20mM; # lOOmM; v 200mM K 2HPO 4, pH 7.0.
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Figure 3.4.2a M.methylotrophus Homogenate Flocculation.
The effect of pH on the supernatant transmittance as a function of
’Polymin P’ PEI dose. The homogenates were suspended in KgHPO^
buffers (20 mM) at pH 5.4, 6.2 and 8.0, to an original dry cell weight
of 24.5g L \ The flocculated homogenates were centrifuged (100%,
600s) and the supernatants assayed for various components
(see figures 3.4.2b to 3.4.2g).
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o pH 8.0.
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Figure 3.4.2c

Supernatant DNA Concentration as a Function of Tolymin P’
PEI Dose.
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Figure 3.4.2d

Supernatant RNA Concentration as a Function of Tolymin P*
PEI Dose. A pH 5.0; ■ pH 6.4; o pH 8.0; 20mM KgHPO^.
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Figure 3.4.2e

Supernatant % Lipid Remaining as a Function of Tolymin P*
PEI Dose. A pH 5.0; ■ pH 6.4; o pH 8.0; 20mM K 2HPO 4.
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Glucose-6-Phosphate Dehydrogenase Activity as a Function of
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Cytochrome Oxidase Activity as a Function of Tolymin P ’
PEI Dose. A pH 5.2; ■ pH 6.4; o pH 8.0;

20 mM K 2HPO 4.
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Figure 3.4.3a M.methylotrophus Homogenate Flocculation.
The effect of ionic strength on the supernatant transmittance as a
function of Polysciences PEI (0.6 KDa) dose. The homogenates were
suspended in KgHPO^ buffers (pH 7.0) of increasing concentration, to
an original dry cell weight of 34.2g L \ The flocculated homogenates
were centrifuged (100%, 600s) and the supernatants assayed for
various components (see figures 3.4.3b to 3.4.3g).
□ 20mM; # lOOmM; v 200mM K^HPO^.
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Cytochrome Oxidase Activity as a Function of Polysciences
PEI Dose. □ 20mM; • lOOmM; v 200mM K 2 HPO 4 , pH 7.0.
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Figure 3.4.4a M.methylotrophus Homogenate Flocculation.
The effect of pH on the supernatant transmittance as a function of
Polysciences PEI (0.6 KDa) dose. The homogenates were suspended
in K 2HPO 4 buffers (20 mM) at pH 5.4, 6.2 and 8.0, to an original dry
cell weight of 25.2g L \ The flocculated homogenates were centrifuged
(lOOQg, 600s) and the supernatants assayed for various components
(see figures 3.4.4b to 3.4.4g).
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Supernatant % Lipid Remaining as a Function of Polysciences
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Cytochrome Oxidase Activity as a Function of Polysciences
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The effect of ionic strength on the supernatant transmittance as a
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suspended in K2HPO 4 buffers (pH 7.0) of increasing concentration, to
an original dry cell weight of 38.3g L \ The flocculated homogenates
were centrifuged ( 100%, 600s) and the supernatants assayed for
various components (see figures 3.4.5b to 3.4.5g).
□ 20 mM; • 100 mM; v 200 mM K 2HPO 4.
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4

DISCUSSION.

4.1

INTRODUCTION.

The discussion is of composed of four parts, the first being the characterisation of
PEI and its use as a flocculant in model systems. The second section is concerned
with the characterisation and flocculation of bacterial homogenates under various
conditions in order to define ’operating windows’ to maximise soluble protein
recovery. The third section covers the development of the radio-labelled assay for
residual PEI in flocculated homogenates. The fourth section covers the main
flocculation studies and details the fate of various homogenate components after
flocculation. This is accomplished by the use of fractionation diagrams to identify the
relationship between yield and contamination removal. Finally, some general
conclusions are drawn on the mechanism of selectivity and the implications for
bioprocessing.

4.2

CHARACTERISATION OF POLYETHYLENEIMINE AND
FLOCCULATION OF MODEL SYSTEMS.

The potentiometric titration of the two PEI samples tested (low and high molecular
weight) show that there are no sudden changes across the pH range as would be
expected for the monomer. The gradual change is due to the protonation of the
different amine groups mainly the secondary amines; also the functional groups on
polymers are subject to significant nearest neighbour interactions. Dick and Ham
(1970) have shown that there is one branch point for every 3 to 3.5 nitrogen atoms
and each branch point introduces an additional end group. However, it is not clear
how the degree of branching influences the potentiometric behaviour. Increasing the
degree of protonation will reduce the flexibility of the polymer and also Ibad to
screening of the amine groups at the interior of the molecule making complete
protonation very difficult. Increasing the ionic strength (KCl) increases the basicity
of the molecule. Although the mechanism for this is not clear, it is possible that
charged groups are influencing nearest-neighbour uncharged groups along the
polymer backbone hence altering their dissociation constants. In addition, the
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chloride ions will also act as counter-ions to the charged amine groups thus shielding
their charge. Comparison of the Tolymin P’ PEI and the Polysciences PEI (termed
high and low molecular weight respectively) show that approximately three times the
quantity of hydrochloric acid is required to attain a similar pH for the low molecular
weight PEI (see figures 3.1.1 & 3.1.2). It is also clear that for the Tolymin P ’ PEI the
degree of protonation is far from complete even at pH values of less than 2. The low
molecular weight Polysciences PEI titration curves appear to converge at low pHs,
indicating that the degree of protonation is approaching 100%. Since the Polysciences
PEI has a molecular weight of approximately 3.8 kDa (Table 1), this would imply
that it is composed of 60 to 70 ethyleneimine units. This would alow the amine
groups on the interior of the molecule to become protonated. Tolymin P’ PEI (figure
3.1.1) shows no such convergence of the titration curves at different ionic strengths
indicating that the protonation is not complete. Cheng et a l, (1986) titrated PEI (1
kDa) with various reagents and concluded that at maximum (protonation)
approximately 70% of sites were protonated. For PEI, increasing the degree of
protonation should increase the electrostatic repulsion causing the structure to open
further thus allowing additional protonation. The primaiy amines are located near
the molecule’s surface and are hence available to solvent molecules; the tertiary sites
in the interior will be less susceptible to protonation. The difference between the PEI
being dissolved in deionised water and KCl (1 M) shows that there was little
difference for the two samples of PEI used. This implies that the behaviour is
independent of molecular weight and is in part due to counter-ion charge screening.

Colloid titrations are a volumetric technique whereby the polymeric charge can be
determined in aqueous solution. Here, the linear anionic potassium polyvinyl sulphate
(PVSK) was used to titrate the PEI. It was necessary to pre-calibrate the PVSK since
it is rarely 100% esterified. The reaction is stoichiometric so that when in excess the
PVSK binds to a metachromic dye (toluidine blue) thus causing a sharp colour
change at the end-point. Figures 3.1.3 and 3.1.4 show the PEI charge as a function
of pH in deionised water. On a weight basis the Polysciences PEI (low molecular
weight) has a far greater charge density; also three regions are clearly defined (figure
3.1.4), these relate to the protonation of the amine groups. The ’Polymin P ’ PEI
curves (figure 3.1.3) are less well defined showing greater nearest neighbour
interactions as discussed above. The pKa of PEI is thought to be approximately at
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pH 10.8 (Hoestetler & Swanson, 1974); however in both cases the polymer was found
to have charge at pH 11. Below pH 4 there is very little increase in charge in the
case of the Polysciences PEI indicating that protonation is almost complete. The
Tolymin P ’ PEI titration curves is still increasing below pH 4, again showing that
protonation was not complete.

The basis of selective removal of homogenate components by flocculants appears to
be the charge difference between the two species. On this basis the higher the
polymer’s charge the greater will be the charge difference. However if the polymer’s
charge is too high the removal of material with relatively low net charge such as
soluble protein is likely to occur thus reducing selectivity. From the point of view of
controlling the selectivity process it is important that the polymer charge can be
varied over a narrow pH range around neutrality. The screening of potential
flocculants or the design of novel ones should take into account the polymer charge pH relationship if selectivity is to be maximised. Linear polymers such as chitosan
are fully charged at pH 5.5 to 6, however the charge declines rapidly to zero by pH
7.5 (Whittington, 1992). Chitosan is a linear rigid polymer with a large distance
between functional groups (primary amines); hence nearest neighbour interactions
are reduced. This exhibits itself by a sharp change in charge over a narrow pH range.
However, other factors such as poor solubility make chitosan a poor choice as a
potential flocculant. The modulation of charge density in addition to other factors
such as ionic strength should allow selectivity to be maximised. Highly branched
polymers such as PEI will not exhibit such rapid charge changes as a function of pH,
since there is a mixture of charge determining groups (primary, secondary and
tertiary amines) in addition to a high degree of nearest neighbour interactions giving
rise to charge shielding. In the selection or design of potential new polymers, the
polymer charge - pH relationship would be a critical factor in assessing the polymer’s
effectiveness and selective action.

The molecular weight distributions of the commercially available PEI samples
(figures 3.1.5/6 and Appendix 4) show considerable polydispersity; this makes the
problem of assessing the effect of molecular weight distribution on the flocculation
performance difficult. Fractionation of PEI to achieve narrower molecular weight
distributions has also proved to be difficult. Here, two commercially available samples
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were chosen on the basis that their average molecular weights were far apart.
However the polydispersities also varied considerably; the Polysciences PEI had a
value of approximately 2 whereas the Tolymin P’ had a value of 12.8. Billingham
(1978) has stated that polydispersity values of greater than 10 are large and tend to
be due to the type of reaction used in the polymer’s synthesis. Clearly more work
using polymers with narrow polydispersities is required in order that the impact of
molecular weight on effectiveness and selectivity can be more accurately assessed.

Dynamic light scattering studies of Tolymin P’ PEI gave hydrodynamic diameters of
approximately 70 nm for salt concentrations greater than 0.1 M (NaCl); this is
equivalent to a diffusion coefficient of 6 x 10'^^ m^ s '\ At low ionic strengths the
reduction in charge shielding allows the molecule to expand; protonation caused by
lowering the pH also causes additional expansion. Protonation is most likely to occur
on the exterior of the molecule hence the contribution to the increase in diameter
will come mainly from the exterior of the molecule. In the cases of pHs 9,7 and 5 the
change in diameter is approximately 20 nm with increasing ionic strength to 1 M
NaCl. However at pH 11 it is approximately 10 nm, indicating a lower degree of
protonation and hence nearest-neighbour charge repulsion. The laser power was not
sufficient to obtain data for the low molecular weight Polysciences PEI; however the
diffusion coefficient would be expected to be several orders of magnitude greater.
The hydrodynamic diameters recorded here include the increase in the diameter
caused by the presence of water molecules associated with the polymer. The depth
of the water layer surrounding each molecule will depend to some extent on the
charge and the suspending medium conditions; however its contribution is difficult
to determine. It was noted that on storage the Tolymin P’ PEI solution became
cloudy. Photon correlation spectroscopy (PCS) studies showed that PEI which had
been stored for one week (in a sealed container) had under gone an approximate 10
fold increase in hydrodynamic diameter to around 900 nm (equivalent to a diffusion
coefficient of 6.5 x 10'^^ m^ s'^). The change in hydrodynamic diameter from low to
high ionic strength was approximately 300 nm, hence aggregates appear to be
composed of approximately 100 individual PEI molecules. It appears that molecular
aggregation had occurred although the mechanism for this is unclear. Sodium
chloride was used to change the ionic strength and hydrochloric acid to change the
pH, hence only monovalent ions were used making salt bridging unlikely. It was
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assumed that freshly prepared PEI consisted of individual molecules; the PEI samples
used here were used within hours of preparation.

The molecular weight distribution of PEI (figure 3.1.5) was so poly disperse that it
became a variable in the flocculation process. It was thought to be unlikely that the
whole of the molecular weight distribution participated equally in the flocculation
process. This was tested using three model systems:- strongly anionic bentonite,
weakly anionic latex and washed cell debris. The flocculation of bentonite showed
that the lower molecular weights were preferentially removed. The weight average
molecular weight of Tolymin P ’ PEI is 4.8 x 10^ Da (see Table 1), however bentonite
flocculation (figure 3.1.9a) shows that molecular weight of the native PEI was not
achieved over the dose range studied. Even at electrical neutrality (figure 3.1.9b) the
PEI molecular weights are declining hence saturation of the bentonite surface has not
occurred. As the doses are increased the molecular weight distribution (Appendix 5,
figures A5.1.1/2) becomes similar to that of the native PEI. The weakly anionic latex
^ had the opposite effect in that the high molecular weight fraction was preferentially
removed (Appendix 5, figures A5.2.1/2). Increasing the PEI dosage caused the
molecular weight distribution to approach that of the native PEI, Figure 3.1.9d shows
that the latex was weakly electronegative and that low doses of PEI caused charge
reversal.

The outcome of the interaction between PEI and an oppositely charged surface
depends to some extent on the charge difference between the two, and it is
modulated by the suspending medium conditions (ionic strength etc.). The wide
molecular weight distribution implies that the molecules will have a correspondingly
wide range of diffusion coefficients. In the case of bentonite, the PEI molecules
arriving at the surface will become strongly bound due to the large charge difference
and hence they will saturate the surface first. In the case of latex where the
interaction is weak, the low molecular weight molecules can be displaced by the
higher molecular weight ones, since the interaction between the latex surface and the
PEI is weak and the larger molecules will have a greater charge. The result is that
the higher molecular weights will displace the smaller ones from the surface thus
being removed from solution. The washed cell debris behaves in a similar fashion to
the latex (figure 3.1.9e) in that the higher molecular weights are preferentially
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removed (Appendix 5, figures A5.3.1/2). The magnitude of the removal of higher
molecular weight species appears to be greater than in the case of the latex,
indicating that the cell debris surface is either slightly less electronegative (since even
higher molecular weight species are removed) or there are more sites to which the
PEI is adsorbed. This has implications for the removal of FBI from samples or
process streams, since at optimum dose concentrations, the lower molecular weight
species will tend to be present in the supernatant. The use of strong anionic
exchangers might be the preferred option since low molecular weight species will be
tightly bound as in the case of the bentonite.

The removal of lipids from homogenates has been noted previously (Milbum et a l,
1990) however the interaction mechanism was not clear. Here, sodium dodecyl
sulphate (SDS) was used as a model lipid since it consists of a non-polar tail and a
polar head group. Tolymin P’ and Polysciences PEI (high and low molecular weight
respectively) were mixed with a range of SDS concentrations to determine the
optimum binding ratios. Upon addition the mixtures became cloudy and at certain
concentrations aggregates appeared. This is shown as a sudden decrease in
absorbance (figure 3.1.10a) at the optimum binding ratio. For Tolymin P’ PEI it was
found that Ig of PEI could bind 3.3g of SDS. This value is greater than that of fully
denatured protein where Ig of protein will bind 1.4g of SDS (Tanford and Reynolds,
1970) demonstrating that high molecular weight PEI has a greater affinity for SDS
than protein. However for the low molecular weight PEI, Ig could bind only 0.018g
of SDS. This process was also found to be considerably slower than in the previous
example, since the aggregate diameter was still increasing after eighteen hours (figure
3.1.10c). The mechanism of interaction was not clear although it appeared to be ionic
in nature, with the polar sulphate groups interacting with the amine groups on the
PEI. Secondary SDS binding could then occur by hydrophobic interaction of
additional SDS molecules to those already bound on the PEI molecule; this might
account for the high binding ratio. The SDS - protein binding occurs primarily by
hydrophobic interactions, with the SDS molecules aligning themselves along the
length of the unfolded protein backbone. With few exceptions {eg> very basic or
hydrophobic proteins) the binding ratio remains constant for most proteins. The PEI
- SDS interaction appears to be primarily an ionic one; the data shows that high
molecular weight PEI molecules should bind considerably more SDS than the low
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molecular weights due to secondary binding. This implies that high molecular weight
PEIs should be more effective for lipid removal from homogenates.

Tolymin P’ PEI was shown to chelate phosphate from solution thus demonstrating
that PEI could remove oppositely charged molecules smaller than itself. This was
developed further in the PEI - DNA interaction studies, where it was shown that for
high molecular weight DNA ( > 5 0 kB), the low molecular weight Polysciences PEI
was the more effective and could be modulated by ionic strength. Since the only
variable between the examples was the molecular weight of the PEI (figures
3.1.12a/b), it is clear that this has a profound effect on the PEI’s ability to interact
with DNA and effect removal from solution. It appears that the low molecular weight
Polysciences PEI is less affected by steric interactions and hence can achieve better
charge neutralisation of the DNA. The high molecular weight Tolymin P’ PEI would
require the DNA to be extremely flexible in order that the phosphate groups along
the backbone can interact with the PEI. It is likely that the interaction of DNA with
PEI causes condensation of the DNA reducing its solubility as has been observed for
other cationic molecules when interacting with DNA (Bloomfield et a l, 1980). Below
concentrations of 100 mM phosphate buffer the low molecular weight Polysciences
PEI removed all of the DNA (figure 3.1.12b) at a dose of approximately 0.01 mg/mg
PEI/DNA. However by 250 mM the ability of the PEI to flocculate the DNA was
reduced and by 500 mM phosphate, no DNA was removed. The Tolymin P’ PEI
exhibited an increase in optimal DNA removal over the dose range 0.06 to 0.18
mg/mg PEI/DNA at phosphate buffer concentrations of 0 to 250 mM, again at 500
mM virtually no DNA was removed from solution. DNA of a lower molecular weight
(< 5kB) significantly alters the pattern of removal (figures 3.1.12c/d). Both PEI
samples appeared to be more sensitive to ionic strength, especially the Polysciences
PEI where considerable restabilisation back into solution occurs. These results
indicate that the molecular weight of both the PEI and the DNA are critical to the
flocculation process, and it can be modulated by alteration of the ionic strength.
Figure 3.1.12d shows clearly that low molecular weight DNA can be restabilised by
an excess of PEI. The high molecular weight DNA (figures 3.1.12a/b) requires low
doses of polymer to effect removal, however it is possible that complete charge
neutralisation is not necessary to bring about destabilisation. For the low molecular
weight DNA it appears that charge neutrality was achieved followed by restabilisation
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at higher pHs.

To conclude PEI has a pH-charge density relationship which is controlled to some
extent by nearest-neighbour interactions on the polymer chain. On a weight basis the
high molecular weight PEI has a greater molecular weight polydispersity and a lower
charge density. The charge difference between PEI and an oppositely charged surface
appears to control whether the polymer will remain bound. If the charge difference
is large lower molecular weight species will be preferentially removed, since higher
diffusion coefficients allow them to bind to the surface first. Low charge differences
allow molecules with a greater molecular weight to displace smaller molecules from
a surface. M.methyltrophus cell debris appears to be in the lower charged category,
hence the lower molecular weights are preferentially removed at low polymer doses.
PEI appears to bind hydrophobic molecules (eg:- SDS) by ionic interactions between
the amines (of PEI) and the anionic groups of SDS. High molecular PEI samples
appear to have a higher affinity for SDS than low molecular weights. DNA is
removed more effectively by low molecular PEI since it is less susceptible to steric
interactions.

4 3 OPTIMISATION OF HOMOGENATE FLOCCULATION.

Washed M.methylotrophus cell debris was shown to have an isoelectric point at
approximately pH 3 (figure 3.2.1), the main charge determining species possibly being
phosphate and carboxyl groups on the exterior of the cell walls. It is not clear what
contribution the interior cell walls make to the overall charge characteristics.
Increasing the ionic strength leads to charge screening and hence the reduction in
zeta potential. This in turn will reduce the effective charge difference between the
cell debris and the flocculant. Since selective removal of homogenate components
appears to be dependent on charge difference, increasing the ionic strength should
generally improve the selection process since weakly charged species such as proteins
will not be flocculated. However, strongly charged components such as cell debris
and nucleic acids will still have charge and hence be flocculated. The charge
characteristics of other microorganisms will differ from those reported here, however
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most will be electronegative at neutral pHs and hence should behave in a similar
fashion.

A key parameter for flocculation is the relationship between PEI dose and the dry
cell weight of the material to be flocculated. Normalisation of the supernatant
transmittance against dose reveals that the optimum is approximately 0.01 mg PEI
/ mg DCW (figure 3.2.2c). However the optimum dose range varies with the initial
dry cell weight used. At low dry cell weights (figure 3.2.2b) the range over which
maximum supernatant transmittance occurs is relatively wide but as the DCW
increases, not only does the maximum transmittance decrease but the optimum range
becomes narrower (figure 3.2.2a). The proportion of soluble protein removed (figure
3.2.2d) is approximately the same irrespective of DCW, however the point of
maximum removal is dependent on the initial dry cell weight. The optimum ratios for
E.coli and S.cerevisiae homogenates are 0.008 and 0.005 mg PEI/mg DCW
respectively (figures 3.3.3/4). Given the sensitivity of the flocculation process,
additional studies on a variety of systems are required to determine the optimum PEI
dose.

The effect of pH and ionic strength on the flocculation process are critical if
selectivity and protein recovery are to be maximised. It is clear that increasing the
ionic strength reduces the supernatant transmittance and shifts the optimum to
higher doses (figure 3.2.3a). This is possibly due to the increase in ionic strength
causing charge screening and also because of phosphate chelation reducing the PETs
charge density. Figure 3.2.3b shows that increasing the ionic strength requires
additional PEI to reduce the zeta potential to a point where flocculation will occur.
Comparison of figures 3.2.3a and 3.2.3b show that the zeta potential is still negative
at the optimum dose as shown by the supernatant transmittance data implying that
point of optimum flocculant concentration occurs when the zeta potential is still
negative. Figures 3.2.3d and 3.2.3e show that the floe size distribution and maximum
floe diameter are sensitive to polymer dose. Figure 4.2 shows the 10%, 50% and 90%
undersize floe diameters (number basis) superimposed on the transmittance data
(from figure 3.2.3a); the transmittance data was obtained from centrifuged
homogenate, whilst the floe size distribution data was for homogenate that had not
been centrifuged. This shows that the optimum dose occurs at 0.00152 mg/mg
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PEI/DCW; the 90% undersize values show a sharp point at the optimum whereas the
supernatant transmittances are the same over a wide dose range (0.01 to 0.03 mg
PEI/mg DCW). The 50% undersize floe diameter distribution shows an equally sharp
change at the optimum dose, however the 10% undersize distribution is almost as
broad as the transmittance data. Taking into account the limitations of the measuring
instrument (electrical sensing zone) it is clear that there is a significant population
of particles below 1 pm even at the optimum dose, which have not been accounted
for. This population extends into the sub-micron size range however those below
about 0.2 pm are of less concern because their impact on subsequent operations will
be small. Since the centrifuged supernatant was completely clear, a significant
number of small particles appear to have been removed by the flocculation process
possibly by ’sweep flocculation’ as the larger particles move through the supernatant
during centrifugation. The presence of a population of small particles should not
significantly affect mass balancing for unit operations such as centrifugation, however
their presence will be detrimental to the performance of membrane and
chromatographic processes. Population balances across unit operations (eg>
centrifugation) are required to assess this problem further. Increasing the flocculant
dose will not cause the population of small particles ie> those in the 10% undersize
band to aggregate since it has been demonstrated (figure 4.2) that PEI overdosing
will reduce the diameter of the larger floes thus making the problem worse.

Figure 4.1 summarises the 90% undersize values of the floe diameters for the three
pHs used. The pH 5.5 example produced the largest floes at the lowest PEI doses
(0.01 mg/ mg DCW). The lower dose required is possibly due to the low pH, since
the isoelectric point of proteins are generally in the pH 5 to 6 range hence there is
less charge in the system thus requiring less PEI to bring about flocculation. The
optimum doses for the pH 7.2 and 8.5 examples are approximately 0.005 mg PEI per
mg dry cell weight greater than in the pH 5.5 example. The pH 7.2 and 8.5 examples
have approximately the same optimum dose, implying that the amount of charge in
the system has not varied signiflcantly over this pH range. The maximum floe
diameters (90% undersize) are approximately 14,12 and 10.5 pm for the pH 5.5, 7.2
and 8.5 examples respectively. Reasons for this are not clear however protein is more
likely to precipitate at pH values close to its iso-electric point thus contributing to the
increase in floe diameter. Figure 3.2.4c shows that the protein concentration is less
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at lower pH values, and increasing the PEI concentration causes restabilisation back
into solution. One of the implications for bioprocessing is that the maximum floe size
can only be achieved over a very narrow range of polymer concentration (figure 4.1).
The optimum polymer range as determined by supernatant transmittance has proved
to be less sensitive than floe sizing or monitoring of residual PEI (section 3.3) to
determine the true optimum dose. The measurement of zeta potential (see figures
3.2.3b/4b/5b) is also a poor method of determining the optimum polymer dose since
it occurs below zero and is affected by the suspending medium conditions {eg:- ionic
strength).

Increasing the ionic strength to improve soluble protein recovery has drawbacks in
that the supernatant will require desalting before further processing. Figures 3.2.6a
and 3.2.7a compare increasing the homogenate ionic strength with pre-treatment of
the PEI with phosphate prior to flocculation. Figure 3.2.7a shows that pre-dosing the
PEI with phosphate to a final concentration of 50 mM produces approximately the
same supernatant transmittance as suspending the homogenate in 200 mM phosphate
buffer. The soluble protein and specific amidase activity show a similar pattern of
recoveiy. It appears that pre-dosing the PEI with phosphate lessens its charge, hence
reducing the charge difference between the polymer and the various homogenate
constituents. Relatively low charged species such as proteins are therefore more likely
to remain in the supernatant at some expense to the final supernatant clarity. It
should be possible to load the resultant supernatants directly onto ion-exchange
columns at the ionic strengths used with the pre-dosing of the PEI, thus reducing the
overall number of steps in the purification process.

Whole bacteria are effectively flocculated by PEI at low doses, thus greatly improving
their settling characteristics. Figure 3.2.8 shows that the final floe diameter is dose
sensitive and, as has already been demonstrated, over-dosing leads to a reduction in
floe size as the cells are restabilised back into solution. Treweek and Morgan (1977)
have also reported that the optimum diameter for Exoli floes is around 10 pm when
using a range of PEIs (molecular weights 0.6 to 60 kDa). Taking into account floe
porosity they estimate that 800 to 900 cells are present in a single floe at the
optimum dose. Clearly the data obtained by forward light scattering (laser light
diffraction) greatly over-estimates the floe diameter, however the measurements are
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sensitive to the state of aggregation. The flocculation of whole E.coli followed by
disruption and reflocculation has demonstrated potential as a method for improved
protein recovery in the supernatant, (figures 3.2.9b/c). Double dosing with PEI is
synergistic in that less polymer is required to achieve the same supernatant
transmittance (figure 3.2.9a) whilst also improving protein recovery. Whole cell
flocculation allows the PEI to become attached to the cell wall exterior; after
disruption the polymer remains bound thus acting as a point where other
homogenate components may become attached. This improves selectivity since the
more highly negatively charged species such as nucleic acids will bind thus enhancing
the removal of unwanted materials. Selection of the buffer conditions should allow
lower charged species such as proteins to remain in solution hence improving
selectivity further. Here, ’double flocculation’ was tested under conditions of
optimum dosage for the first flocculation step. However, over-dosing should enable
considerably more PEI to attach to the cell wall exterior with the aim of improving
selectivity.

4.4 ASSAY FOR RESIDUAL PEI IN FLOCCULATED SYSTEMS.

A variety of chemical, spectrophotometric and chromatographic techniques were
tested for PEI remaining in homogenates (section 3.3). None were successful due to
the chemical nature of the PEI. It had been noted that PEI was capable of j removing
phosphate from solution (figure 3.1.11). This was used to label the PEI with
radioactive phosphorus; the labelling procedure was simple in that no chemical
reactions were required. The disadvantage of the procedure was that only the low
molecular weights were actually labelled (figures 3.3.6a/b/c). Figure 3.3.1 shows that
below an initial phosphate concentration of approximately 30 mM, the phosphate is
completely removed from the supernatant of a ’Polymin P’ PEI solution (1% w/v).
Above an initial phosphate concentration of 100 mM, the slopes of the lines for both
pHs are approximately 1; this implies that the PEI has become saturated with
phosphate and so no additional phosphate is being bound. The concentration of
radioactive phosphorus used in the labelling was approximately 5 nmoles hence it was
assumed that it had been entirely bound and at such low concentrations the
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effectiveness of PEI was not impaired. Other advantages of this technique were rapid
sampling (60 s) of the supernatant which required no further preparation {ie:scintiliation fluids).

Figures 3.3.2/3/4 show that for a variety of homogenates, the amount of PEI
remaining in the supernatant declines to a minimum at the optimum dose. Plots of
cumulative PEI concentration in the supernatant were determined by multiplying the
PEI/dry cell weight ratio by the PEI fraction remaining in the supernatant (figures
3.3.2/3/4/5). The cumulative PEI plots show that there is an inflection at the optimum
dose, indicating that the PEI added to the system is not appearing in the supernatant
(ie:- it is being removed with the sediment). The slope of the cumulative plot
approaches zero at values lower than the optimum to the optimum dose, ie:- below
the optimum the PEI added to the system is removed in the sediment. At doses
greater than the optimum the quantity of PEI in the supernatant increases
approximately in proportion to that being added. This can be seen by the plot of the
cumulative PEI concentration in the supernatant having a slope of approximately
one. The slope approaches one very rapidly after the optimum dose is exceeded
indicating that restabilisation occurs rapidly. It has been demonstrated (figures
3.2.3/4/S, d/e) that floe diameter is sensitive to PEI dose, and that this is a more
sensitive method of determining the optimum dose than supernatant transmittance.
At PEI doses greater than the optimum, the quantity of PEI bound to the cell debris
causes charge reversal thus reducing floe size and restabilising the debris back into
solution. The outcome it that the cell debris and PEI are not sedimented but remain
in the supernatant. The addition of PEI at a concentration greater than the optimum
causes it all to remain in the supernatant as shown by the gradient of the cumulative
plots. It should also be noted that at low PEI/ dry cell weight concentrations the
slope of the cumulative plot is approximately one, hence the PEI being added to the
system is not being removed in the sediment. At doses below the optimum, the PEI
will bind to cell debris etc., however the concentration is insufficient to produce floes
of a diameter large enough to be sedimented (see also figures 3.2.3/4/5, d/e) under
the conditions used.
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4.5

MAIN FLOCCULATION STUDIES AND FRACTIONATION DIAGRAMS.

The main flocculation section is summarised by examples of fractionation diagrams
which identify the relationship between supernatant transmittance, cell debris Removal
and supernatant enzyme activity. Supernatant transmittance was one of the methods
used to determine cell debris removal due to ease of measurement. Figure 4.3a shows
the relationship between the fraction protein remaining in the supernatant and the
fraction supernatant transmittance. Water was used as a blank for the transmittance
measurements, hence a fractional transmittance of one is equivalent to 100 % {ie:water). From point A, considerable supernatant protein removal occurs before there
is any improvement in supernatant clarity (point B). As the PEI dose increases
further there is improvement in supernatant clarity accompanied by some increase
/
in supernatant protein (point C). Point C to point D corresponds to the region of
maximum supernatant transmittance (figure 3.4.1a) and shows that the supernatant
protein concentration increases rapidly in this area with PEI dose. It appears that
from point B to point D protein is being resolubilised back into the supernatant by
charge reversal of the molecules. The point of maximum recovery and fractionation
is shown when the fraction supernatant transmittance and protein concentration are
both equal to one. The closest point to maximum fractionation is shown by point D
(figure 4.3a); this corresponds to high PEI doses on figure 3.4.1a. Increasing the PEI
dose further has a detrimental effect on the supernatant transmittance with no
improvement in protein concentration (point D to point E). This data implies that
to achieve maximum protein recoveiy in addition to good supernatant clarity, PEI
doses at greater than the maximum should be used. It is evident that the protein in
the supernatant is associated with PEI by ionic interactions. The removal of PEI from
the protein (and its validation) will be required. Figure 4.3a clearly shows the effect
of buffer ionic strength on the flocculation process. The lowest ionic strength (20 mM
K2HPO 4), whilst producing maximum clarity also shows the highest soluble protein
loss. The 100 mM K2HPO 4 produces good supernatant clarities in addition to
showing good protein recoveiy, however this occurs only at the highest PEI
concentrations. The highest ionic strength used (200 mM K2HPO 4) exhibits poor
supernatant clarity throughout although protein recoveries were of a similar order to
the previous example. Figure 4.3a emphasises the influence of ionic strength on weak
polyelectrolytes such as PEI. Figure 4.3b shows the fractional cytochrome oxidase
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activity as a function of the fractional supernatant transmittance. Cytochrome oxidase
is a fully membrane bound enzyme involved in the respiratory chain. Here it is used
as a marker for cell debris since on disruption the enzyme and cell membranes
remain closely associated. Figure 4.3b shows that cell debris is removed across the
complete PEI dose range. Comparison of figures 4.3a and b indicates that the
supernatant transmittance cannot be directly correlated with the quantity of cell
debris present. Other species such as protein and lipid material also contribute to the
overall turbidity. The remaining figures use cytochrome oxidase activity as a measure
of cell debris in preference to supernatant transmittance since a clearer picture of the
fraction process is shown.

Figure 4.3c shows the fraction supernatant protein concentration plotted against the
cytochrome oxidase activity. At low PEI doses (point A) the fraction of both is high.
As the polymer dose increases the fraction of both decreases until the cytochrome
oxidase is reduced to zero (point B). From point B the fraction protein concentration
increases with dose to approximately its original value (point C) with virtually no
increase in cytochrome oxidase activity. This implies that maximum protein
fractionation from cell debris occurs only at the highest PEI doses used. From points
B to C protein is being resolubilised. The higher ionic strength buffers appear to
delay the removal of cell debris, however supernatant protein loss is also reduced.
The optimal operating point occurs when the cytochrome oxidase activity is zero and
the supernatant protein is one. Figure 4.3d shows the fraction glucose-6 -phosphate
dehydrogenase remaining plotted against the fraction cytochrome oxidase activity.
The profile is generally similar to that of the supernatant protein. As the PEI dose
increases (points A to B), the glucose-6-phosphate dehydrogenase activity decreases
with dose. More removal is observed at higher ionic strengths possibly due to the
promotion of hydrophobic interactions. At maximum removal for the 100 and 200
mM examples the fractional activity is approximately 0.4 of the original. After point
B the enzyme is rapidly resolubilised back into solution with increasing PEI dose (to
point C). The 20 mM phosphate buffer example gives only a 20% loss in enzyme
activity before resolubilisation. This indicates that good fractionation of glucose-6phosphate dehydrogenase and cell debris can be achieved at low ionic strengths.
Figure 4.3d shows that achieving enzyme activities close to point C should ensure
maximum recovery.
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Figure 4.4a shows the fraction supernatant protein concentration plotted against the
fraction supernatant transmittance at pHs 5.2, 6.4 and 8.0 using ’Polymin P’ PEI ( all
at 20 mM KgHPO^). The fraction supernatant protein is reduced to 0.4 before any
supernatant clarity is achieved (points A to B); this appears not to be affected by pH.
As the supernatant clarity improves (points B to C), there is a small reduction in the
protein concentration, implying that the remaining protein is less susceptible to
removal by PEI. Increasing the PEI dose further (points C to D) shows a rapid
increase in the supernatant protein. The optimal point occurs when the fraction
transmittance and the fraction protein concentration both equal one. However, at
high PEI concentrations the increase in supernatant protein concentration is achieved
at the expense of supernatant clarity. The removal of cytochrome oxidase occurs
across the PEI concentration range (figure 4.4b) and appears to have no correlation
with the supernatant clarity. Cytochrome oxidase was used as a marker for cell
debris, since it is fully membrane bound. The pH appears to have little affect on the
removal of the cytochrome oxidase (and cell debris), implying that the cell debris
charge has not changed across the pH range used.

Supernatant protein removal (figure 4.4c) declines to 20 or 40% of its original value
depending on the pH used. Initially at pH 5.2 there is no removal of protein from
the supernatant (points A to B). The pH 6.4 and 8.0 initially show a large decline in
protein removal at low PEI doses (points A to B) followed by very little reduction
at the optimum doses as shown by supernatant transmittance (figure 3.4.2b). The pH
range over which protein removal occurs appears to be narrower at pH 5.2. This is
due to less charge being present on the protein. Once the fractional minimum is
exceeded (point B), restabilisation occurs as shown by the jap id increase in
supernatant protein concentration (points B to C). The optimum point in terms of
fractionation occurs when the fractional supernatant protein is one and the fractional
cytochrome oxidase (cell debris) is zero (point C). Point C is approached only at the
highest PEI concentrations, where considerable restabilisation of the protein back
into the solution has occurred. This also implies that the supernatant protein has
considerable amounts of PEI associated with it. The pH 5.2 example shows the
closest approach to point C at low doses and also the highest fractional protein
concentration remaining in the supernatant. The average isoelectric point of proteins
is generally between pH 5 and 6 . This implies that the charge on the protein at this
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pH is low, hence at low doses (point A to B, figure 4.4c) less PEI/protein interaction
is occurring. At high doses (points B to C) it appears that restabilisation occurs more
readily. Figure 4.4d shows the fractional glucose-6-phosphate dehydrogenase activity
plotted against the fractional cytochrome oxidase activity. From points A to B
increasing the PEI dose shows that pH clearly affects the fractional recovery of
glucose-6-phosphate dehydrogenase. The isoelectric point of glucose-6 -phosphate
dehydrogenase is approximately at pH 5.5 (Righetti et aL, 1976), hence the enzyme
should be readily restabilised back into the supernatant at pHs close to the isoelectric
point. However the data obtained at different ionic strengths (figure 4.3d) shows that
other interactions {eg:- hydrophobic bonding) appear to occur, hence it is possible
that the enzyme is to some extent associated with other material, which promotes its
removal. Flocculation at pH 8.0 shows that at maximum 30% of the enzyme is
removed from the supernatant. Complete fractionation occurs when the supernatant
fraction cytochrome oxidase is zero and the fraction glucose-6 -phosphate
dehydrogenase activity is one. As with previous examples this occurs at PEI doses
greater than the optimum in terms of supernatant clarity (see figure 3.4.2a) where
the enzyme is restabilised back into solution. This data emphasises that knowledge
of an enzyme's/protein's properties is essential if recoveiy is to be maximised. Non
specific interactions such as hydrophobic bonding can alter the fractionation
properties of an enzyme, however their magnitude is difficult to quantify, thus
experimental trials are necessary to validate the behaviour of an enzyme during
flocculation.

Figure 4.4e shows the fractional DNA concentration plotted against the fractional
supernatant transmittance. It shows that there is a large reduction in DNA
concentration before any improvement in supernatant transmittance is achieved. As
the fraction supernatant clarity increases there appears to be little increase in DNA
removal. The optimum operating point occurs when the fraction DNA concentration
is zero and the fraction supernatant transmittance is one. This is approached when
the supernatant transmittance reaches its maximum value (figure 3.4.2a). Increasing
the PEI dose beyond this point appears to restabilise some of the DNA back into the
supernatant, whilst also causing a reduction in supernatant clarity.
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To conclude, fractionation diagrams clearly show the relationship between yield and
cell debris removal. Supernatant transmittance is a poor indicator of the presence of
cell debris since it is affected by other homogenate components such as protein.
Supernatant transmittance approximately shows the point where polymer over-dosing
occurs and provides some indication of flocculant effectiveness. Cytochrome oxidase
activity is a reasonable measure of the presence of cell debris and hence is used in
preference to supernatant transmittance in fractionation diagrams. Fractionation
diagrams of supernatant protein and glucose-6-phosphate dehydrogenase activity
under a range of conditions show that maximum recovery occurs only at the highest
PEI concentrations due to restabilisation; at these high doses supernatant clarity is
reduced. The high concentrations of PEI required to effect maximum recovery also
implies that PEI is associated with the protein. Some evidence for this was shown in
figure 3.3.5c, where additional flocculation and protein removal could be achieved
by the addition of PEI to the clarified supernatant. Thus demonstrating that PEI was
interacting with the protein remaining after one flocculation step.

4.6

GENERAL CONCLUSIONS.

The selectivity of flocculation using cationic polymers is based on the charge
difference between the polyelectrolyte and the various homogenate components. The
suspending medium conditions (pH, ionic strength etc.) can be used to regulate the
process thus enhancing selectivity by reducing or screening the charge on the
interacting species. The fundamental basis of charge difference will determine the
limits to which the technique can be employed to effect selective flocculation of
unwanted homogenate constituents. Fractionation diagrams have illustrated that
flocculation using PEI can be employed to selectively remove cell debris etc.^ from
soluble protein and enzymes.
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Figure 4.1

M.methylotrophus homogenate flocculation.
Floe diameters (90% undersize) as a function of Tolymin P ’ PEI dose
at pHs 5.5, 7.2 and 8.5. Data taken from figures 3.2.3/4/5, d/e. The
homogenate was suspended in 20 mM K2HPO 4 and adjusted to the
required pH, the PEI was adjusted to the same pH before use. Floe
diameters were determined by the electrical sensing zone method and
quoted as 90% undersize values (number basis).
□

pH 5.5,

•

pH 7.2,

0

pH 8.5.
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Figure 4.2

M.methylotrophus homogenate flocculation (pH 7.2).
Comparison of the cumulative 90%, 50% and 10% undersize (number
basis) floe diameters to the supernatant transmittance, as a function
of Tolymin P’ PEI dose. The supernatant transmittance data was taken
from figure 3.2.3a and the floe diameter data from figures 3.2.3d/e. The
homogenate was suspended in 20 mM K2HPO 4 buffer, pH 7.2.
•

Supernatant transmittance (650 nm, water blank).
A 90% undersize, o 50% undersize,
□ 10% undersize (number basis).
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Figure 4.3a

M.methylotrophus homogenate flocculation - protein recovery as a
function of supernatant clarity and the effect of ionic strength.
The fraction supernatant protein concentration plotted against the
fraction supernatant transmittance for homogenate flocculation using
Tolymin P’ PEI at pH 7.0 and increasing ionic strengths. Data was
taken from figures 3.4,la/b. The homogenate was suspended in
K2HPO 4 buffer pH 7.0. Arrows indicate increasing Tolymin P ’ PEI
concentration, see text for further details.
□ 20mM, • lOOmM, v 200mM K2HPO 4.
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Figure 4.3b

M.methylotrophus homogenate flocculation - cytochrome oxidase
activity as a function of supernatant clarity and the effect of ionic
strength. The fraction supernatant cytochrome oxidase activity plotted
against the fraction supernatant transmittance for homogenate
flocculation using Tolymin P’ PEI at pH 7.0 and increasing ionic
strengths. Data was taken from figures 3.4.1a/g. The homogenate was
suspended in K2HPO 4 buffer pH 7.0.
□ 20mM,
• lOOmM,
V 200mM K 2HPO 4.
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Figure 4.3c

M.methylotrophus homogenate flocculation - protein recovery as of
function of supernatant cytochrome oxidase activity and the effect of
ionic strength. The fraction supernatant protein concentration plotted
against the fraction supernatant cytochrome oxidase activity for
homogenate flocculation using ’Polymin P’ PEI at pH 7.0 and
increasing ionic strengths. The membrane bound cytochrome oxidase
is taken as a measure of the presence of cell debris. Data was taken
from figures 3.4.1b/g. The homogenate was suspended in K2HPO 4
buffer pH 7.0. Arrows indicate increasing ’Polymin P’ PEI
concentration, see text for further details.
□ 20mM,
• lOOmM,
v 200mM K 2HPO 4.
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Figure 4.3d

M.methylotrophus homogenate flocculation - glucose-6-phosphate
dehydrogenase activity as a function of cytochrome oxidase activity and
the effect of ionic strength. The fraction supernatant glucose-6phosphate dehydrogenase activity plotted against the fraction
supernatant cytochrome oxidase activity for homogenate flocculation
using Tolymin P’ PEI at pH 7.0 and increasing ionic strengths. The
membrane bound cytochrome oxidase is taken as a measure of the
presence of cell debris. Data was taken from figures 3.4.1f/g. The
homogenate was suspended in K^HPO^ buffer pH 7.0. Arrows indicate
increasing Tolymin P’ PEI concentration, see text for further details.
□ 20mM,
• lOOmM,
v 200mM K2HPO 4.

248

0.8
I
c
0)

1Q.

I

0.6

E

<D
Q.

g
.1

S
u.

0.4

0.2

0.0

0.2

0.4

0.6

0.8

1.0

Fraction supernatant transmittance (-)

Figure 4.4a

M.methylotrophus homogenate flocculation - protein recovery as a
function of supernatant clarity and the effect of pH. The fraction
supernatant protein concentration plotted against the fraction
supernatant transmittance for homogenate flocculation using ’Polymin
P’ PEI at pHs 5.2, 6.4 and 8.0. Data was taken from figures 3.4.2a/b.
The homogenate was suspended in 20 mM K2HPO 4 buffer. Arrows
indicate increasing ’Polymin P’ PEI concentration, see text for further
details.
A pH 5.2,
■ pH 6.4, o pH 8.0.
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Figure 4.4b

M.methylotrophus homogenate flocculation - cytochrome oxidase
activity as a function of supernatant clarity and the effect of pH. The
fraction supernatant cytochrome oxidase activity plotted against the
fraction supernatant transmittance for homogenate flocculation using
’Polymin P’ PEI at pHs 5.2, 6.4 and 8.0. Data was taken from figures
3.4.2a/g. The homogenate was suspended in 20 mM K2HPO 4 buffer.
A pH 5.2,
■ pH 6.4, o pH 8.0.
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Figure 4.4c

M.methylotrophus homogenate flocculation - protein recovery as a
function of supernatant cytochrome oxidase activity and the effect of
pH. The fraction supernatant protein concetration plotted against the
fraction supernatant cytochrome oxidase activity for homogenate
flocculation using ’Polymin P’ PEI at pHs 5.2, 6.4 and 8.0. The
membrane bound cytochrome oxidase is taken as a measure of the
presence of cell debris. Data was taken from figures 3.4.2a/g. The
homogenate was suspended in 20 mM K2HPO 4buffer. Arrows indicate
increasing ’Polymin P’ PEI concentration, see text for further details.
A
pH 5.2,
■ pH 6.4,
o pH 8.0.
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Figure 4.4d

M.methylotrophus homogenate flocculation - glucose-6 -phosphate
dehydrogenase activity as a function of cytochrome oxidase activity and
the effect of pH. The fraction supernatant glucose-6-phosphate
dehydrogenase activity plotted against the fraction supernatant
cytochrome oxidase activity for homogenate flocculation using Tolymin
P’ PEI at pHs 5.2, 6.4 and 8.0. The membrane bound cytochrome
oxidase is taken as a measure of the presence of cell debris. Data was
taken from figures 3.4.2f/g. The homogenate was suspended in 20 mM
K 2HPO 4 buffer. Arrows indicate increasing Tolymin P’ PEI
concentration, see text for further details.
A pH 5.2,
■ pH 6.4, o pH 8.0.
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Figure 4.4e

M.methylotrophus homogenate flocculation - DNA concentration as a
function of supernatant clarity and the effect of pH. The fraction DNA
concentration plotted against the fraction supernatant transmittance
for homogenate flocculation using ’Polymin P’ PEI at pHs 5.2, 6.4 and
8.0. Data was taken from figures 3.4.a/c. Arrows indicate increasing
PEI concentrations. The homogenate was suspended in 20 mM
K 2HPO 4 buffer.
A pH 5.2,
■ pH 6.4, o pH 8.0.
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5

FUTURE WORK.

5.1 INTRODUCTION.

Recommendations for future work have been divided into three categories; (a)
polymer characterisation; (b) manipulation of cell and homogenate properties and
(c) the impact of flocculation on bioprocessing operations.

5.2 POLYMER CHARACTERISATION.

The polymer characterisation methods (molecular weight determination, colloid and
potentiometric titrations) used here should form the minimum basis for further
studies into potential flocculants. A detailed description of the physico-chemical
properties of potential flocculants is essential in order that the mechanism and
selectivity of a polymer can be assessed. This should enable the design of polymers
which interact in a more specific manner with the homogenate components thus
promoting their selective removal. The interrelationship between polymer molecular
weight, charge density, polymer dosage, mixing conditions and the flocculated particle
size distribution is poorly understood. Effective methods of polymer selection should
be devised based on an understanding of these interactions.

PEI can exist in two forms:- linear and branched (Horn, 1980); all commercial
samples are branched due to the method of synthesis. The comparison of linear and
branched PEI of similar molecular weights would provide data relating to the impact
of polymer molecular shape on the flocculation mechanism. Branched PEI is
spherical in solution; interaction with oppositely charged surfaces leads to
deformation of the molecule (Lindquist and Stratton, 1976). This produces localised
areas of charge reversal and hence the primary flocculation mechanism is charge
patch neutralisation. However linear polymers (with an extended shape) would
interact over a smaller area on the oppositely charged surface, hence bridging
flocculation is also likely to occur. The impact of molecular shape (in addition to
charge density) has not been assessed. Ghosh et a l, (1985) has stated that a strong
correlation exists between the number of charges that a molecule carries and its
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optimum dosage. Future polymer characterisation should include this analysis
together with an assessment of the manner in which charge shielding and nearestneighbour interactions influence the flocculation process.

The specific design of new polymers to enhance the selective removal of homogenate
components is another potential area of study, this could be effected in a number of
ways. Firstly existing polymers such as PEI could be chemically modified in order to
alter their physico-chemical properties. The addition of gluteraldehyde to promote
molecular aggregation and hence increase the effective molecular weight has not
been tested. However gluteraldehyde has been used to promote binding of PEI to
various supports. The addition of hydrophobic groups to the flocculant, for example
to increase the selectivity for lipids has not been tested. The design of new polymers
using known physico-chemical data of existing flocculants is a potentially important
area. The polymerisation of epichlorohydrin and various diamines (eg:- 1,3-diamino
propane or 1,6-diamino hexane) could produce a range of polymers of varying
molecular weight and charge density, since the carbon chain length controls the
distance between amine groups. The use of tri-amines would produce branched
polymers, with the chain length controlling the branching frequency. Screening
studies should permit the synthesis of polymers tailored for a variety of purposes such
as the enhancement of selectivity or the promotion of floe strength. Residual polymer
remaining in the supernatant must also be taken into account hence assays capable
of detecting the polymer in homogenates must also be developed in order that
validation of the system can be taken into account.

5 3 CELL AND HOMOGENATE PROPERTIES.

In this study ’double flocculation’ was found to increase soluble protein recovery,
since the polymer added at the first flocculation step bound to the exterior of the cell
wall thus allowing it to act as an ion-exchanger after disruption. However this process
was only tested under optimal conditions for the first flocculation stage in order to
maximise cell recovery under conditions of low centrifugal force. If however after
collection, the cells were treated with flocculant to overdosing conditions, the cells’
surfaces would become saturated with polymer. After cell disruption, a considerable
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portion of the polymer would remain attached thus producing strongly charged
surfaces. These would attract negatively charged species such as nucleic acids thus
promoting selectivity. Careful consideration of the conditions used (pH, ionic strength
etc.) could decrease soluble protein binding, thus improving selectivity further. A
more detailed description of the molecular weight and charge of the protein
remaining in the supernatant is required; both factors will determine whether a
particular protein will remain in the supernatant after flocculation. In addition an
assessment of other factors such as the contribution of hydrophobic interactions
would be valuable to ascertain if these can be employed to enhance selectivity.

The presence of bacterial flagella and pili and their role in haemaggultination have
been reported (Duguid and Gilles, 1957). They may be present on the surface of the
cell membrane of Gram positive and negative bacteria, and can extend some distance
from it. It was reported that mannose specifically inhibited this reaction by competing
with the red blood cells and was effective at low concentrations. The inhibition was
found to be specific for mannose only, a wide variety of other sugars showed no
response. Hence there is the potential for mannose or polymannose to be tested as
a potential flocculant which is specific for cell walls. This is analogous to the use of
borax (Bonnerjea et al., 1988) to specifically interact with the mannan residues of
yeast cell walls. The presence of other specific receptor sites on the cell wall should
also be investigated, with the aim of using specific polymer/cell wall interactions in
order to effect selective cell debris flocculation.

This study adopted a generic approach by examining the conditions (pH, ionic
strength etc.) by which optimal protein recovery could be effected. The selectivity
process appears to be partly dependent upon the charge difference between the
polymer and various homogenate components; it has also been shown that the
conditions (ionic strength) can greatly influence the behaviour of weak
polyelectrolytes such as PEI. While phosphate has been shown to modulate the
flocculation process a variety of alternative buffers could be tested, for example,Tris,
which is positively charged and hence would not interact with the PEI. The
flocculation of the various components from homogenate follows a similar pattern,
however the ratio of PEI/dry cell weight required for optimal supernatant clarity is
dependent upon the microorganism used. The screening of a variety of microbial
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homogenates should provide information as to the flocculatant concentration
requirements in each case.

5.4 FLOCCULATION AND BIOPROCESSING.

This study was concerned with the optimisation and the definition of ’operating
windows’ for the flocculation process at a small scale. Apart from work by Bentham
et aL, (1990) there has been very little information concerning the use of flocculation
at a process scale and the impact on subsequent downstream processing operations.
The manner in which flocculation affects individual unit operations (eg:centrifugation or filtration) is crucial for its large scale development. Comparison of
grade efficiency curves for flocculated and non-flocculated homogenate will
determine the degree to which centrifugal performance can be enhanced by the
aggregation of the sub-micron sized debris, which is unlikely to be sedimented in
conventional industrial units. The critical particle diameter for industrial centrifuges
is generally 1 to 2 pm under typical operating conditions. For complete particle
recovery the ratio of diameter to critical diameter {d/dc) should be greater than 2.5
(Mannweiler, 1990). Here it has been demonstrated that by flocculation this ratio can
be exceeded under optimal conditions. Placek and Teague (1988) reported the shear
sensitivity of the flocculated suspensions in a variety of industrial centrifuges.
Flocculation was carried out either by batch flocculation before centrifugation or the
addition of polymer directly to the feed zone in order to improve shear resistance.
Clearly, additional studies of this nature could improve the flocculation performance
further. Ward (1990) has reported detailed studies into the rheological and
dewatering

properties of flocculated homogenates; this has gone some way to

predicting how flocculated solids behave within scroll decanter centrifuges. Further
studies into dewatering behaviour are required in order that enzyme losses (in the
sediment) are minimised.

The labelling of PEI with ^^P has shown that there is considerable PEI remaining in
the supernatant after flocculation. However it was also shown that the labelling only
occurred on the low molecular weight species. Chemically reacting the radioactive
phosphorus with the PEI could possibly improve the process by an more even
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distribution of label across the molecular weight distribution. The removal of PEI can
be performed in two ways; ammonium sulphate precipitation or using a strong anion
exchanger (phosphocellulose). Ammonium sulphate precipitates the protein of
interest whilst the FBI remains in solution. The phosphocellulose strongly adsorbs the
polymer and the protein is eluted by increasing the ionic strength. Neither of these
processes has been validated for the removal of residual PEI, or tested on a large
scale. The validation of PEI removal from product protein will overcome a major
drawback to its development in industrial bioprocessing.
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ABREVIATIONS.
AP

Alkaline phosphatase

BSA

Bovine serum albumin

CFC

Critical floccualtion concentration

CO

Cytochrome oxidase

CPC

Cetylpyridinium chloride

CTAB

Cetyltrimethylammonium bromide

Da

Dalton

DCW

Dry cell weight

DLVO

Derjaguin, Landau, Verwey and Overbeek

DNA

Deoxyribonucleic acid

DPA

Diphenylamine

FLS

Forward light scattering (laser diffraction)

FPLC

Fast protein liquid chromatography

FSD

Full scale deflection

GLC

Gas liquid chromatography

G6P DH

Glucose-6-phosphate dehydrogenase

IPA

Isopropyl alcohol

MW

Molecular Weight

Mn

Number average molecular weight

Mw

Weight average molecular weight

NADP+

Nicotinamide-adenine dinucleotide phosphate (oxidized)

4NPP

4-Nitrophenyl phosphate

4NP

4-Nitrophenol

NQS

l,2-Napthoquinone-4-sulphonic acid

GNPG

2-Nitrophenyl-)3-D“galactopyranoside

ORO

Oil Red O

PAA

Polyallylamine

PAGE

Polyacrylamide gel electrophoresis

PEG

Polyethylene glycol

PEI

Polyethyleneimine

PGA

Perchloric acid

PCS

Photon correlation spectroscopy
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ppb

Parts per billion

PPG

Polypropylene glycol

PVSK

Potassium polyvinylsulphate

RNA

Ribonucleic acid

RCF

Relative centrifugal force

SEC

Size exclusion chromatography

SDS

Sodium dodecyl sulphate

SSPP

Sub-micron sized polymeric particles

Tris

Tris(hydroxymethyl)aminomethane

TMPD

NNN’N’-Tetramethyl-p-phenylenediaminedihydrochloride
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SYMBOLS.
Bq

Bequerel

1 dps

C

Coulombs

C

C

Adsorbed polymer concentration (eqn. 1.1)

Ci

Curies

3.7x10^° dps

cpm

Counts per minute

min.'i

D

Diffusivity

n f^ i

d

Diameter

m

dc

Critical particle diameter

m

dps

Disintegrations per second

s'^

eq

Equilvalents

(-)

/

Fractional coverage of a particle

G

Root mean square velocity gradient

(-)
S'^

8

Gravity constant

9.81 ms'^

Hz

Hertz

s'^

I

Ionic strength

mol

K

Boltzmann constant

1.381x10'^ JK-'

K

Constant (eqn. 1.1 , 1.14)

K

Network modulus (eqn. 1.9)

(-)
dynes cm'^

Ka

Rate constant (eqn 1.2)

N

Particle number concentration

n

Constant (eqn. 1.1)

P

Pressure

(-)
Nm-2

r

Radius

m

S

Solubility

gL -'

T

Absolute temaperature

K

t

Time

s

V

Volume

m^

Vo

Sedimentation velocity (eqn. 1.10)

m s'^

Vh

Hindered sedimentation velocity

m s'^

% w/v

Percent Weight per volume

z

Zeta potential

(-)
L'^

V
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GREEK LETTERS.

a

Collision effectiveness factor (eqn. 1.16)

(-)

p

Constant

€

Energy dissapapted per unit mass of liquid

(-)
W kg*

V

Turbulence microscale

m

n

Viscosity

N sm

V

Kinematic viscosity

m^ s

P

Density

kgm'^

a

Geometric shape factor (eqn. 1.11)

(-)

Volume fraction of particles

m^

Angular velocity

rad s'^

(0

(eqn. 1.14)
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APPENDIX 1.

COLLOID TITRATIONS.

(1) TH E CALIBRATION OF POTASSIUM POLYVINYLSULPHATE (PVSK).
Potassium polyvinylsulphate was obtained from two commercial sources Sigma and
Aldrich. PVSK was titrated against cetylpyridinium chloride (1/400 N, 5 mL

to

determine the degree of estérification of the PVSK. Experimental details are given
in Materials and Methods section 2.1.2.

(2) COLLOID TITRATIONS OF POLYETHYLENEIMINE (PEI).
PVSK was titrated against PEI from two commercial sources to determine the
pH/charge density relationship. The two sources used were ’Polymin P’ PEI from
British Drug House (BDH) and Polysciences PEI (0.6 KDa). Experimental details
are given in Materials and Methods section 2.1.2. Details of molecular weight are
given in Results, Table 1.
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Figure A 1.1.1 The titration of potassium polyvinyl sulphate (PVSK, Sigma, 1/400N)
against cetylpyridinium chloride (1/400N, 5mL) to determine the
degree of estérification; indicator was toluidine blue.
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Figure A 1.1.2 The titration of potassium polyvinyl chloride (Aldrich, 1/400N) against
cetylpyridinium chloride (1/400N, 5mL) to determine the degree of
estérification; indicator was toluidine blue.
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Figure A 1.2.1 Colloid titration of 'Polymin P’ PEI (2.5ppm, lOmL) against potassium
polyvinyl chloride (PVSK, Sigma, 1/400N, 65% esterified); indicator
was toluidine blue,
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■ pH 3;

+ pH 4.

277

0.30
A—
A—
1^^

0.25
- 0.20
g
' L-x-x-x-x-x_x-x-x-x-x-x-x_.

O 0.15

^ 0.10
0.05
0.0

0.3

0.2

0.1

PVSK (mL)
Figure A 1.2.2 Colloid titration of ’Polymin P’ PEI (2.5ppm, lOmL) against PVSK
(Sigma, 1/400N, 65% esterified); indicator was toluidine blue.
A pH 5; • pH 6; ♦ pH 7; x pH 8.
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Figure A 1.2.3 Colloid titration of ’Polymin P’ PEI (2.5ppm, lOmL) against PVSK
(Sigma, 1/400N, 65% esterified); indicator was toluidine blue.
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0 pH 10;
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Figure A 1.3.1 Colloid titration of Polysciences PEI, 0.6 KDa (2.5ppm, lOmL) against
potassium polyvinyl chloride (PVSK, Sigma, 1/400N, 37% esterified);
indicator was toluidine blue,
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Figure A 1.3.2 Colloid titration of Polysciences PEI, 0.6 KDa (2.5ppm, lOmL) against
PVSK (Aldrich, 1/400N, 37% esterified); indicator was toluidine blue.
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Figure A 1.3.3 Colloid titration of Polysciences PEI, 0.6 KDa (2.5ppm, lOmL) against
PVSK (Adrich, 1/400N, 37% esterified); indicator was toluidine blue.
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APPENDIX 2.

NUMBER AND WEIGHT AVERAGE MOLECULAR WEIGHTS:
(1) Number Average Molecular Weight:The number average molar mass is defined by:-

(A 2.1)

Mn =

Where:(A 2.2)

ni =

I E Ni)

Mn is the number average molar mass, M is the number of molecules with the degree
of polymerisation i, in the polymer sample and ni is the number fraction of the total
number of molecules. The average corresponds to the mean of the number
distribution and is measured by methods which determine the number of polymer
molecules present in a given weight of polymer. The number and weight of polymer
molecules of degree of polymerisation i are related by:-

m

= N i.—
Na

(A 2.3)

Where Na is Avogadro’s constant. Hence Mn for the weight distribution data is given
by:T ,W i

Mn =

(A 2.4)
L

(

S
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Where:wi = [— 5 ^ 1
l E Wij

(A 2.5)

wi is the weight fraction of the total weight of molecules of chain length i.

(2) Weight Average Molecular Weight:-

The weight average molecular molar mass mw is given by:-

Mw = ^

Wi.Mi
Y ,w i

_

(A 2.6)
^

This can be calculated from the weight distribution using equation A 2.3:-

Mw = E
Y , NiMi

(A 2.7)

(3) Polydispersity:-

The polydispersity is defined by:-

Polydispersity =

\Mn)

(A 2.8)

The polydispersity is unity for a monodisperse polymer, and is used as a simple
method of assessing the molar mass distribution. Values of 10 to 100 are usual for
highly disperse polymers.
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APPENDIX 3.

ABSORBANCE SCAN OF TOLYMIN P’ PEI.
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Figure A 3.1 Ultraviolet absorbance scan of ’Polymin P’ PEI dissolved in deionised
water (0.1% w/v), the pH was not adjusted. The pathlength was 1 cm
and deionised water was used as a blank
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APPENDIX 4.

MOLECULAR WEIGHT DISTRIBUTIONS

OF

SOME

COMMERCIALLY

AVAILABLE POLYETHYLENEIMINES.

The molecular weight distributions of some commercially available polyethyleneimine
samples are listed. Additional details are summarised in the Results section - Table
1. Experimental details are given in Materials and Methods section 2.1.3.

284

s

i

X)

10

10

10

10

10

18

Molecular Weight (Da).

Figure A 4.1 Molecular Weight Distribution of Sigma PEI by size exclusion
chromatography. Quoted molecular weight - 40 to 60 KDa. Column
was a TSK G4000 SW (7.5 x 600mm), mobile phase was acetic
acid/sodium acetate (0.5M, pH 4.5) at 1 mL m in.'\ PEI samples
(0.5% wA^) were dissolved in mobile phase.
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Figure A 4.2 Molecular Weight Distribution of Fluka PEI by size exclusion
chromatography. Quoted molecular weight - 40 to 60 KDa. Conditions
were as for figure A 4.1.
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Figure A 4.3 Molecular Weight Distribution of Aldrich PEI by size exclusion
chromatography. Quoted molecular weight - 60 KDa. Conditions were
as for figure a 4.1
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Figure A 4.4 Molecular Weight Distribution of Polysciences PEI by size exclusion
chromatography. Quoted molecular weight - 50 to 100 KDa. Conditions
were as for figure A 4.1.
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Figure A 4.5 Molecular Weight Distribution of Polysciences PEI by size exclusion
chromatography. Quoted molecular weight -10 KDa. Conditions were as
for figure A 4.1.
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Figure A 4.6 Molecular Weight Distribution of Polysciences PEI by size exclusion
chromatography. Quoted molecular weight - 70 KDa. Conditions were
as for figure A 4.1.
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Figure A 4.7 Molecular Weight Distribution of Polysciences PEI by size exclusion
chromatography. Quoted molecular weight -1.8 KDa. Conditions were
as for figure A 4.1.

288

APPENDIX 5.

THE EFFECT OF THE FLOCCULATION PROCESS ON THE MOLECULAR
WEIGHT DISTRIBUTION OF ’POLYMIN P’ PEL

Some examples of the effect of the molecular weight distribution on the flocculation
process are listed. Three model systems were used:- (1) bentonite (strongly anionic),
(2) latex (weakly anionic) and (3) washed M.methylrophus cell debris. Experimental
details are given in section 2.1.3 and the complete results are given in Results figures
3.1.9a, 3.1.9c and 3.1.9e for bentonite, latex and cell debris respectively.
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Figure A 5.1.1 Molecular weight distribution of ’Polymin P ’ PEI after flocculation
of Bentonite suspended in 0.05M NaCl (0.08 mg/mg PEI/Bentonite).
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Figure A 5.1.2 Molecular weight distribution of ’Polymin P’ PEI after flocculation
of Bentonite suspended in 0.05M NaCl (0.128 mg/mg PEI/Bentonite).

290

IB
IB
IB
Molecular Weight
Figure A 5.2.1 Molecular weight distribution of ’Polymin P’ PEI after flocculation
of weakly anionic latex suspended in deionised water,
(0.0006 mg/mg PEI/latex).
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Figure A 5.2.2 Molecular weight distribution of ’Polymin P’ PEI after flocculation
of weakly anionic latex suspended in 0.05M NaCl
(0.0.007 mg/mg PEI/latex).
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Figure A 5.3.1 Molecular weight distribution of ’Polymin F ’ PEI after flocculation
of M.methylotrophus Cell Debris suspended in 20mM KH 2PO 4
(0.0133 mg/mg PEI/Dry Cell Weight).
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Figure A 5.3.2 Molecular weight distribution of ’Polymin P’ PEI after flocculation
of M.methylotrophus suspended in 20mM KH 2 PO 4
(0.0418 mg/mg PEI/Diy Cell Weight).
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APPENDIX 6.

POLYALLYLAMINE.
The molecular weight distribution of polyallylamine was determined by the methods
developed for polyethyleneimine, as described in section 2.1.3. The weight and
number average molecular weights were 2.513 x 10^ and 1.557 x lO'* D a respectively;
the polydispersity was 16.14.
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Figure A 6.1

Molecular Weight Distribution of Polyallylamine by Size Exclusion
Chromatography. Column was a TSK G4000 SW (7.5 x 600mm),
mobile phase was acetic acid/sodium acetate (0.5M, pH 4.5) at
1 mL min.'^ PAA samples (0.5% w/v) were dissolved in mobile phase.
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APPENDIX 7.

REFRACTIVE INDEX MEASUREMENTS OF COMMERCIAL PEI SAMPLES.

Refractive index (RI) measurements have been used to monitor chromatography
eluents, hence the sensitivity of the technique should be determined. Here it was
found that absorbance measurements (ultra-violet) were more sensitive than RI. The
change in refractive index with polymer concentration must be determined before
various light scatttering studies (eg:- Zimm plots) can be carried out.

METHODS:Polyethyleneimine samples from various commercial sources were dissolved in filtered
(0.2 pm) deionised water or NaCl solution (0.5M), then serial dilutions were carried
out to achieve a range of concentrations. The final concentration range used was 1
to 100 mg m L '\ The refractive index measurements were determined using an ’Abbe’
refractometer (Bellingham and Stanley, London). The temperature was controlled
at 25°C (+/- 0.2 °C) throughout.
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PEI

PEI DISSOLVED IN

PEI DISSOLVED IN

SUPPLIER

DEIONISED WATER

NaCl (0.5 M)

Y AXIS

Y AXIS

SLOPE

INTERCEPT

INTERCEPT

1.33186

BDH

SIGMA

2.19

1.33734

X 10"

POLYMIN P

1.33195

2.17

1.33029

(70 kDa)

2.38

1.33739

1.3304

2.34

1.33739

POLYSCIENCES

1.33219

(50 - 100 kDa)

POLYSCIENCES
(1.8 kDa)

1.91
X

1.33214

1.33734

xl O"

2.26
10"

2.15
xl O"

1.33743

10"

2.03

1.94

X

xl O"

(10 kDa)

10"

x l O"

xl O"

POLYSCIENCES

2.02
X

xl O"

POLYSCIENCES

SLOPE

1.83
X

1.33751

10"

2.01
x l O"

Table A.1 Refractive index measurements for some commercially available
PEI samples.
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