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"E pur si muove!”
(But it does move!)

Attributed to Galileo Galilei; after he
recanted his assertion that the earth
moved round the sun.



ABSTRACT

In this study several aspects of cell disruption in high pressure
homogenisers were investigated. Firstly, the kinetics of disruption
-of Rhizopus nigricans, a filamentous fungus, was shown to exhibit

major differences from those of unicellular microorganisms. The
release of soluble protein was a weak function of pressure and
number of passes. The maximum level of soluble protein release (R,)
which appeared to vary with pressure was shown to be associated with
micronisation of cell debris. A more specific assay for a soluble
enzyme (ADH) showed no such apparent variation. The major effect of
cell concentration was not on disruption kinetics but on structural
characteristics of the suspension which resulted in homogeniser
blockage at relatively low cell concentrations (20-22 g/L dry
weight) and also 1influenced the harvesting and resuspension
processes.

Another aspect of cell disruption examined was the effect of valve
assembly configuration on the disruption of both unicellular and
filamentous microorganisms. Six valve units were characterised and
several parameters were shown to be critical. Impact distance was an
important factor in the disruption of filamentous R. nigricans

cells, whilst valve geometry did not appear to have any notable
effect. Valve unit configuration had a significant effect on the
disruption of the unicellular microorganism, bakers’yeast. Maximum
performance was observed with a ‘’knife-edge’ valve seat
configuration and valve geometries consisting of a flat valve seat
and flat valve rod gave lowest yields. A reduction in the "land”
width gave improved performance. Changing the valve rod to a cone
shape also resulted in higher protein release. As with filamentous
microorganisms, variation in the impact distance had a major effect
on the performance of the homogeniser.



The effect of homogenisation on the size distribution of yeast cell
debris and microsomal fractions obtained from R._nigricans cells was
also investigated. A reduction of at least 10% was observed in the
size of the microsomes from one to 2 passes with no further decrease
up to 4 passes. For all valve units tested, as the number of passes
was increased, a reduction in the proportion of larger yeast debris
particles was noted. In general, higher protein release was
associated with a higher percentage of smaller particles except for
a marginal trend observed for the ’flat valve’ unit giving larger
particles for equivalent protein release compared to other valves.

Based on the findings for bakers’ yeast an explanation of the
mechanism of cell disruption was sought. A modified Bernoulli
equation was used to define the flow velocities through the valve
rod and valve seat for different valve unit configurations. The main
disruption mechanism was shown to be impingement, the rate of cell
breakage being related to the stagnation pressure or the maximum
wall stress of the fluid Jjet. Decreased valve gap width and
decreased impact distance both contributed to an increased cell
disruption rate, the performance of the homogeniser being related to
the product of these two dimensions for the range of valve seats and
impact distances studied. Further experimental work to test the
proposals has been defined.

The design of an integrated homogenisation system consisting of a
new commercial homogeniser and various ancillary items of equipment
was undertaken to provide a suitable process unit for further
research, taking into account the additional elements needed for
containment.
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1. INTRODUCT ION

The recovery of intracellular materials, such as enzymes, from
microorganisms has gained a fresh momentum over the past decade as
a result of new commercial applications in the food and
pharmaceutical industries and the prospects of further product
development by genetic engineering.

The design and operation of large scale extraction and isolation
systems for intracellular proteins and enzymes have been constrained
by the denaturation and loss of activity of products during
processing. Better understanding of each step from product formation
in fermenters to cell breakage, separation and purification has been
shown to improve the development of industrial techniques (Dunnill
1983). Cell disruption constitutes the first stage in the isolation
of intracellular materials. It is a crucial step in downstream
processing because any damage to the product at this initial phase
will invalidate subsequent design and make operational refinement to
other plant equipment irrelevant. On the other hand high disruption
yield will allow more flexibility in the follow up treatment of the
product.

1.1 Methods of cell disruption

Over the past twenty years several reviews have been published on
the methods available for cell disruption (Wimpenny 1967; Edebo
1969; Wiseman 1969; Hughes et al. 1971; Edebo and Magnusson 1973;
Coakley et al. 1977; Engler 1985; Chisti and Moo-Young 1986). These
methods can be divided into two categories, small scale techniques
for 1laboratory applications and large scale techniques for
industrial uses.
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1.1.1 Small scale disruption

Techniques 1in laboratory work are nuﬁerous and entail both
mechanical and non-mechanical approaches. A wide range of non-
mechanical methods are available including enzymic lysis, chemical
lysis, phage lysis, heat treatment, osmotic shock, freezing and
thawing and utilisation of temperature sensitive or wall deficient
microbial mutations.

1.1.1.1 Non—-mechanical methods

Enzymic lysis is one of the most widely studied laboratory methods.
It constitutes the most gentle way to release the cell membrane
intact (Hughes et al. 1971; Kitamura and Tanabe 1982; Asenjo et al.
1985). The enzyme attacks only specific bonds in the cell wall

structure of microorganisms leaving the rest of the cell undamaged.
It can also be used to weaken the cell wall prior to mechanical
disruption in order to reduce the resulting mechanical shear applied
on the intracellular constituents of the microorganism (Liu et al.
1988).

The method is at present 1imited for several reasons. A prerequisite
in the application of enzymic lysis is the selection of appropriate
enzyme system and determination of appropriate reaction conditions
for efficient lysis (Engler 1985; Zomer et al., 1987). The use of
previously untested 1lytic enzymes would therefore entail
considerable input of time and effort. Commercially available lytic
enzymes may be a mixture of reagents containing degradative enzymes
to which intracellular contents of interest may be susceptible. The
costs of lytic enzymes is a further restrictive element in their
usage. The immobilisation of lytic enzymes on insoluble supports to
extend their use, although highly desirable, is limited by steric
hindrance of their activity (Asenjo and Dunnill 1981). The use of a
soluble support has been shown to be feasible (Dunnill 1972) but may

13



prove difficult for processing filamentous fungi due to fouling of
the filtration membrane at the separation stage.

Autolysis is attractive because it is volume independent (Chisti and
Moo-Young 1986), however it is affected by many parameters including
temperature, pH, buffer molarity and is therefore difficult to
control (Hughes et al. 1971). Phage infection 1s also a difficult
process to control and may result in altered cellular constituents
(Engler 1985).

Chemical 1lysis by treatment with acids, alkalis, surfactants or
solvents may be expensive and results in contamination of the
product with the chemical (Chisti and Moo-Young 1986). It is also
generally accompanied by considerable protein denaturation (Dunnill
and Lilly 1975).

Osmotic shock is another gentle method for cell disruption although
most microorganisms cannot be disrupted by it alone. The method is
therefore often used in conjunction with other techniques (Wimpenny
1967).

Physical methods such as repeated freezing and thawing, heating and
drying although reported successful (Hughes et al. 1971), usually

have low yields (Dunnill and Lilly 1975) and are susceptible to
denaturation (Engler 1985). In the case of temperature sensitive
mutants or microorganisms containing inducible phages, the time lag
involved 1in temperature changes 1in fermenters require careful
engineering to avoid premature lysis (Dunnill 1983).

1.1.1.2 Mechanical methods
Mechanical methods employed in cell disruption are based on shearing

action which may involve solids with or without abrasives, such as
in the Hughes Press and in the X Press, or a grinding action as with
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a pestle and mortar or in a ball mill. Otherwise the French Press,
ultrasonication or vibration with beads may be employed.

1.1.1.2.1 Sonication

One of the most frequently used mechanical methods for cell
disruption on laboratory scale is sonication (Wiseman 1969; Engler
1985). As the input sonic energy increases, microbubbles form at
various nucleation sites during the rarefaction phase of the sound
wave and then in the compression phase, the bubbles collapse
releasing shock waves which propagate in the medium. The phenomenon
is called cavitation. Mechanical forces that can cause cell
disintegration could arise prior to the collapse of bubbles.
Microstreaming near the bubble surface generates stresses caused by
velocity gradients strong enough to disrupt cells (Hughes and
Cunningham 1963). In the collapse phase of cavitation, a large
quantity of sonic energy is released as elastic waves. Doulah (1977)
proposed that shear stresses responsible for cell disruption arise
from elastic waves. The principal determinant of susceptibility to
ultrasonic cell disruption was reported to be the mean volume of the
cell irrespective of culture conditions (Wase and Patel 1985).
However this observation may be the result of changes in wall
strength brought about by varying fermentation conditions (e.g.
impeller speed) which were implemented to obtain different cell
volumes, and not the cell volume itself.

The technique 1s 1limited to small scale operation for several
reasons. There are difficulties of transmitting sufficient power to
large volumes of 1iquid (Scawen et al. 1980) and providing adequate
cooling (Lilly and Dunnill 1969); the process may cause significant
degradation of enzymes (Engler 1985) and also may produce very fine
debris which may lead to subsequent processing problems (Chisti and
Moo-Young 1986). Furthermore, sonication has proved to be an
inefficient method of disruption of fungi (Edebo 1983).
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1.1.1.2.2 Explosive decompression

In this technique, an inert gas (e.g. nitrogen) is dissolved into
cells under high pressure until equilibrium is reached. The pressure
is then suddenly released causing rupture of cell wall and membranes
due to high internal and external cellular pressure difference
(Fraser 1951). The technique is gentle, no oxidation occurs since an
inert gas is used and, rapid adiabatic decompression results 1in
minimal overall temperature increase. However, it is only applicable
to fragile cells and 1is difficult to scale up (Nissinen and
Markkanen 1986).

1.1.1.2.3 Extrusion

Extrusion of microorganisms through an orifice by pressure is the
basis of operation for Hughes Press, X Press and the French Press.
The former two devices extrude material that has been frozen, and do
not require a valve to adjust pressure. The French Press handles
unfrozen cells and consists of a steel cylinder having a small
orifice, with a needle valve at its base. A hydraulically driven gas
piston pressurises the content of the piston up to 210 MPa (Hughes
et al. 1971). The press is precooled to 0-5° C. At the chosen
pressure the valve is opened and pressure is maintained by pumping.
Similar devices with precise orifice size control were later
designed.

In 1951, Hughes developed a method for breaking microorganisms by
forcing a frozen suspension or paste of cells through a narrow slit
at very high pressures (200 MPa). Later on Edebo modified the
apparatus such that the cell suspension would undergo several
passes. This device, referred to as an X Press, consisted of two
identical cylindrical axial chambers separated by a disk with a
central circular orifice of about 1-2 mm diameter. Different
theories have been put forward for the mechanism of cell disruption
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by this technique, with 1ittle agreement amongst researchers.

Hughes et al. (1971) attributed the disintegrative effect to the
abrasive action of ice crystals during compression and the re-

gelation brought about by the pressure drop at discharge, with a
resultant decrease in volume. Early work by Edebo in the 1960’s
however had suggested that a major contribution factor was the
conformational change when ice crystals changed phases under
pressure; the pressure required for initiation of flow being related
to the phase boundaries of water. The flow through the orifice was
in discontinuous short pulses accompanied by sharp bangs. Further
experimentation by Hughes et al. (1971) indicated that when the
plunger of a Hughes press was given sufficient pressure (the value
of which was not disclosed) to produce the cracking sound associated
with the phase change and to force about 2 mm of a 3 ¢m plug of
frozen cells through the slit 1into a reservoir, over 95%
disintegration was noted in the cells in the reservoir, 80% at both
ends of the plug and almost none at the centre of the plug. Hughes
took this as evidence for the abrasive action of ice when ice and
cells moved across the gap from cylinder to reservoir. No mention
was made of mechanisms which may be related to the size or shape of
the gap or to the kinetics of the process. Further detailed studies
were carried out using an X Press (Magnusson and Edebo 1976a,
1976b). Although much data was obtained on the effects of salts and
gelatin, on cell concentration, on differing freezing temperatures
and on changes in the hydraulic press design (manual versus motor
driven), no conclusive results to explain the mechanism of
disruption emerged. The main result was that more concentrated
samples tended to flow more smoothly and that disintegration was
enhanced by a lower temperature and a higher velocity of filow
through the orifice.

Scully and Wimpenny (1974) carried out a set of experiments with
yeast suspension (50% w/w) at -27° C in which Hughes Press was filled

with alternating layers of different colours before compression.
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After an initial compression during which the mixture became compact
due to the release of intra-crystalline air, the solid moved down
inside the cylinder in plug flow until the gap was reached. By
examining the layers deposited in the reservoir and the last layers
remaining in the press, it was shown that only the lowest zone had
extruded radially. The conclusion was therefore that the flow regime
was plug flow followed by radial flow. Comparative experiments at
ambient temperature using gelatine, plasticine and sand each
coloured in layers resulted in the flow properties similar to that
pertaining in the Hughes Press. Disruption was therefore modelled on
the basis of plastic flow of thin layers under compression through
an orifice. This theoretical treatment was to be followed by
experimental work with various microorganisms and varying gap width
and temperature, however no published data is available on these
studies.

The scale up of the X Press based on a semi-continuous operation of
the equipment was developed by Magnusson and Edebo (1976c). However
no industrial sized freeze press is known to be commercially
available (Chisti and Moo-Young 1986).

The major advantage of freeze pressing is its effectiveness in
disrupting cells. At a sample temberature of -35° C and a press
temperature of -20° C, about 90% disruption was achieved in a single
passage of bakers’ yeast paste through the orifice (Magnusson and
Edebo 1976¢c). Furthermore cell wall membrane preparations by this
method are relatively intact (Wimpenny 1967). Although Edebo (1983)
stated that minimal enzyme inactivation occurs during this process
relative to other procedures, Hughes et al. (1971) had commented
that the technique was not suitable for enzymes sensitive to

freezing and thawing.
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1.1.1.2.4 Agitation

Rapid agitation of a cell suspension with glass beads as a means of
cell disruption has been extensively applied to both laboratory and
industrial scale operations. For laboratory applications, blenders
(e.g. Waring blender) have been used although the shear forces
produced are not large enough to break many strains of bacteria
(Wimpenny 1967). Better results were obtained by introducing
ballotini beads into the suspension. The rapid increase in sample
temperature during disruption has to be offset by means of a cooling
system.

Recently, it has been reported that a mixer mill (traditionally used
for dry milling of minerals, textiles etc.) may be modified for cell
disruption on microscale level (Schutte and Kula 1988). The mill is
equipped with two horizontally positioned grinding chambers of 12.5
mL capacity each, in which beads (less than 1 mm) are accelerated to
a three dimensional movement. The most significant parameters
affecting disruption are similar to those identified for the large
scale bead mills (Section 1.1.2.1). One advantage of this technique
is the low temperature increase (0.12° C/min at a vibration frequency
of 1800 min~'), which eliminates the need for an external cooling
system.

1.1.2 Large scale disruption

Attempts at scaling up laboratory disruption methods for large scale
operations have been mainly concentrated on mechanical techniques,
specifically high speed bead mills and high pressure homogenisers.
With the advent of modern recombinant DNA technology for the
manufacture of mammalian proteins in microorganisms, it is necessary
to operate cell disruption equipment in a contained fashion and with
the possibility of in-place cleaning and sterilisation. These two
disruption techniques are well geared to meet such requirements.
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High speed bead mills are particularly effective against those
microbial cells which are resistant to other methods. The smaller
models can be readily mounted and operated in safety cabinets and
therefore used for the disruption of potentially pathogenic
microorganisms (Scawen et al. 1980). However, according to

Darbyshire (1981), the technique has rarely been used for large
scale enzyme preparation. Scawen et al. (1980) carried out a survey
of large scale enzyme purification techniques undertaken 1in the
1970’s. Data on twenty seven enzymes, seventeen of which were from
bacterial or fungal sources were collected. It was found that out of
the twenty one large scale purification procedures reported, eleven
utilised an APV-Gaulin homogeniser, two a French Press and only one
a bead mill. This could be attributed to two possible factors.
Firstly, bead mills may be limited by the minimum size of beads that
can be used in commercial scale units (Schutte et al. 1983).

Homogenisers, on the other hand, are very flexible. Their only
limitation is that blockage may occur with concentrated mycelial
suspensions. However research has been carried out to investigate
and overcome this problem (Thomas 1988). Secondly, with
homogenisers, there are fewer operating parameters to consider than
with high speed ball mills (Engler 1985).

1.1.2.1 High speed bead mill

Originally bead mills were used in industry for fine grinding and
dispersion of dyestuffs and pigments. Zetelaki (1969) briefly
described the use of a bead mill for the disruption of Aspergillus
and Currie et al. (1972) examined the disruption of yeast cells

using a similar mill. No machine was constructed at the time
specifically with a view to cell disruption. The development of bead
mill equipment and research carried out in their design are reviewed
by Dunnill and Lilly (1975), Engler( 1985), and Chisti and Moo-Young
(1986).
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The design of bead mills depends on the size of the unit and the
manufacturer. They consist of either a vertical or a horizontal
grinding chamber containing rotating disks mounted on a motor driven
shaft. The grinding action is provided by beads typically occupying
80-85% of the free working volume of the chamber. The disks may be
mounted concentrically or off-centred. The units must be equipped
with high capacity cooling systems for processing temperature
sensitive materials. Horizontal units are generally preferred for
cell disruption. The grinding action in vertical mills is reduced
due to fluidising effects of the upward fluid flow on the beads.
Furthermore horizontal mills are fed from above so that there is no
need for a screen at the feed end to retain the beads inside the
chamber as is the case in a vertical mill.

A large number of factors affect the operation of the bead mill.
These include the agitator speed and the number of disks, the design
of disks, bead material, diameter and loading of beads, residence
time, temperature, cell concentration and cell type. The kinetics of
the cell disruption process was first studied by Currie et al. in
(1972) and was further investigated in detail by Limon-Lason et al.
(1979). First order kinetics were noted for yeast cells, where the
rate of disruption as measured by the soluble protein release was
directly proportional to the amount of unreleased protein. The data
fitted the model for 0.6 and 5 litres horizontal mills and covered
a range of impeller speeds. In the larger mill, at higher impeller
tip speed (above 10 m/s) disruption did not follow first order
kinetics. Difficulties with temperature control in batch experiments
led to inconclusive results. The continuous disruption in the 5 L
mill was adequately modelled as a CSTR in series with the number of
tanks corresponding to the number of impellers. For the smaller mill
(0.6 L), the model was modified to include backflow in order to
obtain good agreement with experimental data. Currie et al. (1972)
reported that for a range of bead diameter studied (0.5-2.8 mm), the
smaller beads were more effective. However the effect is dependent

on the cell concentration. For a 30% yeast slurry small beads were
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favoured while above a concentration of 60% their advantage was
reduced. The variation of disruption efficiency with yeast
concentration for the different size beads was similar and no
special effect of large beads on thick yeast suspensions was
observed. Schutte et al. (1983) indicated that for yeast cells, the
location of an enzyme within a cell influenced the optimum bead
size. Larger beads could be used to recover enzymes located in the
periplasmic space and smaller ones to release the cytoplasmic
material. These findings suggest that smaller beads are more
effective in achieving complete <cell disintegration. The
disintegration of other microorganisms has been reported in the
Titerature, such as a variety of bacteria (Woodrow and Quirk 1982;
Schutte et al. 1983), algae (Hedenskog and Mogren 1973), and
filamentous fungi (Zetelaki 1969). The disintegration of bacteria in
a glass bead mill was hampered by the small dimensions of the cells
(approximately 1/10 the size of a yeast cell) (Schutte et al. 1983).
Although the use of smaller beads would seem appropriate, its
application is limited by the tendency of small beads to float at

high cell concentrations as noticed by Currie et al. (1972).

Increased disruption with 1increased bead loading was reported
(Currie et al. 1972). However greater cooling is required as greater
temperature rise was recorded (Schutte et al. 1983).

Limonk—Lason et al. (1979) showed that the disruption rate constant
was independent of cell concentration at higher concentrations of
yeast (greater than 30% w/v) for stainless steel impellers; but for
polyurethane impellers, it continuously decreased with increasing
yeast concentration. The results were attributed to, firstly, the
variations 1in the rheological behaviour of the suspension and
secondly to the differences in the design of the two impellers.
Schutte et al. (1983) reported an optimum concentration for Tlow
impeller speeds but noticed 1little effect of concentration on
disruption at higher speeds (8 m/s). In a review by Engler (1985) it
was stated that E.coli was more difficult to disrupt than A.niger or
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Basidomyces species. Candida utilis was noted to be harder to
disintegrate than bakers’ yeast. The effects of cell type and
conditions of growth are not limited to disruption in a bead mill.
The 1importance of cell characteristics and growth history is
discussed in Section 1.2.4.2.

1.1.2.2 High pressure homogenisers

High pressure homogenisation is the most widely used method for
large scale cell disruption (Scawen et al. 1980). The equipment

consists of a high pressure reciprocating positive displacement pump
with one or more adjustable, restricted orifice valves. All
commercial models operate on the same principle and are
distinguished by their capacity, the type of homogeniser valve,
pressure range, drive mechanism and number of pistons. A diagram of
a discharge valve assembly is shown in Figure 1.1. Cell suspensions
is drawn through a check valve into the pump cylinder and on the
return of the piston, 1s forced through the discharge valve
assembly. The discharge pressure is controlled by a handwheel
assembly, which through a spring-loaded shaft positions the valve
rod in relation to the valve seat. During discharge the suspension
passes between the valve rod and its seat and impinges on an impact
ring. The pressure 1is shown on a gauge mounted on top of the
cylinder. In the case of a single piston homogeniser, fluctuations
in pressure measurements are reduced by a dampener assembly. In the
subsequent sections, different aspects of cell disruption in this
type of equipment are described in detail.
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A. Handwheel for pressure control
B. Spring-loaded shaft

C. valve rod

D. Valve seat

E.

Impact ring

Figure 1.1 Schematic diagram of a homogeniser valve assembly
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1.1.3 Recent developments in mechanical devices for cell
disruption

1.1.3.1 New concepts in the design of high pressure homogenisers

The first high pressure homogenisers appeared before the turn of the
century for the processing of high fat products such as artificial
butter. Since then, many changes and modifications have been made in
the equipment, with the main emphasis on the design of the valve
unit. This includes flat valves, tapered valves, grooved valves,
tapered and grooved valves, and highly chamfered or knife-edged
valves. The reason for all these changes is to increase the
efficiency of homogenisation. In the context of milk product
homogenisation, this has meant the generation of the smallest
average fat globule size with the least expenditure of energy. In
terms of cell disruption efficiency, whilst the aim is to maximise
the release of the desired product from the cells with minimum
energy expenditure, other factors need to be considered such as cell
debris size (see Section 1.4).

In the homogenisation of milk products, the efficiency at flow rates
less than 760 L/h was not maintained when a design was scaled up to
handle flow rates in excess of 11000 L/h, which are common in the
milk industry. This 1s because at high flow rates, the cross
sectional area between the valve rod and the valve seat must
increase in order to maintain pressure and accommodate flow. This
may be accomplished by either increasing the gap between the valve
rod and the valve seat or by increasing the diameter of the valve
rod and seat. In the former instance, efficiency is decreased; in
the latter, actuation of the assembly is difficult. Furthermore
close tolerance machining of large diameter valves is difficult
(Pando1fe 1982). The problem was resolved with the design of the
Gaulin Micro-Gap™ valve. The main feature of this design is that the
flow is divided into equal parts by stacking the homogenising valves
in parallel. The valve assembly has a knife-edge on one side, which
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is the seat, and a flat surface on the other side, which acts as the
valve plate; thus each valve disc is a valve seat and a valve. The
gap distance between the valve and seat is fixed. The size and the
number of the valves are selected to achieve the best homogenizing
conditions at the required flow rate.

The importance of valve geometry in cell disruption is now well
known even though the amount of research reported in the open
literature is limited and the mechanism not well understood. This is
discussed in greater length in Section 1.2.4.1.

Another important design feature in high pressure homogenisers is
the strength of material used in the manufacture of the valve unit.
Continuous operation specially at high pressures results in rapid
wear of the valve unit; in particular the knife-edge types. This has
led to extensive research with the result that the tungsten-carbide
units are now superseded by valves made of a ceramic composite
material capable of withstanding much wear (APV-Gaulin 1985).

More attention is now being paid to the specific application of cell
disruption and its related requirements such as equipment
sterilisation and containment. Features of new equipment dealing
with such issues are detailed in Chapter 7 as part of a design study
for an integrated homogenisation system.

1.1.3.2 Microfluidisers

The microfluidiser is a relatively new development in the disruption
and emulsification technology,based on the submerged jet principal.
A hydraulically operated high pressure pump forces the fluid through
an "interaction chamber” at pressures up to 160 MPa. The interaction
chamber is the core of the instrument and consists of a system of
channels 1in a ceramic block, which splits the fluid into two
streams. These are then forced through narrow rectangular slits and
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are recombined to 1impinge against one another at high velocity
(Figure 1.2). Several sizes of the instrument are available. The
manufacturers claim that a major advantage of the technology is the
ease of scale up; all that is required is to make the slits in the
interaction chamber wider in order to increase the throughput
without altering the disruption process (Washington 1987; Washington
and Davis 1988).

A preliminary comparison of the extent of disruption of yeast and
bacteria by this technique and by other mechanical methods has
indicated that microfluidisers are not suitable for yeast
disruption. At least 30 passes were required at 60 MPa to achieve
90% cell breakage (as measured by viable cell count). With B,
subtilis, percentage breakage in the microfluidiser and in an APV-
Gaulin single piston homogeniser were similar at the same pressure,
however the levels of protein release were different (Seva et al.
1986). More recent studies based on a similar principle have
indicated that similar disruption levels as those obtained with
conventional mechanical techniques may be obtained but at lower
pressures and fewer passes if the design parameters such as the
distance between the jet nozzles are optimised (Kramer and Bomberg
1988a, 1988b). Further research is required to fully assess the
merits of this equipment.

1.2 Kinetics of cell disruption

1.2.1 Development of a kinetics model

Several operating parameters have been identified to affect the
performance of high pressure homogenisers. Hetherington et al.
(1971) elucidated the effects of some of these factors such as
pressure, number of passes, temperature, cell concentration and put
forward a kinetic model for the disruption of yeast cells.
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The disruption followed first order kinetics with respect to the
number of passes and could be described by the general equation:

R.
Log [ ==—-= 1 = K.N = (k.P*).N (1.1)
R.—Rp

where R, is the maximum soluble protein available for release and R,
is the soluble protein release after a number of discrete passes, N,
through the valve. K is a dimensionless rate constant which, as
indicated, is principally a function of the pressure drop, P, across
the valve seat; k is a constant which is a function of temperature
and maybe a function of cell concentration; both k and the pressure
exponent "a" are a function of cell type. Hetherington et al. (1971)
found a value of 2.9 for the pressure exponent "a", using a
suspension of bakers’ yeast. The kinetics of B-galactosidase and
protein release by constitutive mutant of E. coli growing 1in batch
and continuous cultures have been examined (Gray et al. 1972). The

first order kinetics fitted the model for both protein and enzyme

release. A value of 2.2 was reported for the pressure exponent 1in
the kinetic expression for B-galactosidase release.

The kinetics of enzyme release have been shown to be first order for
bakers’ yeast, but the rate of release of the enzyme varies with its
location in the cell (Follows et al. 1971). Acid phosphatase located
outside the cell membrane was released faster than the overall
protein release, but fumarase, reported to be present in the
mitochondria, was released more slowly than the overall protein
release. For most enzymes tested no significant loss in activity was
detected after several passes through the homogeniser at
temperatures at or below 30° C.

Work by Augenstein et al. (1974) indicated that the enzyme complex
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which forms the cyclic decapeptide antibiotic, gramicidin 8§,
degraded rapidly when cells of B. brevis were subjected to
homogenisation. They therefore put forward a kinetic equation which
included an enzyme degradation exponent for the pressure. Their
results were contrary to the findings that water soluble
intracellular enzymes and other globular proteins were stable with
respect to shear (Virkar et al. 1981). It now seems likely that
gramicidin synthetase may be a membrane associated enzyme and the
discrepancy is explained by the work of Talboys and Dunnill (1985)
who reported that membrane associated enzymes were highly shear

sensitive.

1.2.2 Effect of R, on the kinetics model

The application of the kinetics equation is dependent on the value
of R,, the maximum amount of protein available for release. The R,
value determined by Hetherington for Bakers’ yeast (96 mg protein/g
packed yeast) obtained by trial and error was in close agreement
with published data (the total protein content of packed cells was
given as 120 mg/g yeast, 85% of which was released into solution
(Harrison 1967; Hughes 1961)).

Work carried out by Wwhitworth (1974b) on Candida lipolytica, a
mixture of filamentous and elongated ovoid cells, showed that

protein release (R)) was a function of the number of passes in the
pressure range 30-56 MPa. It was not clear from the data provided
whether the same R, value for each given pressure was reached or not.
It appeared that the maximum R value achieved varied with different
operating pressures. The highest value obtained at 56 MPa after 6
passes was only 30.5% of the total protein content of the yeast,
given as 91 mg protein/g yeast cake. The authors were therefore
unable to describe the release of protein in terms of a first order
rate expression of the type derived for bakers’ yeast where R, is
independent of pressure. A previous study by the same author
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(whitworth 1974a) on the kinetics of disruption of spent brewery
yeast had confirmed the Hetherington model although a different
pressure exponent was calculated. No alternative model for C.
lipolytica was put forward.

Engler (1979) studied the disruption kinetics of Candida utilis in
a specially designed high pressure impingement device. Although the
results did not show a maximal soluble protein value after 4 passes

at pressures up to 88 MP, the author obtained an R, value for each
set of data based on the total nitrogen content of the cells for
that particular experiment. This treatment of the data resulted in
a first order kinetics expression for the disruption of C. utilis.
It may be argued that firstly, the total soluble protein available
for release is not equal to the total protein content of the cells,
and secondly the results are based on different experiments with
varying values of R,. It must however be noted that the highest
protein value obtained experimentally was 77% of the estimated
maximum protein release.The value is therefore high enough to make
the estimated R, value a reasonable approximation.

Engler replotted the data of Whitworth using only the protein
released after one pass at each given pressure. He deduced a first
order kinetics expression. The methodology is not clear as he infers
that it is possible to obtain the R, values by knowing the protein
released after the first pass. To incorporate the dependence of R,
on the operating pressure, it would have been more reasonable to
assess the protein released as a function of pressure for each pass.

The dependence of R, value on pressure in the study of C. lipolytica
may be attributed to two factors. Firstly, it is 1likely that at
higher pressures intracellular material such as insoluble complex

protein, peptide, giycopeptide and amino acids are released by
micronisation of the cell debris (Limon-lason et al. 1979).

Secondly, 1t has been reported that C. lipolytica grown in a

hydrocarbon culture medium accumulates hydrocarbons around and
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inside the cell wall structure and that the cytoplasmic membrane
becomes thicker and more deeply invaginated (Tsang et al. 1979).

This could interfere with the complete rupture of the cell wall and
membrane and thus with the release of protein at lower pressures.
Other cell characteristics such as age of culture, morphology, and
conditions of growth may also contribute to the effects observed.
One piece of evidence is that different batches of C. utilis cells
showed inconsistent total nitrogen cell content (Engler 1979).

1.2.3 Disruption kinetics of filamentous microorganisms

Little data is available in the 1literature on the disruption
kinetics of filamentous microorganisms. The study by Zetelaki (1969)
compared the extent of disruption of Aspergillus niger achieved by
different methods. It was concluded that bead mills and the X Press
resulted in highest yields with few cellular fragments remaining in

the suspension. High pressure homogenisation was not found to be a
suitable technique as a result of poor disruption (at over 50 MPa,
2 passes) and blockage of the equipment even at low concentrations
(50 g/L wet weight). However, further investigation indicated that
it was possible to disrupt A. niger at 35 MPa at much higher
concentrations of 700 g/L wet weight (Lilly and Dunnill 1969). Data
obtained only gave a preliminary indication that first order
kinetics may be applicable.

Hanisch (1978) reported on the disruption of Rhizopus nigricans in

a high pressure homogeniser and a bead mill. According to his
results, the homogeniser released only 13% soluble protein at 50 MPa
after 4 passes, in comparison with 26% after 30 seconds in the bead
mil11 operating under optimised conditions. No study of the kinetics
was carried out.

Only recently has there been an interest in investigating the
disruption of filamentous microorganisms. Thomas (1988) studied the
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release of soluble protein from R. nigricans. Preliminary work

indicated that for this microorganism,contrary to previously
reported results, high pressure homogenisation was a more effective
method of disruption than bead milling. Subsequent data on high
pressure homogenisation indicated that firstly the soluble protein
release was very rapid even at low pressures. Secondly, the R, value
varied with the pressure as it was previously observed for (C.
1ipolytica by Whitworth (1974b) (Section 1.2.2). By using a weighted
linear least square technique, the protein release was described by
a first order relationship. The pressure exponent (0.57) was however
much lower than that quoted for unicellular microorganisms (Section
1.2.1). The maximum protein available for release, R ., was given to

[
be proportional to P°-14,

As part of the work the release of the membrane bound enzyme
progesterone 1la-hydroxylase was characterised. Activity release
followed first order kinetics, but was less rapid than the soluble
protein release. Furthermore, the maximal enzyme release was not
found to be a function of pressure. This led to a review of the
model for the protein release,in which cytoplasmic, wall and
membrane release were taken into account. The use of this model for
other filamentous microorganisms may prove difficult since it is
based on the premise that R, is inevitably pressure dependent and
also that it requires a knowledge about compartmentalised release of
proteins from the cells.

1.2.4 Effect of operating parameters

Operating parameters which may affect the kinetics of disruption in
high pressure homogenisers are a) machine related, e.g. the valve
design; b) product related, e.g. cell characteristics and
concentration; and c) conditions related, e.g. pressure,number of
passes, flow rate and temperature.
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1.2.4.1 Valve design

Little research has been reported in the open literature on the
effect of valve unit design. Two studies (Hetherington et al. 1971;
Gray et al. 1972) compared the performance of the flat-edge and
knife-edge valve units (Figure 1.3). Both valves and impact rings

were dimensionally identical, but the valve seat of the knife-edge
model had a substantially reduced seating area. The protein release
was improved by 38% after 4 passes using the knife-edge unit
(Hetherington et al. 1971). This model suffers from rapid wear;
however as mentioned in Section 1.1.3.1, recently introduced ceramic

materials are much more resistant to wear. APV-Gaulin Inc. have
investigated the effects of homogenising valve geometry on the cell
disruption efficiency (APV-Gaulin 1985). Results were monitored by
measuring the percentage of the total available protein released
after disrupting a 10% dry weight slurry of bakers’ yeast. Five
valve designs were tested with pressures up to 138 MPa (Figure 1.3).
Results indicated that a knife-edge ’Cell Disruption’ unit was
superior to other valve designs. The design of the unit is not the
same as that used by Hetherington et al. (1971), but entails a valve

seat giving a narrow gap nearer the periphery. No correlation was
reported to relate the rate of cell disruption with the geometry of
valve designs.

Research carried out in recent years on the effect of valve geometry
on milk homogenisation have also indicated better efficiency with
knife-edge valves (Kurzhals 1977; Mohr 1987a, 1987b). However, the
correlation between cell disruption and emulsification, 1f any, is
not clear.

34



7,
7 A
T

N

§ 3
Cel1 Disruption type

T

SN S

Figure 1.3 Homogeniser valve designs (APV-Gaulin 1985)
Hetherington et al. (1971) used valve units (1)
and (2), except that in their case (2) had a flat
valve rod.

W,

/1077

35



1.2.4.2 Cell Characteristics

1.2.4.2.1 Conditions of cell growth

Conditions of growth have a major effect on disruption kinetics.
Engler (1979) attempted to derive a general kinetics expression for
all microorganisms but concluded that such generalisation even at
the level of microorganisms of the same group may be misleading. In
the case of Saccharomyces cerevisiae differences have been observed

between disruption rates of bakers’ yeast and spent brewers’ yeast
(s. cerevisiae) (Table 1.1), the latter showing a lower value for

the pressure exponent in equation 1.1 (Section 1.2.1).

Results obtained for the disruption of E.coli cells indicated that
batch cultures grown on a synthetic medium were easier to disrupt
than those grown on complex medium (Gray et al. 1972). In another
study (Engler and Robinson 1981a) 1t was shown that cells grown at
a higher specific growth rate were easier to disrupt than cells
grown at a lower specific growth rate. Similarly, cells harvested
during the 1log phase of growth were more susceptible to
homogenisation than those from the stationary phase. It is well
known that cells from the stationary phase commonly have a stronger
wall structure than those in the log phase. Furthermore, cells grown
at a higher specific growth rate probably direct the available
energy towards reproduction rather than synthesis or strengthening
of wall structure. Complex media may provide additional nutrients
for such synthesis, which are not available in simple synthetic
media.

1.2.4.2.2 Effect of cell wall structure

Wall structure of microorganisms differ 1in their composition
depending on genetic and environmental factors. However,
similarities in overall structural aspects are observed within
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Table 1.1 Cell characteristics and conditions of growth versus

pressure exponent

Microorganism

Bakers’yeast

Hetherington et al.
1971

Doulah et al.
1975

Dunnill and Lilly
1975

Spent Brewers’yeast

wWhitworth 1974a

Engler 1979

Saccharomyces cerevisiae

Engler 1979

Candida utilis

Engler and Robinson
1981a

Candida lipolytica

Whitworth 1974b

Bacillus brevis

Augenstein et al.
1974

Bacillus subtilis

Engler and Robinson
1981b

Source/conditions of growth

commercial yeast. Probably batch

or fed batch. Complex medium

as above

as above

from brewery. Complex medium

from brewery. Complex medium

aerobic, continuous culture
specific growth rate 0.1 h™!
Synthetic medium

cyclic batch max. growth rate
0.5 h™'. Synthetic medium

continuous culture specific
growth rate 0.1 h-1,
Synthetic medium

batch. Harvest after 55 h
Complex medium

batch. Late lag phase then
frozen at -20° C. Complex
medium

continuous culture specific
growth rate 0.2 h~'.Complex
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exponent

2.9

1.72-1.79

2.9

0.86

1.17

1.77

1.8

1.07



groups of microorganisms which may explain some of the trends
observed 1in cell disruption. Table 1.2 shows the degree of
susceptibility of microorganisms to disruption in a high pressure
homogeniser. It indicates that Gram - negative bacteria are easier
to disrupt than Gram - positive bacteria which in turn are easier to
break than yeasts. Fungal walls are classified as more resistant to
disruption but their rupture depends greatly on the mechanism
employed. To help understand the basic differences 1in wall
structures, a brief review is given below.

Bacterial cell wall

The rigid matrix of the walls of nearly all bacteria (except
halophilic bacteria and Mycoplasma species) is composed of a network
of glycan chains <cross-linked by short peptides called
peptidoglycan. It provides both cellular shape and strength. There
are however significant differences in the wall structure formed by
Gram - positive and Gram - negative bacteria.

The walls of Gram - positive bacteria are relatively thick (15-50
nm) and contain 40 to 90% peptidoglycan with the remainder being
primarily polysaccharides and teichoic acids (Figure 1.4). The
degree of cross-1inking can be very high. The peptidoglycan has been
considered to form a single macromolecule encompassing the whole
cell.

The wall of Gram - negative bacteria consists of a much thinner
peptidoglycan layer (1.5-2.0 nm) which contains lipo-proteins
covalently attached to 1t, and an outer membrane similar in
appearance in electron micrographs to the cytoplasmic membrane
(Figure 1.5). The outer membrane is rich in lipopolysaccharide.
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Table 1.2 Protein release from microorganisms in a high pressure
homogeniser.

Microorganism Rate constant K
Pseudomonas putida 0.41
Escherichia coli 0.39
Bacillus brevis 0.28
Saccharomyces cerevisiae 0.23
Norcadia rhodochrous 0.0085

In all cases the microorganisms were harvested near or at the end
of growth. Homogenisation was at 50 MPa, 5° C in a model 15M APV-
Gaulin homogeniser.
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Figure 1.4 Structure of the cell wall of grampositive

bacteria (Ramaley 1979).
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