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Abstract

This thesis discusses the whole cell conversion of toxic, poorly water-soluble organic 
substrates, using as an illustrative example the specific hydroxylation of toluene to 
toluene cw-glycol (cz5-L2-dihydroxy-3-methylcyclohexa-3,5-diene) by Pseudomonas 
putida UV4. Toxic effects may be eliminated through the introduction of tetradecane 
(to partition toluene away from the biocatalyst) to give product concentrations of 20 - 
50 g 1"̂ , in a two-liquid phase reactor. Previous, well documented, characterisation of 

the hydroxylation has given accurate limits for the aqueous toluene concentration (10% 
- 40% of aqueous phase toluene saturation, or 0.05 - 0.20 g l'^). This need to control 
the aqueous phase toluene concentration is imperative for the effective reactor operation 
of toluene hydroxylation and provides an excellent model to study this class of 
reactions. The use of biocatalysts to carry out conversions where the reactants and / or 
products are either toxic and / or sparingly water soluble is of interest, since many 
industrially important chemicals fall into this category. One method of carrying out 
such a biotransformation is to introduce an organic phase, to act as a reservoir for the 
toxic reactant and to solubilise poorly water soluble reactants and / or products.

The introduction of a second (organic) liquid phase forming a heterogeneous reaction 
medium, necessitates the reaction be performed in a stirred tank reactor, so that the 
phases are well mixed (or other configurations where high interfacial areas are 
developed). The formation of a stable emulsion is therefore an intrinsic problem with 
two-liquid phase biotransformations. This thesis describes how bioreactor and process 
conditions can affect and alleviate the problem of emulsion formation. In addition 
stability of the biocatalyst on exposure to the two-liquid phase system has been 
examined and, loss of dioxygenase activity has been recorded as a function of process 
conditions (harvesting and biocatalyst storage) and reactor conditions (phase ratio, 
agitation rate, aqueous phase biocatalyst concentration and organic phase toluene 
concentration). A hypothesis of the biocatalyst inactivation, a two-liquid phase 
biotransformation has been proposed.

Operating windows have been used as an experimental tool to determine the interacting 
effects of process and reactor conditions on biocatalyst stability and emulsion 
formation. Further, this work suggests possible designs for the microbial hydroxylation 
of toluene in a two-liquid phase bioreactor, avoiding problems of reactant inhibition and 
emulsion formation. It reports that these principles can be applied to similar 
biotransformation operations.
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INTRODUCTION

1.1 Biotransformations

In the light of increased environmental and regulatory trends, interest in biocatalysts for 
the synthesis of industrial chemicals has grown since biotransformations frequently 
operate at ambient temperature, near neutral pH and atmospheric pressure (Stinson 
1992, Stinson 1994). However the use of biocatalysts to carry out useful chemistry is 
often difficult: involving the challenges of substrate and / or product toxicity or 
inhibition, high dilution and the use of pH and temperature labile biocatalysts. Arnold 
(1990) has looked at methods of enhancing biocatalysis by enzyme engineering and 
similarly the industrial applications of protein engineering have been discussed by 
Recktenwald et al. (1993). The role of the reaction medium in enzymic catalysis, 
alongside the generation of site specific mutants, has been reviewed by Dordick (1992) 
for improved activity and enzyme selectivity. Freeman et al. (1993) have also 
discussed the use of in situ product removal inorder to enhance biocatalysis. Biological 
and process solutions do exist to many of these problems of biotransformations, 
although there are few established methods to compare strategies and techniques (Lilly 
1994, Woodley and Lilly 1994). This work however will look at an example of a 
whole cell biotransformation where the reactant is toxic to the biocatalyst and discuss 
process options that can be employed to alleviate some of these problems. Although 
enzymatic processes will not be discussed here it is envisaged that many of the findings 
for whole cell biocatalysis will be applicable for enzymatic systems. Many industrially 
important chemicals fall into this category (eg Kawakami 1989) and various methods 
have been cited to counter this particular problem.
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1.2 Methods to counter the effects of reactants which are toxic to the 
biocatalyst

Several techniques have been used, with varying success, to counter the effects of toxic 
reactants, to the biocatalyst. Membrane reactors have been used to separate the bulk 
toxic reactant (or product) from the biocatalyst. Westgate et al. (1994) have 
demonstrated the use of a whole cell biphasic membrane bioreactor for the 
stereospecific hydrolysis of racemic menthyl acetate to 1-menthol and acetic acid. Cells 
are physically immobilised onto a membrane which forms the interface between the 
substrate (organic phase) and a buffered aqueous phase. At present this is run only on a 
bench scale but increased scale is envisaged. Another method would be to use a feed
back control loop, in order to control the toxic reactant addition to the reactor. This 
however can require sophisticated control algorithms and on-line monitoring of the 
reaction. Hack (1992) reported that in the set up of a control mechanism for the 
hydroxylation of toluene by Pseudomonas putida UV4 (based on a mass balance over 
the reactor), that it was the inability to make rapid on-line measurements that was the 
limiting step. There has been particular interest in recent years in carrying out 
biotransformations (using either isolated or immobilised enzymes or whole cells) in the 
presence of a second, organic, liquid phase. The second, organic, liquid phase acting as 
a reservoir for the toxic reactant (van den Twee! et al. 1987, van den Tweel et al. 1988, 
Collins and Woodley 1993). It is this method of reactor operation that has been 
examined in this study.
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1.3 Rationale for introducing a second, organic, liquid phase

Rationale for introducing a second, organic, liquid phase has been well documented in 
the literature. A second liquid phase can exist if the biotransformation reactant is poorly 
water soluble, and hence when in excess of its solubility, will exist as a discrete phase. 
A second, organic phase can also be used as a sort of "inert" medium that acts as a 
reservoir for the poorly water soluble, toxic reactant. The partitioning of the toxic 
reactant between the two phases (the reactant being more soluble in the organic phase) 
means that the aqueous phase reactant concentration can be controlled. Sub toxic 
aqueous phase reactant concentrations can therefore be maintained for extended periods 
of time, in batch operation (Cremonesi et al. 1973). Higher reactor reactant (and / or 
product) concentrations, than in a monophasic systems, can be achieved regardless of 
their aqueous solubility. Therefore for a batch reactor, converting the same amount of 
reactant, a smaller volume reactor can be used (Lilly 1982, Lilly 1983, Woodley and 
Lilly 1990).

Oxygen mass transfer can be the rate limiting step in an oxidative biotransformation 
(Hack 1992), oxygen having a very low solubility in water. Gas solubility in organic 
solvents however is increased. In monophasic systems oxygen from air, transfers from 
the gaseous phase to the solid phase (for whole cell biotransformations), usually via the 
aqueous liquid phase. The addition of a second, organic, liquid phase complexes the 
system. The oxygen could transfer by the methods already described or, into the 
organic phase and then transfering to the aqueous liquid before reaching the biocatalyst. 
It seems likely that oxygen mass transfer would occur by both of these methods but 
primarily via the organic phase due to its prefered solubity in this media. It is argued 
that if the gas is continuously supplied to the reactor that the introduction of a second, 
organic, liquid phase would confer minimal advantage (Lilly and Woodley 1985, 
Brink and Tramper 1985). However if gas was in short supply, the organic phase may 
strip the oxygen from the aqueous phase and hence the biocatalyst.

The use of the addition of a second, organic, liquid phase has also allowed 
thermodynamically unfavourable reactions to be carried out. Synthetic products 
partition more strongly into the organic phase than their starting materials and this 
therefore pushes the equilibrium over towards synthesis, eg reverse enzyme hydrolysis 
(ester hydrolysis) (Lilly and Woodley 1985, Klibanov 1986, Zaks and Russell 1988). 
Hailing (1994) presented a summary of the general thermodynamics of multiphase 
systems and suggests that a variety of simple physicochemical processes affect the 
observed behavior of biocatalysts in multiphasic nonconventional media. Mechanisms
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such as changes in solvation or partitioning of water, organic species, substrates, and 
products, and ions, acids, and bases; and can usually account for all observed effects.

It has also been cited that product and / or reactant separation from the organic phase is 
greatly facilitated in two-liquid phase biotransformations (Lilly 1982). Low boiling 
point solvents will ease product purification and concentration, providing of course, that 
it is not temperature labile. Buckland et al. (1975), investigated the bioconversion of 
cholesterol to cholesterone by Nocardia cells in various organic solvents. The ease of 
separating the biocatalyst from the reaction medium was such that it was possible to 
reuse them. Similar activities to the initial batch were recorded. Operating with a 
second, organic, liquid phase may mean better integration into chemical processes 
(Hailing 1987). Introducing a second, liquid phase causes the formation of a liquid- 
liquid dispersion, which may be difficult to separate. The effects of émulsification will 
be discussed in a later section (1.5).

Organic solvents are not ideal nor in most cases natural, environments for the growth of 
microorganisms. Hence when operating with an organic solvent it may mean that 
contamination by other microorganisms is minimised. Therefore the need to run 
aseptically is avoided. Similarly as the organic solvent is not the natural habitat for the 
whole cell biocatalyst, it can confer degenerative effects to the microorganism.
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1.4 Operating with a second, organic, liquid phase

1 A. 1 Biocompatibility

1.4.1.1 Biocatalyst type

One of the most important considerations when choosing a solvent for operation in a 
two-liquid phase biotransformation, is its compatibility with the maintenance of the cell 
and enzyme activity (Butler 1979). Possible inactivation of the biocatalyst is caused by 
the organic solvent (Lilly 1987). In this study we are concerned with the inactivation of 
whole cell biocatalysts by organic solvent. A lot of research has focussed on the 
inactivation of enzymes in the presence of organic solvents. It is surmised that many of 
these mechanisms can be applied to whole cell biocatalysts.

Carrea (1984) looked at enzyme stability in organic / aqueous systems and concluded 
that there were no strict correlations between the denaturing and inhibiting effects of the 
organic solvent. Although enzyme stability could be improved by adding albumin or 
co-enzyme, only if the complete transformation of these stabilisers / co-substrates was 
avoided. For example, the addition of cholesterol stabilised the cholesterol oxidase 
activity of Nocardia (Buckland et al. 1975).

Hydrophobic interactions play the dominant role in maintaining the catalytically active 
conformation of enzymes. Enzymes suspended in hydrophobic solvents tend to keep 
the layer of essential water which allows them to maintain their native conformation and 
hence catalytic activity (Khmelnitsky 1988). Enzymes suspended in hydrophobic 
solvents hence require substantially less water for activity than those suspended in 
hydrophillic ones (ie solvents with a high capacity to dissolve water can extract water 
from the enzyme and thereby decrease it's activity) (Zaks and Russell 1988, Klibanov 
1989, Mattiasson and Adlereruetz 1991). Conversely, Fukui and Tanaka (1985) 
have stated how changes of polarity with solvents, leading to conformational changes in 
the enzyme, can even enhance enzyme stability and stabilise reverse micelles.

Immobilisation techniques have been employed to try and overcome some of the 
adverse effects of organic solvents to enzymes. Khmelnitski et at. (1984) used a- 
chymotrypsin in a water-ethyl acetate two-phase system for peptide systhesis. The free 
enzyme inactivated very rapidly while the enzyme immobilised on sorsilen, a 
terephthalate polymer was reused sucessfully, retaining 50 % of its activity after 7 days. 
The type of immobilisation support has also been implicated in the maintainance of 
enzyme activity in organic solvents . Khmelnitski et al. (1984) further concluded that
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the greater the difference in polarity between the support and the organic solvent the 
lower the risk of exposure of the enzyme at the interface, and hence deactivation. More 
recently Nikolova and Owen (1992) have discussed the effect of support matrix 
hydrophobicity on the deactivation of whole cell biocatalysts in the presence of organic 
solvents.

Experiments have been carried out using the free enzyme pig liver esterase, PLE, and 
Bacillus subtilis. At low stirrer speeds they had similar activities; as the stirrer speed 
increased, increasing mass transfer, the activity increased. At high stirrer speeds in the 
bacterial system, there was no further increase in activity, but also no loss in activity. 
However, with the free enzyme increased stirrer speeds resulted in an activity decrease, 
and loss of stability (Williams et at. 1987). A similar phenomenon can be observed 
with immobilised and suspended catalysts in two-liquid phase systems. These findings 
suggest that at higher stirrer speeds the mass transfer of the system is not limiting and 
that the reaction is in zero order. However at the higher stirrer speeds there is going to 
be an increase in the liquid-liquid interface between the two phases. This liquid-liquid 
interface is less detrimental to the whole cell than the free enzyme, probably due to the 
cell membrane protecting the enzyme system. The effect of the cell membrane in the 
protection of biocatalyst to potentially toxic solvents has been further looked at by 
Harrop et al. (1989). They found that the hydroxylation of naphthalene by Gram 
negative Pseudomonas putida could be performed in a wider range of organic solvents 
with lower Log P values (1.4.1.2.1) than can the steroid A-dehydrogenation by Gram 
positive Arthrobacter simplex. Thus indicating a possible role of the more robust Gram 
negative cell membrane in the protection of biocatalyst.

1.4.1.2 Solvent choice

1.4.1.2.1 Solvent polarity

Various parameters have been looked at that could assess the influence of an organic 
solvent, for use in a two-liquid phase biotransformation and its biocompatibility. Brink 
and Tramper (1985) correlated a small selection of solvents to their chemical and 
physical parameters; molecular weight, water solubility and polarity; expressing them as 
the Hildebrand solubility parameter. High retention of biological activity was favoured 
by a low polarity in combination with a high molecular weight solvent. Laane et at, 
(1985) however, later concluded that the Hildebrand solubility parameter was a rather 
poor measure of polarity and that a better correlation was observed when the Log P 
(logarithm of the partition coefficient of the solvent in octanol and water was taken as 
an indication of polarity.
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Log P = log
'"[solvent],,,.,,,! 

[solvent] water J

It was found that this correlation between polarity and activity, paralleled the ability of 
organic solvents to distort the essential water layer that stabilises the biocatalyst (Laane 
et al. 1987). Solvents with Log P < 2 were found to be detrimental to the biocatalyst 
(strongly distorting the essential biocatalyst-water interactions) and those with a Log P 
> 4 showed biocompatibilty (did not distort the essential water coat). Between these 
two figures biocompatibility was found to be dependent on the solvent (a weak water 
distorter and will effect biological activity to an extent that is as yet rather 
unpredictable) and the biocatalyst type and of course the process conditions.

1.4.1.2.2 Solvent structure

As a relationship between biocompatibility and Log P has been developed researchers 
have been interested in finding a link between solvent toxicity and structure. In solvent- 
saturated buffers, alkanes with Log P's greater than 3 were found not to be toxic to the 
cell. The equivalent alkanol, however was toxic (Hocknull and Lilly 1988). Osborne 
et at. (1992) looked at the inhibition of progesterone 11 a-hydroxylase by a series of 
primary alcohols. The higher the molecular weight the greater the inactivation. The 
nature of structural groups and their position should also be considered along side chain 
length when looking at solvent structure. Eglin (1994) has reported that the position of 
the hydroxyl group on octanol determines the level of it's toxicity to the biocatalyst, 
although each isomer has the same Log P.

1.4.1.2.3 Effect on cell membrane

In the previous section (1.4.1.1) biocatalyst type and the possible role of the cell 
membrane (for whole cell biocatalysts) in alleviating toxic effects of organic solvents 
were discussed. Organic solvents however do have a deleterious result on cell 
membrane integrity, de Smet et at. (1983) used Pseudomonas oleovorans to convert 
hydrocarbons (n-octane, 1-octene and I-decene) in a two-liquid phase system, where the 
hydrocarbon made up the bulk apolar phase. After 50-70 hours of operation loss of cell 
viability was noted and cell membrane damage was observed by freeze fracture electron 
microscopy.
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Cytologists have used the permeabilising effects of toluene on cell membranes to their 
advantage for many years. Jackson and DeMoss (1965) however, examined the effect 
of toluene on exponentially growing cultures of Escherichia coli. A  time dependent 
loss of turbidity was observed which was concurrent with a loss of material to the 
medium. Electron microscopy however indicated that the cells were not being lysed by 
toluene but that the cytoplasm collapses to the interior of the cell. The material lost 
from the cell included ribonucleic acid and protein.

Toluene however, removes very little protein, phospholipid or lipopolysaccharide from 
Esherichia coli in the presence of Mg^" .̂ In the absence of Mg^"^ or the presence of 
EDTA considerably more cell material is lost on toluene exposure. Cells treated with 
toluene in the presence of Mg^"  ̂remain relatively impermeable to pyridine nucleotides, 
while cells treated with toluene in the presence of EDTA become permeable to these 
compounds. Freeze fracture electron microscopy shows that toluene causes 
considerable damage to the cytoplasmic membrane, while the outer membrane remains 
relatively intact. These results indicate that the permeability characteristics of toluene- 
treated cells depend at least partly on the state of the outer membrane after toluene 
treatment (de Smet et al. 1978)

These reports indicate that the introduction of an organic solvent can disrupt the 
integrity of a cell and potentially deactivate its biocatalytic ability.
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1.4.1.3 Toxicity (to the microorganism)

1.4.1.3.1 Phase versus molecular toxicity

The theory of solvent toxicity has been under much debate and is thought to be 
attributed to two distinct phenomena. Toxicity exerted on the microorganism at the 
molecular level (ie solvent dissolved in the aqueous phase) and at the phase level (ie a 
solvent non-toxic at the molecular level could exhibit a negative effect when used in 
excess) (Bar 1986).

As already mentioned, (1.3.1.2.2) Hocknull and Lilly (1988) found in solvent-saturated 
buffers, alkanes with Log P's greater than 3 were not toxic to the cell. The equivalent 
alkanol, however was toxic. In the presence of a second, organic solvent phase, there 
was an initial loss of activity with both alkanes and alkanols. This rapid loss is thought 
to be due to contact between cell and liquid-liquid interface. However they also suggest 
that in some instances biocatalytic activity may be lost, in the absence of phase effects, 
solely through sufficient dissolved aqueous phase solvent partitioning into the cell. The 
cell wall having a more hydrophobic environment.

Osborne et al. (1990) have shown that the solvent concentration in the cell membrane 
of Rhizopus nigricans, as a result of an aqueous-organic two-liquid phase and cosolvent 
system correlates well with the loss of progesterone 11 a-hydroxylase activity. Full 
hydroxylase activity is retained at saturating concentrations of hexane and the higher 
primary alcohols, reflecting their inability to attain a critical concentration in the cell 
membrane. They further propose that theories accounting for the action of anaesthetics 
may also be applicable to the action of solvents in biocatalytic systems. Including the 
alteration of membrane fluidity, lipid phase separations, direct solvent-protein 
interaction and membrane permeabilisation. The alteration of membrane fluidity 
appears to be the primary cause.

This study is solely interested in whole cell biotransformations. However the liquid- 
liquid interface has also been found to be detrimental to enzymic biocatalysts. 
Adlercreutz and Mattiasson (1987) have suggested that so long as the enzyme is kept 
in the aqueous phase and is not exposed to the interface good operational stability is 
forseen. Therefore the enzyme should be immobilised or a hydrophillic carrier used.

Reverse micelles have been used to solubilise enzymes, providing a method for the 
catalytic bioconversion of water-insoluble material, eg reduction of steroids and of 
enoates, cholesterol oxidation, and inter and trans-esterification of lipophilic substances. 
Whole cells solubilised by micellar solution remain viable in organic solvents.
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Indicating that perhaps the reverse micelle prevents the biocatalyst contacting the 
interface and undergoing phase toxieity effects (Luisi and Laane 1986).

The biocatalyst concentration has also been cited as a determining factor in the specific 
activity of a two-liquid phase reaction by Brookes et al. (1986). As the bacterial 
concentration in the aqueous phase was raised above 25 mg ml'^ the observed specific 
activity fell until at 67 mg ml"^ the reaction rate was also lower. This could possibly be 
due to two factors the proportional reduction of liquid-liquid interface per biocatalyst, 
but is more probably due to reactant transfer limitations.

1.4.1.3.2 Phase ratio

The amount of liquid-liquid interface is a function of the phase ratio, ie the amount of 
organie to aqueous phase, and stirrer speed (specific interfacial area also being a 
funetion of biocatalyst concentration). Therefore if liquid-liquid interfacial area is 
detrimental, phase ratio would be expected to have an effect on the biocatalyst activity. 
Bacillus subtilis, used to hydrolyse menthyl aeetate, showed maximum activity at phase 
ratios (volume fraction organic) between 0.5 and 0.6 (high interfacial area and hence 
greater mass transfer). For the free enzyme PLE however, high phase ratios caused a 
loss of activity, but low phase ratios afforded maximum reaction rates (Williams et at. 
1990). This suggests that mass transfer was not the limiting factor but that high 
interfacial areas are detrimental to the biocatalyst.

Other reports from the produetion of 7,8-epoxy-1 -octene from 1,7-octadiene, by non
growing Pseudomonas putida PpG6 have also shown that the activity was dependent on 
volumetric phase ratio, degree of agitation (both factors of the liquid-liquid interfacial 
area) and physical properties of the two phases. Again suggesting the liquid-liquid 
interface is a controlling factor. In this case the reaction rate with the highest specific 
activity was achieved at phase ratios close to the point of inversion, except when 
aqueous cell concentrations were low (Harbron et al. 1986).

1.4.2 Proeess compatibility

When choosing a solvent for a two-liquid phase process biocompatibility is very 
important but process compatibility must also be considered. Proeess conditions often 
dictate the physical qualities necessary in the organic solvent. Factors to consider 
include; melting and boiling point and whether the solvent is liquid at operating 
eonditions, the difference in the density of the two phases (ease of separation), low
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viscosity, surface tension, oxygen solubility (for oxidative reactions) and importantly 
low operator (flammability) and environmental toxicity (Lilly et al. 1987). The usual 
reasons for introducing a second, organic, liquid phase to a process is due to either the 
poor water solubility and / or toxicity of the reactant(s) and / or product(s). One of the 
most important factors therefore when selecting a second, liquid phase is the 
partitioning of the poorly water soluble and / or toxic reactant and / or product between 
the aqueous and organic phases.

Sarrà et al. (1992) used a method for solvent selection based on process compatibility. 
Their procedure was based on the calculation of the theoretically allowable conversion 
and product concentration (dependent on the phase ratio and initial concentration) and 
was applied to a peptide synthesis, using papain. These parameters were considered as 
thermodynamic limits which could be achieved, and are a useful tool to compare the 
behaviour of different solvents.

1.4.3 Whole cell biocatalysis in two-liquid phase systems

Described so far have been some biocatalytic reactions carried out in organic media, 
there are many more examples in the literature of such reactions. There are different 
forms of biotransformations carried out using an organic solvent. The organic solvent 
can itself be the reactant or the second phase can be added to the process as a medium 
for poorly water soluble and / or toxic reactants and / or products. The whole cell 
biocatalyst itself can be in different forms; growing cells and free or immobilised resting 
cells. Table 1.1 gives an example of some of the types of two-liquid phase 
biotransformations found in the literature.
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Table 1.1
Examples of types of reactions carried out by whole cells in two-liquid phase systems

Nature of second, organic, liquid phase

Whole cell biocatalyst type Reactant Solvent reservoir

Growing cell Conversion of n-octane 
(organic) to alkanoate (which is 
soluble in the aqueous phase), 
by E.coli W 3110.
(Favre-Bulle et al. 1991)

Triglyceride hydrolysis (1,7- 
octadiene to 7.8-epoxy-1- 
octane) by Pseudomonas putida 
3SK; using cyclohexane as a 
second liquid phase.
(Lee and Rhee 1994)

Resting cell Free Conversion of d,l menthyl 
acetate to i-menthol by Bacillus 
subtilis.
(Brookes and Lilly 1986)

Benzyl alcohol oxidation by 
Pichia pastoris, using xylene or 
decane as a second liquid phase. 
(Kawakami and Nakahara 
1994)

Im m obilised Conversion of cholesterol to 
cholest-4-ene-3-one by 
Nocardia rhodochrous. 
(Buckland et al. 1975)

Benzyl alcohol oxidation by 
Pichia pastoris (immobilised in 
calcium alginate), using xylene 
or decane as a second liquid 
phase.
(Kawakami and Nakahara 
1994)
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1.5 Toluene hydroxylation as an example of a reaction where the reactant is 
toxic to the biocatalyst

In order to discuss the use of a second, organic (tetradecane) phase to partition a toxic 
reactant from the whole cell biocatalyst this work concerns the hydroxylation of toluene 
to toluene cw-glycol (cis-l,2-dihydroxy-3-methylcyclohexa-3,5-diene - herein referred 
to as TCG), by Pseudomonas putida UV4. Pseudomonas putida UV4 is also able to 
hydroxylate other aromatics to their corresponding c/j-glycols, and is able to tolerate a 
large diversity of substituents: F, Cl, Br, I, methyl, ethyl, n-propyl, isopropyl, n-butyl, t- 
butyl, CF3, vinyl, phenyl, allyl, benazyl, ethoxy, n-propoxy, n-butoxy, benzoyl, 
naphthalene or tetralin (Widdowson and Ribbons 1990).

One published non-enzymatic route for the synthesis of benzene cw-glycol (5,6- 
dihydrocyclohexa-1,3-diene) involves a partial chlorination of benzene followed by 
oxidation and dechlorination (Nakajima et al, 1959). The problems inherent in this 
three-stage process are the difficulties associated with separating the mixed reaction 
products and the very low overall yield. Furthermore, it is not applicable to aromatics 
other than benzene. Essentially this reaction is only possible by a biological route.

1.5.1 Why produce cz5-glycols?

The industrial interest in benzene czj-glycol production stems from the ease with which 
derivatives of this compound are polymerised by radical initiators to form high- 
molecular weight polymers which are readily soluble in organic solvents. Production of 
polyphenylene using this microbiological route overcomes many of the difficulties 
normally associated with both chemical synthesis and further fabrication of this 
thermally stable plastic (Griffin and Magor 1986).

One route to polyphenylene is the direct polymerisation of benzene by oxidative 
cationic polymerisation, requiring large quantities of cupric chloride. This method was 
fairly successful despite the difficulty removing the cupric chloride. Another method of 
polyphenylene synthesis was by polymerisation of /7-dibrombenzene in the presense of 
magnesium using a nickel catalyst (Ballard et ai. 1994).

The thermal stability of polyphenylene coatings is to some extent related to the thermal 
treatment during the aromatisation process, such coatings can be used at temperatures 
close to 400 ®C, and in the absence of oxygen at temperatures of 500 ®C. The films 
remain coherent at these temperatures and retain their good electrical insulation
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characteristics, total thermal breakdown occurs at a significant rate at 600 - 800 ®C. 
Polyphenylene coatings are very good electrical insulators having electrical 
conductivités of 10"^^ - 10"^^ Q cm and their oxidative stability in air is superior to 
most other aromatic polymers. Table 1.2 describes the properties of polyphenylene 
coatings These have been looked at for the design of advanced liquid crystal displays 
for word processors and computers and more recently the construction of a light- 
emitting diode (LED) (Ballard et al. 1994). C/5-glycols can be used as soluble 
precursors (to avoid the fabrication difficulties of polyphenylene), used to coat support 
materials or, alternatively be converted into fibres or films using established technology, 
prior to subsequent conversion to polyphenylene.

Table 1.2
Properties of polyphenylene coatings (from Ballard et al. 1994)

Characteristics Properties

Physical Insoluble, infusible 
Amorphous to cystalline
Refractive index; 1.833a

Density 1.228 g ml-1
Elongation to break: 2-3%
Water uptake: 0.2%
Creep strength: zero flow < 250 ®C

Thermal Coefficient of linear expansion: 6 X 10-5
Approximate linear shrinkage 
coatings:

of

Temperature, ^C %
180-320 64
320-400 7
400-450 2

Electrical Volume resistivity: 10l3_iol5 Q cm
Surface resistivity: 10^^ Q cm

^ value not exceeded by any other organic polymer

Ley and Sternfeld (1988) use the cz^y-glycol formation from benzene to form the 
cellular secondary messenger myo-inostitol-l,4,5-trisphosphate (IP3) and other related 
derivatives. Grund et al. (1994) review the use of hydroxylated aromatic hydrocarbons 
for use in the aerospace industries. The unusual substitution patterns and high isomer 
purity make cz5-glycols valuble chiral synthons for further chemical synthesis (Ribbons
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et al. 1990, Roberts 1993). much demand coming from the pharmaceutical industry. 
Table 1.3 highlights some other uses of c/6-dihydrodiols produced by microbial 
hydroxylation.

1.5.2 Toluene hydroxylation

1.5.2.1 Reaction characteristics

A Pseudomonas species able to grow on benzene as sole carbon and energy source was 
isolated from a mixture of soil and water samples. Experiments showed that benzene 
was metabolised via cA-1.2-dihydroxycyclohexa-3.5-diene (BCG) to catechol. A 
mutant of this strain, wdiich lacked a functional cA-benzeneglycol dehydrogenase 
converted almost quantitatively to cA-benzene glycol (van den Tweel et al. 1988). 
Pseudomonas putida UV4 is a blocked mutant capable of only the first stage in the 
metabolism of toluene. pre\ enting the subsequent dehydrogenation to 3-methyl catechol 
(Figure 1.1). It is used as a whole cell biocatalyst due to the need to supply 
stoichiometric amounts of NADH. This can be circumvented in the cell by the use of 
ethanol as a co-substrate, using the cell's mechanism for co-factor regeneration. The 
three protein, purified enz>me complex (toluene dioxygenase) is inactivated in air and 
requires the expensive co-factor NADH and addition of Pe2+ for activity (Gibson et al. 
1970b, Axcell and Gear} 1973). Pseudomonas putida is an aerobic, motile, Gram 
negative, rod shaped microorganism, with four polar flagella. It is actively motile in 
solvents of low Log P. indicating the presence of an intact cytoplasmic membrane, a 
proton motive force being require for motility (Harrop et al. 1989). The reaction being 
oxidative requires molecular oxygen (requiring one mole of oxygen per mole of 
toluene), both atoms of oxygen being incorporated into a single toluene molecule 
(Gibson et al. 1970a). Table 1.4 summarises the characteristics of toluene 
hydroxylation by Pseudomonas putida UV4.

1.5.2.2 Reaction kinetics

The reactant toluene is a highly volatile aromatic, is toxic to the cell and poorly water- 
soluble. The product TCG. conversely is highly water soluble (approximately 
400 g 1“ )̂. Reaction kinetics from an extended biotransformation showed that product 
formation ceased after a certain time: indicating that it could be inhibitory. A TCG 
production rate of 0.79 g 1 "L was maintained for more than 2 hours, before production 
was immediately ceased by the addition of 18 g 1"̂  of TCG; with a concomitant pH rise 
to 7.8 (Brazier et al. 1989). Loss in cell viability has been demonstrated, which
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Tablel.3
Examples of the uses of dihydrodiols produced by microbial hydroxylation

Microbial hydroxylation 
Reactant Product Uses
Benzene^ 5,6 cis- derivatives of BCG (methoxycarbonate) polymerised by using radical inhibitors to 1:4 polymers to form polyphenylene 1

dihydroxycyclohexa-1,3-
diene (BCG)

Toluene TCG (-)-laminitol
(lD-4C-methyl-myo-inositol) 5

Toluene^ TCG production of a chiral prostaglandin synthon - cytostatic properties
7

Substituted 3-substituted cis- Use of palladium-catalysed coupling of terminal alkynes to the free cw-diols, conversion to a variety o f substituted arene
benzene^ cyclohexa-3,5 diene cis diols 12

1,2 did
(+) and (-) erythrose, (+) and (-) ribonolactone, (+) and (-) trihydroxyheliotridane, (+) and (-) kefunensine, lycaricidine, (- 14
)-morphine

Chlorbenzenel^ l,chloro-2,3 D- and L-erythrose derivatives synthesised
dihydroxycyclohexa-4,6- 8
diene

preparations o f indolizidine homologues such as castanospermine or swainsonine, compounds that are focus of attention 10
because of their cytotoxic properties
2,3-o-isopropylidene-D-erythrurononlactone - verstile chiral synthon used in the enantioselective preparation of 15
pyrrolizidine alkaloids, prostaglandin intermediates, specionin and the dipeptide renin-inhibitor, dihydroxyethylene
isostere
Acetate if  specionin - an antifeed for spruce bubworm 13

Bromobenzeneb (+)-pinitol shown to posses significant hypoglycemic and antidiabetic activity in mice, also acts as a feeding stimulant for
larvae of yellow butterfly {Eurema hacabe mandarina) and inhibits larval growth o f Heliothis zaea 11

Substituted dihydrodiols Possible to obtain 2,3 and 3.4 dihydrodiols by substituting the iodine with hydrogen
iodobenzeneb 4
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Tablel.3 (continued)

Microbial hydroxylation 
Reactant Product Uses
Quinoline^ cis, 5,6 1 1

dihydroquinoline 3
Isoquinoiine^ cis,l,S

dihydroisoquinoline 3
Quinoxaline^ cis 5,6 1

dihydroquinoxaline 3
5,6 diol

Quinazoline^ cis 5,6
dihydroqiiinazoline 3

Styrene^ Arene cA-diol synthesis o f cyclohexene oxide to form Zeylena (anti tumour activities)
()

Menthyl c7.v-dihydrodiols synthesis o f decalin - derived natural products such as caompactin and foiskolin
naphthaiene^^^ 6
2,3 dihydro (3S)-3-hydroxy-2,3- potential valuable chiral synthons whic can be added to the small pool of bicyclic e/.v-dihydrodiol metabolites currently
bcnzoCuran^ d I h y d r 0  b e n zo ( 11 ra n c /,V 2,3, available for synthesis 2

4,5 and 6,7 diol
Carbazole^ 3-hydroxycarbazole synthetic 3HCZ used for determination of potential anti cancer activity

(3HCZ) 16
Pseudomonas putida UV4 
Escherichia coli JM109 (pDTG601 - containing the tod genes encoding toluene dioxygenase)

b Pseudomonas putida  39-D
d Pseudomonas putida  N C 1B989

References

1 Ballard 1985
2 ^oyà et al. 1993a
3 Boyd e/a /. 1993b
4 Boyd et al. 1994

5 Carless and Oak 1991 9
6 Deluca and Hudlicky 1988 10
7 Hudlicky e /a /. 1988 12
8 Hudlicky e /a /. 1989 11
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Hudlicky et a/. 1990a 
Hudlicky and Boros 1992 
Huclicky e/a/. 1990b

13 Hudlicky and Natchins 1992
14 Hudlicky et a/. 1993
15 Mandel 1993
16 Resnick eta/. 1994
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Figure 1.1
Toluene hydroxylation by the mutant Pseudomonas putida UV4, unable to further 

metabolise the cw-glycol to 3-methyl catechol
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Table 1.4
Characteristics of toluene hydroxylation by Pseudomonas putida UV4 

Characteristic

Unstable, 3-protein enzyme complex on isolation
NADH dependent
Molecular oxygen required
Blocked mutant, unable to metabolise TCG
Uptake of a range of other aromatic hydrocarbons
Gram negative, conferring particular resistance to organic solvents

accompanied TCG production but did not occur in the absence of TCG; high 
concentrations of TCG leading to a decrease in biocatalyst activity (Jenkins and 
Dalton 1985, Jenkins and Dalton 1987). Conversely, the addition of 19 g 1"! of TCG 
to a test flask has shown no change in activity (Nieholds 1988). 60 g 1"̂  of TCG has 
been produced using tetradecane as second liquid phase reservoir for the toluene (Hack 
1992), hence inhibition of dioxygenase activity by TCG has been considered as 
negligible, for this study.

Initial work by Brazier et al. (1989) showed that when toluene was kept at a low reactor 
concentration there was a linear increase in TCG production. When reactor toluene 
concentration exceeded 0.5 g 1"! there was a cessation of TCG production that was not 
returned when the toluene levels fell (Figure 1.2). Reactions kinetics were further 
elucidated by Hack (1992), who used a dodecane reservoir to determine aqueous phase 
toluene concentrations. Figure 1.3 shows that aqueous phase toluene concentrations in 
excess of 2.4 mM (40 % of aqueous toluene saturation) cause an immediate and 
irreversible cessation of dioxygenase activity. Poor reaction rates (1st order reaction) 
were achieved at aqueous phase toluene concentrations less than 0.54 mM (8 - 10 % of 
aqueous toluene saturation). The need to control the aqueous phase toluene 
concentration (0.54 - 2.4 mM) is therefore imperative for effective reactor operation 
(Woodley et at. 1990).

1.5.2.3 Aqueous phase reaction

I d 's  (Zeneca BioProducts) protocol for toluene hydroxylation was to add toluene to the 
reactor (containing resting cells) by slowly pumping liquid toluene into the medium 
throughout the biotransformation. It was thought that due to the low amounts organic 
added, the rate of toluene dissolution would be sufficiently rapid that toluene would not
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exist as a separate phase in the reactor (ie preventing the detrimental effects of a liquid- 
liquid interface).

Hack (1992) evaluated the use of a fed-back reactor with on-line feedback control for 
the hydroxylation of toluene. This was based on a mass balance over the reactor. On
line sampling of the reactor for toluene, ethanol and TCG (both in the medium and exit 
gas) were used by a computer algorithm to control the toluene inlet pump. However 
there were problems with the sampling times, stemming from problems of on-line cell 
separation and on-line TCG analysis. There would also be the need for an on-line 
dilution step, problems being with the potentially high TCG concentrations achievable 
(60 g 1" )̂. If the activit)' changes by greater than 50% between samples the contol 
system would not be able to respond quickly enough and the toluene levels could reach 
fatal levels. In this system oxygen mass transfer is also the rate determining step. 
Measures such as using pure oxygen, pressurising the vessel or increasing the air flow 
rate would have to be employed to increase the oxygen transfer. The maximum reaction 
rate achieved in this system was 0.07 mol h"^.

1.5.3 Introducing tetradecane as a second, organic phase

1.5.3.1 Solvent choice

The choice of tetradecane as a second, organic phase for the hydroxylation of toluene 
was made by Hack (1992). The initial selection was based on the biocompatibility from 
a list compiled by Leo et al. (1971) (ie those with a Log P > 4). Futher selection was 
made by the solvent availablity and cost, and their physical characterists (boiling / 
freezing point, density and viscosity). The solvent had to be liquid at 28 ^C. After 
consideration of the process compatibility a list of 7 solvents was made: n-heptane, n- 
octane, n-nonane. n-decane. n-undecane, n-dodecane and n-tetradecane. Due to the 
rapid inactivation of toluene dioxygenase by n-heptane, n-octane, n-nonane and n- 
undecane the process compatibility became irrelevant. Tetradecane was therefore 
chosen for the solvent reservoir in the biotransformation. In this work solvent choice 
was not considered and tetradecane was used for all biotransformations.

1.5.3.2 Partition of toluene between the organic and aqueous phases

As already mentioned the need to control toluene concentration in the aqueous phase is 
imperative in this system. In a two-liquid phase system toluene is preferentiallly present 
in the organic phase solvent rather than the aqueous medium. Hence, the introduction of
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an organic solvent will partition the toluene away from the aqueous phase, where it has 
been establised that the reaction occurs (Woodley et a i 1991). Therefore high 
concentrations of toluene are achieveable in the reactor, in batch mode, while 
maintaining a low concentration within the aqueous phase. Figure 1.4 schematically 
represents the partitioning of toluene and TCG between the organic and aqueous phases. 
The aqueous phase toluene concentration is determined in part by the partition of 
toluene between the two phases and can be controlled by adjustment of the organic 
phase toluene concentration. The overall reactor toluene concentration is determined 
both by the organic phase toluene concentration and by the phase ratio (volume fraction 
organic) (Lilly et al. 1991). Figure 1.5 shows the partition of toluene between 
tetradecane and buffer, which was previously established as thermodynamically ideal 
with a distribution coefficient of 981 (Hack 1992). An aqueous phase toluene 
concentration of 2.4 mM in equilibrium corresponds to approximately 2.4 M toluene 
concentration in tetradecane. Therefore organic phase toluene concentrations inexcess 
of 2.4 M will give toxic toluene concentration in the aqueous phase. Similarly organic 
phase toluene concentrations less than approximately 0.6 M will mean aqueous toluene 
concentrations in the first order regime (mass transfer limited). Introducing the organic 
phase at 20 % (v/v) toluene in the tetradecane should maintain sub-toxic levels of the 
toluene in the aqueous phase.

1.5.4 Process implications of adding a second, organic liquid phase

1.5.4.1 Advantages

As already mentioned oxygen is more soluble in tetradecane than in water (35 times 
more soluble). Hence the initial problems of oxygen mass transfer are to some extent 
alleviated. More importantly under the same reaction conditions proportionally more 
biocatalyst can be sustained, which in turn means an increase in reaction rate. This is 
advantageous considering the loss in cell activity during storage (Brazier 1989, Hack 
1992). The control of toluene concentration in the aqueous phase is imperative. The 
use of a second, liquid phase allows the control of toluene concentration in the aqueous 
phase without the need for complex control equipment.

1.5.4.2 Disadvantages

The introduction of an organic liquid phase forms a heterogeneous reaction medium, 
necessitating the reaction be performed in a stirred tank reactor, so that the phases are 
well mixed (or other configurations where high interfacial areas are developed eg. 
membrane reactors). It has been cited that the liquid-liquid interface may be detrimental
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to the biocatalyst (Bar 1988, Hocknull and Lilly 1990, Harrop et a i  1992).
Additionally where the biocatalyst comes into direct contact with the interface it may be 
exposed to high, toxic, levels of toluene. Use of a well mixed heterogeneous reaction 
medium may also lead to problems downstream, with the formation of stable emulsions 
(Kawakami 1989). This then requires complex downstream processing in order to 
recover the product, in this case from the aqueous phase, entrapped in the emulsion. 
These issues limit the applicability of the two-liquid phase method.

Emulsion stability is also thought to be enhanced by the production of surfactants by 
whole cells, de Smet et a i (1983) found that at high Pseudomonas oleovorans 
concentrations, when operating in a two-liquid phase process the organic phase became 
cloudier as growth continued. A white substance also accumulated extracellularly, 
which caused the organic phase to become progressively more emulsified in the aqueous 
phase. Many bacteria are known to produce such surface active agents when grown on 
hydrocarbons. The substance from Pseudomonas oleovorans was identified as a 
lipopolysaccharide with a high content of fatty acids and appears to act as an emulsifier, 
which maximises the total surface area of the water / organic (octane) interphase.

A multimembrane reactor was designed by Cho and Shuler (1986) where the gas, cells, 
nutrient and solvent phases were each separated by a membrane. It was used for the 
ethyl alcohol production from glucose using yeast and tributyl phosphate (TBP) was 
used as an extractant. TBP was not toxic in the dissloved form but the toxicity was due 
to droplets of emulsified solvent. Hence this design was successful by its prevention of 
émulsification and removal of the toxic effect of TBP.
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1.6 Emulsification

1.6.1 Emulsion formation

The formation of large liquid-liquid interfacial areas and hence enhanced mass transfer 
between the phases may also create stable (emulsions) dispersions, as already discussed. 
An emulsion is thermodynamically unstable and is a resultant of two competing 
processes (the disruption of the bulk liquids to produce fine droplets and the 
recombination of droplets to give back the bulk liquid). An emulsion is never 
completely stable because the interface between the two phases is the seat of free 
energy; if two droplets (usually 0.1-100 pm in diameter, in the dispersed phase) join 
together there is a net reduction in interfaeial area. Therefore the coalescence of 
droplets is a thermodynamically spontaneous process whereas the reverse process 
requires expenditure of work. Much research has focused on the stabilising of 
emulsions by means of stabilising or emulsifying agents. These can be surface active 
compounds (eg soaps and detergents) which contain one or more hydrophobic groups, 
macromolecular emulsifying agents (eg proteins, gums, starches and derivatives or 
synthetic polymers) which absorb at the liquid-liquid interface by means of a 
multiplicity of hydrophobic and hydrophilic groups. Other emulsifying agents include 
finely divided insoluble solids which stick on the interface by surface tension forces. 
Emulsifying agents form a molecular barrier between the liquid-liquid interface, which 
are capable of withstanding a certain amount of pressure.

1.6.2 Demulsifying methods

In this work we are concerned with destroying the emulsion or process options where 
démulsification can be eased. Methods for demulsifying include chemical means (eg 
carbon disulphide and carbon terachloride) which influence the protective films 
surrounding the dispersed drops and electrical methods. Heating can effect
demulsifacation in serveral ways, increasing any chemical reaction that may be 
occuring, changing the nature of interfaeial interface or reducing the viscosity of the 
emulsion. Filtration is not a widely used method of démulsification but one that 
increasing interest has been directed, especially with a view to separating biological 
emulsions (Laurence 1994). Centrifugation or gravitational separation is often used to 
separate crude dispersions (eg petrochemical industries) by means of settling tanks or 
multichamber centrifugation.
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1.6.3 Emulsification classification

There are three principal states of émulsification. Breakage is the spontaneous joining 
of small droplets in the emulsion to form larger ones (coalescence) to form two distinct 
layers. The rise of droplets under the action of gravity, remaining separate when they 
touch is termed creaming (named from the separation of cream from milk, ie a 
concentration of the dispersed phase). This slow sedimentation of droplets will occur in 
any dilute emulsion if the phases are not equal in density and if the dispersion medium 
is truely fluid. The third class of emulsion is some where between breakage and 
creaming, and is described as partial breakage (ie there is some separtion of the phases 
but still emulsion visible). The separation of dispersions by centrifugation or 
gravitational means is related to Stokes Law:

v = 2gr^
9p

Where v is the velocity of movement (sedimentation), r  is the droplet radius, pg and p j  
are the densities of the continuous and dispersed phases respectively and p the viscosity 
of the continuous phase. Centrifugal forces increase the gravitational (g) forces. There 
are two stages in the separation of dispersions, firstly flocculation where the droplets 
form clusters or aggregates (ie they do not entirely loose their identity) and secondly 
coalescence where the droplets unite into a single large drop. It is proposed that 
subjected to centrifugation a very strong compression is exerted on the assembley of 
droplets and they are squeezed into the form of polyhedra. Hence there is a greater 
surface area than there would be of a sphere of the same volume. This therefore 
stretches a layer of emulsifying agent and may lead to its rupture.
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1.7 Aims of the project

Toluene hydroxylation by Pseudomonas putida UV4 was chosen for this project as an 
example of a biotransformation where the reactant was toxic (and poorly water soluble) 
to the biocatalyst. This was a well established reaction and much data was available on 
the system. The rationale for operating this process as a two-liquid phase 
biotransformation has been discussed in this chapter and is summarised in Figure 1.6. 
Figure 1.6 shows a framework of established principles and rules that allow rational 
biotransformation process design (Woodley and Lilly 1994). Alongside this are the 
characteristics of toluene hydroxylation (by Pseudomonas putida UV4) that lead to the 
theory of operating in a two-liquid phase system.

Firstly it was necessary to characterise the biotransformation. In this case it was the 
production of dihydrodiols (cis-glycols) that was required, this was to be achieved by 
the dihydroxylation of an aromatic compound (eg toluene). This reaction could be 
catalysed by the enzyme toluene dioxygenase, found in Pseudomonas putida UV4 (a 
mutant defective in the dehydrogenase to further metabolise the dihydrodiol to 
catechol). The reactant toluene is a highly volatile, flammable, toxic and poorly water 
soluble aromatic, whereas the product TCG is soluble in water. Addition of NADH and 
molecular oxygen was also required for this reaction. The reaction characteristics will 
put some constraints on the design of the biotransformation process. For instance it was 
known that this reaction runs optimally at pH 7.5 and at a temperature of 28 ®C. It was 
also necessary to run the biotransformation with a whole cell biocatalyst, due to the 
instability of the free enzyme and the need to regenerate co-factor (NADH). Aqueous 
phase kinetics provided the limits of toluene concentration in the reactor (more than 
50% aqueous phase saturation of toluene was toxic to the biocatalyst). From examining 
these constraints it was possible to identify the process options for this particular 
system. For example. Hack (1992) evaluated the use of a feed back control loop to 
control toluene addition to the reactor. A further option was to use the introduction of a 
second, organic, liquid phase to act as a reactant reservoir and control the toluene 
addition.

The aim of this project was therefore to evaluate the use of a second, liquid phase as a 
process option for the hydroxylation of toluene by Pseudomonas putida UV4. Toluene 
hydroxylation represents a whole class of similar reactions (Table 1.3). The data gained 
would be used to complete the definition of suitable process for toluene hydroxylation, 
as an example reaction. These results would then be applicable for a range of similar 
reaction systems with analogous characteristics.
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Biotransformation design and how it is applicable to the toluene hydroxylation process
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In the literaturejhere are examples of experimental tools used to gain information for 
biotransformation process design; based on established principles and rules (Woodley 
and Lilly 1992, Tsai and Chaing 1993, Hailing 1994). The second aim of this project 
was therefore to develop a similar set of guidelines and experimental tools in order to 
set up design criteria for a two-liquid phase biotransformation. It was envisaged to 
study this in two ways. Firstly to examine the biotransformation unit operation and 
understand how the various operational parameters (eg agitation, biocatalyst 
concentration and phase ratio) affected the system. Secondly, to examine the 
biotransformation as part of a complete process (biocatalyst production was not 
considered in this work). For example, the effect of the upstream operations on the 
biotransformation and the effect of the upstream operations and the biotransformation 
on downstream processing (emulsion formation and product recovery). From these 
results it was hoped to develop rational process design guidelines for a tw^o-Iiquid phase 
biotranformation and to highlight those salient experiments.
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MATERIALS AND METHODS

2.1 Biocatalyst production

2.1.1 Introduction

Previous experience of the microorganism Pseudomonas putida XJV4 has shown large 
fluctuations in it's toluene dioxygenase activity, after harvest and storage. The 
fermentation and the methods of harvesting and storage of the biocatalyst have been 
investigated (Hack 1992). These findings were used to form a reproducible method for 
biocatalyst production, with optimal toluene dioxygenase activity.

2.1.2 Microorganism

Pseudomonas putida UV4 is a blocked mutant capable of only the first stage in the 
metabolism of toluene, lacking the toluene dehydrogenase gene (ie conversion of 
toluene to toluene czj-glycol only). The mutant is constitutive for dioxygenase activity, 
requiring no inducers. Pseudomonas putida UV4 was supplied by Zeneca BioProducts 
(formerly ICI BioProducts and Fine Chemicals). The microorganism was stored on 
nutrient agar plates at 4 ®C, and subcultured every 2-3 weeks. Initial cultures had little 
activity so a new master culture was obtained from Zeneca and subculturing techniques 
used to improve activity (Appendix 1.1).

2.1.3 Nutrient agar plates

Nutrient agar plates were made from 28 g 1“  ̂ of agar in deionized water as specified by 
the manufacturers, Oxoid Ltd.. For activity assays 0.01 % (w/v) indole (0.1 g 1“^) was 
added to the agar solution prior to sterilisation. Plate cultures were maintained on 
disposable, plastic petri dishes containing 15-20 ml of media per plate.

2.1.4 Glucose Casamino acids plates

Defined minimal media, as expressed in table 2.1 (800 ml) and 1.2 % (w/v) technical 
agar, 27 % (w/v) glucose (40 ml) and 20 % (w/v) casamino acids (40 ml) are made up 
separately and sterilised by autoclaving, for 20 minutes at 121°C.

48



2.1.5 Shake flask and fermentation media

2.1.5.1 Shake flask growth

49 ml of defined minimal media as described in table 2.1, was added to a 250 ml, 
baffled, conical shake flask. The flask was fitted with a foam bung and sterilised by 
autoclaving at 121 for 20 min. 0.5 g l'^ glucose (Aldrich) in deionised water was 
prepared, 1ml was filter sterilised into the flask using a 0.2 pm Gelman Acrodisc 
disposable filter , after autoclaving. The high concentration of glucose in the shake 
flask repressed any enzyme induction, thus preventing competition with a strain of 
bacteria which was not producing the enzyme.

Shake flasks were inoculated with an active colony; either a single blue colony from an 
indole plate (2.5.3.1) or a green / yellow colony from a casamino acid plate (2.5.3.2). 
Then incubated for 24 h in a New Brunswick Scientific orbital shaker (28 ®C) at 
250 rpm. The fermenter was inoculated with 100 ml of the shake flask culture contents 
of two, 250ml shake flasks.

2.1.5.2 Fermenter growth

2.1.5.2.1 The fermenter

All fermentations were carried out in an MBR Mini Bioreactor AG; 2.0 1 working 
volume, 2.5 1 total volume, running under sterile conditions. The main tank was a 26 
cm high, 12 cm internal diameter, 1.5 cm thick glass cylinder; attached to stainless steel 
end plates. Agitation was provided by two impellers, 5 cm diameter and of the Rushton 
turbine design. Stirrer speeds ranged between 0 - 1500 rpm. On-line temperature 
control was by a steel heating / cooling jacket, enabling the in-situ sterilisation of the 
vessel. The pH of the media was prevented from falling below 7.0 by the addition of 
3M KOH, the pH was allowed to rise. Alkali addition was via a peristaltic pump, linked 
to the control panel of the reactor. Cold water from the tap was used in the condenser 
on the exit gas line. Glucose addition was controlled by a Watson Marlow peristaltic 
pump. The pump was set such that glucose was added at a constant rate for 24 h. 
BIOPC software (Biotechnology Computer Systems) or RT-DAS (Acquisition Systems 
Ltd.) was run on an IBM-compatible PC linked to the bioreactor. This logged all the 
parameters monitored by the reactor; DOT, temperature, pH and agitation. Fermenter 
operating conditions were agitation rate 800 rpm, temperature 28 ®C, air flowrate 2-4 
1 min"l and, pH >7.0. Samples were taken through the sample port at the base of the 
fermenter.
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2.L5.2.2 The medium

The fermentation media did not contain component 10 of the defined salts media, the 
phosphate buffer, because the pH was automatically controlled by the addition of 3M 
KOH during the fermentation. Components 1-9 of the salts solution (Table 2.1) for a 
2.0 1 working volume were only made up to 1.7 1 with deionised water. The media was 
sterilised in the fermenter at 121 °C for 20 min.

Glucose solution (125 g I 'l) was sterilized separately and added throughout the 
fermentation at a flowrate of 22.7 ml h"  ̂ for 24 h. The inoculum from two shake flasks 
was used to inoculate the fermenter.

Table 2.1
Defined minimal media used for shake flask and fermentation growth (Evans et aL 
1970)

Solution
Number

Nutrient Formula Concentration 
(mg 1-1)

1 Phosphorus^ NaH2POzt.2HiO 1560
2 Nitrogen^ NH4C1 4494
3 Potassium^ KCl 745
4 Sodium^ Na2SO4.10HiO 644
5 Chelating agent^ citric acid 420
6 Magnesium^ MgCb 119
7 Calcium^ CaCl2 2.2
8 Trace Elements ZnQc 2.0

FeCb.6H20C 27
MnCb.4H20^ 10
CuCb.ZHiQd 0,85
CoCl2.2H20d 2.38
HgBOga 0.31
conc. HCl‘i 10 (ml 1-1)

9 Molybdenum Na2Mo04  d 0.02
10 Phosphate buffer Na2HP04 .12H20d 500

a F i sons 
b Fluka 
c Sigma 
d BDH
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2.2 Biocatalvst harv est

After the fermentation cells were centrifuged (4 for 20 min at 6000" rpm in an MSE 
21 Hi-Spin Centrifuge (MSE Scientific Instruments), using a 6 x 250ml rotor. The 
supernatant was discarded and the pellets resuspended in 50 mM phosphate buffer at pH
7.5 and transfered to plastic bottles.

2.3 Storage

The storage of Pseiidomomis putida UV4 has been studied by Hack (1992) and Brazier 
(1989). Due to the loss of dioxygenase activity as a result of storage, the turn aroimd 
time between fermentation and biotransformation was kept to a minimum (usually 1 -2  
hours). Cells were harvested and resuspended as described in section 2.2 and were used 
immediately in the biotransformation. When it was necessary to store the biocatalyst 
the following methods were employed. The cells were either harvested as described and 
stored as a cell pellet at 4 ^C overnight, and resuspended prior to use. The cells were 
harvested and resuspended (in 50 mM phosphate buffer) to a concentrated paste and 
stored overnight at 4 and again they were further resupended before use. Or, the cell 
suspension was stored in the reactor, under biotransformation conditions, with 4 g l'  ̂
ethanol. The biotransformation commenced with the addition of the organic phase.
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2.4 Two-liquid phase biotransformation

2.4.1 The reactor

The same MBR Mini Bioreactor was operated under non-sterile conditions for the 
biotransformation as for the fermentation, with a working volume of 1.7 1. In most 
cases two biotransformations were run from a single fermentation, both were carried out 
simultaneously in identical reactors. The reactor monitored DOT, temperature, pH and 
agitation. These were all logged to an IBM compatible PC running BIOPC software 
from Biotechnology Computer Systems or RT-DAS. Samples were taken from the 
sample port at the base of the reactor.

2.4.2 Reaction conditions

The aqueous phase of the biotransformation media consisted of a 50mM phosphate 
buffer, pH 7.5. The organic phase was tetradecane (Aldrich) which acted as a reservoir 
for the toxic, poorly water soluble reactant toluene.

The desired amount of biocatalyst in 50mM phosphate buffer was agitated and aerated 
for about 30 minutes with 10 ml of ethanol (BDH), until the DOT was stable. The 
organic phase was then added to the reactor, toluene having been added to the 
tetradecane prior to this addition. Various phase ratios and volume percentages of 
toluene were used. The reaction was carried out at 28 ^C and maintained at or above 
pH 7.5 by the addition of IM KOH. pH fluctuation was negligible in this system. If the 
mixture began to foam, agitation was reduced until it subsided.

2.4.3 Sampling from a two-liquid phase biotransformation

5 - 7 ml sample from the two-liquid phase biotransformation was allowed to settle for a 
few minutes before putting 1 ml (x4) into 1.5 ml plastic eppendorf tubes. These were 
spun for 4 minutes in a micro centrifuge (Sigma), at high speed. The component 
phases, pellet, aqueous, and organic, were separated and analysed. The dioxygenase 
activity of the sample was determined by the test flask activity assay (2.5.3.3), using the 
cell pellet (method development described in Appendix 1.3). The aqueous phase was 
analysised spectrophotometrically for nucleic acids (2.5.6), cell dry weight (2.5.2), and 
TCG concentration (2.5.4.1). Also, by HPLC for TCG concentration (2.5.4.2) and Gas 
chromatography (GC) for toluene (2.5.5.1) and ethanol (2.5.5.2) concentration. GC was
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also used to analyse the organic phase for toluene and ethanol. After 24 hours or the 
duration of the biotransformation larger samples were used for determining the 
rheologieal properties of the dispersion (Appendix 2.2) and emulsion characterisation 
(2.6.2). Figure 2.1 shows a flowsheet demonstrating the sampling protocol employed.

2.4.4 Product recovery

The aqueous / organic dispersion from the two-liquid phase biotransformation was 
centrifuged for 30 minutes at 5000 rpm (10 °C) in order to separate the phases. The 
aqueous phase was removed by pipetting and the pH increased to 8.5 by the addition of 
2M KOH (TCG is very unstable at pH <7.5). The organic phase and the cell pellet were 
discarded. The aqueous phase containing the TCG was then concentrated (one third of 
original volume) using a rotary evaporator for 20 minutes (55 °C). Liquid-liquid 
extraction was then carried out using ethyl acetate (2:1) in a glass separator. The ethyl 
acetate was removed and this process was repeated three times. All the ethyl acetate 
was pooled and concentrated in the rotary evaporator for 10 minutes (30 °C). The 
concentrated ethyl acetate was then then poured into hexane (2:5) and crystallisation 
encouraged by the formation of nucléation sites, tituration. This solution was left 
overnight in the fridge and in the morning crystals had formed. The crystals were layed 
out on a piece of aluminium foil and dried in a vacuum oven. The resultant TCG was 
stored in the freezer in its crystal form. Appendix 3 describes the methods used to 
determine the purity of the collected TCG.
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2.5 Analytical techniques

2.5.1 Cell growth analysis

Optical Density (CD) measurements were used to monitor cell growth during the 
fermentation. All measurements were carried out in a Pye Unicam PU8600 UV/vis 
spectrophotometer. 4 ml plastic, disposable cuvettes were used with a 1 cm path width 
and 50 mM phosphate buffer used as a blank. The absorbance of the sample at 670 nm 
was measured. Accurate results were in the range 0 - 0.4. more concentrated samples 
were diluted with phosphate buffer.

2.5.2 Correlation of cell dry weight and optical density

Cell dry weight (CDW) concentration was correlated with absorbance at 670 nm. OD 
was measured during the fermentation and the cell concentration calculated by dry 
weight assays. Dry weight assays relating to cell concentrations were plotted against 
absorbance of the original sample at 670 nm. Dry weights were measured by taking 
5 ml cell suspension samples and placing in 5 ml pre-dried, glass, dry weight tubes. 
These were spun for 40 min in a Centaur Centrifuge, or until there was a clear 
suspension. The suptematant was then discarded. The tube and pellet were then dried 
in a high temperature oven for 24 hours and weighed, then put back for a further 24 
hours and weighed again to ensure evaporation of all the water. The weight could then 
be related to the original volume of the cell suspension.

Figure 2.2 shows the resultant calibration curve where:

Absorbance 670 nm = 2.27 x cell dry weight (s.d = 0.006495, df = 109)

This correlates well with an equation devised by Brazier (1989), for Pseudomonas 
putida UV4.

Absorbance 670 nm = (2.371 \  cell dry weight) - 0.129

55



sc
o
vO
0
1jd

X i
<

30

25

20

15

10

•

0
12106 8420

Cell dry w ei^t (g 1 )

Figure 2.2

Cell dry weight calibration curve

56



2.5.3 Biocatalyst activity determination

2.5.3.1 Indole test

Toluene dioxygenase is also able to oxidise indole to cz5-indole (indole 2,3-dihydrodiol) 
which forms indoxyl by spontaneous elimination of water. Subsequent air oxidation 
converts indoxyl to indigo (Jenkins and Dalton 1985). Cells which express toluene 
dioxygenase on indole agar plates hydroxy late the indole to indigo. Active cells are 
selected from the dark blue colonies on indole plates.

2.5.3.2 Constitutive assay

Other enzymes for aromatic metabolism are expressed alongside toluene dioxygenase. 
Catechol 2,3-dioxygenase rapidly reacts with catechol to produce 2-hydroxymuconic 
semi-aldehyde, which gives a characteristic green colour. Colonies grown on glucose 
casamino acid plates were sprayed (Sigma spray kit) with 0.5 M catechol. Colonies on 
nutrient agar plates may turn green when sprayed with catechol but fail to do so on 
glucose casamino acid plates due to catabolite repression. Those which turn green / 
yellow within 5 minutes are active, and constitutive for aromatic oxidation.

2.5.3.3 Test flask activity assay

This assay is based on the oxidation of toluene to toluene czj-glycol (TCG). 9 ml 
phosphate buffer was placed in the outer well of a 250 ml conical flask with a centre 
well. Toluene (0.5 ml) was carefully added to the the inner well, ensuring no drops fell 
into the phosphate buffer and a foam bung was put in place. The flask was incubated 
for approximately one hour in an orbital incubator (28 ®C) and 250 rpm, to allow the 
toluene (in the vapour phase) to transfer into the phosphate buffer. 1 ml of cell 
suspension was added to the outer well of the pre-incubated flask, ensuring the OD at 
670 nm (Pye Unicam UV/vis spectrophotometer UV2) was less than 1.0. This was to 
ensure that oxygen transfer did not become limiting. A 2 ml sample was taken from the 
outer well; 1 ml was used to measure OD at 670 nm (diluted as necessary) against a 
phosphate buffer blank. The other 1 ml sample was placed into an eppendorf and spun 
for 4 minutes at high speed, in a bench top centrifuge (Sigma). The supernatant was 
diluted (1:10) and the OD at 265 nm measured using a quartz cuvette, against a 
phosphate buffer blank. This reading was taken as a blank as the sample may contain 
nucleic acids (Appendix 1.2) which would also absorb at 265 nm and interfere with the 
TCG measurement. Ethanol (40 pi) was added to the outer well of the flask and it was
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returned to the incubator. After 1 hour and before 4 hours, a 1 ml sample was removed, 
centrifuged and absorbance of the supernatant at 265 nm measured as described before. 
The sample was diluted as necessary to ensure the OD at 265 nm was less than 0.8.
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2.5.4 TCG analysis

2.5.4.1 Spectrophotometric assay for TCG

Toluene cz5-giycol standards (supplied by Zeneca Bioproducts) ranging between 0 -0 .1  
g 1"\ were prepared in phosphate buffer. The absorbance of each standard at 265 nm 
was measured using a quartz cuvette (10 mm path length) and 50 mM phosphate buffer 
as a blank (Pye Unicam UV/vis spectrophometer UV2). The calibration of toluene cis- 
glycol to optical density was described as follows, for all absorbances <1.5 (Figure 2.3).

(s.d = 0.000533, d .f=  6)

Samples from the biotransformation were put into 1.5 ml plastic eppendorfs and spun 
down in a bench top centrifuge (Sigma), at high speed for 4 minutes. The aqueous 
supernatant was diluted as necessary (it was not expected to find TCG in the organic 
phase), and the absorbance at 265 nm measured to determine TCG concentrations

2.5.4.2 HPLC assay for TCG

HPLC analysis was carried out using a Milton Roy HPLC. with automatic sample 
injection and a non-polar CIS (Reverse phase) column packed with Spherisorb S50D52 
(125 X 4.9mm). The eluent composed of water (HPLC grade), methanol (Fisons), 
sodium acetate trihydrate (BDH) and acetic acid (Fisons) in the ratio 80 : 20 : 0.2 : 0.1. 
Eluent flowrate was 1 ml min" ̂  and detection was at 270 nm.
Calibration of the system was done before each use. using TCG provided by Zeneca 
BioProducts. TCG was eluted at approximately 2.8 min. Figure 2.4 shows a typical 
calibration curve.

_i. Peak area
TCG ( g | - )  =

617508

Samples from the biotransformation were prepared as described for the 
spectrophotometric method for TCG determination.
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2.5.5 Gas liquid chromatography (GC) method for toluene and ethanol analysis

2.5.5.1 The GC

The GC was a Pye Unicam PU45000 Gas Liquid Cliromatograph. The injector 
temperature was set at 180 °C and the oven temperature maintained at 200 ^C, 
detection was by flame ionisation which was also set at 200 °C. Hydrogen at a flow 
rate of 40 ml min"^ and air at a flow rate of 200 ml min"^ were used to produce the 
flame. A 7 ft long (2mm internal diameter) packed glass column was used. The support 
was made from Graphpac GC (mesh 80 / 100) and the stationary phase was AT-1000 
(0.1 % loading) (Alltech). Nitrogen was used as the carrier gas at a flow rate of 
approximately 35 ml min" ̂ . Samples (1 pi) were injected manually using a 10 pi glass 
syringe (Hamilton). Peak elution was determined using a Shimadzu C-R6A 
Chromatopac Integrator (Dyson Instruments Ltd.). Samples from the biotransformation 
were centrifuged to remot e cell debris before being injected into the column.

2.5.5.2 Toluene analysis

The GC was used to measure both the aqueous and organic phase toluene 
concentrations. The retention time for toluene was approximately 6 minutes. A 
modified Lewis cell was used to determine a calibration curve for the aqueous phase 
toluene concentration. The aqueous phase was sampled and 1 pi injected into the GC 
using a 10 pi glass syringe (Hamilton). Various dilutions of the aqueous phase were 
made to form the calibration curve. Figure 2.5 shows the correlation between toluene 
saturation and peak area:

 ̂ \ Peak areaToluene saturation (%) = -------------
1826744

The organic phase toluene concentrations were also determined using this calibration 
curve.
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2.5.5.3 Ethanol analysis

The retention time of ethanol was <1 min. The calibration curve for ethanol was 
obtained by injecting solutions (1 pi) of deionised water containing known amounts of 
ethanol into the GC, using a 10 pi glass syringe (Hamilton). Ethanol was not observed 
in the organic phase. The coiTelation of peak area and ethanol concentration is shown in 
Figure 2.6.

Ethanol (ml =
72285414

2.5.6 Spectrophotometric method for nucleic acid analysis

Most proteins exhibit a distinct UV absorption at 280 nm, due primarily to the presence 
of aromatic amino acids, such as tyrosine and tryptophan. Nucleic acid which is also 
present in enzyme preparations also absorbs at 280 nm, but much more strongly at 260 
nm. Warburg & Christian (1941) have determined that the ratio of a given protein - 
nucleic acid mixture may be defined as a function of the ratio of the optical density at 
280 nm and 260 nm. An optical density of 320 nm was taken as a back ground 
correction. This has been summarised by Figure 2.7, where:

^  _ OD 280 nm - OD 320 nm 
OD 260 nm - OD 320 nm

and

Protein concentration (mg ml "̂ ) = — x OD 280 nm
d

d is the light pathlength (1 cm) and F  is determined from Figure 2.7. The percentage 
nucleic acid can also be read from the graph. Nucleic acid concentration in samples, 
where no TCG was produced (ie TCG absorbs at 265 nm and would interfere with the 
calibration), was determined by this method.
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2.6 Emulsification

2.6.1 Emulsion formation

A mixture of tetradecane and cell suspension (3 to 13 g I"̂  dry weight basis in 50 mM 
phosphate buffer) 40 ml in total was put into a centrifuge tube (50 ml polypropylene). 
The mixture was agitated using an overhead stirrer (Heidolph) for 20 minutes (this 
length of time had been determined to produce a stable emulsion with reproducible 
separation characteristics). Agitator and centrifuge tube dimensions are shown in Figure 
2 .8 .

2.6.2 Emulsion characterisation

Emulsions were characterised by their ability to separate into their component phases 
after centrifugation. 40 ml of mixture was put into a centrifuge tube (50 ml 
polypropylene).—The tube was then centrifuged (Centaur bench top centrifuge) for 20 
minutes at 6000 rpm (20 °C). After centrifugation the volumes of the phases were 
measured: aqueous, organic and emulsion. From this this the percentage recovery of 
each phase could be determined.

2.6.3 Conductivity measurement

Conductivity measurement was used to determine which was the continuous phase in a 
dispersion of organic and aqueous phases. Mixtures of organic and aqueous phases 
were agitated in a small beaker by a magnetic stirrer, to ensure that the phases were well 
mixed. A conductivity probe (Philips) was inserted into the mixture and the 
conductivity (S cm"^) was read from the a.joining meter (Philips).
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RESULTS: PROCESS OPTIONS

3.1 Introduction

An optimal process is one where the composite effects of all the unit operations work 
together; each individual unit operation not necessarily operating optimally. An 
understanding of each unit operation and their integration is therefore important when 
designing a process. The process operations for the two-liquid phase biotransformation 
used in this thesis have already been elucidated (Figure 3.1). Biocatalyst production 
was by a simple fermentation stage. It was necessary to ensure reproducibility of the 
fermentation, as variations in fermentation parameters and harvesting times have been 
shown to have an effect on biocatalyst activity and cell morphology, possibly resulting 
in differing solvent resistance (Hack et al. 1994) The cells were harvested at the end of 
exponential growth by centrifugation (2.2), before being resuspended in the 
biotransformation medium (50 mM phosphate buffer, pH 7.5). The product of the 
biotransformation, TCG, was very water soluble (> 250 g 1" )̂. Hence by operating the 
biotransformation with resting cells in a simple buffer, the recovery of the TCG would 
be facilitated (as opposed to fermentation broth). pH 7.5 has been determined as the 
optimum pH for operation of this biotransformation and hence by operating with a 
buffer aqueous phase the ability to control pH is not as important. Similarly 
spontaneous degradation of TCG occurs under acidic conditions and hence operating 
with a buffered aqueous phase will prevent this occurring. It was usual in this process 
not to undergo a storage operation, due to the instability of the biocatalyst (Brazier 
1989, Hack 1992). When storage (2.3) of the biocatalysts was necessary it took place 
after the harvesting operation, ie the cells were stored in phosphate buffer. This section 
will focus on the implications of upstream unit operations on those further downstream. 
Biocatalyst harvest and storage effects will be discussed with a view to their effects on 
the biotransformation operation (biocatalyst stability and product formation) and further 
downstream on émulsification characteristics and hence product recovery.
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Process operations for a two-liquid phase biotransformation
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3.2 Harvesting options

3.2.1 Introduction

The harvesting operation has been described (2.2). and consisted of a centrifugation 
stage (to remove the fermentation media) followed by resuspension of the cell pellets in 
phosphate buffer (the biotransformation medium). This is represented by scheme I in 
Figure 3.2. Schemes II and III represent the other harvesting options tried. Scheme II 
examines the effect of the centrifugation on the biotransformation, by centrifuging the 
cells as usual and then resuspending them in the spent supernatant (fermentation 
medium). Scheme III represents the case where no harvesting operation takes place, ie 
the second, organic, liquid phase is added directly to the fermentation broth.

3.2.2 Productivity (inherent)

Inherent productivity is defined as the residual specific dioxygenase activity, measured 
at a defined time?- when the biocatalyst has been removed from the biotransformation 
and undergone the test flask activity assay (2.5.3.3). The inlierent dioxygenase activity 
of two biotransformations at phase ratio 0.3. 20 % (v/v) toluene and an aqueous phase 
biocatalyst concentration of 3.5 g 1“1 is presented in Figure 3.3. One has undergone a 
standard harvesting operation (Scheme I), the other no harvest operation (Scheme III) 
(ie organic phase was added directly to the fermentation broth). The biotransformation 
with the standard harvesting operation lost virtually all it's residual dioxygenase activity 
in the first 5 hours. Wlien there was no harvesting stage, loss of dioxygenase activity 
was not observed until 24 hours duration, indicating a greater tolerance of the 
biocatalysts that were not harvested to the biotransformation conditions.

3.2.3 Productiv ity (observed)

The actual TCG produced as a function of the biocatalyst concentration in the aqueous 
phase is defined as the productivity of the biotransformation or the observed 
dioxygenase activity. Figure 3.4 shows a comparison of the inherent productivity for 
the control harvest biotransformation and the no harvest biotransformation, and the 
observed activity, for the same biotranformation. It can be seen that the observed 
dioxygenase activity is less than the inherent activity but, that they both follow similar 
trends. Again the activity retention for the biocatalysts in the fermentation broth (no 
harvest) was longer than that observed in the harvested biotransformation. The trend for 
both inherent and observed activity loss in the harvested biotransformation was similar,
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indicating that perhaps the biotransformation was operating maximally for the specific 
reactor conditions. This is also represented to a lesser extent in Figure 3.5, which shows 
the TCG produced (in the aqueous phase) in the two biotransformations (harvested and 
no harvest). The solid symbols represent the actual TCG measured in the aqueous phase 
and the open symbols the amount of TCG expected, calculated from the inherent 
dioxygenase activity and assuming a zero order reaction throughout (ie toluene is 
readily available at sub toxic levels). The first noticeable point is the almost linear 
increase in TCG concentration and subsequent levelling out after about 8-12 hours. 
This is in parallel to the dioxygenase activity retention, which indicated that the loss in 
dioxygenase activity was responsible for the loss in productivity. The theoretical TCG 
concentrations are also in excess of the actual values. This is not unexpected, as the 
toluene is utilised the content in the reactor is reduced and hence the aqueous phase 
concentration is reduced- possibly into the first order reaction range. The 
biotransformation where there was a control harvest showed a close relationship 
between actual and theoretical TCG production, possibly again indicating that this 
reaction was running closer to its limits than the one that was not harvested.

3.2.4 Ease of product recovery

Product recover}' was measured as the ease of phase recovery or the percentage of each 
phase recovered after a simple centrifugation step (2.6.2). Figure 3.6 shows the 
percentage recovery of aqueous and organic phases from the biotransformations 
represented by schemes I, II and III (Figure 3.2) (control harvest, resuspension in spent 
fermentation broth and no harvest). Each biotransformation was run under the same 
conditions (phase ratio 0.3 and 20 % (v/v) toluene) but had different harvesting regimes. 
The noticeable result was that under each of the harvesting regimes all of the aqueous 
phase was recovered. The biotransformations where the biocatalysts had been harvested 
and resuspended in either phosphate buffer or fermentation media showed a heavy 
emulsion formation and only minimal organic phase recovery. The case were no 
harvesting had occurred (ie organic phase added directly to the fermentation media) 
80 % of the organic phase was recovered, a vast improvement. Due to the high aqueous 
phase recover}' there was a 10 fold difference in yields of the biotransformations that 
had undergone harvesting (0.20 g(TCG) g(CDW)"l l(Reactor)'l) and no harvesting 
operation (2.03 g(TCG) g(CDW)"^ l(Reactor)"^).
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3.2.5 Summary o f harvesting effects

The two principle biotransformations discussed in this section, represented by schemes I 
and III, were run under identical conditions. The difference being in the biocatalyst 
treatment prior to the two-liquid phase biotransformation. Those biocatalysts that had 
undergone a harvesting operation and subsequent resuspension in phosphate buffer lost 
their specific dioxygenase activity very rapidly once the organic phase was added to the 
reactor. Those biocatalysts that had not undergone a harvesting operation, and hence 
the aqueous phase was composed of the fermentation medium, maintained their specific 
dioxygenase activity for 18 hours. It is thought that this decrease in tolerance of the 
biocatalyst to biotransformation conditions, after harvesting, is a result of the 
centrifugation stage. Under centrifugation the cells will be put under shear stress and as 
a result could loose their integrity or cell walls become weaker. It is the cell wall that is 
thought to determine solvent tolerance of a micro organism (Harrop 1989). Hence by 
disrupting or weakening the cell wall solvent tolerance will be lost. Those cells that 
have not undergone a harvesting operation will not have been exposed to shear in the 
centrifuge and hence theoretically their integrity would be greater than those that had 
undergone centrifugation. These cells would also still be in their fermentation medium, 
which would still contain residual amounts of growth nutrients. The presence of these 
elements could allow the cell to metabolise further in the biotransformation, perhaps 
even repairing any damage done by the presence of the solvent. Khan (1994) has 
shown that the maintenance of enzyme activity (in whole cell and free enzyme systems) 
in high shear regions (air-liquid interface), can be facilitated by the presence of complex 
media, ie those enzymes in buffers loosing activity more rapidly than those in complex 
media. These effects could be what is being observed in this case; the presence of the 
fermentation broth components acting as a protectant to the biocatalyst, perhaps 
adhering to the liquid-liquid interface (which is though to cause the inactivation) 
(Harrop 1989).

Under all harvesting regimes it was possible to get virtually 100 % recovery of the 
aqueous phase, which was advantageous as the TCG was present in this phase. 
However, due to environmental constraints it is advantageous to also be able to recover 
the organic phase. Those experiments when centrifugation of the biocatalyst took place, 
whether resuspended in phosphate buffer (scheme I) or spent supernatant (scheme II), it 
was not possible to recover more than 5 % of the organic phase. When no 
centrifugation of the biocatalysts occurred more than 80 % of the organic phase was 
recovered.

These results indicated that by omitting two unit operations from the process it was 
possible to achieve a 10 fold higher yield from the biotransformation, and also greater
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organic phase recovery. However, what has not been taken into account in this work is 
the ease of recovery of the TCG from buffer and fermentation broth. It will be more 
difficult to recover TCG from an aqueous medium that also contains other soluble 
components. Also by running straight from the fermentation -the biocatalyst 
concentration in the reactor is limited by the cell concentration in the fermentation. A 
harvesting operation allows concentration of the biocatalyst and hence a greater activity 
per litre. The advantages and disadvantages of this system will have to be weighed up 
carefully.
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3.3 Storage options

3.3.1 Introduction

Pseudomonas piitida UV4 is a very unstable microorganism and can loose its activity 
rapidly after the fermentation stage. Various methods have been studied to look at the 
effect of short term storage (after fermentation to before the biotransformation) on 
dioxygenase activity. Both Brazier (1990) and Hack (1992) have looked at methods of 
cell storage at 4 ®C, either as a cell pellet, resuspended in phosphate buffer or in 
fermentation broth, with little success of activity retention. It was usual in this work 
therefore to keep the turn around time between fermentation and biotransformation to a 
minimum, usually 1-3 hours. Experiments were carried out that looked at the effect of a 
second phase (tetradecane) on the residual dioxygenase activity (4.2.2). Controls were 
carried out along side this, in the absence of the second phase, to discover the loss of 
specific dioxygenase activity soley under the reactor regimes (ie agitation and air flow). 
The results of these control experiments, the aqueous phase consisting of cell 
suspension in the presence and absence (4 g 1"̂  initial concentration) of ethanol, are 
shown in Table 3.1.

Table 3.1
Effect of storage conditions on inherent dioxygenase activity of Pseudomonas putida 
UV4

Storage conditions^
Time

(h)

no ethanol present ethanol present 
(4 g 1" 1 initial concentration)

0 100 100
4 94 100
8 100 100
12 80 100
24 52 95

a biocatalysts were harvested and resuspended in phosphate buffer and put into the 
reactor under biotransformation conditions (agitation 800 rpm, air flow rate 
4 1 min'L pH 7.5, 28 ^C), the biotransformation commenced with the addition 
of the organic phase

Without the presence of the co substrate, ethanol, there was almost a 50 % loss of 
specific dioxygenase activity over a 24 hour period. However in the presence of ethanol 
the specific dioxygenase activity was maintained for the same 24 hour period. After 24 
hours however most of the ethanol had been utilised (Figure 3.7). This was hence
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looked at as a possible method of storage for the biocatalyst. The cells were harvested 
in the usual manner and resuspended in phosphate buffer (pH 7.5). They were then 
agitated (800 rpm) and air supplied (4 1 min"^), under normal biotransformation 
conditions, in the presence of ethanol, at an initial concentration of 4 g 1"̂ . This section 
therefore looked at the effect of storage on the biotransformation (specific dioxygenase 
activity retention and product formation) and further downstream on emulsion 
formation.

3.3.2 Inherent productivity

Two biotransformations were compared, one where the biocatalyst had been stored (as 
described above) in the presence of ethanol and the other in its absence. The 
biotransformations were carried out under the usual conditions (agitation 800 rpm, air 
flow rate 4 1 m in 'l, pH 7.5 and 28 °C), at a phase ratio of 0.6 and 20 % (v/v) toluene in 
the organic phase. Figure 3.8 shows the inherent specific dioxygenase activity of the 
biotransformations (normalised individually). The rate of inactivation of the 
dioxygenase activity was the same for both cases, dropping to virtually zero in the first 
8 hours. This indicated that ethanol storage was not playing a part in the rate of 
inactivation, but that this was due to the other reactor parameters.

3.3.3 Ease of product recovery

In the reactor with the biocatalysts that had been stored in the absence of ethanol, on 
addition of the organic phase a heavy dispersion immediately formed. On the addition 
of the organic phase to the biocatalysts that had been stored in ethanol no such 
dispersion was observed. When the agitator was running the homogeneous mixture 
showed no sign of foaming or bubble formation (Figure 3.9b), unlike in the other 
reactor where foaming occured (Figure 3.9.a). On cessation of the agitator the mixture 
immediately separated into its constituent parts, a clear organic phase and aqueous 
phase (Figure 3.9c). This phenomenon was noticable for the first 12 hours duration of 
the biotransformation, and is shown as the first example in Table 3.2. This seems to 
imply a role of the ethanol storage in preventing the formation of an emulsion. The 
second pair of examples in Table 3.2 show biocatalysts that have been stored with 
ethanol and the subsequent biotransformations run with phase ratios of 0.3 and 0.6 
respectively. Again at a phase ratio of 0.6 there was no evidence of emulsion formation, 
this time for 24 hours duration into the biotransfomation. The same biocatalysts run in a 
biotransformation at a phase ratio of 0.3 however formed an emulsion immediately upon 
addition of the organic phase. The effect of phase ratio on emulsion formation is
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Biocatalysts were not stored in ethanol prior to organic phase addition 
(aqueous phase continuous)

Figure 3.9a
Effect of phase distribution on reaction mixture characterisation



Biocatalysts were stored in ethanol prior to organic phase addition 
(organic phase continuous)

Figure 3.9b
Effect of phase distribution on reaction mixture characterisation



Biocatalysts were stored in ethanol prior to organic phase addition - cessation of
agitation 

(organic phase continuous)

Figure 3.9c
Effect of phase distribution on reaction mixture characterisation



Table 3.2 _

Effect o f  storage conditions and phase ratio on émulsification

Conditions Cell Dry Phase Toluene Ethanol Duration of % Original
Weight ratio^ (% (v/v)) presence emulsion volume recovered

(g !■’) b breakage^

Aqueous Organic
phase phase

Equilibrium with 
ethanol^^

3 0.6 20 yes 12 81 5

Equilibrium 
without ethanol^

3 0.6 20 no 0 75 6

Equilibrium with 
ethanol^

6 0.3 20 yes 0 100 10

Equilibrium with 
ethanol‘s

6 0.6 10 yes 24 69 37

Equilibrium with 
ethanol, 

n = 800 rpm

10 0.6 10 no 0 100 4

Equilibrium with 
ethanol 

n = 1200 rpm

10 0.6 10 no 0 93 1

a
b
c
d

volume fraction organic
ethanol presence in aqueous phase after storage
emulsion breakage duration in reactor prior to formation of a stable emulsion 
agitation (n) = SOOrpm

C\
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discussed in detail, in the following chapter (4.2.4). The final pair of examples shown 
on Table 3.2 again show biocatalysts that have been stored overnight in the presence of 
ethanol and the subsequent biotransformations run at phase ratios of 0.6. It was 
therefore surprising when emulsions formed upon addition of the organic phase. During 
storage of the biocatalyst the ethanol was utilised (Figure 3.7), prior to organic phase 
addition more ethanol was added to bring the aqueous phase concentration back up to 
4 gl"l. The cell concentration in the final biotransformations was greater than those 
used before and hence all the ethanol had been utilised during the storage time. Hence 
when adding ethanol to the aqueous phase prior to starting the biotransformation there 
was no residual ethanol present. Therefore the reason for the emulsion formation in 
these latter cases was attributed to two parameters: the utilisation of all the ethanol 
during storage and the biocatalyst concentration (4.4.4).

Table 3.2 also shows the phase recovery of the two phases after the standard emulsion 
characterisation test. In summary, when an emulsion formed immediately on organic 
phase addition, it was possible to recover almost 100 % of the aqueous phase, organic 
phase recovery being negligible. When the phases had separated during the 
biotransformation (ie emulsion formation occurred later) the aqueous phase recovery 
was reduced. Only 69 % was recovered from the biotransformation vrith separation 
upto 24 hours and 81 % aqueous phase recovery from the biotransformation with 
separation upto 12 hours. This was possibly due to the reduced time that the dispersion 
had to form, hence was less stable and separated more easily. This was also shown by 
the high organic phase recovery in this particular biotransformation, which was not 
noted for any of the other examples.

From the results obtained from the biotransformations, it inferred that if the biocatalyst 
had been stored overnight with sufficient quantities of ethanol, such that it never became 
limiting, and the biotransformation was run at a phase ratio of 0.6 then the phases would 
separate into their constituent parts on cessation of agitation. To test these results a 
series of small scale experiments were carried out. Cells from a standard fermentation 
were treated in one of three different manners; i. left in the fermention broth,
ii. harvested, resuspended in phosphate buffer and stored for 16 hours (4 °C) or,
iii. harvested, resuspended in phosphate buffer containing 10 g 1"̂  ethanol, for 16 hours 
(4 °C). Each of the cell mixtures (10 g 1'̂  -dry weight basis) were mixed with 
tetradecane at phase ratios of 0.3, 0.4, 0.5, 0.6 and 0.7, and emulsions formed (2.6.1). 
The standard emulsion test (2.6.2) was then carried out on each of the mixtures and the 
percentage of organic and aqueous phases recovered was determined. With the tests 
used it was possible to recover almost 100 % of the aqueous phase in all cases (Table 
3.3). At phase ratios of 0.3 and 0.4, for fresh unharvested cells it was not possible to 
recover any organic phase. At phase ratios of 0.5 and greater, émulsification was not
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Table 3.3

Effect o f storage and phase ratio on organic phase recovery

Organic phase Aqueous phase 
conditions^

Phase ratiol^ Organic phase 
recovered (%)

Tetradecane Fermentation 0.3 0
broth 0.4 0

0.5 lOOC

0.6 100
0.7 100

Tetradecane Storage for 16 0.3 41
hours (4 °C) in 0.4 31

phosphate buffer 0.5 lOOC

0.6 lOOd

0.7 100

Tetradecane _ Storage for 16 0.3 0
hours (4 ^C) in 0.4 0

phosphate buffer 0.5 lOOC

with ethanol 0.6 lOOe

(10 g 1-1) 0.7 100

cell suspensions all had a dry weight of 10 g 1"̂
volume fraction organic
emulsion formed after additional agitation
no emulsion formation after 64 hours, moved agitator to aqueous phase - began 
to observe partial emulsion 4 hours later
no emulsion formation after 64 hours, moved agitator to aqueous phase - slow 
breaking after 256 hours

88



possible. Upon additional agitation of the mixture at a phase ratio of 0.5 a heavy 
emulsion formed. It is thought that phase ratio plays a large part in emulsion formation 
and if the system was run inverted (organic phase continuous) then a stable dispersion 
would not be formed (4.2.4). A phase ratio of 0.5 is near the point of inversion and it 
was thought that extra agitation caused the mixture to flip from organic continuous to 
aqueous continuous. These same findings were found of the cells that had been stored. 
However with the cells stored without ethanol it was possible to recover 30 - 40 % of 
the organic phase at the lower phase ratios. At phase ratios of 0.6 and 0.7 emulsion 
formation was not possible by the standard émulsification method. Therefore the stored 
cells (in the presence and absence of ethanol), at a phase ratio of 0.6 were agitated for a 
further period of time. After 64 hours no émulsification had occured so the agitator was 
moved from the organic phase to the aqueous (for all the experiments the agitator was in 
the same position relative to the centrifuge tube (Figure 2.8)). The position of the 
agitator is thought to alter the inversion point in such mixtures. After 4 hours an 
emulsion began to form in the vessel with the cells that had been stored in the absence 
of ethanol. It was not until 265 hours duration that a slight emulsion began to form in 
the vessel with the cells that had been stored in the presence of ethanol, after unassisted 
settling for 30 minutes however there was complete separation of the phases.

3.3.4 Summary of storage effects

One of the inherent problems with this particular process is the instability of the 
biocatalyst and the effect this has on the subsequent operation of the system. Operation 
of the biotransformation immediately after the fermentation is necessary to avoid loss of 
specific dioxygenase activity. This can prove problematical when more biomass is 
produced in the fermentation than is necessary in the biotransformation and hence some 
biocatalyst will need to be stored. This work has shown that it is possible to store 
Pseudomonas putida UV4, and retain dioxygenase activity. Storage of the biocatalyst, 
under biotransformation conditions, in the presence of ethanol, maintains dioxygenase 
activity but confers no advantage to the cell in the presence of the second liquid phase, 
ie the rate of loss of dioxygenase activity in the biotransformation is the same regardless 
of the presence of ethanol during storage. It has also been noted that no cell lysis 
components were leached from the cells during storage of them in this manner 
independent of the presence of ethanol (Figure 4.1).

If the subsequent biotransformation (after ethanol storage) was run at a phase ratio of 
0.6, there was no foaming in reactor and on cessation of agitation the dispersion 
immediately separated into its component phases. This was not the case at a phase ratio 
of 0.3 (4.2.4) or if the cells had been stored in the absence of ethanol. It is therefore

89



possible. Upon additional agitation of the mixture at a phase ratio of 0.5 a heavy 
emulsion formed. It is thought that phase ratio plays a large part in emulsion formation 
and if the system was run inverted (organic phase continuous) then a stable dispersion 
would not be formed (4.2.4). A phase ratio of 0.5 is near the point of inversion and it 
was thought that extra agitation caused the mixture to flip from organic continuous to 
aqueous continuous. These same findings were found of the cells that had been stored. 
However with the cells stored without ethanol it was possible to recover 30 - 40 % of 
the organic phase at the lower phase ratios. At phase ratios of 0.6 and 0.7 emulsion 
formation was not possible by the standard émulsification method. Therefore the stored 
cells (in the presence and absence of ethanol), at a phase ratio of 0.6 were agitated for a 
further period of time. After 64 hours no émulsification had occured so the agitator was 
moved from the organic phase to the aqueous (for all the experiments the agitator was in 
the same position relative to the centrifuge tube (Figure 2.8)). The position of the 
agitator is thought to alter the inversion point in such mixtures. After 4 hours an 
emulsion began to form in the vessel with the cells that had been stored in the absence 
of ethanol. It was not until 265 hours duration that a slight emulsion began to form in 
the vessel with the cells that had been stored in the presence of ethanol, after unassisted 
settling for 30 minutes however there was complete separation of the phases.

3.3.4 Summary of storage effects

One of the inherent problems with this particular process is the instability of the 
biocatalyst and the effect this has on the subsequent operation of the system. Operation 
of the biotransformation immediately after the fermentation is necessary to avoid loss of 
specific dioxygenase activity. This can prove problematical when more biomass is 
produced in the fermentation than is necessary in the biotransformation and hence some 
biocatalyst will need to be stored. This work has shown that it is possible to store 
Pseudomonas putida UV4. and retain dioxygenase activity. Storage of the biocatalyst, 
under biotransformation conditions, in the presence of ethanol, maintains dioxygenase 
activity but confers no advantage to the cell in the presence of the second liquid phase, 
ie the rate of loss of dioxygenase activity in the biotransformation is the same regardless 
of the presence of ethanol during storage. It has also been noted that no cell lysis 
components were leached from the cells during storage of the them in this manner 
independent of the presence of ethanol (Figure 4.1).

If the subsequent biotransformation (after ethanol storage) was run at a phase ratio of 
0.6, there was no foaming in reactor and on cessation of agitation the dispersion 
immediately separated into its component phases. This was not the case at a phase ratio 
of 0.3 (4.2.4) or if the cells had been stored in the absence of ethanol. It is therefore

89



postulated thaï émulsification is a function of phase ratio and the presence of ethanol 
during storage (either at 4 or 28 °C). The cells are thought to metabolise the ethanol (as 
shown by its utilisation during storage), hence they are able to maintain their integrity. 
Those cells without a carbon source during storage, would begin to loose their integrity, 
becoming weaker. On addition of the solvent they would be likely to start loosing cell 
components to the medium, these cell debris components helping to form an emulsion. 
Another idea is that the ethanol somehow confers some protection to the cell, perhaps 
forming a protective layer.
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RESULTS: REACTOR PARAMETERS

4.1 Introduction

In the previous chapter process options were discussed with a view to two-liquid phase 
biotransformation operation. This chapter will focus just on the biotransformation stage 
of the process, and look at the effect of the reactor parameters on biotransformation 
operation. Parameters discussed include: phase ratio (volume fraction organic in the 
reactor), agitation rate, aqueous phase biocatalyst concentration and the organic phase 
reactant (toluene) concentration. Unless otherwise stated all biotransformations studied 
followed the standard operating procedure (2.4). The second, organic, liquid phase was 
always tetradecane and the aqueous phase Pseudomonas putida UV4 resuspended in 
phosphate buffer, other constant parameters were: temperature 28 ®C, pH 7.5 
(controlled by 2M KOH addition), air flow rate 4 1 mm~^ and agitation rate 800 rpm 
(unless otherwise stated).

Initial two-liquid phase biotransformations of toluene to TCG by Pseudomonas putida 
UV4 indicated an almost linear increase of product concentration in the aqueous phase 
for 4-8 hours before production stopped. As toluene was still present in the aqueous 
phase the cessation of TCG production indicated a termination of the reaction. This was 
confirmed by a concomitant decrease in residual dioxygenase activity (as measured by 
the test flask activity assay). These experiments were therefore designed to discover 
why there was this decrease in dioxygenase activity, when aqueous phase toluene 
concentrations were below the toxic level and to determine the mechanism of 
inactivation such that the reaction could be maintained for a greater length of time. 
Continuing the idea of process unit integration, the effect of the reactor parameters on 
emulsion formation and ease of separation was also examined.

Additionally, it is important to understand the mechanism of two-liquid phase 
biotransformation with a view to scale-up.
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4.2 Effect of phase ratio

4.2.1 Introduction

Phase ratio is defined as the volume fraction organic of a given mixture. Therefore 
assuming a constant organic phase reactant concentration, the phase ratio will indicate 
the amount of reactant, in batch mode possible in the reactor. The phase ratio, along 
with agitation rate, will also affect the liquid-liquid interface in the reactor, a factor that 
has been indicated as possibly detrimental to the biocatalyst. The phase ratio will also 
determine which of the phases in the reactor is the continuous phase and which the 
discontinuous. All initial work was carried out with the aqueous phase continuous, due 
to the need to monitor the aqueous phase DOT and control the pH. Hence by observing 
the phase ratio effects in the reactor the effect of these factors could be elucidated.

4.2.2 Inherent productivity

Table 4.1 shows the effect of solely tetradecane (discrete phase) on inherent 
dioxygenase activity of Pseudomonas putida UV4, under biotransformation conditions. 
The aqueous phase, containing biocatalyst, had an initial ethanol concentration of 
4 g 1"1. In the absence of any tetradecane there was no loss in dioxygenase activity 
observed. The addition of tetradecane at phase ratios of both 0.3 and 0.5 also indicated 
no loss in dioxygenase activity over a 24 hour period. At both these phase ratios the 
aqueous phase was the continuous phase. These results indicated that the organic phase 
alone did not cause biocatalyst inactivation, over the time studied. However over this 
same time there was an increase in cell lysis products found in the aqueous phase 
(Figure 4.1). Cell lysis was determined by measuring the amount of nucleic acids found 
in the aqueous phase of the system (2.5.6). This was only possible in cases where no 
reactant (toluene) was present, as the product (TCG) would interfere with the assay 
(Appendix 1.2). Where there was no second, organic phase (tetradecane) present there 
was negligible nucleic acids released into the medium. This was the case both in the 
presence and absence of ethanol (dissolved in the aqueous phase hence no discrete 
phase). The addition of tetradecane to the system saw a marked increase in nucleic 
acids released into the system in the first 8 - 1 2  hours. This suggested that the cell 
integrity was weakening and cell components were being leached from it. The 
biocatalyst however remained active. This may suggest that the addition of tetradecane 
and hence the presence of a liquid-liquid interface is detrimental to the cell, but is a time 
depended effect that was not observed in this case. At both phase ratios (0.3 and 0.5) 
there was a decrease in nucleic acid concentration found in the aqueous phase found 
between 12 -24 hours duration. This suggests that either the cells have ceased leaching
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their cellular components or all the nucleic acids have been released. Once exposed in 
the medium the nucleic acids could loose their integrity and disintegration in the 
relatively harsh environment, be taken up by the cells again or partition into the organic 
phase (which is unlikely due to their hydrophilic nature).

Table 4.1
The effect of phase ratio on inherent dioxygenase activity of Pseudomonas putida UV4, 
the organic phase was solely tetradecane.

Phase ratio^ Aqueous phase biomass Dioxygenase activity remaining
concentration (g l’ ^)^ after 24 hours exposure (%)

OC 4.5 100
0.3c — 6 100
0.5c 6 100

a volume fraction organic
b dry weight basis
c aqueous phase also contained the cofactor ethanol

Neat tetradecane as the second phase did not appear to have an affect on inherent 
dioxygenase activity. Therefore phase ratio effects were examined whilst maintaining a 
constant reactor toluene concentration. In one reactor there was a phase ratio of 0.3 
containing 20 % (v/v) toluene and in the other a phase ratio of 0.6 containing 10 % (v/v) 
toluene (A working volume of 1.7 1 was used, therefore with a phase ratio of 0.3 and 20 
% (v v) toluene corresponds to (1.7 x 0.3 x 0.2 = 0.102) 102 ml toluene. Similarly a 
phase ratio of 0.6 and 10 % (v/v) toluene corresponds to (1.7 x 0.6 x 0.1 = 0.102) 
102 ml toluene). The partition of toluene between the phases at both these organic 
phase concentrations resulted in aqueous phase toluene concentrations in zero order 
kinetics (Figure 1.5). Figure 4.2 shows the inherent dioxygenase activity observed in 
two such biotransformations, the biocatalysts had been stored overnight in the reactor 
with ethanol (4 g 1"̂  initial concentration) under biotransformation conditions. For both 
biotransformations there was a similar trend in loss of dioxygenase activity, initially a 
fairh' rapid drop and then a slower decline. There was however dioxygenase activity 
remaining at 24 hours duration. The reactor with the higher phase ratio (0.6) lost 
activity slightly more rapidly than the reactor with the lower (0.3) phase ratio. At a 
phase ratio of 0.6 it was thought that the system had inverted and that the organic phase 
was now the continuous phase.
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4.2.3 Productivity (observed activity)

Figure 4.3 shows the actual specific dioxygenase activity of the biocatalyst (as measured 
by the test flask activity) and the observed specific dioxygenase activity as calculated 
from TCG production (Figure 4.4). TCG production in this case was measured by the 
spectrophotometric method (OD 265 nm). hence the characteristic peak at 12 hours 
duration. Due to the inaccuracies of this method (Appendix 1.2) when calculating the 
observed dioxygenase activ ity the point at 12 hours was omitted and a linear production 
rate assumed between 8 and 24 hours. At phase ratio 0.6 the initial observed specific 
activity was double that of the actual specific activity. After 5 hours however the 
observed activit}  ̂was less than the actual dioxygenase activity and was negligible after 
10 hours duration of the biotransformation. The biotransformation at phase ratio 0.3 
initially had approximately the same actual and observed specific dioxygenase activities 
(50 % of the observed activity at phase ratio 0.6). After 2-3 hours however the observed 
activity at phase ratios 0.6 and 0.3 were similar, resulting in negligible activity after 10 
hours duration. The observed activity in each case decreased rapidly at the begin of the 
biotransformation. The actual specific activity although declining, did so at a slower 
rate, activity still being detected at 24 hours duration. Figure 4.4 also shows the 
theoretical TCG production possible, calculated from the inherent / actual dioxygenase 
activity. It is noticeable that for the phase ratio of 0.3 the actual and theoretical TCG 
concentrations are fairly similar up to 12 hours. The actual TCG concentration for the 
phase ratio of 0.6 however is far in excess of that theoretically possible. It is likely that 
the higher phase ratio, and hence greater liquid-liquid interface, causes greater cell lysis 
products to be released and hence the greater anomaly between the results.

4.2.4 Ease of product recovery

Figure 4.5 shows the percentage of aqueous and organic phase recovered, after 
centrifugation, of two mixtures of phase ratios 0.3 and 0.5 (as described in section 4.2.2) 
where there was no toluene present in the organic phase. In both cases more than 80 % 
of the aqueous phase was recovered. At a phase ratio of 0.3 only 25 % of the organic 
phase was recovered, but at a phase ratio of 0.5 it was possible to recover at least 70 %. 
At both phase ratios and under experimental conditions the aqueous phase was the 
continuous phase.

In the real biotransformations described earlier, the reactor with the phase ratio of 0.3 a 
heavy emulsion formed immediately. After the standard émulsification test 100 % of 
the aqueous phase was reco\ered. giving a yield of 3.4 g(TCG) g(CDW)“  ̂ l(Reactor)"^. 
It was however only possible to recover 9.3 % of the organic phase. The reaction with a

99



phase ratio of 0̂ 6 did not show any signs of emulsion formation until after 24 hours. On 
ceasing the power supply to the agitator the two phases separated immediately into an 
aqueous and clear organic phase. At 24 hours after leaving the phases to settle the air 
flow was turn back on, after approximately 20 minutes an emulsion began to form. A 
hypothesis was proposed that possibly at a phase ratio of 0.6 the system (working 
volume of 1.7 1. hence 1000 ml organic containing 10 % (v/v) toluene) was running 
inverted, ie with the organic phase continuous, and that running with the organic phase 
continuous prevents a stable dispersion to form. If it was assumed that all of the toluene 
(10 % X 1000 = 100 ml) was either utilised or expelled from the vessel in the 24 hour 
period, the resultant phase ratio in the vessel will be ( phase ratio 900 / (1700-100)) 
0.56. During the biotransformation organic (tetradecane) phase stripping is likely to 
occur, further reducing the phase ratio. It is thought that the aeration of the system after 
24 hours, caused organic -phase stripping such that the phases inverted, ie flipped from 
being organic continuous to aqueous continuous, and hence emulsion formation. 
Assuming complete separation of the phases (100 % recovery of both aqueous and 
organic phases) a yield of 2.8 g(TCG) g(CDW)"^ l(Reactor)"^ would be possible. A 
yield of only 1.9 g(TCG) g(CDW)'l l(Reactor)"^ was possible once the emulsion had 
formed due to only 68 % recovery of the aqueous phase (36 % organic phase recovery).

To test the theory of no emulsion formation when the organic phase was continuous a 
series of mixtures of cell suspension (in phosphate buffer) and tetradecane at different 
phase ratios was set up (2.6.1). Table 4.2 describes the emulsion characteristics by 
unassisted separation, of the phase mixtures. At phase ratios of 0 and 1 the mixture 
consists of solely aqueous and organic phases respectively. Where there is no 
biocatalyst present in the aqueous phase, there was no emulsion formation, hence 
complete unassisted emulsion separation. At phase ratios less than 0.5 there was 
immediate formation of stable emulsions but at phase ratios greater than 0.5 there was 
complete separation of the phases after mixing. At a phase ratio of 0.5 there was a light 
emulsion formation ie there was a small volume of dispersion (large droplets) between 
the two phases. When this mixture was put into a small beaker and further agitated with 
a magnetic stirrer, in order to measure its conductivity, a heavier emulsion formed. This 
was less noticeable at the lower biocatalyst concentrations and more pronounced at the 
higher (13 g I 'h  biocatalyst concentrations.

The standard emulsion characterisation method (2.6.2) of centrifugation was used as a 
means of looking at assisted separation of the mixtures. The resultant recoveries of the 
aqueous and organic phases are shown in Figures 4.6 and 4.7 respectively. Phase ratios 
of 0 and 1 have been omitted from these figures as they do not represent true
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Table 4.2
Effect of phase ratio and aqueous phase biomass concentration on unassisted emulsion 
separation

Phase ratio Biomass (g 1"̂ )
0 5 10 15

0 + + +

0.2 + - - -

0.4 + - - -
0.5 + +/- +/- +/-
0.6 + + + +/-

0.8 + + +

1.0 + + + +

+

+/-

immediate separation of the phases, no visible emulsion 
heavy emulsion formation 
light emulsion formation

dispersions. Even in the worse case it was possible to recover more than 70 % of the 
aqueous phase. The greater the biocatalyst concentration the less aqueous phase 
recovered (Figure 4.6). There is an area between phase ratios of 0.4 and 0.6, where it 
appears to be easier to recover the aqueous phase regardless of the biocatalyst 
concentration. Even at low aqueous phase biocatalyst concentrations, organic phase 
recovery at phase ratios of 0.4 and less were negligible (Figure 4.7). At phase ratios 
greater than 0.4 organic phase recovery is much enhanced. Again at around a phase 
ratio of 0.5 there appears to be an area of easier phase recovery, as noted for aqueous 
phase recovery. It is around this point that phase inversion takes place. Figure 4.8 
shows the conductivity profile of a water / tetradecane mixture shovsang the inversion 
point to be between phase ratios of 0.4 and 0.6. The point of inversion will however 
change depending on which phase is added to the other and which phase the impeller or 
agitator is in. The point of inversion obviously plays some part in emulsion stability.

4.2.5 Summary of phase ratio effects

Phase ratio is one of the major parameters (the other principal parameter being agitation 
rate) determining liquid-liquid interfacial area in the reactor. There appears to be no 
affect of phase ratio on specific dioxygenase activity when the system is aqueous 
continuous and the organic phase solely tetradecane. The second, liquid phase could 
have a time dependent effect as cell lysis products were detected in the aqueous phase in

103



so
C/D

•è'
'>
o”3-O
G
O

U

16

14

12

10

8

6

4

2

0
1.00.6 0.80.0 0.2 0.4

Phase ratio 
(volume fraction organic)

Figure 4.8
Conductivity profile for water and tetradecane mixtures

104



it's presence. When toluene was present in the organic phase loss of specific 
dioxygenase activity was more pronounced at higher (0.6) phase ratios.

The product TCG is found in the aqueous phase and even in the worse case scenario it is 
possible to recover more than 70 % of this phase. Therefore it could be argued that 
there is little point is worrying about emulsion formation in respect to this particular 
biotransformation. However it should be noted that on a larger scale this process will 
require large amounts of organic phase. Due to cost and environmental legislation it 
will therefore be necessary to recycle the solvent, hence the ability to incorporated this 
into the process would be highly advantageous. Figure 4.9 summarises the effect of 
biocatalyst concentration and phase ratio on organic phase recovery. To gain maximum 
recovery of organic phase from the two-liquid phase biotransformation, process 
operation needs to be at the top of the graph, ie at high phase ratios or low biocatalyst 
concentrations. At higher phase ratios however the amount of aqueous phase present in 
the reactor will be proportionally less. Hence at high (> 0.6) phase ratios the yield of 
TCG per reactor \ olume will decrease.
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4.3 Effect of agitation rate

4.3.1 Introduction

Agitation is necessary to ensure good mass transfer in the reactor, in this case of oxygen 
from the air and toluene from the organic phase (tetradecane) to the biocatalyst. When 
introducing a second, liquid phase to a process it is necessary to operate in a stirred tank 
reactor (or other configurations where high interfacial areas are achieved) in order to get 
a homogeneous reaction medium. The rate of agitation, along side phase ratio, will also 
determine the amount of liquid-liquid interface in the reactor. On a small scale power 
consumption and hence agitation is negligible. However as soon as scale-up is 
considered, agitation rate is important as it principally contributes to the power 
requirement and hence cost of a process.

4.3.2 Inlierent productivity

Due to the necessity to maintain a homogeneous reaction medium, 800 rpm was 
considered the lowest agitation rate appropriate. A higher agitation rate of 1200 rpm 
was compared with this. Cells from the same fermentation were split into two twin 
reactors and were treated in an identical manner (storage overnight with ethanol (4 g 1"̂  
initial concentration), phase ratio 0.6 and 10 % (v/v) toluene), except one reactor had an 
agitation rate of 800 rpm and the other 1200 rpm. The inherent / actual specific 
dioxygenase activity of the biocatalysts had similar profiles, but the biocatalysts at the 
lower agitation rate maintained their activity longer (Figure 4.10). Hence at 1200 rpm 
all dioxygenase activity was lost after 12 hours and it was not until 24 hours that it was 
not possible to detect further dioxygenase activity in the reactor at 800 rpm.

4.3.3 Productivity (observed activity)

Figure 4.11 compares the inherent / actual specific dioxygenase activity with the 
observed dioxygenase activity calculated from the TCG production rate. Initially the 
observed dioxygenase activity of the biocatalysts agitated at 1200 rpm is more than 
twice that of the actual / inlierent dioxygenase activity, after a couple of hours however, 
they both have similar profiles. This is not the case for the biocatalysts agitated at 800 
rpm. The actual specific dioxygenase activity showed an initial maintenance of activity 
for 4 hours before decreasing. The observed dioxygenase activity however decreased in 
the first few hours, was then maintained at that level for 5 hours, before decreasing
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again. Figure 4.12 shows the TCG concentration profiles for both reactors and the TCG 
production rate calculated from the inherent specific dioxygenase activity. The TCG 
production profile for the reaction agitated at 800 rpm is markedly less than that 
calculated from the inherent dioxygenase activity. This suggests that not the 
dioxygenase activity of the biocatalyst but the aqueous phase toluene concentration is 
the rate limiting stage in this system. This is possibly due to mass transfer limitations in 
the vessel. In the reactor at the higher (1200 rpm) agitation rate the calculated and 
actual TCG aqueous phase concentrations are similar, hence it is assumed that in this 
case there are no mass transfer limitations. At the higher agitation rate there is an initial 
rapid production of TCG. this however ceases after 4-8 hours. An organic phase toluene 
concentration of 10 % (v/v) gives an aqueous phase toluene concentration within zero 
order kinetics, but very close to first order. It is suggested that initially there is rapid 
production of TCG but as the toluene concentration drops in the reactor to first order 
kinetics the higher agitation rate means increased mass transfer and hence this effect 
becomes negligible. The higher agitation also means increased contact of the 
biocatalyst with the liquid-liquid interface which is likely to be the reason for the rapid 
loss in dioxygenase activity. The actual TCG produced in the reactor is higher than that 
theoretically calculated from the inherent dioxygenase activity. This suggests that the 
inherent dioxygenase activity profile for the reactor at 1200 rpm follows more closely 
the profile for the reactor at 800 rpm, ie the biocatalysts maintain their activity for 
longer than is measured.

4.3.4 Ease of product recovery

These biotransformations were preceded by storage of the biocatalysts overnight with 
ethanol, however emulsion formation was immediate, following organic phase addition, 
despite operating at a phase ratio of 0.6. However after storage there was found to be no 
ethanol remaining in the aqueous phase, this was thought to he the reason for the 
emulsion formation. It was thought that increased agitation and greater liquid-liquid 
interface would lead to a more stable emulsion. This was true to a certain extent, as 
demonstrated in Figure 4.13. At 800 rpm 100 % of the aqueous phase was recovered 
compared to more than 90 % at 1200 rpm. Organic phase recovery is close to zero in 
both cases. Agitation rate clearly has little effect on organic phase recovery and a minor 
effect on aqueous phase recovery. Due to this slightly enhanced aqueous phase 
recovery at the lower agitation rate (800 rpm) and greater productivity at the higher 
agitation rate (1200 rpm) the overall yield of TCG for the two systems was similar. 
Yields of 1.4 and 1.5 g(TCG) g(CDW)"^ l(Reactor)“  ̂ for agitation rates of 800 rpm and 
1200 rpm respectively were recorded.
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4.3.5 Summary o f agitation rate effects

As for phase ratio, agitation rate is a direct factor of the amount of liquid-liquid interface 
in the reactor. The agitation rate in the reactor has to be sufficient to achieve a 
homogenous reaction mixture, such that mass transfer of the reactant does not become 
limiting. At higher agitation rates there will be less chance of mass transfer limitations 
but an increase in liquid-liquid interface. It was found that at high agitation rates there 
were no limitations of the reactant (toluene) availability but a rapid decrease in specific 
dioxygenase activity. This was probably due to the greater contact with the liquid- 
liquid interface and possibly high concentrations of toluene at the interface. At high 
agitation rates there will also be the possibility of cell disruption in the high shear 
regions around the impeller. At higher agitation rates the droplet size of the dispersed 
phase will also be smaller than that found at lower agitation rates. This could be the 
reason for the greater emulsion stability at the higher agitation rate. There is however a 
finite volume that droplets will attain (ie rate of disruption will equal that of 
coalescence) in a given mixture. Due to the similarity of the recovery of the phases in 
these two biotransformations, it is suggested that in the agitation rate ranges used that 
the dispersed phase droplet volume is close to it's finite volume. Hence increasing 
agitation rate beyond 1200 rpm will not necessary hinder the phase recovery in this 
particular case.

On a small scale power requirements need not be considered. Upon scale-up 
minimalising power requirements is important due to the costs involved. Agitation rate 
is the major contributor to the power requirements in a stirred tank reactor (Appendix 
2). Hence in the design of this system agitation rates will have to be taken into careful 
considerations.
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4.4 Effect of biocatalvst concentration

4.4.1 Introduction

The biocatalyst concentration that the system can support has some important process 
implications. In this case storage of the biocatalyst can lead to loss in dioxygenase 
activity (Brazier 1989, Hack 1992), therefore use of all the biocatalyst produced, 
quickly is advantageous. In this work the fermentation and biotransformation were 
carried out in the same vessel (stirred tank reactor). Enough biocatalyst was produced 
in a single fermentation to run two biotransformations, which were run in parallel, hence 
all the biocatalyst was used immediately. This may not be the case on a larger scale 
where the high capital cost of a reactor may prevent the parallel operation of two 
identical reactors. For the same reason it is likely that again the fermentation and 
biotransformation would be carried out in the same vessel. Therefore the greater the 
amount of biocatalyst that the biotransformation can support, the greater the specific 
activity for the process, ie a large proportion of the biocatalyst would be used 
immediately with high activity and, a smaller proportion of biocatalyst used later with a 
proportionally reduced activity. An increase in biocatalyst loading in the reactor will 
hence mean an enhanced conversion per unit volume. This will however also reduce 
mass transfer (both oxygen and toluene, from air and tetradecane respectively) in the 
reactor. Biocatalyst concentration will also have an effect on the rheological properties 
of the system, a greater concentration increasing the relative density of the aqueous 
phase and hence increasing power input requirements.

The majority of two-liquid phase biotransformations carried out had an aqueous phase 
biocatalyst concentration of 10 g I" ̂  (dry cell weight basis) or less. This was inorder to 
prevent oxygen mass transfer becoming limiting and adding another variable to the 
experiments. In this section two identical biotransformations (storage overnight with 
ethanol, phase ratio 0.6, 10 % (v/v) toluene, 4 1 min air flow rate, 800 rpm agitation), 
but one with an aqueous phase biocatalyst concentration of 11 g 1"̂  (dry weight basis) 
and the other 22 g l"k were compared.

4.4.2 Inherent productivity

Both reactors (aqueous phase biocatalyst concentrations of 11 g l 'l  and 22 g 1“^) had an 
initial agitation rate of 800 rpm. After 1 hour the high cell density biotransformation 
began to foam profusely and hence it was necessary to reduce the agitation rate to 
200 rpm, to prevent expulsion of the reaction medium from the vessel. The inherent
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specific dioxygenase activity of this reaction (Figure 4.14) decreased to 65 % of its 
original value in the first 4 hours. The rate of decrease in activity falls dramatically at 
this point, only a further 10 % of the inherent specific dioxygenase activity being lost in 
the following 20 hours. Between the initial activity measurement (0 and 4 hours) the 
agitation rate had been high (800 rpm) before being reduced (200 rpm). It is usual to 
find an initial rapid decrease in inherent dioxygenase activity in a two-liquid phase 
biotransformation (Figures 4.2 and 4.10). In this case however this rapid decline is 
ceased after 4 hours, suggesting either that the reduced agitation rate or high cell density 
confer some added protection to the biocatalyst. The low cell density biotransformation 
showed the characteristic inherent dioxygenase activity profile (Figure 4.14), a rapid 
decrease in activity upto 8 hours, although it was still possible to detect activity up to 24 
hours.

4.4.3 Productivity (observed activity)

At the low cell density the observed specific dioxygenase activity showed an initial 
rapid loss in activity, levelling out before decreasing again. Initial observed activities 
were about a third of the value of those calculated by the test flask activity assay. After 
8 hours both inherent and observed activities were in the same range. This is not the 
case with the high cell density biotransformation. Whereas the inherent specific 
dioxygenase activity maintains a high activity throughout the biotransformation, the 
observed activity is negligible. This indicates that the biotransformation was not 
running optimally, ie toluene availability to the biocatalyst was limited (and possibly 
oxygen also). This was probably a combination of the effects of the reduced agitation 
and the high cell density. The low agitation rate would reduce the mass transfer of 
toluene from the tetradecane and hence this would limit the reaction rate. Similarly the 
toluene transferred into the aqueous phase would be utilised by those cells nearest the 
interface and due to the high cell density would be unable to reach those further into the 
bulk aqueous phase. These findings were further confirmed by Figure 4.16 which 
shows the actual and theoretically possible TCG concentration profiles, in the aqueous 
phase. At the low cell density there is an increase in production for 12 hours before 
cessation of TCG formation. This same profile is found both for actual and theoretical 
TCG production, that for the theoretical production, as expected, being the greater. 
After 24 hours the TCG concentration in the aqueous phase for the high cell density 
biotransformation was almost half that of the low cell density biotransformation. 
Therefore the cells in the high cell density biotransformation were eliciting almost only 
a quarter of the activity of those in the low cell biotransformation (ie twice the number 
of cell eliciting half the productivity). However at 24 hours in the low cell density 
biotransformation the reaction had ceased, whereas there was still an almost linear
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increase in TCG concentration after 24 hours in the high cell density biotransformation. 
No further readings were taken after 24 hours but it would have been interesting to 
determine how long the biocatalysts could remain active and whether the linear increase 
continued. If all the cells had been operating maximally the limit of TCG production 
possible in this batch process would have been reached in 8 hours (Figure 4.16) in the 
high cell density biotransformation.

4.4.4 Ease of product recovery

Despite operating at a phase ratio of 0.6 and storage of the biocatalyst overnight, the low 
cell density biotransformation formed an emulsion immediately on organic phase 
addition. This was probably due to the utilisation of all the ethanol overnight (extra 
ethanol was batched in before commencing the biotransformation). The biocatalysts for 
the high cell biotransformation had undergone the same pre-biotransformation 
treatment, but ethanol was remaining in the aqueous phase after storage. Therefore as 
expected (3.3) the phases in the biotransformation separated immediately into their 
component phases when agitation was ceased. This phenomenon lasted for only 30 
minutes however, before an emulsion formed. After 24 hours it was possible to recover 
nearly 100 % of the aqueous phase from both biotransformations, organic phase 
recovery was negligible. This resulted in a TCG yield of 1.4 g(TCG) g(CDW)“  ̂
l(Reactor)"^ for the low cell density biotransformation in 24 hours. Due to the low 
productivity in the high cell density biotransformation the yield in 24 hours was only 
0.18 g(TCG) g(CDW)"l l(Reactor)'l, markedly less than that for other 
biotransformations.

The effect of biocatalyst concentration and phase ratio on aqueous and organic phase 
recovery has already been discussed (4.2.4). At increasing aqueous phase biocatalyst 
concentrations aqueous phase recovery is reduced. Biocatalyst concentration having a 
more marked effect on aqueous phase recovery than phase ratio (Figure 4.6). This is not 
the case for organic phase recovery where phase ratio is the dominant effect. When the 
aqueous phase was the continuous phase in the reactor then biocatalyst concentration 
had a greater effect on organic phase recovery. At aqueous phase biocatalyst 
concentrations in excess of 9 g 1"! it was not possible to recover any organic phase 
(Figure 4.7). This could have been due to the effect of the aqueous phase biocatalyst 
concentration on the point of inversion of a tetradecane / cell suspension in phosphate 
buffer mixture. Figure 4.17 shows the conductivity profiles of such mixtures, at various 
biocatalyst concentrations. At higher aqueous phase biocatalyst concentrations the point 
of inversion (as determined by conductivity) was shifted towards the higher phase
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ratios. It may have been this effect of the biocatalyst concentration on the point of 
inversion and hence phase ratio that determined the phase recovery.

4.4.5 Summary of biocatalyst concentration (aqueous phase) effects

One of the most noticeable results from this section of work was the maintenance of 
specific dioxygenase activity at the high cell density (22 g 1“^); still retaining more than 
50 % of it's initial activity after 24 hours. This however did not translate into a high 
yield, over 24 hours, due to the low TCG production rate. It should be noted though 
that at this stage of the biotransformation TCG was still being produced at an almost 
linear rate. If this rate continued (as expected because of the high dioxygenase activity) 
a higher yield would be achieved over a longer period of time. This potential increase 
of yield with time would have to be compared with a time / cost profile. This 
maintenance of dioxygenase activity however, should not solely be attributed to a high 
cell density but also to the fact that the agitation rate was reduced (due to the cell 
density), both leading to a decrease in mass transfer in the vessel. The high cell 
concentration and the reduced agitation prevented the transfer of toluene (and oxygen) 
from the organic phase to the bulk of the biocatalyst. Hence only those cells near the 
liquid-liquid interface would have been likely to come into contact with dissolved 
concentrations of toluene and utilise it before it could reach those cells in the bulk 
aqueous. Similarly those cells in the bulk aqueous would have been protected from the 
liquid-liquid interface and it's detrimental effects.

Aqueous phase biocatalyst concentration was also shown to have an effect on aqueous 
phase recovery from an emulsion, the less biocatalyst the easier the recovery. Even in 
the worse case studied however it was possible to recover 70 % of the aqueous phase. 
Figure 4.18 summarises the effect of biocatalyst concentration and phase ratio on 
organie phase concentration. At phase ratios where the aqueous phase was continuous, 
increased biocatalyst concentrations had a negative effect on organic phase recovery. 
This is not the case when the organic phase was the continuous phase, biocatalyst 
concentration was not a function of organic phase recovery. It has also been shown that 
aqueous phase biocatalyst concentration will shift the point of inversion between the 
two phases. This could part explain the function of biocatalyst concentration on organic 
phase recovery.
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4.5 Effect of organic phase reactant concentration

4.5.1 Introduction

The rational for using a second, liquid phase in this process was to partition the poorly 
water soluble, toxic reactant, toluene from the biocatalyst (1.4). Hence in batch mode 
the reactor will contain more reactant per unit volume than a monophasic system, ie 
toluene will partition preferentially into the organic phase. The aqueous phase toluene 
concentration could be controlled by the organic phase toluene concentration, 
determined by the partition of it between the two phases. In this work tetradecane has 
been used as the second, liquid phase and the distribution of toluene between water and 
tetradecane is represented in Figure 1.5 (thermodynamically ideal with a distribution 
coefficient of 981). The actual amount of reactant in the reactor was therefore 
dependent on the phase ratio (volume fraction organic) and the organic phase reactant 
concentration. The effects of phase ratio on the reaction has already been discussed in 
detail in this chapter (4.2) and will therefore not be further discussed. The need to 
control aqueous phase toluene concentrations has already been cited as imperative for 
effective reactor operation (1.4.2.2). Aqueous phase concentrations in excess of 2.4 mM 
caused irreversible loss of dioxygenase activity of Pseudomonas putida UV4; poor 
reaction rates (1st order reaction) were achieved at concentrations less than 0.54 mM 
(Woodley etal.  1990).

The vast majority of the work done in this study used an initial organic phase toluene 
concentration of 20 % (v/v) (1.88 M), partitioning into the aqueous phase at a 
concentration of 1.9 mM. An aqueous phase toluene concentration of 1.9 mM was 
within the toxic limits (2.4 mM) and in zero order reaction kinetics. Therefore, 
theoretically the reaction should not have been be limited by toxic levels of toluene or 
by mass transfer limitations of the reactant (ie first order). This was compaired to a 
similar biotransformation whereby the initial organic phase toluene concentration was 
only 10 % (v/v) (0.94 M). This corresponded to an aqueous phase toluene concentration 
of only 0.95 mM. Again this was below the toxic toluene level and just above the 
region of first order reaction kinetics. Two biotransformations were run in parallel with 
phase ratios of 0.3 and initial organic phase toluene concentrations of 20 and 10 % (v/v), 
therefore one reactor contained twice the amount of toluene than the other. All other 
biotransformation parameters were kept the same (agitation 800 rpm, air flow rate 
4 1 m in 'l, aqueous phase biocatalyst concentration 3.15 g 1"̂ ).
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4.5.2 Inherent productivity

Over a 24 hour period there was no noted loss in specific dioxygenase activity when the 
organic phase consisted solely of tetradecane (Table 4.1). In contrast to this there was a 
loss of virtually 95 % of the inherent dioxygenase activity within 4 hours, when there 
was an initial organic phase concentration of 20 % (v/v) (Figure 4.19). At 10 % (v/v) 
organic phase concentration it was still possible to detect 30 % of the inherent 
dioxygenase activity after 12 hours, all activity being lost by 24 hours duration. These 
results seemed to indicate that although the aqueous phase toluene concentration was 
within its toxic levels, the organic phase toluene concentration plays an integral role in 
dioxygenase stability.

4.5.3 Productivity (observed activity)

Figure 4.20 again shows the inherent specific dioxygenase activity of the 
biotransformations of organic phase concentrations of 20 and 10 % (v/v) toluene, and 
compares them to the observed specific dioxygenase activity (calculated from the TCG 
production rate). The observed dioxygenase activity for the 20 % (v/v) toluene 
biotransformation was low right from the beginning of the reaction, the inherent activity 
showed that the activity was high and then was lost in the first 4 hours. This suggested 
that initially the activity was high (0.75 g g"  ̂ h"^) and that on addition of the organic 
phase there was an immediate loss of activity.

The observed specific dioxygenase activity for the reaction with an initial organic phase 
toluene concentration of 10 % (v/v) shows an almost linear decrease; its initial activity 
being almost twice that recorded for the inherent specific dioxygenase activity. There 
was a linear increase in TCG production for the first 12 hours in this reaction, reaching 
an aqueous phase concentration of approximately 22 g (Figure 4.21), for the 
following 4 hours the TCG concentration only increased to 25 g 1"̂ . This decrease in 
rate of TCG production can largely be attributed to the reduction in specific 
dioxygenase activity. However at around 8 hours duration of the biotransformation 
22 g 1"! of TCG had been formed, with a reactor basis of 1.7 1 this corresponded to (22 x 
((1.7 X 0.7) / 1000) / 127) 0.206 moles of TCG . It is known that one mole of TCG is 
formed per mole of toluene; therefore assumming that no toluene was lost to the 
environment 0.206 moles of toluene will have been utilised in this reaction up to this 
point. The initial organic phase toluene concentration was 0.94 M (10 % (v/v)) which 
with a reactor basis, of 1.7 1 corresponded to (0.94 * (0.3 * 1.7) ) 0.48 moles . Hence 
once 22 g 1"! of TCG had been formed (0.48-0.206) 0.274 moles of toluene would be 
remaining in the organic phase, this corresponded to (0.274 / (0.3 * 1.7)) 0.537 M. This
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would partition into the buffer to give an aqueous phase toluene concentration of (0.537 
/ 981) 0.547 mM. It is known that at aqueous phase toluene concentrations less than 
0.54 mM that the reaction will be in the first order regime (Figure 1.5), ie the reaction 
rate will be dictated by the reactant concentration. It is also highly unlikely that none of 
the toluene would have been stripped from the vessel by the air supply. Hence it can be 
assumed that by 8 hours duration of this biotransformation that the reaction would have 
been in first order reaction kinetics and that this may have played a role in the reduced 
TCG production rate between 8 and 12 hours duration.

In contrast the biotransformation with the initial organic phase toluene concentration of 
20 % (v/v) showed negligible TCG production as reflected in the specific dioxygenase 
activity of the biocatalyst in this reaction. For both these biotransformations (10 and 
20 % (v/v) organic phase mactant concentration) there was a slight decrease in aqueous 
phase TCG concentration after 24 hours. It was assumed that is was due to spontaneous 
degradation of the TCG into o-cresol.

4.5.4 Ease of product recover}'

Upon addition of the organic phase to each of the reactors in this experiment there was 
an immediate formation of a heavy dispersion. This was expected at a phase ratio of 
0.3. After 24 hours duration the standard emulsion characterisation test was carried out 
and more than 90 % of the aqueous phase was recovered from both biotransformation^ 
(Figure 4.22). This corresponded to yields of 0,18 and 4.71 g(TCG) g(CDW)"l 
l(Reactor)“l for the biotransformation with an initial organic phase toluene 
concentration of 20 % (v/v) and 10 % (v/v) respectively. It was however possible to 
recover almost 60 % of the organic phase from the reaction containing initially 20 % 
(v/v) toluene compared with only approximately 5 % for the other. It is suggested that 
perhaps the utilisation of the toluene in the reaction with the lower initial concentration 
of toluene shifted the phase ratio slightly and is observed in the phase recovery results 
(greater toluene utilisation, hence less organic phase and a lower phase ratio).

4.5.5 Summary of organic phase reactant concentration results

In section 4.2 of this chapter the effect of tetradecane as a second liquid phase was 
discussed and it was noted that no dioxygenase activity was lost over 24 hours duration. 
However on the addition of toluene to the organic phase (at concentrations which when 
partitioned into the aqueous phase should be non toxic) there was a decrease in specific 
activity. The rate of inactivation was greater with the greater amount of toluene in the
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organic phase. Because the aqueous phase toluene concentrations were at subtoxic 
levels it was assumed that this inactivation was not due to molecular toxicity, but phase 
effects. At the liquid-liquid interface it is possible that the biocatalyst could come into 
contact with high concentrations of toluene. This would account-for the greater 
inactivation at the higher organic phase toluene concentrations. It was unclear though 
whether this inactivation was a result of the length of time that the biocatalyst was at the 
liquid-liquid interface, whether it is a function of the frequency of contact or perhaps 
both.

The reduced organic phase recovery was attributed to the potential change in phase ratio 
as a result of toluene utilisation in the biotransformation with an initial lower organic 
phase toluene concentration.
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5 DISCUSSION

5.1 Hypothesis: Model of biocatalyst inactivation by organic solvents

5.1.1 Introduction

This model was designed with a view to describe the mechanism of solvent inactivation 
of whole cell biocatalysts in a two-liquid phase biotransformation. It disscusses the role 
of the liquid-liquid interface and the biotransformation conditions that affect it, devised 
from the experimental results obtained in chapters 3 and 4, and also from the literature 
available on the topic. There are many literature reports (eg Franks and Licb 1986, 
Van Sonsbcck et al. 1993, Sikkcma et al. 1994) on the effects of dissolved levels of 
solvent on maintenance of cell activity. This hypothesis attempts to link this with the 
presence of a liquid-liquid interface and the physical parameters in the vessel and also 
the effect of the other process options.

5.1.2 Inactivation of dioxygenase activity in Pseudomonas putida UV4

This reaction was carried out as a whole cell biotransformation for two principal 
reasons; the instability of the isolated enzyme and the need for co-factor (NADH) 
regeneration (1.4.2.1). Inactivation of the biocatalyst is thought to occur as a result of 
the disruption of the integrity of the cell membrane. Therefore it was assumed that the 
loss of dioxygenase activity could be attributed to disruption of the membrane resulting 
in either the loss of configuration of the dioxygnease enzyme and / or the cessation of 
the co-factor regeneration system. The dioxygenase enzyme is membrane associated 
(Wake 1992) and therefore any disruption of the membrane is likely to disrupt the 
enzyme environment. This could lead to conformational changes of the enzyme and the 
loss of the active site, resulting in a loss of dioxygenase activity. The enzyme could 
become unattached to the membrane and even expelled out of the cell, in such 
conditions it is unlikely to retain dioxygenase activity.

Ethanol metabolism is used to facilitate co-factor regeneration within the system 
(1.4.2.1). Ethanol is taken up by the cells and is converted to acetaldehyde, with the 
formation of NADH, by alcohol dehydrogenase (ADH). This reaction has a low redox 
potential and therefore equilibrium must be driven by using either ethanol in excess or 
by removing acetaldehyde. It could be argued that as the reaction progresses the ethanol 
concentration in the reactor diminishes (ethanol is added batch wise at the start of the 
reaction). This could result in the slower rate of ethanol uptake by the cell and hence
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the reaction could be forced in the reverse direction. However the acetaldehyde will be 
further oxidised in the Krebs Cycle and electron transfer system (ETS), and used in cell 
metabolism, driving the reaction in the forward direction. Energy created by the 
formation of ATP in the ETS however requires the transportation of protons across an 
intact cell membrane. ADH is a relatively small enzyme, comprising of 4 sub units and 
associated with zinc. As the cell membrane becomes leaky it would be expected that 
ADH, which is free in the cytoplasm, would be leached from the cell. Away from the 
the cell environment the enzyme configuration could become loose and / or be more 
suseptable to proteolytic attack (proteases also being leached from the cell), or the 
enzyme could loose its activity.

5.1.3 Molecular effects

In this particular system the cellular membrane will come into contact with dissolved 
levels of two organic solvents; toluene and tetradecane. Tetradecane is very 
hydrophobic (Log P 7.6) and hence the aqueous phase concentration of tetradecane 
would be very low. The cell membrane creates a very hydrophobic environment and 
therefore solvent (hydrophobic) will partition into this area preferentially to the aqueous 
phase. Due to the low aqueous phase concentrations the partition of tetradecane from 
the aqueous phase to the cell membrane would also be low (It is assumed that the 
aqueous phase tetradecane concentration will always be at equilibrium, ie 100 %, the 
aqueous phase toluene concentration however will be in a dynamic state (always 
changing)). The concentration attainable of tetradecane in the cell membrane, would be 
below the critical membrane concentration (concentration resulting in disruption of the 
membrane) (Osborne et al. 1990) (Figure 5.1a). Osborne et at. (1990) have shown that 
loss of activity correlates well with the concentration of solvent in the membrane; the 
presence of solvent causing alteration of the membrane fluidity, lipid phase separation, 
direct solvent - protein interactions and membrane permeabilisation. Toluene is knovm 
to cause irreversible inactivation of the dioxygenase system at concentrations greater 
than approximately 40 - 50 % aqueous saturation (Brazier 1989). Hence the aqueous 
phase toluene concentration has been controlled below this toxic level by the 
introduction of tetradecane as a solvent reservoir. It has therefore been assumed for the 
purpose of this model, that no molecular effects of either tetradecane or toluene are 
observed in this particular system.

132



a. M o le c u l a r  e f f e c ts

organic phase

Critical membrane

concentration

aqueous phase biocatalyst 
(cell membrane)

b . P h a s e  e f f e c ts

^ iticW  meinbrai^ 
! concentration

organic phase biocatalyst
(cell membrane)

Figure 5.1

Hypothesised a. molecular and b. phase effects of tetradecane on the biocatalyst
(at equilibrium )

1



5.1.4 Phase effects

In the previous section molecular effects of the solvents were deemed negligible. 
Therefore the loss of dioxygenase activity of Pseudomonas putida UV4" was assumed to 
be a result of phase effects. In a two-liquid phase system which is agitated to create an 
homogeneous environment (and hence good mass transfer between the phases), large 
interfacial areas are created. These will be dynamic areas due to the creation and 
coalescence of the dispersed phase droplets. Cells are known to be attracted to and to 
then accumulate at phase interfaces (Crabbe et al. 1986). But due to the dynamic 
nature of the liquid-liquid interface and the shear forces in the vessel, this is thought not 
to happen. The biocatalyst will be constantly moving (due to agitation of the mixture), 
and hence will make contact with the liquid-liquid interface at regular intervals (the 
amount of contact being_a function of phase ratio and agitation, and naturally the 
biocatalyst concentration). At the liquid-liquid interface the biocatalyst will be in 
contact with neat tetradecane. This model postulates that the partition of tetradecane 
into the cell membrane at the point of contact is below the critical membrane 
concentration for tetradecane (Figure 5.1b). The concentration of tetradecane in the 
membrane will however be such that the membrane will become permeable and leakage 
of cell components from the cell will occur. It has therefore been hypothesised that 
there are no molecular or phase effects of tetradecane on the biocatalyst, as represented 
in Scenario A of Figure 5.2. Scenario's B and C represent cases where the second, 
organic, liquid phase is detrimental to the biocatalyst. Respectively, where the 
tetradecane has no effect at the molecular level but is toxic at the phase level and where 
both molecular and phase effects are observed. If toluene is present in the organic 
(tetradecane) phase then when the biocatalyst hits the interface it will be exposed to 
high, toxic levels of the reactant. The equilibrium partition of toluene between the 
tetradecane and the cell membrane will not be instantaneous. The time taken for the 
partition of toluene into the cell membrane to reach critical levels will be a function of 
the number of times of contact (Figure 5.3a) and the duration of contact (Figure 5.3b) 
between the biocatalyst and the liquid-liquid interface.

5.1.5 Emulsification

Emulsification is a result of the formation and coalescence of the dispersed phase in the 
continuous phase. In the absence of any stabilising agent or surfactant after mixing of 
the two phases, tetradecane and phosphate buffer, there will be complete separation of 
the phases. The presence of a stabilising agent or surfactant will prevent the 
coalescence of the dispersed phase and a heavy dispersion will form. The presence of 
biocatalysts in the aqueous phase acts as a weak stabilising agent and hence will
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encourage the formation of an emulsion. It is also known that in the presence of organic 
solvent cells are likely to excrete surfactants (Fiechter 1992, Lee and Rhee 1994). 
Therefore the longer that the cells are in the two-liquid phase system the more surfactant 
is likely to be produced and hence the more stable the emulsion. Similarly, during the 
biotransformation the cells are in the resting state (ie not growing), therefore with time 
(and the presence of solvent) the cells will begin to degrade. Cell debris is also thought 
to act as an emulsifying agent. Hence the biocatalyst concentration will play a role in 
determining the stability of an emulsion. Emulsion formation will also be a function of 
phase ratio. At phase ratios where the aqueous phase is the continuous phase, stable 
emulsions will form. The aqueous phase will be the continuous phase upto phase ratios 
of approximately 0.6, depending on other reactor conditions, eg biocatalyst 
concentration is known to move the point of inversion (4.4.4) (Brookes 1984). When 
the organic phase is continuous, there is breakage and coalescence of the dispersed 
aqueous phase droplets during agitation and on cessation of this the mixture separates 
into its component phases.

5.1.6 Hypothesis summary

In summary, this hypothesis surmises that dioxygenase activity was lost due to 
permeabilisation of the cell membrane of the biocatalyst, resulting in either the 
dénaturation of the dioxygenase enzyme or the disruption of the co factor regenerating 
ability of the cell, or possibly a combination of both. The cell membrane becomes more 
fluid and permeable due to the partitioning of the solvent into the hydrophobic 
membrane. Molecular effects are thought to play no part in the inactivation of 
dioxygenase activity in this particular system. The aqueous phase solvent 
concentrations of both toluene and tetradecane being such that when partitioned into the 
hydrophobic membrane they are below the critical membrane concentration. The 
critical membrane concentration is different for toluene and tetradecane. At the liquid- 
liquid interface however the biocatalyst will be in contact with high concentrations of 
toluene. It is proposed that the rate of the partition of toluene between tetradecane and 
the cell membrane is not instantaneous, but a function of the number of times of contact 
and the duration of contact (cumulative contact time). Therefore the rate of inactivation 
of dioxygenase activity will be dependent on the amount of toluene it comes into 
contact with, which is a function of the liquid-liquid interface, which in turn is a 
function of the phase ratio and agitation rate. The relationship between cumulative 
contact time of the biocatalyst and the liquid-liquid interface is demonstrated in Figure 
5.4. The greater the cumulative contact time the greater the biocatalyst inactivation. 
This effect being more pronounced with increased interfacial area.
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Emulsion formation is principally a function of the phase ratio; at phase ratios where the 
aqueous phase is continuous there will be the formation of a stable emulsion. 
Conversely when the organic phase is continuous there is no emulsion formation. The 
point of inversion will be affected by parameters such as biocatalyst concentration, 
impeller position and the order of phase addition. Emulsion stability is a result of the 
presence of surfactants or stabilising agents. Stabilising agents are thought to derive 
from surfactants excreted from the cell, cell debris and the cell (biocatalyst) itself. The 
theory of émulsification properties is based on observations made whilst carrying out 
the two-liquid phase biotransformations.
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concentration. The point of inversion will primarih' be a function of the phase ratio but 
will also be determined by the stabilising agents present (biocatalyst concentration), 
agitation and position of the impellers. During the biotransformation the point of 
inversion is likely to change due to the utilisation of the reactant in the organic phase, 
and stripping of the organic phase by the air flow (which will change the phase ratio) 
and the production of cell components / lysis products and surfactants by the 
biocatalyst. Therefore when designing a process these time effects must be taken into 
account.

5.2.3 Reactant concentration

The organic phase reactant concentrations chosen for this work where such that when 
partitioned into the aqueous phase, toluene at sub toxic concentrations would be present. 
It was found that organic phase toluene concentrations of 20 % (v/v) elicited an almost 
total loss of dioxygenase acti\ ity in the first 4 hours. Activity remained (30 % of initial 
dioxygenase acti\ity) for 12 hours with an organic phase toluene concentration of 
10 % (v/v), and all activity was maintain for 24 hours when the organic phase consisted 
solely of tetradecane. The model can explain this phenomena in the following way 
(Figure 5.7). At the interface the cell will be in contact with high concentrations of 
toluene (x). If the partition of toluene between the organic phase and the cell membrane 
is (a) then the concentration in the cell membrane will be ax. Therefore by the same 
theory and assuming the the partition coefficient to be linear (thermodynamically ideal), 
if the organic phase toluene concentration is twice the value (2x), for the same 
conditions the cell membrane concentration will be twice the value (2ax). By this 
reasoning it would be assumed that the biotransformation with an organic phase toluene 
concentration of 20 % (v/v) would loose its activity twice as fast as the 
biotransformation with an organic phase toluene concentration of 10 % (v/v). Although 
this is not necessarily the case as at the lower organic phase reactant concentration there 
is activity remaining for more that twice the time of the higher organic phase reactant 
concentration biotransformation. This suggested that at the organic phase toluene 
concentration of 20 % (v/v) when the biocatalyst hits the organic phase there was an 
instantaneous partition of toluene into the cell wall that was greater than the critical 
membrane concentration (Figure 5.8a). The lower organic phase reactant concentration 
will take longer to reach the critical membrane concentration (Figure 5.8b). Similarly as 
the biocatalysts remain active longer the toluene concentration in the membrane will be 
reduced when the cells are away from the liquid-liquid interface as it will be converted 
into TCG.
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Very little effect of the organic phase toluene concentration was observed on emulsion 
formation. Although there was a slight reduction in organic phase recovery at the lower 
organic phase toluene concentration. This could have been due to the fact that as the 
biocatalyst had maintained its activity longer, more toluene was utilised, reducing the 
organic phase content of the vessel and hence this changed the phase ratio. It could 
have been expected that at the higher organic phase concentration more cell lysis 
products / surfactant would have been produced from the biocatalyst and hence a more 
stable emulsion formed. This is best explained as for the effect of agitation, the 
emulsion characterisation was carried out after 24 hours duration of the 
biotransformation. At this time no activity was found in either of the 
biotransformations, a time dependent effect of emulsion characterisation might have 
been observed earlier.
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5.3 Discussion of the process options in terms of the hypothesis

5.3.1 Harvesting options

These results (3.2) compared two principal biotransformations, run under identical 
conditions (phase ratio 0.3, 20 % (v/v) toluene, agitation rate 800 rpm and airflow rate 4 
1 min“l), the difference being in the manner of harvest of the biocatalyst prior to the 
biotransformation. In one case the cells were harvested in the usual manner 
(centrifugation and the resuspension of the cell pellet in phosphate buffer) and in the 
other the organic phase was added directly to the fermentation (at the point where 
harvesting would have occurred). Those cells that had not undergone a harvesting 
operation maintained dioxygenase activity for 18 hours, compared to only 4 hours 
observed for cells that had undergone a centrifugation and resuspension stage. Three 
potential reasons for this difference in tolerance to the biotransformation conditions 
have been proposed and related to the hypothesis.

i. During centrifugation of the fermentation broth, to separate the cells from the 
spent broth, the cells were exposed to high shear levels. This would have had an effect 
on the cell membrane integrity, the membrane becoming weaker. It is possible that this 
weakening of the cell membrane could have resulted in enhanced uptake of solvent by 
the biocatalyst (through a ruptured part of the cell membrane). Similarly when the cells 
are resuspended in 50 mM phosphate buffer (pH 7.5), the change in environment may 
cause the cells to undergo a mild form of osmotic shock. The difference in salts 
concentration between the cell cytoplasm and the buffer, and the resultant transfer of 
water causing the cells to become ruptured. The resultant weakening of the membrane 
would again decrease the tolerance of the biocatalyst to the solvent.

ii. Those cells that had not undergone a harvesting stage, had not been treated to the 
harsh conditions of centrifugation and resuspension and hence their membrane integrity 
would have been maintained. However the cells would still have been in the 
fermentation broth and residual amounts of growth nutrients would have been present. 
A second train of thought is that due to the presence of the residual growth nutrients the 
cells are still able to undergo a form of maintenance (de novo protein synthesis). When 
the cells have been harvested they are used for the biotransformation in their resting 
state, with just the presence of ethanol (co substrate) to keep the metabolism ticking 
over. Hence gradually, with time, the cell will begin to degrade. Whilst undergoing the 
biotransformation, still in the fermentation broth no further growth was observed 
(results not shown). However it is thought that the cells are able to metabolise further 
and still be able to maintain their integrity. In other words once harvested and 
resuspended (in their resting state) the cells begin to spontaneously degrade with time.
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However the residual amounts of growth nutrients found in the fermentation broth allow 
the cells to metabolise and produce cell components such that the onset of the 
degradation stage is delayed until the growth nutrients are utilised. The degradation of 
the cells and hence the production of cell debris and leaching of cell components will 
render the biocatalyst more susceptable to solvent attack (ie it will become more 
permeable). This stage will be delayed in the cells that have not undergone the 
harvesting operation. This theory also sheds light on the émulsification results. It was 
found that with those biotransformations that were harvested (schemes I and II, Figure 
3.2) negligible organic phase was recovered. However when the biocatalyst had not 
undergone a harvesting operation more than 80 % of the organic phase was recovered 
(in all cases approximated 100 % of the aqueous phase was recovered). Cell debris and 
cell lysis components ha\ e been cited to act as emulsifying / stabilising agents and in 
those cases where the celLare thought to have degraded more rapidly there was a more 
stable emulsion formed (harvested cells). When the cells were able to metabolise for 
longer (no harvest), the production of cell debris and lysis products was much reduced. 
Hence in this case in the absence of emulsifying / stabilising agents the resultant 
emulsion was less stable and more organic phase was recovered.

iii. It has already been discussed that in the case of the biotransformation where 
there was no harvesting operation the cells would be in an environment with residual 
growth nutrients and hence have the ability to metabolise. The fermentation broth 
would also contain other components along with the residual growth nutrients; during 
growth components such as proteases, surfactants etc would be excreted from the cell. 
These would therefore be present in the biotransformation. Proteins have an affinity for 
interfaces (Dickinson and Matsumura 1994) and it is thought that these extracellular 
proteins adhered to the liquid-liquid interface. This would have prevented the cells from 
reaching the liquid-liquid interface and hence being exposed to high concentrations of 
toluene (Figure 5.9). Research looking at the deactivation of enzymes (free and whole 
cells) in the presence of an air - liquid interface has shown that the more complex the 
medium the greater the maintenance of enzyme activity (Khan 1995). This could be 
what is being observed in the case when no harvesting has occurred but the 
biotransformation was run in the complex fermentation broth. As already discussed 
when there was no centrifugation stage a much larger proportion of the organic phase 
was recovered from the emulsion, aqueous phase recovery was high in all cases.

All tliree theories described can be related to the hypothesis. Although the idea of the 
proteins in the fermentation broth protecting the biocatalyst from the liquid - liquid 
interface is probably the most related to the model. The idea of the cells still being able 
to metabolise in the fermentation broth however is able to explain what is happening 
during the emulsion separation.
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The results from these experiments show some advantageous traits, it appears possible 
to loose two unit operations (centrifugation and resuspension) and, to be able to 
maintain dioxygenase activity for longer (than in an identical biotransformation where 
the cells have been harvested) and achieve a high organic phase recovery. However by 
running the biotransformation in the fermentation media the product, TCG, will be 
present in the aqueous phase (solubility in water >250 g 1"̂ ) along with the fermentation 
broth components eg residual growth nutrients, proteases, surfactants (biological and 
chemical) and other extracellular components. Hence it will be relatively more difficult 
to recover TCG from this complex aqueous phase than from a simple phosphate buffer. 
Similarly it was thought to be necessary to run the biotransformation in a buffer in order 
to counter any pH changes (the optimum pH for this reaction is 7.5 and at pH < 7.0 the 
TCG will spontaneously degrade to form cresol). No pH changes have been observed in 
this particular biotransformation and it could be argued that it would be possible to run 
this with water as the aqueous phase. When running the biotransformation straight from 
the fermentation (ie the addition of the organic phase straight to the reactor) it was 
necessary to remove some of the fermentation broth to make room for the organic phase 
in the vessel. The removed fermentation broth would either have to be stored for later 
use (but with time the biocatalyst would loose dioxygenase activity), used in a parallel 
reaction or discarded. The aqueous phase biocatalyst concentration would therefore be 
limited to the fermentation cell concentration. By introducing a harvesting stage a 
concentrating step is added, ie its is possible to run with higher aqueous phase 
biocatalyst concentrations. If necessary all the biocatalyst from a single fermentation 
can be used in a single biotransformation, in the same vessel.
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5.3.2 Storage options

Throughout this research and previous work on the topic (Brazier 1990, Hack 1992) 
one of the limiting steps has been the inability to store the cells for any length of time, 
without a rapid loss in dioxygenase activity. Results have shown however that it is 
possible to store the cells after fermentation and harvesting under biotransformation 
conditions, ie the cells ha\ e been centrifuged and resuspended in phosphate buffer and 
put in the reactor (agitation rate 800 rpm, air flow rate 4 1 m in"\ temperature 28 and 
pH 7.5) along with co substrate (4 g 1“1 ethanol). No dioxygenase activity loss was 
observed for 24 hours under these conditions. It was noted that the ethanol was 
metabolised during this period and extra ethanol was batched in prior to organic phase 
addition. On addition of the organic phase (containing toluene) the rate of inactivation 
of the biocatalyst was the same as if it had not been stored in ethanol. It was therefore 
assumed that the presence of ethanol for this period maintained the cells metabolism 
(hence retention of dioxygenase activity). The effect of storage in the presence of 
ethanol had its greatest effect on the emulsion formation. If cells had been stored in the 
presence of ethanol and the subsequent biotransformation run at a phase ratio of 0.6 no 
émulsification was observed. It was initially thought that perhaps the ethanol was 
somehow lining the cells and conferring somekind of protection. The lining of the cells 
preventing the formation of an emulsion. A more realistic theory was that as the cells 
were metabilising during storage they are able to maintain their integrity. Cells which 
have not been metabolising would have began to degrade. Hence in the presence of the 
organic solvent would have begun to degrade immediately. The onset of degradation of 
cells that have been metabolising during storage would be delayed. It is thought that it 
is these cell degradation / debris products which cause the emulsion formation, either as 
emulsifiers or by changing the inversion point between the two phases. This would 
account for the reason why in some cases the biotransformation remained organic 
continuous for 24 hours and others onlv 12 hours.
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5.4 Debate of the hypothesis

5.4.1 Molecular effects

The model postulated that there were no molecular effects observed in this partieular 
process. This was because at equilibrium, the tetradecane coneentration in the cell 
membrane was assumed to be below the eritieal eoneentration and the toluene aqueous 
phase concentrations were maintained below the toxic levels as determined by Hack 
(1992) (5.1.3). Hack (1992) found it diffieult to obtain this data, especially around the 
regions of first order kinetics, due to the insolubility and volatility of toluene. Accurate 
aqueous toluene eoncentrations on a small scale were therefore determined through a 
knowledge of the partition coefficient of toluene between dodecane and phosphate 
buffer. Dodecane and cell suspension, in a ratio 1:1 (phase ratio 0.5) were agitated 
(60 ml working volume mini reactors) for a period of two hours, the dioxygenase 
aetivity remained linear over this period. Aetivity measurements beyond two hours 
were not made. During this time toluene would have been partitioning into the 
hydrophobic cell membrane, potentially at a rate greater than it was being converted into 
TCG. Therefore as the reaetion progressed the membrane toluene concentration would 
have been inereasing. If it took longer than two hours for the critical cell membrane 
toluene concentration to be reached then this would not have been noted in these 
experiments. If this was the ease then the toluene hydroxylation kineties graph can be 
redrawn, as in Figure 5.10. The upper limits of the aqueous phase toluene concentration 
being reduced with time. This could account for the more rapid loss in dioxygenase 
activity at an organic phase toluene eoneentration of 20 % (v/v) toluene than 10 % (v/v) 
toluene (4.5.2). As the biotransformation was run in excess of two hours the reaction 
kinetic curve eould have been expected to move to the left, 20 % (v/v) toluene 
coneentration (which corresponds to an aqueous phase concentration just inside the 
toxic level), would therefore have been in the toxie regime. At only 10 % (v/v) toluene 
in the organic phase, despite the shift in the reaction kinetics the partition of toluene into 
the aqueous phase would still have been in the non toxic region. However within 4 
hours in the reactor with an organic phase toluene concentration of 20 % (v/v) then 
virtually all the dioxygenase activity was lost. As no readings were taken between 0 and 
4 hours, activity was likely to have been lost prior to this time (4 hours). Hack (1992) 
observed that dioxygenase activity was maintained (eonstant) over the two hour period 
in the mini reactor, therefore it seem unlikely that this is what caused the rapid loss of 
activity in this case. Similarly, on addition of toluene to the biocatalyst TCG was found 
in the aqueous phase almost instantaneously. This seemed to indicate that the transfer 
of the toluene, from the aqueous phase into and the subsequent release of TCG was very 
rapid. Hence it would be thought that the equilibium concentration of toluene in the
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biocatalyst would have been reached fairly rapidly, not a matter of hours, as suggested. 
There is a possibility that moleeular effeets could have come into effeet in this particular 
system, by the meehanism outlined above. However with this particular process the 
phase effects are sueh that they eome into play before any of the molecular effects are 
noticeable. What this arguement does highlight is the need when designing a similar 
proeess (with toxie reaetants) to operate within the zero order regime but at the first 
order end. This would then eliminate the possibility of any time dependent molecular 
effects.

5.4.2 Cell versus culture inaetivation

The model has postulated that the inactivation of the biocatalysts was a function of the 
membrane toluene eoneentration, the rate of inactivation being a function of the amount 
of liquid-liquid interface that the cell eame into contact with. In this model it was 
assumed that each of the eells gradually lost aetivity. However it could be equally 
possible that on reaching the interface the eell would immediately lose all dioxygenase 
activity and that the rate of loss of dioxygenase aetivity is again the rate at whieh the 
eells come into contact with the interface. With high cell concentrations it could be 
hours before some cells see the interfaee. Although this meehanism of inactivation does 
provided a possible explanation for those results derived from experiments that involved 
the amount of interfaeial area that the eells were exposed to (eg effect of phase ratio, 
agitation rate and aqueous phase biocatalyst concentration) it fails to answer the effects 
of the organic phase toluene concentration. It was therefore assumed that in the 
experiments carried out that dioxygenase activity was lost gradually by each of the 
individual bioeatalysts.
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5.5 Process operation and scale-up

5.5.1 Operation of the system and process considerations

5.5.1.1 Introduction

Whilst operating the two-liquid phase biotransformation two principal problems have 
arisen; maintenance of biocatalyst stability and the formation of a stable emulsion. 
Biocatalyst stability has been linked to the high toluene concentration that the cells are 
exposed to at the liquid-liquid interface. Hence inactivation was linked to those 
parameters which increased the specific liquid-liquid interfacial area in the reactor, ie 
high phase ratios, high agitation rates and low biocatalyst concentrations. As it is 
actually the toluene at the interface that causes the inactivation then the organic phase 
toluene concentration that is observed at the interface is also important. Therefore it is 
possible to say that there are process solutions to the problems of biocatalyst stability.

The mixing of the two phases in this system resulted in the formation of a stable 
dispersion / emulsion. This emulsion was aqueous phase continuous and had the 
consistency of margarine. It was necessary to create the large interfacial areas in order 
to achieve good mass transfer in the system. However these emulsions meant the non- 
newtonian behaviour (shear thickening) of the reaction medium and increased power 
requirements (Appendix 2). In this particular system the product, TCG was highly 
water soluble (none was detected in the organic phase) and hence it was necessary to 
recover the aqueous phase from the emulsion to collect the product. In all the two- 
liquid phase biotransformations carried out during the course of this work the worse 
recovery of aqueous phase was 70 %, usually recovering between 90 and 98 %. 
Laurence (1994) found that the formation of an emulsion confered some protection to a 
whole cell biocatalyst, so the question has to be asked whether emulsion formation was 
a bad thing. In the light of current regulatory and environmental trends, and the 
traditional chemical companies cutting down on their use of organic solvents (Kirscher 
1994), the need to recover the solvent from the two-liquid phase biotransformation is 
imperative. From simple centrifugation steps it was found difficult to recover any 
solvent and due to the instability of TCG solvent recovery by distillation must be ruled 
out. The use of membranes to separate organic / aqueous emulsion has shown to be 
fairly successful for this type of process, but so far has only been used on a small scale 
(Laurence 1994). In this work it was found possible to prevent an emulsion forming by 
running the biotransformation inverted, ie with the organic phase continuous. Hence the 
biotransformation and recovery stages were practically integrated. It was initially 
thought necessary to run the system aqueous phase continuous, as this was the phase
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where the reaction was occuring and hence there was a need to contol the pH. However 
in this particular reaction there was found to be little pH change. What change there 
was was negligible due to the buffered aqueous phase. Maintenance of organic phase 
continuous in the reactor was achieved by storing the biocatalyst overnight in ethanol 
and running the biotransformation at a phase ratio of more than 0.6. Determination of 
the continuous phase in the reactor was also affected by the biocatalyst concentration 
and the duration of the biotransformation. The problem being maintaining the organic 
phase as the continuous phase as once the system had flipped to aqueous continuous it 
was impossible to revert the system. Running with the organic phase continuous 
however meant a greater liquid-liquid interfacial area (detrimental to the biocatalyst). 
Therefore when designing this system the advantages (no emulsion formation) and the 
disadvantages (potential increased inactivation rate) would have to be carefully 
considered.

5.5.1.2 Guidelines

What has become obvious from this work on two-liquid phase biotransformations is that 
there are no hard and fast rules about how to design a process. However the parameter 
effects and how they interact have been elucidated. Therefore before starting to design a 
biotransformation process it must be known what the end results have to be (eg high 
yield, maintenance of biocatalytic activity etc). To summarise, "Operating Windows" 
(Woodley and Titchener-Hooker 1994) have been used to schematically illustrate the 
interactions between the reaction parameters.

It was surmised that there were no molecular effects of toluene on the biocatalyst 
activity at organic phase concentrations less than 20 % (v/v), there will however be 
phase effects. At organic phase toluene concentrations less than 8 % (v/v) there will be 
mass transfer limitations, the partition of toluene into the aqueous phase being at a 
concentration in the first order reaction kinetics regime. This has been represented in 
Figure 5.11 as the toluene concentration (M) in the reactor. At high phase ratios there 
will be limited aqueous phase and since this is the phase where the reaction occurs this 
will not be advantageous. Similarly reactant (toluene) concentration in the vessel will 
be such at low phase ratios that the advantages of running with a second, organic, liquid 
phase would be negligible. The clear area marked on the diagram is the operating 
window, or the parameter limits which should be considered when designing a two- 
liquid phase biotransformation.

Biocatalyst stability is a function of the concentration of toluene that it sees at the 
liquid-liquid interface, therefore the amount of interface that it sees will be limiting.
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Liquid-liquid interfacial area is primarily a function of the phase ratio and the agitation 
rate and this is shown in Figure 5.12. From power ealculations (Appendix 2.1), for a 2 
litre working volume reactor agitation rates greater than approximately 1000 rpm use 
excessive amounts of power. At agitation rates less than approximately 400 rpm 
(observation) there is poor mixing of the phases and hence mass transfer limitations. 
The curve line schematically represents the area where there will be large liquid-liquid 
interfaeial areas. Again the clear area represents the preferred area of operation.

As mentioned in the previous section (5.5.1.1) to prevent emulsion formation in this 
system it is necessary to operate with the organic phase continuous. The parameters 
which affect the spacial distribution of the phases are shown in Figure 5.13. From 
conductivity measurement of water / neat tetradecane mixtures it was shown that the 
point of inversion of this system was between phase ratios of 0.4 and 0.5 (Figure 4.8). 
For the sake of this diagram it is shown that that at phase ratios of 0.6 or less the 
aqueous phase will be the continuous phase, regardless of any other parameters. At 
phase ratios greater than 0.6 the nature of the dispersion will be dependent on whether 
the biocatalysts were stored with ethanol and a function of the time in the reactor.

What is immediately obvious is that if each of these operating windows were laid on top 
of one another, there would be no noticeable clear area denoting the area where the 
biotransformation should be operated. This highlights the need to clearly define the 
aims of the process before setting about on the process design.

5.5.1.3 Continuous operation

The two-liquid phase biotransformations carried out during the course of this work have 
all been batch processes. From the data gained from the batch process it was possible to 
determine the important factors needed to run the process continuously, this has been 
done as a paper exercise.

In order to run the process over a matter of days rather that hours it will be necessary to 
maintain biocatalyst activity for this period. This can be achieved by limiting the 
liquid-liquid interface and the toluene at the interface that the biocatalyst comes into 
contact with (eg low agitation rate, high bioeatalyst concentration, low organic phase 
toluene concentration). Similarly if running for a long period of time it will be 
necessary to add more toluene to the reaction. Toluene cannot be added direct to the 
aqueous phase, as the high concentration at the inlet would cause irreversible damage to 
the biocatalyst. Therefore the toluene must be added direct to the organic phase.
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If the biotransformation is running aqueous continuous (ie with a heavy dispersion) 
there will be a need for an on-line separation stage (Figure 5.14). A rapid method for 
this would be the use of centrifugal separation, although results have indicated that this 
is not an efficient method. Good phase separation could be achieved by using a 
membrane, although this would be slow, and the aqueous phase then could be recycled 
back into the reactor. Product removal could be carried out at this point but as TCG is 
not inhibitory to the biocatalyst it would be more beneficial to allow the product 
concentration to increase (hence aid subsequent recovery). On-line analysis of the 
organic phase would be necessary and appropriate toluene added prior to its 
réintroduction to the reactor.

If the organic phase was the continuous phase in the reactor (to achieve this it would be 
necessary to store the biocatalyst, with ethanol, prior to use, operate at a high phase ratio 
and have a lower biocatalyst concentration) then it would be possible to add toluene 
directly into the vessel (Figure 5.15). A simple method would be to add toluene to the 
reactor at a rate below that which it is though that the biocatalyst would utilise it. If 
biocatalysts began to lose activity with time, a cascade effect (ie biocatalyst loses 
activity, toluene is added and not all utilised therefore biocatalyst looses more activity) 
can be avoided as the toluene will be preferentially in the organic phase. To improve 
the efficiency of the toluene addition to the reactor it could be mixed with the co 
substrate ethanol (ethanol also being utilised in the reaction and hence needing 
replenishing). If the toluene and ethanol were being utilised at the same rate as they 
were being added to the vessel there would be no need for a liquid outlet stream.

Another method to operate this system (using a second, organic, liquid phase to control 
aqueous phase toluene concentrations), but avoiding the problems of liquid-liquid 
interface biocatalyst inactivation, would be to employ a membrane reactor (Figure 5.16). 
This would act as a barrier to prevent the biocatalyst contacting the interface and being 
exposed to toxic concentrations of toluene. As the phases would not be mixed there 
would not be a problem of emulsion formation. If a hydrophilic membrane was used, 
the aqueous phase would sit in the membrane and get charged with toluene, but the pore 
size would exclude the biocatalyst. The toluene would be in an organic phase reservoir 
as before and therefore the aqueous phase toluene concentration would not reach the 
toxic levels. Figure 5.16a shows a very crude method how this may be employed. Just 
a single membrane reactor, with counter current flow of organic and aqueous phases. 
The problem with this would be in aerating the system as toluene hydroxylation requires 
molecular oxygen. If a further membrane reactor was run in parallel to this reactor, it 
could be possible to separate the biocatalyst from the aqueous phase, this would prevent 
any possibility of it coming into contact with high toluene concentrations. In the 
separate reactor it could also be possible to aerate the biocatalyst (Figure 5.16b).
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Orginal reasons for operating this biotransformation as a two-liquid phase process was 
to eliminate the need for complex process control systems and to increase the oxygen 
supply to the system (so that it could support more biocatalyst), ie a simple batch 
process with its own internal control system. With some of these latter designs they are 
beginning to become complex (requiring separation mechanism, on-line control, etc), 
hence the disadvantages of the aqueous phase fed-batch process (Hack 1992) are seen 
along side those of having to run a process with an organic solvent.
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CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

1. Emulsion formation is an intrinsic problem with running biotransformation 
processes (in a stirred tank reactor) in the presence of a second, liquid phase. But by 
running the system inverted (ie. with the organic phase as the continuous phase) it is 
possible to get immediate separation. The point of inversion for a tetradecane water 
mixture is between a phase ratio 0.5 and 0.6 (volume fraction organic). However, 
by increasing the aqueous phase biocatalyst concentration the phase ratio at which 
the organic phase is continuous is raised. At a phase ratio of 0.8 maintaining an 
aqueous phase biocatalyst concentration of 25 g 1"! the aqueous phase was 
continuous (results not shown). The point of inversion can also change with the 
duration of the biotransformation, thought to be due to the production of cell lysis 
components and biosurfactants. The storage of the biocatalyst in the presence of 
ethanol prior to the biotransformation is presumed to maintain the integrity of the 
biocatalyst and hence reduce the phase ratio at which the organic phase will be the 
continuous phase.

2. Biocatalyst stability is a problem in the two-liquid phase biotransformation, but it is 
possible to overcome this, to a certain extent by process solutions. It was assumed 
that toxic concentrations of toluene could be maintained in the reactor due to the 
organic phase (tetradecane) acting as a reactant reservoir (the biocatalyst being in 
the aqueous phase). It has been shown that the presence of a liquid-liquid interface 
(under the experimental conditions used here) is not detrimental to the biocatalyst 
stability. However the organic phase toluene concentration is important as at the 
liquid-liquid interface the biocatalyst will be exposed to high toluene concentrations. 
Therefore the biocatalyst stability is a function of the toluene concentration that it is 
exposed to at the liquid-liquid interface and also the amount of liquid-liquid 
interface. Due to it's dynamic nature the specific liquid-liquid interfaeial area in turn 
is a function of phase ratio, agitation rate and biocatalyst concentration.

3. Biocatalyst stability is enhanced if they are prevented from observing toxic 
concentrations of toluene at the liquid-liquid interface. It is hypothesised that at 
high aqueous phase biocatalyst concentrations (>15 g 1"1) that the cells act in an 
altruistic manner, preventing one another from being exposed to the liquid-liquid 
interface. Other components such as fermentation products and biosurfactants are 
proposed to operate in a similar manner, lining the interface and preventing the 
biocatalyst being exposed to high toluene concentrations.
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4. A hypothesis has been developed to explain the mechanism of biocatalyst 
inactivation in a two-liquid phase biotransformation. It is proposed that there are no 
molecular effects of either toluene of tetradecane on the biocatalyst and that any 
phase effects of tetradecane are time dependent (and not observed during this work). 
Biocatalyst inactivation is function of the organic phase toluene concentration (2).

5. Windows of operation have been used as an experimental tool to determine the 
interacting effects of process and reactor conditions on biocatalyst stability and 
emulsion formation
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6.2 Future work

1. The principle finding of this study has been the adverse effect of the organic phase 
toluene concentration on the biocatalyst activity (5.2.3). I f  has also been 
hypothesised that the effects of toxic toluene concentrations at the liquid-liquid 
interface can be reduced by preventing the cells being exposed to it ie. other cells 
lining the interface (altruism) or, fermentation products and surfactants lining the 
interface. Further work should focus on whether it is possible to show this 
"altruistic" effect and to determine that once the biocatalysts have lost their 
dioxygenase activity whether or not they will ha\ e a greater affinity for the liquid- 
liquid interface.

2. On a similar line ..protein affinities for aqueous / organic liquid-liquid interfaces 
should be examined (with a view to understanding what is happening to the leached 
cell components and biosurfactants). Once the proteins are exposed to the interface 
will they unfold and if so. are they more likely to be attracted to the interface?

3. In all the two-liquid phase biotransformations carried out the emulsion 
characterisation test was carried out after 24 hours duration. Emulsion 
characteristics were thought in part, to be due to the release of cell components and 
biosurfactants from the biocatalyst, acting as emulsion stabilisers. It would be 
interesting to develop an emulsion characterisation profile for the duration of the 
biotransformation to determine whether the emulsion characteristics do change with 
duration of the biotransformation. Similarly if surfactants are produced will they 
saturate the liquid-liquid interface, such that if more are produced they have no 
effect.

4. In this work it has been assumed that there were no molecular effects of toluene on 
the biocatalyst (5.1.3). Further work could investigate the aqueous phase reaction 
kinetics for this particular reaction and determine whether or not at the molecular 
level toluene has a time dependent effect on the biocatalyst (Figure 5.10).

5. Hack (1992) has stated that oxygen transfer is not the limiting step in the two-liquid 
phase biotransformation and by observation this has appeared to be the case. An 
investigation into oxygen mass transfer in this process should be carried out and 
how far the system can be pushed until oxygen mass transfer is limiting determined.

6. The gas outlet on the bioreactor used for this work was surrounded by a condenser 
in order to reduce the amount of solvent expelled from the vessel. Further studies 
could look at the solvent stripped from the vessel and determine whether this is
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enough to change the point of inversion of the two-liquid phase biotransformation. 
Similarly will toluene utilisation druing the course of the reaction, also affect the 
phase ratio and to what extent.

7. With the information supplied from the batch operation of this process it should be 
possible to run this system continuously (5.5.1.3).

8. Look at the use of a membrane reactor for this reaction.
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APPENDIX 1 Method Development

1.1 Long term cell storage and dioxygenase activity rejuventation

Pseudomonas putida UV4 has a history of unstable activit}  ̂ retention (Hack 1992, 
Wake 1992). When stored on nutrient agar plates cells lost activity after approximately 
two weeks. Even by subculturing regularly, and selecting active colonies fi*om either 
case amino acid plates (2.1.4) or indole plates (2.1.3) it was not unusual to find inactive 
cells.

Stocks of Pseudomonas putida UV4. one from a nutrient agar plate, and from cultures 
stored at -70 in both glycerol and DMSO (dimethylsulfoxide) were continuously 
subcultured over a period of 2 weeks and their activity monitored. A single colony from 
the plate and a loop from both the -70 °C stocks were used to innoculate 250 ml shake 
flasks containing media as for inoculum development (2.1.5.1) but pyruvate was used as 
the carbon source. The activity of the suspension was measured using the test flask 
activity assay (2.5.3.3) and a sample diluted for the constitutive assay (2.5.3.2). Each 
cycle was refered to as a subculture.

The dioxygenase activity of the cells stored on the nutrient agar plate was greater than 
that of the cultures stored at -70 ^C. The activity of all the cell samples increased ^vith 
the number of subcultures, that of the -70 samples reaching the level of the agar 
culture. This is represented graphically in Figure ATI. At the end of the subculturing 
programme the cultures were simultaneously grown up on glucose and pyruvate. As 
expected those grown up on pyruvate had a liigher dioxygenase activity. The difference 
in dioxygenase activity between the samples grown on pyruvate and glucose as carbon 
source, was not as great after subculturing as that observed before (Table ATI). Van 
den Tweel etal. (1988)and Clark and Richmond (1975) quote the catobolite repression 
of dioxygenase activity in the presence of glucose.
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Figure Al. l
Effect of subculturing on specific dioxygenase activity of Pseudomonas putida UV4

186



Table A l.l
Effect of subculturing and carbon source on dioxygenase activity of Pseudomonas 
putida UV4

Sample condition Carbon source

Glucose Pyruvate

Pre-subculturing
Nutrient agar plate 0.054+0.014 0.489+0.13
Post-subcultuhng
Nutrient agar plate 0.434+0.02 1.15+0.52
-70 o C . DMSO 0.012+0.004 0.94+0.42
-70 oC _ Glycerol 0.019+0.016 1.05+0.53

All activity measurements g (TCG) g (CDW)’ l h"^

Method development

For long term storage cells were kept at -70^C (33% glycerol), for a maximum of 6-12 
months. Wake (1992) found that cells stored in glycerol for up to 6 months showed no 
change in retention of constitutivity and kept good dioxygenase activity. Working 
cultures were maintained on nutrient agar and indole plates. Replating of the working 
cultures took place ever}’ two weeks. Hack (1992) reported that dioxygenase activity 
was lost after 2 and 4 weeks on idole and nutrient agar plates respectively. If 
dioxygenase activity was lost in the working culture the cells were either subcultured as 
described above or a new stock was taken from the -70 °C and subcultured before use.
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1.2 Rationaje for using an HPLC method for TCG analysis

Initial two-liquid phase biotransformations followed the protocol of Hack (1992) (a 
phase ratio of 0.3 containing 20 % (v/v) toluene, agitation rate of 800 rpm and, air 
flowrate of 4 1 min"M. Figure A 1.2 shows the TCG production and dioxygenase 
activity profiles from such a biotransformation. Dioxygenase activity was measured by 
the test flask activity assay (2.5.3.3) ie cells were removed from the biotransformation 
and their inherent acti\ ity determined. TCG production was measured by the optical 
density of the aqueous phase, minus biocatalyst, at 265nm (2.5.4.1). In this profile there 
is a fairly linear increase in TCG production for the first 4 hours, this corresponds with a 
concomittant decrease in the dioxygenase activity. The following two hours showed no 
further TCG production, indicating a cessation of the reaction. There was still toluene 
available in the reactor, so cessation of the reaction was attributed to the loss in 
dioxygenase activity of Pseudomonas putida UV4. This reaction was allowed to 
continue for a total of 24 hours (Figure A1.3). In this time the TCG production 
appeared to increase again after the initial lag at 4 hours duration. The dioxygenase 
activity howevcL never recovered. It was therefore hypothesised that this was a 
"pseudo" TCG reading and work was carried out to determine what could have 
attributed to this. It seamed likely that this "pseudo" reading was a result of other 
reaction factors absorbing at 265 nm.

Figure A1.4 shows an absorbance scan of TCG and highlights the peak at 265 nm (the 
value at which TCG determination had been made). The toluene scan has a minor peak 
which is slightly squew of the TCG peak, this could possibly have an effect on TCG 
determination. In real situations however, this is the maximum that the toluene 
concentration would e\ er be in the reactor (toluene concentrations above 40 - 50 % 
aqueous saturation are toxic to the biocatalyst). As the TCG concentration in the reactor 
increases the samples would have to be diluted to get within the calibration range. 
Toluene would also be diluted in the sample and hence would have less effect on the 
TCG reading as the reation progressed. Samples were noted to have an increasing 
yellow pigmentation as time continued, thought to be riboflavin (vitamin B12), this 
does have a peak at about the same time as TCG. The co substrate, ethanol, did not 
absorb in the same region as the other components and therefore was assumed to play 
no part in TCG determination by spectrophotometry. The "pseudo" TCG readings were 
more pronounced as the biotransformation progressed, as time progressed cell integrety 
would also be weakened due to shear and solvent effects. Therefore cell materials that 
could possibly be leached from the biocatalyst were investigated (eg riboflavin, nucleic 
acids etc).
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A batch of inacn\ e Pseiidouionas putida UV4 (approximately 0.5 % contamination, no 
dioxygenase acti\ ity observed) was mechanically disrupted on a APV Micron Lab 40 
(small scale high pressure homogeniser) at 300 bar (10-12 ^C). 40 ml was added to the 
homogeniser and 1 ml removed after each pass for 5 passes. The pressure was then 
increased to 1500 bar for the 6th and final pass, to ensure complete disruption (Sayed 
1995). The samples were then spun (bench top micro centaur) at high speed to remove 
cell debris. Scans of the resultant supernatants are shown in Figure A1.5. At 265 nm 
there is a very visible peak, increasing with further disruption of the cell. The "pseudo" 
TCG readings at 265 nm were therefore attributed to the leakage of intracellular 
components.

Nucleic acid concentrations in a two-liquid phase biotransformation were determined to 
further test this finding. The method first used by W arburg and Christian (1941) and 
was used to determine nucleic acid concentrations (2.5.6). This is a spectrophotometric 
method and therefore could not be used in biotransformations where toluene was present 
as the TCG produced would interfere with the nucleic acid measurements, therefore 
either inactive cells or no reactant had had to used. Figure A1.6 shows the nucleic acid 
leakage from acti\ e Pseudomonas putida UV4 that has been resuspended in phosphate 
buffer and left in the bioreactor for 24 hours (agitation rate 800 rpm, air flow rate 4 1 
min“^) and also some under the same conditions but with ethanol (4 g l’  ̂ - initial 
concentration). In both cases there was negligible leakage of nucleic acids over the 24 
hour period. On addition of a second phase (tetradecane) to the reactor (aqueous phase 
containing 4 g 1" ̂  ethanol) there was a marked increase in nucleic acid release from the 
cell, both at phase ratios of 0.3 and 0.5. This reached a peak at 8 hours and then 
decreased. This phenomena is similar to that observed in Figure A1.3, where the 
"pseudo" TCG reading decreases in the latter stages of the biotransformation.

A non-spectrophotometric method for TCG determination therefore had to be employed. 
An HPLC method had been previously established by ICI. this is described in section 
2.5.4.2. Figure A1.7 shows the difference in TCG concentration determination when 
measured by HPLC and spectrophotometrical 1\. In the early stages of a 
biotransformation there is a close correlation between the two methods, it is only in the 
later stages that the values begin to diverge. This is probabley due the cells lysing as the 
biotransformation progresses and hence a greater interference from cell lysis products.
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Method development

Due to the interference of cell h sis / leakage products it was necessary to measure TCG 
production in the two-liquid phase biotransformation by HPLC “(2.5.4.2). The 
spectrophotometric method of TCG production calculation was inaccurate due to the 
presence of cell lysis products, thought to be a function of time (age of cells), shear and 
solvent effects. In the assay a background absorbance at 265 nm was made, it was 
assumed that further degradation of the cell would not occur in the flask due to the non- 
harsh conditions (no shear effects) and toluene addition in the vapour phase (no liquid- 
liquid interface). The spectrophotometric method was therefore employed to measure 
TCG production in the test flask activity assay (2.5.3.3).
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1.3 Sampling from a rvvo-liquid phase biotransformation

This set of experiments were carried out in order to elucidate the effect of the process 
stages / unit operations on the dioxygenase activity retention in Pseudomonas putida 
UV4. It was also necessar>' to determine a protocol for sampling, from the two-liquid 
phase biotransformation, that best represented what was actually happening to the cells 
in the biotransfomation. This section is therefore divided into two sections covering i. 
the effect of harvesting on dioxygenase activity and. ii. sampling protocol. Figure A1.8 
shows a flowsheet of protocol used in this experimentation. Pseudomonas putida UV4, 
from a standard fermentation (2.1.5.2), was harvested by centrifugation and resuspended 
in 50 mM phosphate buffer (pH 7.5). 42 ml of cell suspension was then added to each 
of 6 mini rigs (60 ml working volume), with 0.15 ml of ethanol. The mixture was 
agitated (400 rpm) with an air flow rate of 90 ml min"^ and 28 ®C. This stage was 
termed the "equilibrium" stage. After 1 hour either 18 ml of phosphate buffer, 
tetradecane or, tetradecane containing 20 % (v/v) toluene was added to the reactors. 
The residual dioxygenase acitivity of Pseudomonas putida UV4 was measured after the 
fermentation, resuspension and equilibrium stages, by the test flask activity assay 
(2.5.3.3). After a further hour the reactors were sampled in the following ways: i. direct 
addition of the aqueous phase (containing biocatalyst) to the test flask, ii, microfiltration 
of the aqueous phase and biocatalyst resuspension in phosphate buffer and, iii. 
centrifugation of the aqueous phase and resuspension of the cell pellet (wash). This last 
sampling protocol was termed a wash. Samples were washed up to a maximum of 4 
times and activity measurements taken at each stage.

I Process options

Figure A1.9 shows the loss in dioxygenase activity during the harvesting and 
equilibrium stages. Almost 60 % of the residual activity was lost in the harvesting 
stage, but it is unclear whether this is a result of the centrifugation or resuspension 
operation. A further 5 % loss in dioxygenase activity was observed after the 
equilibrium stage.

II Sampling from a two-liquid phase biotransformation

Figure Al.lO shows the dioxygenase activities of cells from the biotransformation 
(normalised from the dioxygenase activity after equilibrium), that have been sampled by 
filtration and the direct addition of broth the test flask. The most striking observation is 
that the samples that did not undergo a separation stage have much higher dioxygenase 
activity than those that were filtered. The control biotransformation has the highest
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Experimental protocol used to determine sampling regime from a two-liquid phase

biotransformation
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dioxygenase activity, as would have been expected but, significantly this is about twice 
that recorded after equilibrium. A similar result was seen in the reactor were the organic 
phase was composed of solely tetradecane. The biocatalysts exposed to toluene in the 
reactor had half the residual dioxygenase activity observed in the other reactors.

Figure A l.l l  describes the effect of "washing" the biocatalyst on residual dioxygenase 
activity, all values were normalised to the control (100% represented the dioxygenase 
activity of the control - no second phase - without having undergone a washing step). 
The control samples and those from the reactor with solely tetradecane as the second 
phase showed a steady decline in dioxygenase activity which correlated with the number 
of washes. This was not the case for the samples exposed to toluene in tetradecane. 
Dioxygenase activity decreased slightly after the first wash and then remained constant. 
All \ alues for these later samples were lower than those observed when the biocatalyst 
was not exposed to toluene, as was noted from Figure Al.lO.

Method development

Due to the seemingly detrimental effect of filtration on the biocatalyst activity it was 
decided that this was not an ideal method of cell removal from the two-liquid phase 
biotransformation, centrifugation being prefered. It was thought that a more 
representative dioxygenase activity from the biotransformation would be achieved if all 
the solvent associated with the biocatalyst was removed. From the data (Figure A l . l l )  
it was noted that for 1 to 3 washes there was no effect on the dioxygenase activity. 
When sampling from the two-liquid phase biotransformation it was therefore decided to 
allow the two phases to settle for about 5 minutes and centrifuge (1.5 ml, bench top 
centrifuge) the predominantly aqueous phase. This would separated the cells from the 
aqueous phase and the remaining organic phase. The liquid phases (supernatant) were 
discarded and the cell pellet resuspended in phosphte buffer. This new cell suspension 
was added to the test flask for assaying. This protocol is descibed in Figure A1.12.

201



2 .
73O
V)

120

100

80 -7

^  60 
>

1
0 —

1
Q

40 4

20

%

z

%
%

%%

Washes

\ / /A  control

Second liquid phase containing
tetradecane tetradecane containing

20 % (v/v) toluene

Figure Al . l l
Effect of washing on residual dioxygenase activity

2 0 2



Supernatant

Analysis

Two-liquid phase 
biotransiormation

Sample
altow to S6ttf&

Aqueous phase

Centrifugation
4 min, hiah speed

Pellet

Resusp
Phiift

ension 
fer (pH 7 .5 ;

y^ A ct
ass

ivity \^
ay

Organic phase

Analysis

Figure A1.12
Protocol for sampling from a two-liquid phase biotransformation
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APPENDIX 2 _ Scale-up considerations

2.1 Power calculations for scale-up of two-liquid phase biotransformation

When scaling-up a process from bench scale to pilot or industrial scale, the power input 
into the system becomes an important factor. This work was designed to determine the 
effect of phase ratio and agitator speed on the power comsumption in a two-liquid phase 
biotransformation. With an aim of determining whether these power requirements were 
feasible on an industrial scale. Power comsumption is not only effected by agitation and 
phase ratio but also by: \essel dimensions (volume, diameter), impeller dimensions 
(type, number and diameter), aeration, gas hold up. phase characteristics (viscosity, 
density, continuous / discontinuous).

Methods and assumptions

The vessel parameters used in these calculations were based on the 2.5 1 MBR
Bioreactors used in the experimental work (2.1.5.2.1).

Vessel parameters \ essel dimensions -diameter (m) 0.12
-working volume (m^) 0.0025

impeller -type 2x rushton turbines
-diameter (m) 0.05

air flow rate (m^ s"l) 6.66 x 10"^
gas hold up (%) 10
Michel-Miller constant 0.83
operating temperature (°C) 28

Phase characteristics

In this work the aqueous phase was assumed to have the properties of water and the
organic phase those of tetradecane alone.

• Average viscosity

The calculation of the viscosity of a mixture of two immiscible liquids (Pm), was taken
from Bretsznajder (1971):
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Klm = 1 + 2.50 Pv +0.4u^

Where and are viscosities of the continuous and discontinuous phases 
respectively and 0 is the volume fraction of the dispersed phase (phase ratio).

• Average density

The average density of the mixture was calculated by the Einstein equation, where the 
average density (pm) is the sum of the fraction of the component densities.

Pm = Qprf + ( l “ Q)Pc

Pc and p j  are the densities of the continuous and discontinuous phases respectively. 

Power input to the reactor

The power input (P)was calculated from the following relationship,

P = NP„*p„*N^*D^

where N is the agitator speed and D the impeller diameter. The power number (NPq) 
was determined from a graph of Reynolds number (Re) versus power number, for 
various impeller types (Uhl and Gray 1966).

Pm

The calculation was based on curve 1. for a six blade rushton turbine impeller, with a 
width to diameter ratio of 1/5. It was assummed that when the Reynods number was 
greater than 15, the power number was 5. If the Reynolds number was less that 15 the 
following relationship was used.

= 70-(4 .643  Re)
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Gassed power _

In an aerated system the gassed power (Pg) needs to be calculated. Michel and Miller 
(1962) determined the following relationship, which is good for all impeller types:

gO.65
y

Where Q is the air flow rate and c is the Michel and Miller constant, usually 0.72, or
0.83 for non-foaming systems.

Based on these assumptions it was possible to construct a graph determining the power 
required to run this particular process at various phase ratios and agitation rates (Figure 
A2.1). From this figure it can be seen that for a particular agitation rate the power 
comsumption decreases with increasing organic phase present. At lower agitation rates 
this decrease in power comsumption is barely discernable. Agitation rate had a far more 
pronounced affect on power comsumption (due to the in the power equation). 
Maintenance of power is often used as a scale-up factor, in taking bench scale reactions 
to the industrial scale. At an industrial scale the cost of power can be limiting and 
therefore power comsumption in excess of 2 - 2.5 kW m"^ needed to be avoided. Figure 
A2.1 shows that at agitation rates inexcess approximately 1000 rpm, for this particular 
system, the power comsumption is greater than this level. Therefore to run this system 
with parameters that will be realistic at a larger scale, agitation rates were maintained 
below 1000 rpm.
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2.2 Determination of rheological properties

When setting up the power comsumption calculations various assumptions were made. 
The organic phase was assumed to be neat tetradecane, whereas in reality it also 
contained upto 20 % (v/v) toluene. However the aqueous phase was assumed to simply 
have the properties of water. The presence of biocatalyst in the aquoeus phase would 
have made the mixture more dense and would be dependent on the cell concentration. 
Other contaminating factors would have included co-substrate (ethanol) and KOH (pH 
control). As the biotransformation progressed TCG would have been produced and as 
the cell degraded, cell lysis products would also be found in the aqueous phase. All 
these would have a time dependent effect on the emulsion characteristics. Samples from 
some two-liquid phase T)iotransformations were taken (after 24 hours) and their 
rheological properties determined, using a rheometer.

Methods and assumptions

The rheological properties of the two-liquid phase biotransformations were detemined 
using a "cup and bob" type rheometer (Rheomat 115, Contraves AG, Zürich). The outer 
cylinder (cup) is stationary whilst the inner cylinder (bob) is rotated. The rheometer 
gives the braking torque exerted on the inner cylinder rotated in the dispersion. Which 
is a function of the shear stress and the shear rate exerted on the inner cylinder. These 
are related to the apparent fluid viscosity by the equation:

xl
^  = —

y

Where p is the apparent viscosity (Nm"- s), x is the shear stress (Nm"^) per unit torque,
I is the torque read out obtained from the rheometer control panel and y is the shear rate 
(s"l). To simplify calculations the manufacmres of the rheometer have put together a 
series of values. r| where:

X
n = -

Y

So the calculations reduced to: 

p = ril
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The shear rates for the range of rheometer settings are given in tables supplied by the 
manufacturers. The actual shear stress at each rheometer setting is determined by 
multiplying the manufactures value of shear stress per unit torque by the torque reading 
at each rheometer setting. The fluid is considered to be Newtonian if the graph for shear 
stress versus shear rate is a straight line going tlirough the origin. Also, the fluid 
behaviour index, n, will equal 1 and the fluid consistency, K will be equal to the 
viscosity of the fluid in the equation:

T = Ky"

Figure A2.2 shows a log - log plot of shear rate against shear stress for a two-liquid 
phase biotransformation mixture. The mixture consisted of an aqueous phase of cell 
suspension (8 g 1"̂ ) and an organic phase of tetradecane, in the phase ratios 0.3 and 0.5. 
Both mixtures had been exposed to biotransformation conditions (agitation rate 800 
rpm. air flow rate 4 1 min" ̂ , temperature 28 and pH 7.5) for 24 hours. In both cases 
a linear relationship was observed, with a gradient greater than 1. This indicated a 
dilatent or shear thickening fluid, where there was increased viscosity at high shear 
rates. A similar phenomenon was observed in Figure A2.3 , where the gradients are also 
greater than 1, although one is greater than the other. The mixtures had undergone the 
same conditions except the organic (tetradecane) phase toluene concentration varied (10 
and 20 % (v/v)). The aqueous phase cell concentration was 5 g l"k

These findings indicate that the emulsion chararcteristics of the two-liquid phase 
biotransformation can vary considerably depending on the reaction conditions. Further 
more the emulsion characteristics are changing with the duration of the 
biotransformation. The emulsion is a dynamic system, continuously changing and it is 
difficult to compare two similar emulsions unless the mean droplet size and distribution 
of sizes are the same. A situation that is highly unlikely within the biotransformation. 
Therefore although changes in the rheological properties and hence power 
comsumption, are prevalent throughout the biotransformation and between the different 
biotransformations it is not possible to study this accuratley. Hence for the purpose of 
the power calculations (A2.1) the relationship described by Bretsznajder (1971) was 
thought to be adequate.
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A PPEN D IX  3 _ Identification of TCG

In section 2.4.4 a method was described for the isolation of TCG from a two-liquid 
phase biotransformation (based on protocols from ICI, internal information and Jenkins 
et al. (1987)). Identification of the resultant crystals were carried out in three ways:

i. HPLC analysis
HPLC analysis of the crystals showed an identical retention time to TCG obtained form 
Zeneca BioProducts.

ii. UV absorbance
UV absorbance showed-a maximun absorbance at 266 nm, with a molar extinction 
coefficient of 5150 M"  ̂ cm 'k Literature data cites a molar extinction coefficient of 
5220 M‘ l cm 'L at 265 nm (Gibson et at. 1970b)

iii. Proton NMR spectrum
A proton NMR-spectrum (Figure A3.1) of the sample was carried out using CDCI3 as 
the solvent (G. Hogarth, Department of Chemistry, University College London). The 
spectrum had the following bands and TCG protons were attributed as in Table A3.1 
(Becker 1994).

Table A3.1
Proton NMR spectrum analysis data

Chemical shift Proton

Ô 1.90 ppm 3H of the methyl group
Ô 2.13 ppm 2H atteched to carbon atoms that carry OH

groups
Ô 4.00 ppm IH hydroxyl proton
Ô 4.27 ppm 1H hydroxyl proton
Ô 5.67, 5.77,5.89 ppm 3H broad multiplets of olefmic protons

Other bands were minor impurities, maybe due to the extraction solvents. This method 
could further be validated by shaking the TCG sample with heavy water (D2O) and 
removing the OH groups. This would then show up on the proton NMR spectrum.
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APPENDIX 4 Analytical traces
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APPENDIX 5 Solvent data

Toluene Tetradecane

Molecular formula 
MW
p (Kg m-3) @ 20 °C 
p (K g m -l s-1)
Boiling Point (^C) 
Melting Point (^C) 
Solubility (g 1"̂ )
LogP
Lower explosive limit (%) 
Upper explosive limit (%) 
Fire hazard 
Explosive hazard 
Disaster hazard 
Flash point (OF) 
Autoignition temp. (®F)

CyHg
92

0.866 

110

-95

2.6
1.27

7
slight 

moderate 
moderate / dangerous 

40 
896

C 1 4 H 3 0  
198.7 
0.765 

1.94 X 1Q3 

252
5.5 

insoluble
7.6 
0.5

low
moderate
moderate

212
396

Sax, N.I., 1984.
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APPENDIX 6 Suppliers Addresses

Acquistion Systems 
Talton / Louley Engineering 
USA

Aldrich Chemical Company Ltd. (Fluka) 
The Old Brickyard 
New Road 
Gillingham SP8 4JL

Alltech Associates Applied Science Ltd. 
Units 6-7 Kellet Road Industrial Estate 
Camforth
Lancashire LA5 9XP

BDH Chemicals Ltd.
Poole
Dorset
UK

Biotechnology Computer Systems 
Porton House 
Maidenhead 
Berkshire SL6 4UB

Dyson Instruments Ltd.
Hetton Lyons Industrial Estate
Houghton-le-Spring
Tvne and Wear DH5 ORH

Lisons Pic 
Loughborough 
Leicestershire 
UK

MBR Mini Bioreactor AG 
Braun Biotechnology 
Aylesbury
Buckinghamshire HP20 IDQ

Milton Roy HPLC 
LDC Analytical 
Thermo Separation Products 
Stone Business Park, Stone 
Staffordshire. ST 14 OHH

MSE Scientific Instruments
Manor Royal
Crawley
Sussex

New Brunswick Scientific Ltd. 
163 Dixons Hill Road 
North Mimms 
Hatfield AL9 7JE

Pye Unicam (ATI Unicam) 
York Street 
Cambridge 
CBl2PX

Rlieomat 115 
Contraves AG 
Zürich 
Switzerland

Sigma Chemical Company
Poole
Dorset
UK
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Smith and Nephew (Watson-Marlow) Unipath (Oxoid Ltd)
Falmouth Wade Road
Cornwall Basingstoke
TRl 1 4RU Hampshire RG24 OPW

Zeneca BioProducts 
PO Box 2 
Billingham 
Cleveland TS23 lYN
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